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ABSTRACT

Diabetes mellitus is a group of chronic metaboigsodiers that are characterized by high
blood glucose resulting from a lack of or insutict secretion of insulin, which is a source
of medical and financial burden to more than 28Bioni people worldwide. Current
treatments for diabetes include lifestyle modificas, medication, and insulin therapy, but
these treatments do not save patients from diabetiplications including blindness, limb
amputations, circulatory disorders, and increassadaf developing kidney failure,
cardiovascular diseases, and neuropathies. Ghaggsndent insulinotropic polypeptide
(GIP) is a gastrointestinal hormone that playsnaegral role in the finely-tuned secretion of
insulin following a meal, and the cells that exjgr&dP have demonstrated potential for
being a target for insulin gene therapy. Understaptdow the GIP gene is regulated will
provide insights into the defining characterist€<s1P-expressing cells and how these can
be harnessed for therapy. In the present studygetwancecis-regulatory elements which
accounted for 40-65% of GIP promoter activity wielentified in a previously
uncharacterized well-conserved region of the distalpstream rat GIP promoter by a series
of luciferase reporter studies. Pax6 and Pdx1 ttamscription factors that have been
previously shown to be important for GIP expressware shown to bind at these sites using
electrophoretic mobility shift assays, mutationalgsis, and chromatin
immunoprecipitation. The development of a fluossse-based isolation technique for
primary GIP-expressing cells was documented. @etibers (20,000 — 35,000) were
purified for the isolation of RNA in sufficient qotity and quality (80-140 ng, and RNA

integrity number = 6.8-7.9, respectively) for miaray. The feasibility of isolating primary



GIP-expressing cells presents a model which wollibdvaor non-biased screening for the
identification of additionalrans-regulatory elements which may act at well-estaklisand

newly characterizeds-regulatory elements.
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INTRODUCTION

Diabetes mellitus is a chronic group of metabdisorders that are characterized by
hyperglycaemia resulting from a lack of insulin pByl) or insufficient insulin secretion (Type
2). First described as a disease of excessivatiom diabetes mellitus has been documented as
early as 1500 B.C. in ancient Egyptian scrolls, émthcidence since ancient times has steadily
increased to the point that it is now a global emat afflicting more than 285 million people
worldwide (1, 2). By 2025, the number of peopleng with diabetes mellitus is projected to
increase to 400 million (2). The impact of heaéine costs and resources incurred by diabetes
mellitus and its corollary conditions on the glohahlth care budget is enormous. The costs
associated with managing diabetes mellitus andetisbmellitus-related complications have
increased every year in the past decades and gertrnincrease at faster-than-expected rates.
By 2007, diabetes mellitus and diabetes mellitlated complications were already costing
Americans $174 billion, an amount that was initigdtedicted to not be reached until 2010 (3).
The immense burden that diabetes mellitus and thalmellitus-related complications place on
governments and health care systems and the arati of increase in diabetes mellitus
incidence prompted the establishment of a UniteloNa Resolution in 2006, which strives to
support governments in implementing preventativg@mms that would slow the rate of increase
of diabetes mellitus incidence. The devastatieglical and economic toll of diabetes mellitus
has become an impetus for physicians and sciealikesto pursue better treatments and hopes

of finding a cure, long before the mechanisms efdisease were even formally recognized.

The Incretin Concept

In his treatise on the history of diabetes, Payrasppointed out that the relationship

between diet and health has been recognized snooend times, and a connection between



diabetes mellitus and diet was suspected long éefdormal understanding of metabolism (1).
As early as the 17century, the first account of treating diabetesibgternourishment was
documented (1). In the late 1800’s, the pancradancreatic islets were anatomically
characterized, but it was not until the early 190@4 an understanding encompassing a link

between the gut and the pancreas emerged (1).

This understanding coincided with the discoveryheffirst hormone, secretin, by
William Bayliss and Ernest Starling in 1902 (4)idP to the discovery of secretin,
communication between organs was accredited alexatiisively to nervous interactions, and
the concept of a hormone, or chemical messengabtapf mediating communication between
organs, introduced a new way of perceiving howaligrg between distant organs can occur to
produce integrated responses to external stinfiile idea that the pancreas secreted an internal
substance responsible for carbohydrate metabo#inththat deficits in glucose metabolism
resulted in diabetes mellitus was already estadtisiased on complete and patrtial
pancreatectomy studies (5), and the hypothesis#aaetin-containing duodenal extracts could
stimulate this internal secretion from the panciteddo the first attempts at treating diabetes by
administering crude duodenal extracts to newlyniisgd diabetic patients by the early 1900’s
(5). A retrospective review noted that since tkieaets were administered orally, any effect due
to incretins would have been nullified since thenhones would be degraded in the digestive
tract prior to arriving at their site of action (6furthermore, the improvements observed in some
of the patients following crude extract administatwas accredited to the honeymoon phase
common in newly-diagnosed type 1 diabetes, chataetéby a temporary remission period of
normoglycaemia (6). In 1932, the concept of gutqueas interaction was refined, and the
criteria for these yet unknown gut-derived circigtfactors that potentiated insulin secretion

called “incretins” was established (6). In ordeiqualify as an incretin, the candidate hormone



must be released in response to nutrients, antlbaastimulate insulin release at physiologic
levels in a glucose-dependent manner. Althougima@tin hormones were identified for the
next three decades, a number of regulatory pepindiéne intestinal tract were discovered in this
time that led to the current appreciation of theane of the largest endocrine organs (7). With
the discovery of insulin and characterization & gathophysiology of diabetes, the early notion
that diet and diabetes were linked was consolidiat®dvhat became known as the enteroinsular
axis. The term, coined by Unger and Eisentrad9i®9 (8), describes the crosstalk between

intestinal factors and the pancreas, includingnmaimited to, hormonal interactions.

It was not until 1960, when the radioimmunoassayrfsulin was invented, that the idea
of incretin hormones was further developed. Wi ability to directly measure insulin,
Mcintyre and colleagues made the seminal observé#iat orally-administered glucose could
elicit a larger insulin response than intravenowslyninistered glucose of the same dose, even
though the former route of administration led im@re modest increase in blood glucose levels
(9). Multiple studies since (10, 11, 12) have ®sgigd that incretins account for as much as

50-60% of the insulin response. This potentiabename known as the “incretin effect”.

Glucose-dependent Insulinotropic Polypeptide: the iEst Incretin

The first hormone discovered that met the crittaraclassification as an incretin is
glucose-dependent insulinotropic polypeptide (GIB)P was purified from crude porcine
intestinal extracts based on its ability to inhipistric acid secretion, and originally named
“Gastric Inhibitory Polypeptide” based on this ftino. Subsequent analysis of GIP action
demonstrated its ability to potentiate insulin séion, and the acronym was modified to reflect

its major physiologic role (13, 14, 15, 16, 17).



Structure and Metabolism of GIP

GIP is a 42-amino acid peptide that belongs tatheagon/secretin superfamily of
hormones, although truncated forms of GIP (GHand GIR .30, which share comparable
biological activity with GIR.4,, have been identified (18). These peptides atigatefrom a
precursor preproGIP, which is encoded by the GHega chromosome 17 in humans (19) and
chromosome 10 in rats (20). The human and ratgétfe share a common structure in that they
consist of six exons and five introns (19, 20).08x 1 and 6 encode for a 5’-untranslated region
and 3’-polyadenosine tail, respectively, while ex@5 encode for a GIP precursor consisting of
a signal peptide and GlR- flanked by a N-terminus peptide and a C-termirg®ipe (19, 20).
Post-translational cleavage by the enzyme PClEases GIR,4in its active form (18).
Meal-regulated transcription that parallels GIPregon has been demonstrated using both
glucose and fat (21, 22), the two main stimulahtSIi® secretion. In addition to direct nutrient
stimulation, GIP secretion is regulated by hormdeatiback via insulin and even C-peptide
alone reduces glucose-stimulated GIP secretion (IBg overall effect of nutrient stimulation
and hormonal feedback results in a rapid releas&®fwithin 15-30 min of a meal and return to
fasting levels after a few hours, a secretion pgdhat mirrors circulating glucose and insulin
levels (18). A return to basal GIP levels is fié@ied by the degradation of Gl by the
enzyme dipeptidyl peptidase IV (DPPIV), which cleaxaway the first two amino acids on the
N-terminus end of biologically active GIP, rendegrihinactive (23). Degradation by DPPIV
results in the short half life of biologically asti GIP of 5-7 min (24, 25, 26), a property that
allows GIP levels to quickly return to basal leviglsowing stimulation. Since the degradation
of GIP by DPPIV is not a meal-regulated procesanges in the levels of biologically active

GIP in the circulation following a meal depend panity on the rate of secretion, which in turn is



dependent on the rate of GIP transcription. thésefore, not surprising, that there is glucose-

dependent and closely coupled meal-stimulated &#stription and secretion (21, 22, 27, 28).

Tissue Distribution of GIP

GIP is expressed predominantly in open-type enteloerine cells that are scattered in
the mucosa of the duodenum and upper jejunum,dcHeells (29, 30, 31), but has also been
reported to be expressed in the eye (32), braiy &l salivary glands (34). K-cells represent
one of at least 15 types of enteroendocrine celtee intestine (35). Enteroendocrine cells make
up <1% of the total intestinal epithelial cell pégtion, which also consists of goblet cells,
Paneth cells, and enterocytes (35). In the humaénand pig intestine, K-cells are most
abundant in the duodenum, and decrease in nundartfre proximal to distal intestine,
although GIP-expressing cells are still detectetthénproximal ileum (29, 30, 36). Notably, a
large subpopulation of GIP-expressing cells, calddcells, simultaneously expresses the other

known incretin to date, glucagon-like peptide-1 &1) (29, 30, 36).

The observation that injection of glucose to thpargntestine can generate an incretin
effect equivalent to oral administration of gluc@8€) suggests that nutrient-responsive
secretion of GIP may occur through direct exposoireutrients, although the mechanism of
glucose sensing is still debated. While some stugiggest that there are similarities between
the glucose-sensing mechanisms in the GIP-expgssils and those of the insulin-expressing
pancreati@-cell (36, 38, 39, 40), a recent study demonstrdtatiGIP-expressing cells do not
utilize glucokinase as a glucose sensor as do eaticrcells based on the lack of a difference in
GIP response in patients carrying a heterozygouation in the gene encoding glucokinase
compared to normal patients (41), despite a 42@-dmpression of the gene encoding

glucokinase in an enriched primary GIP-expressglgpopulation compared to a primary



non-GIP-expressing cell population (42). It mustioted, however, that glucokinase may be
haplosufficient, suggested by the minor deficitsrsm insulin secretion reported for patients
with the glucokinase gene mutations (41), in wiaake the role of glucokinase as a glucose
sensor for GIP secretion cannot be definitivelyted. Another hypothesis was that
GIP-expressing cells may detect glucose in a similacess as the tasting of flavours on the
tongue (43, 44). The co-localizationwefyustducin, a G-protein which is activated upordbig

of the sweet taste receptor made from the T1RZTARB subunits, with GIP-expressing cells
(44) and the observation of an impaired incretfectfin a-gustducin null mice (45) generated by
targeted replacement of thegustducin exon 1 with a neomycin resistance ceeséd),
suggested that glucose sensing in K-cells may degactivation of the sweet receptors.
However, quantitative RT-PCR failed to detect argression of TLR2 ang@-gustducin in an
enriched primary GIP-expressing cell population){42d oral administration of five different
artificial sweeteners failed to improve glucosewsmon after an intraperitoneal glucose
tolerance test (47). A recent study by Morgyal. (37) demonstrated that activation of sodium
glucose cotransporter-1, regardless of whethesubstrate was a metabolizable or not, was
sufficient for initiating GIP and GLP-1 secretiondaan incretin effect (37), suggesting that this
may be another candidate glucose sensor. In suppibris finding is the observation that an
enriched primary GIP-expressing cell populationregpes high levels of the gene encoding the
sodium glucose cotransporter-1 (42) and sodiumogleicotransporter-1 immunoreactivity was
reported to be located on the apical surface ¢ tiaing the villi (42). Other candidate glucose
sensors include theAfe subunit Kir6.2 and sulphonylurea receptor Surl,cilare expressed
190 and 470-fold more in an enriched primary Glpresgsing cell population compared to a

primary non-GIP-expressing cell population (42).



Given the major physiologic role of GIP in regutgtiinsulin secretion in thg-cell, the
observation of GIP expression in glucagon expregsisiet cells, is particularly interesting. GIP
expression in the pancreatic islet was first regmbh 1978 by Alumetst al. (48), an observation
that was dismissed in subsequent years as crosariomgactivity of the antibodies used (49).
However, recent studies in our laboratory have destrated that the initial observations of GIP
localization in the pancreas should be not disteédisince processing of GIP in tineell
results in the GIRso truncated form, which is only recognized by somtbadies but not others
(unpublished data). From an evolutionary perspecthe localization of GIP in the islet is not
surprising. In invertebrates and prochordatespemae cells that secrete pancreatic hormones
are located in the gut mucosa, and the existentteegfancreas and intestine as distinct organs
coincided with the existence of intestinal incré¢tormones (50, 51). There is some suggestion
that GIP plays a role in invertebrate and earlyelaates distinct from its mammalian incretin
role (52, 53). Whether this function is the sam®madifferent from the function of mammalian

pancreatic GIP remains to be elucidated.

Incretin-based Therapies for Diabetes

There are numerous structural and functional siitiga between GIP and GLP-1, the
two incretin hormones identified to date. Like GGLP-1 belongs to the glucagon/secretin
superfamily and has a precursor encoded by sixseand five introns (54). Processing of the
GLP-1 precursor also occurs through PC enzyme<saiil is also degraded by DPPIV (54).
The nutrient stimuli and secretion profile of GLRItsely matches that of GIP, and both
hormones exert their effects on target organs v@adiein coupled receptors that share
downstream pathways (18, 54). However, the funeligimilarities appear to diverge in the
pathological state. In human type 2 diabetic sttbjeGLP-1 secretion is impaired (55, 56); in

contrast, GIP secretion is left intact but the Imaropic effect of GIP is blunted (57). This



critical difference in function in the pathologichte has resulted in incretin therapies that

heavily emphasize the therapeutic potential of GLP-

A Focuson GLP-1

GLP-1-based therapies can be grouped based onhegvinicrease the level of active
circulating GLP-1. DPPIV inhibitors increase thadfHife of existing active GLP-1 molecules,
exogenous administration of DPPIV-resistant GLRYdl@gues increases the total active GLP-1
level in the circulation, and GLP-1 receptor agtmisteract directly with the receptor to
increase its activity. All three classes aim tor@ase the overall incretin effect mediated by
GLP-1, and there is a common consensus that trefiteeof incretin mimetic therapies goes
beyond maintaining adequate glucose control (58, 88 P-1's effects on enhancifigcells
regeneration and promotitfigcell survival have been documented in numeroutiessy(60, 61,
62). Functionally, GLP-1 also increases the glacasmpetence df-cells (60, 63). Since the
insufficiency of insulin secretion that charactegszype 2 diabetes is due to a progressive loss of
B-cell mass and function (64), these effects of AL#&N1 theB-cells have been shown to reverse
diabetes induced by tifiecell toxin, streptozotocin (62), and may slow fgregression of the
disease (60). Additionally, GLP-1 agonists haverbghown to decrease food intake and
improve cardiovascular functions (58), which maguee obesity-related stressespecell
function and decrease mortality and morbidity dueardiovascular complications associated

with type 2 diabetes.

A Rolefor GIP?

Like GLP-1, GIP also has beneficial effects indegeent of its insulinotropic effects.
These properties include the ability to stimulatgulin biosynthesis (65, 66); stimulate GLP-1

synthesis and secretion (67, 68, 69); and profatl survival (70, 71, 72), although it has



been suggested that the relative contribution efdinect activation of the GIP receptor to these
protective effects are less than the direct adtwatf the GLP-1 receptor (73). The presence of
a blunted GIP incretin effect in type 2 diabetes) (@oes not necessarily mean that these non-
insulinotropic effects of GIP are also reduceddeled, since the degradation of GIP also occurs
by dipeptide cleavage by DPPIV, DPPIV inhibitorsaincrease the half-life of GIP, such that
the benefits of DPPIV inhibition do not only actdbhgh GLP-1 alone. Furthermore, the defect
that causes the reduction of the GIP incretin éffeay be reversible, as suggested by the ability

of DPPIV-resistant GIP analogues to augment insdoretion (74).

GIP can also be used as an early diagnostic thgbe 2 diabetes has a strong genetic
component, and a large proportion of normoglycadirgtdegree relatives of type 2 diabetics
have a reduced insulinotropic effect of GIP (78)sing the possibility that a diminished GIP
incretin effect may be a marker of diabetes po#ntshould this be the case, lifestyle
interventions may be sufficient to curb the develept and progression of diabetes mellitus
before more aggressive treatments are requireghdfunvestigation into whether the defect
leading to the loss of GIP’s insulinotropic effext cause or effect of type 2 diabetes would
provide a better picture of the therapeutic po&rmti GIP, as well as possibly, the contribution

of this defect to the pathogenesis of type 2 didet

GIP Antagonism

Unlike GLP-1, GIP appears to promote fat accumaihaéind obesity (74, 76). This
property may account for the observation that DPiRRbition, which increases both GLP-1
and GIP levels as opposed to DPPIV-resistant Goirdetics, which only increases GLP-1
levels, does not induce weight loss (77). Seuares of evidence point towards a direct effect

of GIP on fat accumulation. GIP expression andedeEm is stimulated by fat intake (18, 21),



GIP receptors are found to be expressed in adips¢y8), and disruption of GIP signalling
either by genetic means (79, 80) or by use of Glagonists (81, 82, 83) have been shown to
protect against the development of obesity. Alfioit has been suggested that GIP antagonism
may have therapeutic potential for reducing meialtbsorders associated with obesity,
including type 2 diabetes, the current evidencessiing a role for GIP in protecting against
diet-induced obesity relies only on the removald® signalling in rodents fed on a high-fat

diet. The lack of gain-of-function evidence sudgesa direct role for GIP in promoting obesity

suggests that the role of GIP in human obesityiregdurther investigation (18).

A Role for GIP in Insulin Therapy

Central to the aetiology of diabetes mellitus s ldck of or insufficiency of insulin
secretion. Insulin is a hormone released fronptrecreas following a meal and is required to
facilitate the uptake of glucose into the tissumaietabolism. Type 1 diabetes, representing
2-3% of all diabetic cases worldwide (2), is ch&sazed by the autoimmune destruction of the
insulin-producing-cells (84), while type 2 diabetes, is characteriag the progressive loss of
B-cell mass and function (64) which eventually letamsufficient insulin secretion.
Insufficient or absence of insulin signalling leadsaccumulation of glucose in the blood and
results in constantly elevated blood glucose levélse high concentration of plasma glucose
results in an accumulation of glycosylated haemugl¢85). Since the percentage of
glycosylated haemoglobin reaches steady statetiovey while absolute blood glucose levels
vary with feeding, the percentage of a form of hagiobin called Alc which is glycosylated
(%Hba;c) is the standard measure of long term glucose@onRigorous regimens of multiple
daily insulin injections are required to achieve #Hh\ctarget of treatment of < 7%, although

this value tends to be higher than the averagé#Hb,;.in non-diabetic subjects (85).
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Current Approaches and Limitations of Insulin Replacement Therapy

The most common and widely used therapy for menimg blood glucose control for
diabetic patients involves a combination of liféstynodifications and medication. The battery
of medications include DPPIV inhibitors and incnethimetics, whose effects are already
discussed, as well as through a variety of otheshaeisms, such as lowering glucogenesis in
the liver, activating peroxisome proliferators-aated receptoy, preventing carbohydrate
metabolism, and sensitising insulin release (Tii)severe cases of type 2 diabetes, in which the
insulin-secreting ability of-cells have been exhausted, or in type 1 diabeteghich p-cells

have been destroyed, insulin replacement theramgisred for effective glucose management.

The discovery of insulin for the use of treatinglsktes saved diabetic patients from what
the ancient Greek physician Aretaeus aptly desgrédsea “short, disgusting, and painful life as
the bone and flesh melted into urine” (1). Witk thenefit of insulin therapy, patient survival
rates drastically increased. Leonard Thompsortitstediabetic to be treated with insulin
injections, who was diagnosed at the age of 1édlito the age of 27, when he died of
pneumonia (a cause unrelated to his diabetes)th&nprominent patient was Elizabeth Hughes,
daughter of U.S. Secretary of State Charles Evarghel, who was diagnosed at 13 and lived to
the age of 73 with the insulin therapy (86). Hoemwnsulin replacement therapy has its
limitations. Since insulin injections are admieigd based on blood glucose monitoring at
discrete time points, even the best timing and g@sagimes are unable to mimic the finely
tuned physiologic release of insulin following meallhe resulting blood glucose fluctuations
present both long term and short term health fiskghe patient. In the long term,
hyperglycaemic episodes damage microvasculatulesng the diabetic patient at increased
risk of cardiovascular and renal disease, retirfopat neuropathies, and circulation problems

(85). An even more urgent consequence of inadeduabd glucose control is the
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hypoglycaemic episodes that result when insulediministered in too large of a dose or too
soon before an expected glucose load. A sudddetaapof glucose in the blood can have fatal
consequences. In the last 30 years, rapid-actiddang-acting basal insulin analogues,
continuous subcutaneous insulin infusion pumps,camiinuous glucose monitoring systems,
have been developed for improved precision andtiife flexibility. For the most part, studies
show that insulin analogues and continuous insafursion pumps are capable of delivering
tighter glucose control as measured byiglycosylation and the number of hypoglycaemic

episodes (87, 88).

As an alternative to exogenous insulin administrgtwhole pancreas or islet
transplantation is emerging as a promising treatrfogrdiabetes. In the field of transplantation
science, transplantation of the pancreas is relgtivew. Since diabetes mellitus is responsible
for approximately 40% of end-stage renal failune procedure was initially performed in 1966
as a joint pancreas-kidney transplant in a typahedic patient with end-stage renal failure (89).
This initial case demonstrated that normoglycaerarabe achieved in a type 1 diabetic patient
without the need for exogenous insulin by trandaliéon of cadaveric pancreata. At around the
same time, Paul Lacy began to investigate theligidgiof transplanting pancreatic islets,
demonstrating in rodents that transplantation efehdocrine cells of the pancreas alone was
sufficient to restore normoglycaemia in diabetis (@0, 91, 92). The procedure was less
invasive than that of a whole organ transplantthedirst islet transplantation to a human
diabetic patient in 1990 (93) marked the beginmhg promising treatment alternative to
exogenous insulin administration. Further improeats to the islet isolation procedure led to
the development of the Edmonton protocol in 200@ictv currently serves as a basis for islet
transplant protocol for transplant centers worldwié4). Of the patients who achieved insulin-

independence following transplantation in the avajiEdmonton cohort, only 10% remained so
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after five years, but even in patients who havertd to insulin, lower doses of insulin were
required to maintain normoglycaemia and glucosetdlations occurred in much narrower range
following transplantation (95). Indeed, islet tspfantation shows great promise as a treatment
option for patients who experience frequent hypocagmic episodes with conventional insulin
replacement therapy, despite the requirementf@tdng immunosuppression (96). However,
islet transplantation is not available to all thed® are eligible because the demand for islets
still exceeds supply. Islets from multiple donfmseach transplant and multiple transplants are
often required in order for a single patient toiaeh insulin independence, since transplafited
cell mass may decrease over time due to famll survival resulting from poor
revascularization, allograft rejection, or in these of a type 1 diabetic, recurrence of
autoimmune destruction of the replacenfeetlls may occur (95, 96). The lack of cadaveric
islet donors has served as the impetus for eftoriiscrease graft survival, preserve islet

function, and increase the supply of insulin-pradgcells.

The K-cell asa Target for Insulin Gene Therapy

The unaffected secretion of GIP in the diabetitestadicates that the transcriptional
machinery in GIP-expressing cells is functionalha diabetic state, making these cells an
attractive target for gene therapy. The large iarb@e between supply of cadaveric donors and
demand for islets for transplantation have spuarédld of research in genetically engineering
different types of somatic cells into insulin-prathg cells (97, 98, 99, 100, 101, 102, 103, 104,
105). One limitation of such approaches is th& F@aegulation of insulin secretion from these
B-cell surrogates. However, since GIP-expressiitlg skare a similar secretion profile with
insulin-secreting-cells, targeting these cells should result in ghgzdependent insulin
secretion. Indeed, transgenic mice expressing hunsalin under the control of a 2.5 kb

fragment of the rat GIP promoter were able to namhormal glucose excursion following
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treatment with th@-cell toxin streptozotocin, which rendered controte diabetic (40). Since
the autoimmune destruction [fcells causing type 1 diabetes may potentiallyriggéred by
antigens present in tifiecell itself, a regulated, endogenous source aflingrom a nonB-cell
source may possibly provide the added benefitrelionventing recurrence of autoimmune
destruction following transplantation. Utilizinget GIP-promoter to direct insulin expression in
insulin gene therapy relies heavily on a thorougtiarstanding of the factors regulating GIP

expression at the level of the promoter.

Transcriptional Regulation in the K-cell

An Overview of Transcription

Transcription, the process of converting DNA to#R is a key step in gene regulation,
and is itself regulated by the primary, secondany tertiary structure of DNA. At the primary
or genome sequence level, transcription is regiilaygoromoters, the DNA regions that flank
the gene to be transcribed. Usually, DNA sequetiw@slay a role in controlling
transcriptional activity are located upstream @&f ¢giene, but there is also evidence for promoter
regions located in introns and downstream of threed@06, 107). The location at which the
DNA nucleotides are used as a template for thehggit of mMRNA is called the transcription
start site, and the location of promoter regiomsdasignated as the number of nucleotides
upstream (-) or downstream (+) of this site. Thecpss of transcription consists of transcription
initiation, elongation, and termination. The caicahunderstanding of transcription regulation
is that initiation, the rate-limiting step, is theocess upon which transcriptional activity is
regulated, but mechanisms of transcriptional rdguaacting to control the elongation and
termination process are beginning to be apprecidt@8). Regulation of transcriptional

initiation depends on the concerted actions ofdfigciocated on the same molecule of DNA as
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the transcribed gene, dis-regulatory elements, such as binding sites forsttaption factors; as
well as factors external to the moleculetrans-regulatory elements, such as transcription
factors. Furthermorejs-regulatory elements may be enhancer elements, valstsito increase

promoter activity, or repressor elements, whichrel@ees promoter activity.

The core promoter is the minimal segment of flagksequences around a gene that is
required for initiation to occur. Typically, it feund in the region between -35 bp and +35 bp
(107) and consists of binding sites for generaddcaiption factors, including the presence of
CCAAT boxes (consensus sequence: GGNCAATCT), waretrequired to form the pre-
initiation complex. In the case of eukaryotic sanption of protein-coding genes, the
enzymatic unit of the initiation complex is RNA goierase I, which binds at the TATA box
(consensus sequence: TATA(A/T)AA(G/A)), a promagkament that is found on many
eukaryotic promoters (107) required for RNA polyass Il recruitment. Even though the same
components of the pre-initiation complex are reggiibetween cell types and between species,
the core promoter region has been shown to digttagtural and functional diversity (107). For
example, the well-characterized and well-consepredimal sequence element in the core
promoter of small nuclear RNA genes have a spepestfic consensus sequence and within the
same organism, facilitates binding of RNA polymer#dsat certain gene promoters and binding

of RNA polymerase Il at other promoters (107).

In addition to the core promoter, gene-specifiatatpry sequences are found in the
proximal promoter, which is typically found with200 bp upstream of the transcription start
site. These sequences contain binding sites &mifsptranscription factors, which modulate the
rate of initiation of complex formation upon bindi(106). Generally, additional regulation
occurs through the sequence upstream of the proyimmoter (106). The extent of the distal

promoter is likely gene-specific, but interactidir@sponse elements have been reported with

15



separation of as many as 5 to 200 kb (106, 108 importance of the distal regulatory
elements is particularly important for the reguatof transcriptional activity of genes whose
promoters are found within CpG islands, regionghefgenome ranging from 500 to 2000 bp
with a GC content of more than 50% (107). Thesenoters make up approximately 50% of all
mammalian promoters and lack the canonical TATA, th&refore recruitment of the general
transcription factors and RNA polymerase is hypsitted to result from recruitment by

enhancer proteins bound to distal promoter elem@0(s).

Transcriptional Regulation in the Devel opment of the Enteroendocrine Cell Lineage

Transcriptional regulation plays a major role iedlmining intestinal cell fate during
development. The intestinal epithelium is strualiyrorganized into villi and crypts of
Lieberkihn. Located in the crypts are intestitahscells which are the common progenitor of
the four major cell types of the intestinal epithed (35, 110). All the cells derived from a
single crypt are derived from a single stem celltheat each crypt represents a monoclonal
population of cells (35). Each villus is surrouddsy six to ten crypts and the cell population in
a given villus represents a polyclonal populatibthe cells generated by the crypts that
surround it (35). As cells differentiate, they maitgp from the base of the crypt to the tip of the
villus and are extruded into the lumen (110, 11P,1113, 114). This process lasts 3- 5 days and
corresponds to the life span of intestinal epitiiedells (110, 111, 112, 113, 114). During this
migration from crypt to villus tip, the expressiohseveral transcription factors determine if a
particular cell will develop into an enteroendoeritells, and which type of enteroendocrine cell
it develops into. Many of these factors also @ayple in determining endocrine cell identity in
the pancreas, once again reflecting the closerfebe evolutionary and embryologic origins

between the intestine and pancreas.
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The commitment to the secretory cell lineage, Wigives rise to the mucous-secreting
goblet cells, the lysozyme-secreting Paneth catld,the endocrine-secreting enteroendocrine
cells as opposed to the absorptive enterocytdicetge is largely determined by basic-helix-
loop-helix (bHLH) transcription factor Mathl (115Math1-deficient transgenic mice
heterozygous for an allele where the Mathl codagion was replaced If¢galactosidase
(Bgal), were shown to have no goblet, Paneth, n@reandocrine cells, while the numbers of
enterocytes in these mutant mice were comparamadaype mice (116). Further commitment
to an enteroendocrine cell fate within the secketetl population requires the expression of
another bHLH transcription factor, Ngn3 (117). Sepeficient mice generated by homologous
recombination using a construct consisting of tiga3Npromoter driving.acZ (118) fail to
develop endocrine cells and endocrine progenitotis im the pancreas (118) and intestine (117,

119).

As bHLH transcription factors, both Mathl and N@8 repressed by a third bHLH
transcription factor, Hes1, which binds the N-begulatory element (CACNAG) to antagonize
the activity of bHLH transcription factors boundtte E-box regulatory element (CANNTG)
(120). Analysis of embryos of Hes-1-null mice gexted by gene replacement of the bHLH
domain with a neomycin-resistance cassette at [EAd) (demonstrated 3 to 6.5-fold increase in
the number of enteroendocrine cells immunoreadtiveholecystokinin, somatostatin,
proglucagon, and GIP compared to wild type micelJ1®iesl is upregulated by Notch
signalling, hence, low Notch signalling favoursesnendocrine cell development (115). Other
transcription factor known to be important for pagatic endocrine cell development such as
bHLH transcription factors NeuroD/BETAZ2 (122, 12@gired box transcription factors Pax4
(124), and Pax6 (124), homeobox transcription facksl-1 (125) and Pdx1 (126, 127) , have

also been suggested to be critical for the detextioin of certain enteroendocrine cell lineages.
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Transcriptional Regulation of GIP Expression

Of the transcription factors that direct endocieed fate, Pax6 and Pdx1 have been
shown to be particularly important in GIP expressi®ax6 is necessary for proglucagon
expression in the pancreatic glucagon-secretiogll (124, 128, 129) as well as in the
enteroendocrine GLP-1 secreting L-cell (130, 138P,133). In Pax6-deficient mice generated
by homologous recombination using a construct stingj of the Pax6 promoter driving
expression oLacZ (124), animals die in the prenatal period and analysefpned on fixed
embryonic tissue show both pancreatic and intdstib@ormalities. Pax6-deficient mice present
a phenotype characterized by a lack of glucagodyminga-cells in the pancreas and an
approximately 90% reduction in the number of Glpressing cells (124). Whether this
reduction in GIP-expressing cells reflects the otidn of the subpopulation of GIP-expressing
cells that simultaneously express GLP-1 is not kmaaithough there is evidence that the
subpopulation of GLP-1-expressing cells that expRdx1 in addition to Pax6 simultaneously

express GIP (132).

Pdx-1 null mice generated by targeted mutagengsisglacement of the second exon of
Pdx-1 with a neomycin resistance cassette compl&glto develop a pancreas (134) and
display a 98% reduction of GIP-expressing cellSjif8 an anatomically intact intestinal tract
with sparser and shorter villi (127, 136). Intéiregy, rescue of the Pdx1-null phenotype using
transgenic animals with a transgene encoding Pdx&rdby a segment of the Pdx1 promoter
region demonstrated recovery of normal pancreaphodogy and insulin expression
comparable to wild type animals but only weak ressg\wof pdx1 expression in intensity and cell
number in the duodenum (136). There were 50% 8f6 f@wer GIP-expressing cells in the
duodenum of a Pdx1null animal possessing 5 angp&sof the rescue transgene, respectively,

compared to the number of GIP-expressing celleeduodenum of a wild type animal (136).
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The Pdx1 promoter segment in the rescue transgeked the most distal of four highly
conserved regulatory elements (137, 138, 139),estgyy that this distal element may be
important for directing expression of Pdx1 to itites (136). The importance of Pdx1 in the
determination of a GIP-expressing cell fate is alemonstrated by the colocalization of Pdx1
with GIP in the developing intestine. Pdx1 is riegd for the normal structural organization of
the duodenum and is highly expressed in epitheéil$ in the rostral duodenum at E16.5 (135).
Following this critical period, expression of Pdgldownregulated in cells that will not develop
into endocrine cells (135). Analysis of mouse derad tissue harvested at E18.5 and 10 weeks
of age demonstrated Pdx1/GIP colocalization sugggtitat Pdx1 is necessary for GIP
expression in that there was no instances wher®ar@nunoreactive cell was not
immunoreactive for Pdx1 (135). Furthermorejmawtro report showed that overexpression of
Pdx1 in the undifferentiated rat intestinal IECdil ¢éine is sufficient to coax cells to become
GIP-producing cells (140) and overexpression oflPdxhe plurihormonal mouse intestinal

STC-1 cell line, which already expresses GIP, frrihcreases GIP promoter activity (135).

A recent study attempted to segregate the eftéd®slx1 on pancreatic and intestinal
development by characterizing transgenic mice witargeted deletion of Pdx1 in the intestine
using aCre/lox system (141). The authors reported that whilentireber of GIP
immunoreactive cells from targeted Pdx1 knockoutais did not differ from wild type
animals, the level of GIP mRNA was decreased (1#Dwever, this conclusion that there was
no difference in cell number was based on the tddtatistical significance. The actual percent
decrease of GIP-immunoreactive cell count in thelHdhockout animals compared to controls
was 32%, a decrease that would sufficiently explagndecrease in GIP mRNA levels, which

were detected by real-time PCR using total RNAatad from whole intestinal segments.
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Transcriptional elements at which transcriptioctdas bind to activate GIP expression
have been identified through a seriesmofitro studies using the human and rat GIP promoters.
Cloning of the 5’-sequence upstream of the humdh g&ine by Inagakit al. (19) resulted in the
identification of several potential regulatory elems based on consensus sequences. These
include typical features of core promoters, such &ATA motif (-28 bp to -23 bp), a CCAAT
box (-152 bp to -156 bp), an enhancer core sequeh8e bp to -130 bp), and a binding site for
the transcriptional enhancer Sp1l (-383 bp to -3)319). Further upstream of these elements,
putative binding sites at which protein kinasesndl & and cAMP may exert a regulatory effect
were identified, namely an AP-1 site (-344 bp t88®p), an AP-2 site (-368 bp to -360 bp), and
two CAMP response elements (CRES) (-349 bp to #pand -376 bp to -368 bp) (19). No

attempts were made to test the functionality oféheutative binding sites in this study.

A functional study of regulatory elements in thertan GIP promoter was performed a
few years later by Someytal. (142) using the hamster insulinoma cell line HITSTas a
model. Various lengths of the human GIP promoterensed to drive the expression of a
reporter gene expressing chloramphenicol acetgteaase (142). Shortening of a reporter
construct containing -1200 bp of the human GIP mtemto -386 bp and -334 bp resulted in a
decrease in promoter activity, but further trurmatf the promoter to -258 bp and -180 bp
resulted in augmentation of promoter activity conepao the basal level established by the
longest reporter construct containing -1200 bphefliuman GIP promoter (142). Further
truncation to -134 bp resulted in a complete Idggromoter activity (142). These observations
led the authors to conclude that the basal pronfotehe human GIP gene spans -180 bp to
+14 bp (142). An additional experimental conditiorwhich the activity of each of the reporter
constructs was measured following treatment wieha#ll-permeable cAMP analogue dibutyryl

CcAMP demonstrated that cAMP-induced promoter aistivi all the constructs except for the
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shortest construct driven by -134 bp of the hum#én iBomoter, which led to the speculation

that a CRE may be located between -180 bp andbft3242). Indeed, two such elements were
identified by DNase | footprinting spanning -350top-339 bp and -164 bp to -149 bp (142).

Note that the first corresponds to the approxinatation of one of the putative CREs identified
by Inagakiet al. (19), while the second corresponds to the regioniazeing the CCAAT box in

the Inagaket al. study (19). Someya and colleagues (142) notenthé¢ the first CRE displays

a high homology with CRE consensus sequence (TGATA)Tthe second CRE contain only a
portion which appear similar to the first half betCRE consensus sequence (142). Despite this,
mutation of the second CRE generated a larger deern@ promoter activity (88%) than

mutation of the first CRE (50%) and a simultaneougation of both CRE sites resulted in a

further decrease in promoter activity to 85% ofihlel type promoter (142).

A second functional study of the human GIP promai@s performed by Fujitet al.
(132) in the plurihormonal mouse enteroendocrin€-3Tcell line provided further evidence that
-184 bp of the human GIP promoter was requiredésal activity. Shortening a -2.9 kb human
GIP promoter to -1.9 kb, -1.0 kb, and -210 bp reeslin a progressive increase in promoter
activity peaking at the construct containing -2p0db the human GIP promoter driving the
luciferase reporter (132). Truncation to -184 bgdded a promoter activity level comparable to
the longest -2.9 kb construct and further shor@gointhe promoter to -145 bp and -93 bp
decreased promoter activity by 90% relative toltmgest -2.9 kb construct (132). Binding of
Pax6, Pdx1, and GATA4 to the human GIP promoterdessonstrated using electrophoretic
mobility shift assays (EMSAS) using a probe thatrsped -193 bp to -138 bp of the human GIP
promoter and mutations to five putative regulat@igments within this region using the -210 bp
construct as a template resulted in decreasesRm@imoter activity ranging from 20% to 90%

compared to wild type promoter activity (132). @epression of Pax6 and Pdx1 in the
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undifferentiated rat intestinal IEC-6 cell line denstrated dose-dependent induction of human
GIP promoter activity and conversely, expressiodahinant-negative mutants of Pax6 and
Pdx1, which contains an intact DNA-binding domairt lacks a transactivation domain, reduced
human GIP promoter activity in a dose-dependentm@a(l32). Furthermore, overexpression
of Pdx1 and Pax6 simultaneously produced an augtentof GIP promoter activity that

exceeded overexpression of one or the other fatboe (132).

Cloning of the 5’-sequence upstream of the rat gdife by Higashimotet al. (20) did
for the rat GIP promoter what Inagakial. (19) did for the human GIP promoter, namely,
generate a list of putatives-regulatory elements based on consensus sitesriougsalements.
These putative sites include: TATA boxes at -115-Bp bp, and +755 bp; CCAAT boxes at
-171 bp, -158 bp, and +599 bp; AP-1 binding sitem$ensus sequence: TGA(G/C)TCA) at
-842 bp, -802 bp, -411 bp, -53 bp, and +624 bp;2ARAding sites (consensus sequence:
((T/C)C(CIG)CC(AIC)NC(G/C)(CIG)(GIC)) at -813 b,51 bp, +153 bp, +688 bp, and
+745 bp; and CREs (consensus sequence: TGACGTGAYatbp, +35 bp, and +226 bp (20).
Noting that a number of these sites are locatechdowam of the transcriptional start site,
transcriptional regulation by intron 1 was hypothed, and data demonstrating a possible role

for intron 1 in promoter activity was presenteddzthen RNase protection experiments (20).

Characterization of the rat GIP promoter has lagrgeken done using the plurihormonal
mouse enteroendocrine STC-1 cell line as a mo®&, (143, 144, 145). Boylaat al. (143)
demonstrated using luciferase reporter plasmid&dry -2.5 kb to -173 bp of the rat GIP
promoter that -193 bp of the rat GIP promoter visminimum length required to achieve
200-fold activity from the promoterless luciferdssmckbone (143). A further reduction of the
promoter length from the distal end to -182 bp ttesuin 30-fold activity and reduction to

-173 bp resulted in 11-fold activity from backgroui43). The requirement for minimal
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activity and the identification of a TATA box (-2 to -24 bp), enhancer core element (-133 bp
to -136 bp) and two CCAAT boxes (-158 bp to -154abp -171 bp to -167 bp) led to the
definition of the region between -173 bp and +1%bphe core promoter (143). While intron 1
appears to direct minimal promoter activity, asns@éh a construct containing +1 bp to +111 bp
of the rat GIP gene driving the luciferase genej14o differences between promoter activity
was observed when a luciferase reporter seriesmby GIP promoter fragments ending with
+19 bp at the 3’ end of the insert and an idensesies ending with +111 bp to include intron
one were observed (143). Furthermore, a delefidimeoregion between -177 bp and +111 bp in
two of the intron-containing reporter constructdueed promoter activity to that seen with the
+1 bp to +111 bp fragment alone, suggesting trexetls no effect on proximal promoter activity
mediated by the intronic sequence (143). Notetthatregion does not contain the intronic
TATA box proposed by Higashimot al. (20) to be important in regulating GIP gene
transcription. Two putative GATA-binding sites 94lbp to -186 bp and -173 bp to

-178 bp) were located within the proximal promaeanning -193 bp to -182 bp based on the
GATA-binding consensus sequence (A/T)GATA(A/G) (L4Butative AP-1 (-413 to -405) and
CRE sites (-380 to -373) were identified upstrednhis proximal promoter (143), which

occupy similar positions to the corresponding silesitified on the human GIP promoter in the

Inagakiet al. study (19).

Functional characterization of the two GATA binglielements was carried out by a
single nucleotide change from G to A and from Rfsuch that the core GATA consensus
sequence was disrupted into AAAA (143). Utilizitng luciferase reporter construct driven by
-193 bp to +19 bp of the rat GIP promoter as a tatapdisruption of the distal (-191 bp to
-186 bp) GATA site in this manner resulted in a 9@86rease in activity from the wild type,

compared to 35% when the proximal (-173 bp to 478site was mutated (143). Mutation of
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both sites simultaneously resulted in a 90% deergaactivity, equivalent to mutating the distal
site only, demonstrating that it is functionally rmamportant of the two sites (143). Six years
later, a publication from the same group (144) idiexadl GATA4 as thdrans-regulatory factor
binding to this site using EMSAs with a DNA prolgaaning -193 bp to -168 bp. Five years
after that initial finding that GATA4 binds the &P promoter in a region that activates GIP
gene expression, the role of GATA4 in GIP gene esgipn was further clarified by
demonstration of GATA4 immunoreactivity in GIP-egpsing K-cells as well as comparison
studies of GIP promoter activity between the ST€ells and mouse pancreaficell tumour
cells,pTC3 (145). The GIP promoter fTC3 cells, which unlike STC-1 cells, do not express
GATA4 as shown by reverse-transcriptase PCR, Northiot, and Western blot, was
approximately 13-fold less active than in STC-1sc€145). Overexpression of GATA4 in a
BTC3 cell culture resulted in increased endogend&®snm@RNA levels as measured by Northern
blot, which corresponded to increased GIP secretstomeasured by a functional GIP bioassay
(145). Conversely, suppression of GATA4 expresbipro-transfection of a GIP promoter-
driven luciferase reporter with a short-hairpin RN@nstruct specific for GATA4 resulted in

attenuation of GIP promoter activity by 70-80% (L45

In addition to GATAA4, an Isl1 motif (CATTAG) ideriiied between -156 bp to -151 bp
was revealed to account for 85% of rat GIP promatgivity based on mutation of this site to
GAAAAG using the -193 bp to +19 bp rat GIP promasra template (144). In another set of
EMSAs with a probe spanning -160 bp to -141 bphefrat GIP gene, Isl1 but not GATA4 was
identified as thérans-regulatory element acting at this-element (144). Interestingly, the
consensus binding site for Isl1 is the same forlPd3sing the same EMSA probe for
demonstrating Isl1 binding to the CATTAG site, Pdxds also shown to participate in the

transcription factor complex acting on the CATTABmrent (135). Binding of Pdx1 to the
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endogenous GIP gene in STC-1 cells was demonstogtedmunoprecipitation of chromatin
isolated from these cells (144). The manuscrigt$aggests that the same was shown for Isl1,

but these data were not presented in the paper.

As seen from this brief literature review, functpromoter studies in the human and rat
GIP promoter have focused largely on the proximahpter extending as far as -200 bp of the
promoter. However, reporter genes driven by the @bmoter indicate that elements even more
distal to this region have a role in regulating @H¥pression. Notably, transgenic mice
expressed thymidine kinase driven by 1.2 kb oftlmman GIP promoter in the stomach, and
islets, but not in the intestine (146). In a diffiet line, a 2.5 kb fragment of the rat GIP promote
directed insulin expression in the stomach andstirte, but not the islets (40), while in a third
line, a longer piece of the rat promoter consisohd.1 kb of the 5’ upstream promoter and a
part of intron 1 of the rat GIP gene (80) droverespion of dsRed2 in the intestine but not in the
islets. Whether the restriction of GIP expresgrom intestine and stomach to intestine only is
attributed to regions of the 3.1 kb rat promotet there absent in the 2.5 kb promoter or regions

in intron 1 remains to be determined.

Model Systems for Studying K-cell Biology

An overview of the literature concerning GIP geegulation shows that much of what
we know about K-cells arises from the use of mutemmals and cell lines. The diffuse location
and rarity of K-cells in the intestinal epithelitand the lack of identifying markers which could
be used to isolate a live K-cell population makelging GIP gene transcription as well as K-cell
biology in general challenging. While some insigio the contribution of transcription factors
to regulating GIP gene expression could be gairmad fransgenic animals in which genes

encoding for transcription factors have been kndak&t or knocked down, this approach is
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limited, since disruption of the expression ofragse transcription factor always affects more
than one system by virtue of transcription factmsng in multiple tissue types and at different
stages of development. Tissue-specific transgarse, such as those generated byGhelox
system, may better isolate the effects of a pdaiduanscription factor to a certain tissue, that t
temporal removal of the gene of interest dependfi@promoter element drivir@re
recombinase, which may or may not recapitulategheporal expression of the transcription
factor in question. In the end, the mechanismwlgh various transcription factors regulate

GIP gene expression cannot be delineated by motanse studies.

In an attempt to investigate the mechanisms bghvthie GIP gene is transcriptionally
regulated, tumour cell lines have been widely-us@d/enient models for studying the sites and
interactions of transcription regulatory elemenit3y, 142, 143, 144, 145). Before embarking on
identifying regulatory elements on the rat GIP poten, Boylanet al. found that of a number of
cell lines, including two cell lines derived fromet salivary gland and six endocrine lines, only
the human embryonic intestinal 407 line and theilpdumonal mouse intestinal STC-1 line
expressed rat GIP (143). One of the cell linesctvldiid not express GIP was the Syrian hamster
B-cell insulinoma line HIT T15 line, the same modséd by Someyat al. (142) to provide the
first functional characterization of the human @Hmoter, indicating that differences in
promoter activity of the same gene from differgmgé@es may occur in the same cell line model.
Also, despite human GIP promoter activity in a heam-cell-derived cell line (142) and rat GIP
promoter activity in a moudgcell-derived cell line (145), GIP is not knownle localized in
the mature-cell, suggesting than vitro promoter studies may not always accurately predict

Vivo outcomes.

The STC-1 cell line is a mixed endocrine intestic&l line derived from transgenic mice

carrying the rat insulin promoter driving the SMdfge T antigen (147) and has been used as a
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model for studying transcriptional regulation ofretins (135, 143, 144, 145, 148). The
GIP-expressing cell population consists of a subfin that expresses GLP-1 in addition to
GIP, similar toin vivo observations (132). However, other hormones inolydecretin, gastrin,
pancreatic polypeptide, neurotensin, and somatosieg also expressed in the cell line (147).
Therefore, claims of “cell-specific expression” damstrated in STC-1 cell lines generally mean
specific to STC-1 cells as opposed to constitutxeression in cell lines derived from other
tissues rather than specificity to the cell typat ik modelled by STC-1 in that particular study
(135, 143, 144). Furthermore, promoter requiresi@ntgene expression vitro may not
necessarily be the sanrevivo. When a -2.5 kb region of the of the gene enapdiyogenic
regulatory factor myoD shown to drive chloramphehacetyltransferase expression in the
mouse myogenic cell line 23A2 was used to dfigal expression in transgenic mice, none of
the transgenic mouse embryos expregggd in myogenic cells despite successful integratib
transgene indicated by ectopgal expression (149). Another example comes fratudy of

the vasoactive intestinal peptide gene promoteshith a 5.2 kb promoter fragment was able to
drive chloramphenicol acetyltransferase activityha human SK-N-SH neuroblastoma cell line
directed chloramphenicol acetyltransferase expwagsithe intestine but not the brain of
transgenic mice (150, 151). In the latter examipble extrapolation ah vitro to in vivo data is
further complicated by the difference in speciagins between then vitro andin vivo model

systems.

To address these limitations of current model systm studying K-cell biology, Parker
and colleagues (42) attempted to generate a prikxaslil line from transgenic mice expressing
a fluorescent marker. The strategy involved exgpngsthe Venus yellow fluorescent protein
under the control of a bacterial artificial chroraose construct containing the approximately

200 kb of the rat GIP promoter (42). Charactelazradf the resulting transgenic mouse tissue
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indicated the expression of Venus was restricte@diB>expressing cells, although some cells
isolated based on fluorescence also expressed Gl@-polypeptide tyrosine tyrosine at 9- and
780-fold compared to non-GIP-expressing cells (4R)is finding is consistent with prior
observation that a subpopulation of K-cells expesSLP-1 in addition to GIP (29, 30, 36), but
no polypeptide YY immunoreactivity was seen to adouGIP-immunoreactive cells in either
foetal human pancreas (152) or in adult pig, nad, luman pancreata (29). Sufficient cell
numbers were purified by this method to comparesttgression levels of various candidate
genes between the GIP-expressing and non-GIP-esxpgesells by quantitative RT-PCR to
allow for a better understanding of the glucose ramdent sensing machinery present on the
K-cell (42). Theoretically, if enough genes arenpared between the GIP-expressing
population and the non-GIP-expressing populatilis,approach may eventually facilitate the
identification of a K-cell-specific surface markearhich would enable purification techniques for
K-cells without the need of fluorescent markerdthdugh secretion experiments were
performed in this study (42), cultures of mixedhmary cells isolated from the adult mouse
intestine were used as opposed to an enrichedeuwf{lK-cells. An enriched primary culture of
GIP-expressing cells would be an ideal model fodging K-cell biology, as it would be a
compromise between a system that is more physitigirelevant than tumour cell lines yet is

suitable for the type of controlled manipulatioqu&ed to study mechanisms.
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THESIS INVESTIGATION

Through a candidate gene and unbiased screenimgaagby theaim of this thesis was to
identify transcriptional regulatory elements arahscription factors critical for the
transcriptional regulation of GIP in a segmenthef GIP promoter distal to the region that has
been previously characterized. The longest segofahe rat GIP promoter characterized to
date using reporter assays extended from -2.5 kli9dop as documented by Boyletral. (143)
and Jepeatdt al. (135) and identification afis-regulatory elements for the GIP gene have largely
focused on the proximal promoter (-193 bp to +1Prkgion. Transgenic animal studies where
reporter genes are driven by segments of the GiR@er extending beyond the distal limits of
the proximal promoter show that regulatory eleméms contribute to restricting GIP
localization to specific tissues may be locatethanyet uncharacterized promoter upstream of
-2.5 kb. These observations led to tiypothesisthat transcription factors, including those
known to be important in regulating GIP expressibthe proximal promoter, are acting on
elements in the distal promoter and contributeetulate overall GIP promoter activity.
Luciferase-reporter-based screening for promotmnehts important for GIP expression was
carried out using the STC-1 cell line as a modeKieells and therans-regulatory factors that

bind to these elements were identified.

The rarity and diffuse location of GIP-expressimgeeoendocrine cells across the
intestinal mucosa have presented a significantagé in obtaining data on transcriptional
regulation in primary cells. The second objectivé¢his thesis was to develop a fluorescence-
based method for obtaining highly-enriched popategiof primary GIP-expressing cells, which
would allow for a high-throughput microarray-basesnparison of genes expression in
GIP-expressing cells versus non-GIP-expressing.célnce transcription factors play a pivotal

role in determining K-cell fate, it is expectedttttais comparison will yield a list of candidate
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transcription factors based on their high expreskugel in GIP-expressing cells compared to the
rest of the intestinal cell population. The fastoan then be subjected to functional testing to
assess their role as potentians-regulatory elements on the GIP promoter. Relaiddis goal,
attempts were made to maintain enriched primary&xgressing cells in culture to create a
more physiologically relevant model for studyingrscriptional regulation among other aspects

of K-cell biology.
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MATERIALS AND METHODS

Alignment of GIP Promoter Sequences from Multiple \értebrate Species and Prediction of

Putative Transcription Factor Binding Sites

Genomic DNA sequences immediately distal to thedcriptional start site of the GIP
gene were obtained for nine specigmeties, Ensembl ID number: human, ENSG00000159224;
chimpanzee, ENSPTRG00000009367; macaque, ENSMMUOA1088; mouse,
ENSMUSGO00000014351; rat, ENSRNOG00000006306; cdWGETAG00000005045; dog,
ENSCAFG00000016899; elephant, ENSLAFG000000045&6) the Ensembl Genome

Browser (http://www.ensembl.oxg The sequence of 4.5 kb of the pig distal Gléhpoter was

obtained from enGene, Inc. Percent identity pleggse generated using mVISTA

(http://genome.lbl.gov/vistaand nucleotide-level multiple alignments wereaiteéd by

inputting sequences into MultiPipMaker (153, 15jletermine the location of the distal
well-conserved promoter elements in the GIP pronmgeguences driving the expression of
luciferase in our reporter constructs. In additiotiterature review of known transcription
factor consensus sequences, putative transcrifgtador binding sites were identified using
ALGGEN-PROMO (155, 156). Default settings in ALGRHROMO were used in putative

binding sites using the SearchSites function.

Plasmids

Generation of GIP Promoter-Luciferase Truncation Plasmid Series for Investigating the Distal

GIP Promoter

A series of constructs consisting of luciferaseeiby varying lengths of the rat GIP

promoter (pGL3795, pGL3075, pGL2574, pGL2033) waseayated by Dr. Robert Baker
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(Centre for Human Islet Transplant and Beta-Celideration, University of British Columbia,
Vancouver, BC). pGL2574 was first generated bgditizing the commercial vector

pGL4.10 [luc2] (Promega, Madison, WI) with Hind{Nlew England Biolabs, Ipswich, MA; all
subsequent restriction enzymes are from this spurdess otherwise indicated) and
simultaneously treated with alkaline phosphataggewent autoligation. A 2.6 kb rat GIP
promoter fragment generously provided by Dr. Midh&elfe (Boston University School of
Medicine and Boston Medical Centre, Boston) wassextfrom the pcDNA3.1(-2.6)rGIP-
CreER plasmid with Hindlll, and ligated into thaearized pGL4.10 [luc2] vector (Promega,
Madison, WI). Vectors containing insert were idiéed by electrophoresis; insert orientation

was determined by diagnostic Nhel (Fermentas, Bgidn, ON) and Xhol digests.

The longest GIP promoter-luciferase construct (p&5) was generated by cloning the
distal rat GIP promoter (-3795 bp to -2515 bp) @RPfrom rat genomic DNA using primers
rGIP-3795 (5- CCACACTCGAEGTCTCTCCCCAAAACCAAACAAGCCAGT-3') and
rGIP-2515 (5-GTGAGGTTTCTTGGGGTTTGAGGCTG-3) (Inteaged DNA Technologies,
Coralville, 1A). The 5’ primer introduces a Xhates(underlined) at the promoter’s distal end
and the 3’ primer anneals just downstream of amgedous Hindlll site. The PCR product and
vector pGL4.10 [luc2] (Promega, Madison, WI) weatbdigested with Xhol and Hindlll, and
subsequently ligated together, producing the vgu®ir4.10 rGIP (-3.7/-2.5). This vector was
then re-opened with Hindlll and ligated to the Hikhéxcised 2.6 kb rat GIP promoter fragment
from pcDNAS3.1(-2.6)rGIP-CreER used to generatep3&2574 plasmid (described above),
effectively extending the -2.6 kb rat GIP promaleving the luciferase gene to a -3.7 kb
promoter. Correct insert orientation was deterchibg diagnostic Nhel (Fermentas, Burlington,
ON) and Xhol digests and the sequence of the distahoter was confirmed by cloning the

distal promoter into the pBlueScriptSK+ vector g&igene, La Jolla, CA) and sequencing with
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T3 and T7 primers. As the 2.6 kb promoter fragnvesat previously sequenced, only the
extended sequence between -3.7 kb and -2.6 kbegagsced. The two remaining plasmids in
the series, pGL3075 and pGL2033, were generated tise pGL3795 plasmid as a template.
pGL3075 was generated by digestion of pGL3795 Wjthl to remove 700 bp from the distal
end of the -3.7 kb promoter, and subsequent aatadg of the remaining 7.3 kb fragment
Similarly, digestion of the pGL3795 plasmid with &{Fermentas, Burlington, ON) removed
1.7 kb from the distal end of the -3.7 kb promotesulting in a 6.2 kb fragment for autoligation
to create pGL2033. DNA preparations of the abdasmids were made by transforming One
Shot TOP10 Chemically Competdhatcoli (Invitrogen, Carlsbad, CA) for 30 s at 42°C follae
by DNA isolation from bacteria using the GeneJEdskiid MiniPrep Kit (Fermentas,
Burlington, ON). The sequence of the entire -Dkthe rat GIP promoter, which was used as
a template for creating these plasmids had beengqusly sequenced, and clones were digested
with Kpnl and Xhol to verify separation of the Xl and 2.0 kb promoter from the 4.2 kb
pGL4.10 [luc2] backbone. After verification of cect ligation by restriction enzyme digests,
larger quantities of DNA were isolated for transi@c using the EndoFree Plasmid MaxiPrep

Kit (QIAGEN, Valencia, CA).

A second truncation series with GIP promoter leagbanning the region between the
promoter segments in pGL3075 and pGL2574 was getebased on the locations of several
restriction enzyme sites in the DNA sequence batw2g74 bp and -3075 bp of the rat GIP
promoter. Since some of the restriction enzynseslun the cloning strategy were sensitive to
Dam and Dcm methylation, a DNA preparation of pGIB@vas made by transforming
dam/dcm competent. coli (New England Biolabs, Ipswich, MA) for 30 s at 42tG use as a
template. Limit digestion of the pGL3075 templatéh Pvull (Fermentas, Burlington, ON) for

pGL2918 and with Xbal for pGL2894 resulted in ahmnized pGL3075 fragment. Limit digests
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were carried out using 1 DNA in a 100uL reaction volume with LL of the respectively
restriction enzymes. The DNA was allowed to digesB0 s at room temperature for Pvull and
5 min at 37°C. These digestion conditions wereigoghly determined and found to yield the
most linearized product out of all the conditioestéd. The digestion product was cleaned up
and ran on a 0.7% agarose gel in 1 x TAE to sepénatlinearized product from the other

digestion products.

The DNA cleanup and gel extraction protocols acdbed as follows: A five-fold
volume relative to the digestion reaction voluméioiding buffer PB (QIAGEN, Valencia, CA),
was mixed thoroughly with the restriction digesiaton and allowed to bind to a DNA clean-up
column from the GeneJET Plasmid MiniPrep Kit (Femtag, Burlington, ON) by centrifugation
at 3000 g for 20 s. The flow-through was allowegass through the column again to maximize
binding. The column was then washed with i&0f wash buffer PE (QIAGEN, Valencia,

CA). After discarding the flow-through, the columvas dried by centrifuging at 13,000 g for
2 min, and the cleaned DNA was eluted withubOof TE Buffer (QIAGEN, Valencia, CA).
After separation, the gel was visualized using a@Yansilluminator (Spectronics, Westbury,
NY) and the thin piece of gel containing lineamgimaent was excised into a pre-weighed
microcentrifuge tube. The mass of the excisegpale was determined by subtraction and

3 uL/mg of gel of solubilization and binding buffer QRIAGEN, Valencia, CA) was added to
the microcentrifuge tube. The excised gel piecs malted by incubation at 55°C for 15 min
and DNA was extracted by passing the QG-gel saiutioough a DNA clean-up column from
the GeneJET Plasmid MiniPrep Kit (Fermentas, Bgthn, ON). The wash and elution steps

are the same as described for DNA cleanup.

Subsequent digestion of the linearized product®\ayll (Fermentas, Burlington, ON)

and Xbal digestion with Kpnl removed 157 bp and bfXrom the distal end of the -3.1 kb rat
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GIP promoter driving the luciferase gene, respetfito generate a linear fragment consisting
of 2918 bp and 2894 bp of the rat GIP promotepfe#d by the luciferase gene. This linear
fragment was incubated with the large Klenow fragmsolated fronE. coli DNA polymerase |
(New England Biolabs, Ipswich, MA) to produce cottiipia blunt ends, gel-purified as
described above, and autoligated overnight at 12&fer transformation into One Shot TOP10
Chemically Competert. coli (Invitrogen, Carlsbad, CA) for 30 s at 42°C, cokswere
screened using a PCR-based method. Colonies aurbkdd to the surface of a PCR reaction
mix (as described in the protocol for Accupriifee DNA Polymerase System, Invitrogen,
Carlsbad, CA) containing forward primer RVprimeB3 CTAGCAAAATAGGCTGTCCCC 35
Promega, Madison, WI) and reverse primer truncVBRJTTTGGCAGTCCTGGGAGG 3’;
Integrated DNA Technologies, Coralville, IA) befdhe preparation of a starter culture. The
519 bp PCR product from the uncut pGL3075 vectm aasily distinguishable from the 341 bp
and 317 bp products generated by the successhddtion at the Pvull (pGL2918) and Xbal
(pGL2894) sites, respectively, making this methaihaple high-resolution way to screen many

colonies effectively.

pGL2646 was generated using a similar cloningegratising the restriction enzyme
Stul. Since Stul was a unique cutter for the pGIS3tmplate plasmid, no limit digestion was
required. Double digestion of pGL3075 with Kpnbabtul resulted in the desired -2646 bp of
the rat GIP promoter sequence followed by the énage gene, which was blunted, gel-purified,
and autoligated, as described above. Clones wgestdd with Ncol/Kpnl and Sacll/Nhel
(Nhel from Fermentas, Burlington, ON) to ensurd tha Kpnl restriction site was destroyed
and to confirm that the -3075 bp GIP promoter wastened by 450 bp. The sequences of all
three plasmids generated by autoligation were ooefil by sequencing using RVprimer3

(Promega, Madison, WI).
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Generation of GIP Promoter-Luciferase Plasmids Containing Mutated Putative Transcription

Factor Binding Stes

Two constructs, each containing a mutation of taodidate distal binding sites for Pax6
and Pdx1, were cloned using a three-way ligatiothoteof site-directed mutagenesis (Figure
1). Briefly, forward and reverse PCR primers (Fax€-/R, Pdx1mutF/R; Integrated DNA
Technologies, Coralville, IA) containing the muthtmandidate binding site were designed and
used in combination with a reverse (Sacl-R; Integt®NA Technologies, Coralville, 1A) and
forward (Kpnl-F; Integrated DNA Technologies, Caoiblé, I1A) primer, respectively, in two
separate PCR reactions. The reverse and forwanggw, Sacl-R and Kpnl-F, contain the
nearest unique restriction site downstream andegst, of the mutation site, respectively,
effectively generating two PCR products (as petqmal, Accuprimelaq DNA Polymerase
System, Invitrogen, Carlsbad, CA) when the pGL3pIE&8mid was used as a template (Figure
1). These products were digested to completioh wstriction enzymes (Apal to generate
pGL3075Pax6mut and EcoRI to generate pGL3075PdX1amgk ligated to each other and a
linearized vector generated by doubly-digestinga@&3075 vector with Kpnl and Sacl to
remove the fragment to be replaced by the PCR ptedindicated in blue in Figure 1).
Following bacterial transformation, colonies wetceegned by PCR using primers flanking the
Kpnl and Sacl restriction sites (rGIPmutSeqFwd: GTCTCCCAGTGCAAGTGCAGGTGCC,
rGIPmutSeqgRev: GCTGTGATCCTGTCACCACGCCGTCCCA; Intggd DNA Technologies,
Coralville, 1A) and the presence of the mutatedibig site was further demonstrated by
restriction digest of the PCR products by Apal ooEIl. The insert was subsequently sequenced
to ensure that the only base changes were thasedied to occur at the mutated putative binding

sites.
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Kpnl-E
ATGTTAAGTGATGGCTGAGTAGGTGGACTAGGTTTCCAGGAGGCAGAAGTGAGCAGTCTTTCCAGTCCAGCGACCTCTCATE
Pax6mutF

PaxémutR
CCACAAGGACACTTAACTCCATAGGAGATCTTCCACTGAGGTTGCCAGAGTAGCAAAGTGACCTCCATTAGGCCCTGGGGCT

GGGCCC Pdx1mutF GAATTC
Pdx1mutR
ATAGGCA(Q JATGTGAGCTTACTGGGTTAAGGGTTCCAAAGGCCAGGATGAAAGGAGGGAAGGAAG CCAAGAAAAAGG
Apal EcoRI
Kpnl
Apal
PCR products +
C
Kpn! ccect NN
+ Apal
Sacl Sacl
Kpnl
FeoRI
I
Pdx1mut CTTAA |
+ PCR products +
G
EcoRI
Sacl

Figure 1. Schematic of site-directed mutagenesiy hree-way ligation. A putative Pax6 binding site
(AGGACA) was mutated to a Apal restriction sitegenerate the pGL3075Pax6mut vector and a putative
Pdx1 binding site (CATTAG) was mutated to a Ecogditriction site to generate the pGL3075Pdx1mut
vector. To generate pGL3075pax6mut, two PCR reastivere carried out with the pGL3075 vector as a
PCR template, one using the primer set Kpnl-F/PakBnand one using the primer set PaxémutF/Sacl-
R. These products were subsequently digestedApith and ligated to each other and a vector (blue
circle) generated by doubly-digesting the pGL30&®6tar with Kpnl and Sacl to remove the fragment to
be replaced by the PCR products. To generate p@@@x1mut, a similar approach was used, except
the two PCR reactions were performed using KpnlkitnutR and Pdx1mutF/Sacl-R and the products
from these reactions were digested with EcoRl.

Human and Porcine GIP Promoter-Luciferase Plasmids

A series of luciferase reporter plasmids from Yukihiro Fujita (132) consisting of the
luciferase gene driven by -93 bp to -2.9 kb oftihenan GIP promoter relative to the
transcriptional start site and a series of lucgereeporter plasmids consisting of the luciferase
gene driven by different lengths of the porcine @GiBmoter-luciferase plasmids, generated by
Dr. Robert Baker (Centre for Human Islet Transpbamd Beta-Cell Regeneration, University of
British Columbia, Vancouver, BC), were used to asghe functional effect of truncating the
distal well-conserved region of the GIP promotespecies other than rat. The distal element

used for generating the porcine series, which raufigen -2.1 kb to -4.5 kb relative to the
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transcriptional start site, was removed from th8BSssGIP(223-237) vector supplied by

enGene, Inc.
In vitro Measurement of GIP Promoter Activity
Céll Culture and Transfection

STC-1 cells (from Dr. Daniel Drucker, Departmentédicine, Samuel Lunenfeld
Research Institute, Mt. Sinai Hospital, UniversifyToronto, Toronto, ON; passages 15-32)
were cultured in High Glucose Dulbecco’s Modifiedgte Medium (GIBCO, Grand Island, NY)
supplemented with 10% foetal bovine serum (GIBC@&n@d Island, NY) and 1 x Pen-Strep
(GIBCO, Grand Island, NY:; final concentration 10(pehicillin and 10Qug streptomycin per
500 mL) at 37°C and 10% GOCells were seeded at 3 x°X&lls / well in 6-well tissue culture-
treated plates (Corning Inc., Corning, NY) 24 loptb transfection. Cells were co-transfected
with experimental constructs consisting of firefBhotinus pyralis) luciferase driven by various
lengths of the GIP promoter and a co-reporter cansphRL-TK (Promega, Madison, WI)
consisting of the HSV-TK promoter driving the exgg®n of sea pansirénilla reniformis)
luciferase using Metafectene Pro (Biontex, MartetsrGermany) at 0.pg/well and 0.016
ug/well, respectively. A Metafectene Pro-to-DNAioadf 4 pl/pg was used in 2 ml/well of
Minimum Essential Medium (GIBCO, Grand Island, N 5 hours. Each plasmid was

transfected in triplicate per trial.
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Dual Luciferase Reporter Assays

At 48 h post-transfection, cells were lysed in 400/sis buffer supplied with the Dual-
Luciferase Reporter Assay System (Promega, Madiahh, For each reaction, 30 of lysate
was assayed with 1QQ. of luminal and 10Q.L of Stop and Glo reagent, according to the kit
protocol. Each transfection replicate was assayexsk to ensure technical reproducibility.
Luminosity was read on the Infinft®11000 plate reader (Tecan, Durham, NC) at room
temperature. Luminosity readings from the fird€lgiferase reaction were normalized to the
readings from th&enilla luciferase reaction and all readings were theonntegd as fold change

in luminosity from the reading obtained from thel@dGl0 [luc2] promoterless backbone.
Identification of DNA-binding Sites
Isolation of Nuclear Extracts from STC-1 Cells

Nuclear protein extracts were isolated from ST@llsasing the Schreiber Method
(157) with modifications. Briefly, cells were washwith PBS and harvested into
microcentrifuge tubes using a cell scraper ancepell at 1500 g at 4°C for 5 min. The
supernatant was removed and replaced withidOBuffer A (10 mM HEPES, 10 mM KCI, 0.1
mM EDTA, 0.1 mM EGTA supplemented with a CompletexMEDTA-free protease inhibitor
tablet (Roche, Indianapolis, IN) per 10 mL immeeipiprior to use). Cells were incubated on
ice for 15 min and 2@l of Nonidet P-40 (Roche, Mannheim, Germany) wateadand vortexed
briefly to release cytoplasmic protein content.nfaeing intact nuclei were pelleted by
centrifugation (15,000 g at 4°C for 5 s) and th®plasmic protein fraction was removed. The
pellet was resuspended in pD of Buffer B (20 mM HEPES, 0.4 M NaCl, 1 mM EDTA mM
EGTA, 20% glycerol supplemented with a Complete iNEDTA-free protease inhibitor tablet

(Roche, Indianapolis, IN) per 10 mL immediatelyoprio use) and vortexed for 15 min at 4°C to
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release nuclear protein content. The supernatastoailected following a centrifugation step
(15,000 g at 4°C for 5 min) and protein yield wasugtified using the BCA Assay (Pierce,

Rockford, IL).

Probes

Overlapping probes (Figure 2) spanning the regich@GIP promoter between
-2894 bp and -2574 bp of the rat GIP promoter wedered as single-stranded oligonucleotides
from Integrated DNA Technologies (Coralville, 1Ay@biotin labelled using the Biotin 3' End
DNA Labelling Kit (Pierce, Rockford, IL). A dot bt by hand was used to assess labelling
efficiency and DNA crosslinking to membrane wad@ened using a Hoefer UVC500
commercial UV (254 nm) crosslinker (Holliston, MAhd subsequent detection using the
Chemiluminescent Nucleic Acid Detection Module (B& Rockford, IL). Biotin-labelled
oligonucleotides were annealed to complementargheiled oligos in a thermocycler (95°C for
5 min, -1°C per min until 25°C). Unlabelled prodescompetition assays were generated

similarly, with the biotin-labelling step omitted.

Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assays (EMSAs) weesformed according to the protocol
provided with the LightShift Chemiluminescent EM8# (Pierce, Rockford, IL) using a 6%
non-denaturing polyacrylamide gel in 0.5x TBE alnel fiollowing binding conditions: 50 ngL.
poly(deoxyinosinic-deoxycytidylic) acid, 0.5 mg/nBSA, 5% glycerol, 100 mM KCI,

5 mM MgCh, and 0.1% Nonidet P-40. For each probe whereftavgs demonstrated, a
competition assay containing 200x unlabelled pro biotin-labelled probe was performed to
distinguish specific versus non-specific bindirgjnding of nuclear extract proteins to the

labelled DNA probe is detected as an upwardly stifiand compared to bands present in a
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binding reaction that does not contain nuclearagttisince the protein complex bound to the
DNA probe retards its migration down the gel. Sfpeshifts are defined as upwardly-shifted
bands that are no longer detected in a parallepetiton assay in which unlabelled probes in
200-fold molar excess of the labelled probes ackided in the binding reaction. In these
competition assays, the unlabelled probes wergvatldo incubate with the nuclear extract for
5 min before the labelled probe was added to fuethsure that the majority of protein-DNA

complexes are formed with the unlabelled compgpiradpe.

AAACAAACAATAATAATTAAAAAAAATAGCAACAACAAAGAAATCAAGGGGCAACCGGEGAGATGGCTCCAGAGGCTGGTAGAA

AGGGAGGGAAGACACCATCTCGGAACACAGAGGACCCAGAGAGGCTCTTATGGTCTTAGGGACTTACCACAGAGCCTTCCTT

pGL3075
GACATTGCCTTGGCACCAGATTCTACAGCCCAGAGAATGGTCTCTCCTGGTTTGTGGTACCACATCAGACAGGAGTGCCCAG

CTTTGATACAAACTTCACAAACCTACTTACTGAGTAGCGTGCAAGATCTCAAGCAGCCCCTGCCTCCCCTCTGGAAGGTAAAT

pGL2918 pGL2894
CTGTCCGGACATCTAATCTTCCACGTTCTGGTAGCTGGGAGATGCAAGGCACACCTGTCTCCCAGGGAAGAAGGCTGTCTAG
(N

ATGTTAAGTGATGGC TGAGTAGGTGGACTAGGTTTCCAGGAGGCAGAAGTGAGCAGTCTTTCCAGTCCAGCGACCTCTCATC
2

CCACAAGGACACTTAACTCCATAGGAGATCTTCCACTGAGGTTGCCAGAGTAGCAAAGTGACCTCCATTAGGCCCTGGGGCT
& @

pGL2646
ATAGGCAGGATGTGAGCTTACTGGGTTAAGGGTTCCAAAGGCCAGGATGAAAGGAGGGAAGGAAGGAACCAAGAAAAAGE

& © pGL2574

CCTCCCA%ACTQCCAAAGATGGAGTCTGAACCCTGTGGTCCGAGCCATATCTTAAAAGGAAAGGCAAATAA‘;L\GCTTTTCAA
4]

GGATCTCTGGACTGAGAGGGAGACAGCCTCAAACCCCAAGAAACCTCACTAAGCTGAGAGGATGTGATCCCAGTGTCATGG

CTCCTCCTAGAGAGCCTTCAGATTGATAAGGGATAGAGTCCCTGACTCAGAGCTCAGAAGGATGAAGTAACCTCCAAAGGGCC

Figure 2. Schematic of overlapping EMSA probesin this partial sequence of the distal rat GIP
promoter from -3301 bp to -2399 bp, the distal welhserved region is highlighted in red and théatlis
extents of the rat GIP promoter driving lucifergeme expression in pGL3075, pGL2918, pGL2894,
pGL2646, and pGL2574 plasmids are indicated iroyell Overlapping EMSA probes are indicated in
alternating green (odd-numbered probes) and bken{aumbered probes).

Each probe for which specific binding was demonestravas subsequently used to

perform a series of super-shift EMSASs to screenrforscription factors that may be present in
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the binding complex. In super-shift EMSA reactioastibodies directed against transcription
factors that might be bound to the DNA probes vireckided in the binding reaction to attempt
to identify transcription factors involved in cartdranscription factor complexes. If the
transcription factor that is recognized by thelaodly was present in the protein-DNA complex,
binding of the antibody to its antigen was deteas@ super-shifted band, that is, a band that is
shifted even higher than the upwardly shifted begugsed by incubation of the DNA probe with

nuclear extract alone. The antibodies used fargbieen are listed in Table 1.

Table 1. List of antibodies used in super-shift EM8s.

: Catalogue

Antibody Source Number
rabbita Pax6 (H-295), polyclonal Santa Cruz Biotechnologg-11357
mousen Pax6, monoclonal Millipore MAB5552
rabbito Pax6, polyclonal Covance PRB-278P
goata Isl1 (K-20), polyclonal Santa Cruz Biotechnologygc-23590
goata Isl1, polyclonal R&D Systems AF1837
rabbita GATA4 (H-112), polyclonal Santa Cruz Biotechnologyc-9053
goata GATA4 (C-20), polyclonal Santa Cruz Biotechnologsc-1237X
rabbita GATA6 (H-92), polyclonal Santa Cruz Biotechnologgc-9055X
rabbita Pdx1 (N-terminal), Dr. Joel Habener N/A
rabbito Pdx1 (C-terminal) Dr. Joel Habener N/A

Assessment of Endogenous Transcription Factor-DNAnteraction in STC-1 Cells

Chromatin Immunopr ecipitation (ChlP)

In order to determine whether Pax6 and Pdx1 biedaHP promoter endogenously in
STC-1 cells, ChIP was preformed using the EpiQuikothatin Immunoprecipitation Kit
(Epigentek, Brooklyn, NY) according to kit protocdBriefly, STC-1 cells were grown to
confluence in 10 cm plates and cross-linked ustigparaformaldehyde. Cells were lysed and

DNA was sheared at 4°C using a sonicator (Arteke3ys, Farmingdale, NY) at power 60 for
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5 x 15 s with 30 s rest in between. In additioRMA polymerase (positive control) antibody
supplied with the kit, 4ig of the following antibodies were used for bindinghe assay plate:
Rabbit IgG (Santa Cruz Biotechnology, sc-2027);@P@hemicon, MAB5552); Pdx1, N-term
(from Dr. Joel Habener). The Pdx1 antibody, swgaphs full serum from rabbit was purified
using the Melon Gel IgG Spin Purification Kit (Rier Rockford, IL), which removes serum
proteins from full serum. The concentration of theified antibody was determined using a
BCA Assay (Pierce, Rockford, IL). Following an utmation of the sheared DNA with the bound
antibodies, the assay plate was washed to remdy@uad DNA, and bound DNA was treated
with proteinase K to reverse cross-links. BoundADias then used as a template for end-point
PCR using primers that amplify the region contagriaoth the putative distal Pax6 and Pdx1

sites (Figure 3).

ATGTTAAGTGATGGCTGAGTAGGTGGACTAGGTTTCCAGGAGGCAGAAGTGAGCAGTCTTTCCAGTCCAGCGACCTCTCATC
ChIP-F—»

CCACAAGGACACTTAACTCCATAGGAGATCTTCCACTGAGGTTGCCAGAGTAGCAAAGTGACCTCCATTAGGCCCTGGGGCT

ATAGGCAGGATGTGAGCTTACTGGGTTAAGGGTTCCAAAGGCCAGGATGAAAGGAGGGAAGGAAGGAACCAAGAAAAAGG
<— ChlIP-R

Figure 3. Region of the distal rat GIP promoter anplified by the ChIP primers. The amplified
region contains a putative Pax6 binding site (graen Pdx1 binding site (yellow).

Isolation and Purification of Primary Mouse GIP-expressing Cells

Animals

Transgenic mice expressing dsRed?2 driven by 3.df kbe rat GIP promoter
(GIP-dsRed2 transgenic mice) (80), on a C57/BL&gamind were a generous gift from Dr.
Burton Wice (Department of Molecular Biology andahacology, Washington University

Medical School, St. Louis, MO). The majority oflasolations were performed using these
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mice. Using these animals as original breedeimala were crossed to generate GIP-dsRed?2
mice on the B6/NOD background by Dr. Majid Mojibjavhich was used for one replicate of
dsRed2+ cell isolation following the observatiordetreased dsRed2 expression in the

C57/BL6 line.

| mmunohi stochemistry

Transgenic mice (13 — 28 weeks old, both malesfaimales) were anaesthetized with
isoflurane and perfused with 4% paraformaldehydeutdph the left ventricle prior to harvesting
of the intestine into 4% paraformaldehyde. Theugswas left to fix overnight at 4°C and
transferred to 70% EtOH. The tissue was embeddedraffin and sectioned longitudinally to
5 um slices at Wax-It Histology Services, Inc (Vancey\BC). Slides were dewaxed in a series
of xylene and ethanol washes. Antigen retrievad performed using 10 mM citrate buffer
(pH 6) for 10 min at 95°C). The sections were k&mtwith protein blocking solution (DAKO,
Carpinteria, CA) for 30 min at room temperature anaibated with primary antibodies (GIP
(from Dr. Alison Buchan, 1:10,000); GLP-1 (from yavid D’Alessio, 1:10,000); dsRed2
(Chemicon AB3216, 1:100)) overnight at 4°C. Thetiems were then incubated with donkey
Alexafluor secondary antibodies raised against mausl rabbit IgG (Invitrogen, Carlsbad, CA,
1:1000) for 1 h at room temperature and fixed witlrd Set Vectastain with DAPI (Vector
Laboratories, Burlingame, CA). Slides were viszedi using a Zeiss Axiovert 200 inverted
microscope with the following filter sets (Red:tEil Set 20, excitation: BP 546/12, beam
splitter: FT 560, emission: BP 575-640; Green:efifet 10, excitation: BP 450-490, beam
splitter: FT 510, emission: BP 515-565; Blue: FilBet 49, excitation: G 365, beam splitter: FT
395, emission: BP 445/50). Images were capturddgpaaudocoloured using Improvision’s

OpenLab 5 software.
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Isolation of Intestinal Epithelial Cells asa Sngle Cell Suspension and Fluorescence-activated

Cell Sorting (FACYS)

A single cell suspension of intestinal epithetiells was isolated using a modified
Weiser’s method of isolating intact epithelium (1889, 160, 161). Mice were anaesthetized
and sacrificed by cervical dislocation and thestitee was removed into €4Vig**-free HBSS
(GIBCO, Grand Island, NY; supplemented with 25 mERES). The lumen was washed with
HBSS containing 250 mM DTT and inverted using @tad glass rod made by heating a long
glass pipette under a flame to create a glass @me#ake thicker end of the glass rod. Following
inversion, the open ends of the intestinal segmene closed off with sutures and incubated in
citrate buffer (96 mM NacCl, 1.5 mM KCI, 27 mM sodicitrate, 8 mM KHPQ,, 5.6 mM
NaHPQy; pH = 7.4) for 10 min at 37°C. The intestinal m&mt was then removed and placed in
a 1.5 mM EDTA solution in S-MEM (Mediatech, Inc, Nassas, VA; supplemented with 25 mM
HEPES and 1 mg/mL BSA; pH = 7.4) for 30 min at 37a€er which dissociated intact villi
were gently removed from the mucosal lining usireggkscraper. The suspension was pelleted
(3 min, 0.3 g, 4°C), resuspended in a 0.3 U/mLakspn S-MEM solution, and incubated in a
shaking water bath at 37°C for 10 min. Followingpase incubation, the single cell suspension
was pelleted and washed with HBSS and filtered wil®um cell strainer (BD Biosciences,
Franklin Lakes, NJ) before resuspension in L-15heitz) medium (GIBCO, Grand Island,

NY) with 2% FBS for fluorescence-activated celltsay (FACS). Cells were sorted using a
Cytopeia Influx Cell Sorter (BC Cancer Agency FIGytometry Core, Vancouver, BC) with a
561 nm laser and 580/30 filter directly into RNAa{Ambion, Austin, TX) to prevent RNA

degradation over the sort period of 5-7 h.
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RNA Isolation

RNase-free PBS was added 1:1 v/v to RNAlater irctiilection tube and centrifuged at
3000 rpm for 20 min. RNA isolation and DNase bhtreent were performed according to kit
protocol with the RNAqueous-Micro Kit (Ambion, Aust TX). The resulting RNA was
guantified using the low-range standard curve efRiiboGreen Assay (Molecular Probes,
Eugene, OR) and sent to the Centre for Moleculadidliee and Therapeutics (Vancouver, BC)

for quality analysis using the Agilent 2100 Bioayzar.

Primary Culture of Enriched K-cells

A number of culturing conditions were tested inaiempt to maintain enriched K-cells
in culture following FACS. Rat-tail collagen codtissue-treated 96-well plates (BD
Biosciences, Franklin Lakes, NJ) and cover slipsh@ Scientific, Nepean, ON) were made by
dissolving 3.5 mg/mL of rat tail collagen in 0.0M7acetic acid. The solution was allowed to
cover the surface of the wells or cover slip fomdis at room temperature and then aspirated off
and left to dry overnight. Plates and coverslipated in this fashion were stored at 4°C.
Commercially-prepared extracellular matrices (g@lal, collagen 1V, fibronectin, laminin,
poly-d-lysine, Matrigel) in 6-well plates (BD Biasnces, Franklin Lakes, NJ) and coverslips
(Fisher Scientific, Nepean, ON) coated with 0.1%ygdysine (Sigma-Aldrich, St. Louis, MO)
were also used as culture substrates. Cells wetedsdirectly from a sorting medium consisting
of 2% FBS in PBS into High Glucose Dulbecco’s MagtifEagle Medium (GIBCO, Grand
Island, NY) supplemented with 10% foetal bovineuse{GIBCO, Grand Island, NY) and
1 x Pen-Strep (GIBCO, Grand Island, NY; final camcation 100 U penicillin and 100y
streptomycin per 500 mL) and incubated at 37°CE#%dCQ at either atmospheric @r low

(4%) O, conditions.
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RESULTS

Previous studies have identified the critical r@leseveral elements in the rat GIP
proximal promoter (-193 bp to +19 bp) for transtidpal regulation but the functional
contributions of putative elements between -2.ak8 -193 bp have not yet been characterized.
Furthermore, identification of putatiwes-regulatory elements distal to -2.5 kb of the raP Gl
promoter have not yet been pursued, but basedseries of transgenic mouse studies in which
reporter genes are driven by varying lengths dfegithe human or rat GIP promoter, sequences
upstream of -2.5 kb of the rat GIP promoter maytiuate to tissue-specific expression of GIP.
A comparison of 5 kb regions of the GIP promotesttgam to the transcriptional start site in
nine species demonstrated that in addition to teléesonserved proximal rat GIP promoter
spanning -200 bp upstream of the transcriptioraat site, there is a second area of high

homology from approximately -2500 bp to -1500 by(ire 4).
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Figure 4. Cross-species homology of the GIP promatwith reference to the human promoter show
a region of high homology located at -2500 bp to 500 bp relative to the transcriptional start site n
addition to a region of high homology located betwen -200 bp and the transcriptional start site in
the 5’-upstream promoter. Genomic DNA sequences immediately distal to thesitaptional start site
of the GIP gene were compared using mVISTA. Pesickemtity plots were plotted with 50% homology
shown on the bottom axis and 100% homology ondpekis compared to the human sequence.
Homology was calculated over stretches of 100 lapragions of homology > 70% are highlighted in
pink.
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A nucleotide-level alignment of the area of highmudogy spanning -2500 bp and
-1500 bp in the human, rat, and pig GIP promotqueaces is seen in Figure 5. Since the model
system for K-cells in this thesis was the mouséveddrmixed endocrine intestinal STC-1 cell
line, luciferase reporter constructs driven byrdieGIP promoter were used to characterize the
contribution of the distal rat GIP promoter to Gjéne regulation. The rat and mouse GIP
promoter show high homology with each other, ardube of a rodent cell line to investigate a
rodent gene promoter was chosen to mimic as cl@sepossible thia vivo conditions of rodent
transcriptional regulation within our model.

Utilizing a truncation series from -2033 bp (pGL203-2574 bp (pGL2574),
-3075 bp (pGL3075), and -3795 bp (pGL3795) to +fDbthe rat GIP promoter driving
luciferase gene expression, the relative contriloutif distal promoter elements to GIP promoter
activity was investigated. The pGL3795 plasmidtaors the entire distal high homology area,
while the sequence of high homology is progresgisabrtened in the plasmids pGL3075,
pGL2574, and pGL2033 (Figure 5). Truncation of ldregest construct to -3075 bp resulted in a
14% increase in promoter activity, although théeddénce in promoter activity between
pGL3795 and pGL3075 was not statistically significaFurther truncation of the promoter to
-2574 bp decreased promoter activity from the toraykst constructs by approximately 50%,
and further truncation to -2033 bp did not dropdbavity further (Figure 6). This observation
suggests thatis-regulatory elements that contribute to the actoradf the GIP promoter are
present in the nucleotide region spanning -3078®b@574 bp relative to the transcriptional start
site. Therefore, three more luciferase reporterdation constructs with 5’-upstream sequence
lengths between -3075 and -2574 bp were made loawsadailable restriction enzyme sites in

this region (Figure 7). The pGL3075 plasmid wasduas a template.
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Figure 5. Nucleotide-level alignment of the areafdigh homology spanning -2500 bp and -1500 bp
identified by mVISTA and MultiPipmaker in the human, rat, and pig GIP promoter sequences.
Conserved nucleotides relative to the human seguarcindicated by a dot (.) in a homology map
between the human (yellow), rat (green), and pigkjsequences. The locations of this region in
luciferase construct driven by the rat GIP promaendicated by green (not to scale). Truncatiohs
this luciferase construct were made at multiplelmns (red text, plasmid names correspond to ptemo
length upstream from the transcriptional starf) stdeassess the contribution of distal elementsif®
promoter activity.
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GIP Promoter Activity
(Fold pGL4)

Figure 6. Distal truncation series consisting ofarious lengths of the rat GIP promoter driving
expression of firefly luciferase showed a 50% drom activity between pGL3075 and pGL2574.
STC-1 cells were transfected with the respectiedduase plasmid and luciferase activity was messur
48 h post-transfection using the Dual-Luciferaspdrier assay with 3 technical replicates for eaieth t
(n=4). Luminosity from firefly luciferase activitwas normalized to luminosity from renilla lucifeea
activity and data were expressed as fold activétyegated by the promoterless backbone pGL4. Data
were expressed as mean fold pGL4 activity and é&xacs represent standard error of the mean. A
one-way ANOVA with Bonferroni post-hoc test wasfpemed. ***p<0.001 compared to pGL3795;

H#H,

p<0.001 compared to pGL3075.

As Figure 7 demonstrates, a statistically signiftadecrease in GIP promoter activity
representing 51% of pGL3075 activity was first alssed upon truncation of the 5’-upstream
sequence to -2646 bp. A less pronounced decreaszivity representing 28% of pGL3075
activity was seen when 157 bp from the distal eénglG1.3075 was truncated to make the
pGL2918 construct. The activity of the three camdt driven by the longest pieces of the GIP
promoter (pGL3075, pGL2918, and pGL2894) did natistically differ from each other,
averaging to a 21-fold increase in promoter agtigdmpared to the promoterless luciferase
construct, pGL4. Furthermore, the difference itivity between pGL2646 and pGL2574 was
not statistically significant, averaging to 12-f@@L4 activity. Thus, the search for distal

cis-regulatory elements was narrowed to the region é&tv2894 bp and 2646 bp upstream of

the transcriptional start site.

50



pGL3075
GGCCTAACTGGCCGGTAC

pGL2918, Pvull pGL2894, Xbal
I

pGL2646 | Stul

GL2574 Hindlll

[CTEAGAG cTCAGAAGGATGAAGTAACCTCCAAAGGGCCTGGGACGGCGTGGTGACAGGATCACAGCTTTGGTGTTGAAGAGGG

I
)
30-
>
S pGL3075
5 ~
< ¥ 201
—_ *
g 2
© *%
55, |
O IL 10
D— N
o
o
O_
) > ™ o ™ ™
EON S A G A X
o o o o o Q

Figure 7. Truncation to pGL2646 produced the firstsignificant drop in activity from pGL3075 in a
truncation series generated based on restriction @gme sites between -3075 bp and -2574 I§TC-1
cells were transfected with the respective lucgenplasmid and luciferase activity was measurel 48
post-transfection using the Dual-Luciferase Repa$say with 3 technical replicates for each {rial3).
Luminosity from firefly luciferase activity was noalized to luminosity from renilla luciferase adtyv
and data were expressed as fold activity genelstede promoterless backbone pGL4. Data were
expressed as mean fold pGL4 activity and error lpresent standard error of the mean. A one-way
ANOVA with Bonferroni post-hoc test was performegh<0.05, **p<0.01 compared to pGL3075.

In order to determine the location of transcriptibbcomplex binding, seven probes were
generated based on the sequence between -28941 bp5ai4 bp (Figure 2) for EMSAs with
nuclear extracts from STC-1 cells. Of the sevabes, only one (probe 2) did not show a band

shift when nuclear protein extract was includethiebinding reaction (Figure 8). Specificity of
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the band shifts was determined by a binding reactantaining both nuclear protein extract and
a cold probe, that is, an unlabelled version ofptae of interest in 200-fold molar excess.
Competition between the cold probe and biotin-lioigbrobe is expected to remove all specific

shifts in this binding reaction; these are indidaas filled arrows in Figure 8.

ab c abc ab c ab c

| Probe (4) | | Probe (5) | | Probe (6) | | Probe (7)

b

Probe (1) Probe (2) Probe (3)

Figure 8. Specific binding of nuclear protein to INA was observed in all seven probes except probe
2. Biotin-labelled probes 1-7 were incubated in a igdeaction a) alone, b) with nuclear protein
extract from STC-1 cells, and c) with both nuclgaotein extract from STC-1 cells and 200-fold molar
excess of the same unlabelled probe. Filled blacke indicate specific band shifts.

The probes that produced specific band shifts wetered into the transcription factor
binding site prediction software, ALGGEN-PROMO.visual scan of the probe sequences was
also performed to identify consensus sequencearafidate transcription factors which have
been shown to bind proximal promoter regulatorynglets. Putative binding sites for Pax6,
GATA transcription factors, and Pdx1 were identf@n probes 1, 3, 4, 6, and 7. Super-shift
assays (Figures 9 and 10) were performed to agdbsse factors were a part of the complexes

producing the band shift observed in Figure 8.

In the initial screen (Figure 9), the biotin-laleellprobes were added to the binding
reaction containing the nuclear extract prior ® aéimtibody. This order of addition allowed

binding of the antibody to the bound form of th&ispective transcription factor antigens.
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However, certain epitopes could be hidden in theAEiéund conformation of the transcription
factor, resulting in a lack of super-shift desjite presence of actual transcription factor
binding. Therefore, binding reactions for whichsuper-shift bands were observed were
subjected to a second screen (Figure 10) in wiielahtibody was added to the binding reaction
containing the nuclear extract prior to the biddbelled probe. This allowed antibodies to bind
unbound transcription factors before participatimghe binding reaction with the biotin-labelled
DNA probe. Shifted bands resulting from specificding are indicated with filled black arrows

while super-shifted bands are indicated with opexkarrows in Figures 9 and 10.

The two super-shift EMSAS screens demonstratedattitatodies directed against Pax6
and Pdx1 produced super-shifted bands in all tbbgw that were screened (lanes e, |, and m in
Figures 9A, 9B, 9D, 9E) except probe 4, for whidya binding reaction containing Pdx1
antisera produced a super-shifted band (lane guré& 10C). In addition, GATA4 antisera
produced a super-shifted band in probe 3 (land-igare 9B) and GATAG antisera produced a
super-shifted band in probes 4 (lane k in Figurg &€l 6 (lane h in Figure 10D). In screen two
of probe 1, all of the lanes appear to producersspifted bands (lanes d to h in Figure 10A),
but since the pattern of specific band shifts (blidéed arrows) differ from those observed in
Figure 9A even without antibody addition, the banodsently marked as super-shifted bands
(open arrows, Figure 10A) may be false positiviesany case, there were no binding sites
identified in probe 1 that matched the factors wehmossible binding was demonstrated in
Figure 10A. Only Pax6 and Pdx1 antisera producgeérsshifted bands in binding reactions
containing probes in which putative binding sitesthe corresponding transcription factor were

identified (green arrows, Figure 9 and 10).
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Figure 9. Super-shift EMSAs demonstrate presence &fax6 and Pdx1 binding in probes 1, 3, 6, and
7. For EMSA probe 1, 3, 4, 6, and 7 (A-E, respectiydbjotin-labelled probes were incubated in
binding reactions a) alone, b) with nuclear exsdam STC-1, c) with both nuclear extracts fronCST
and 200-fold molar excess of the same unlabelledegor To assess if candidate transcription fadtors
part of the NE-DNA binding complex, a panel of aotlies were added to binding reactions containing
the biotin-labelled probe and nuclear extractse fttors screened include: Pax6 (d: sc-11357,

e: MAB5552, f: PRB-278P); Isl1 (g: sc-23590, h: BBY); GATAA4 (i: sc-9053, j: sc-1237X); GATA6
(k: sc-9055X); Pdx1 (I: N-term, m: C-term). NE:ahear extract; CP: cold probe; BP: biotinylatediao
Ab: antibody. Green arrows indicate the presefiegesuper-shifted band in a binding reaction foiclth
binding sites have been identified on the probetermarticular transcription factor. Red arrondicate
the presence of a super-shifted band in a bindiagtion for which there is no predicted binding $ar
the transcription factor represented. Filled blaglows indicate specific band shifts and openlblac
arrows indicate super-shifted bands.
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Figure 10. Super-shift EMSAs detected additional PxiL binding in probe 4. For EMSA probe 1, 3,
4, 6, and 7 (A-E, respectively), a second screenpeaformed in which the order of addition of aadip
and biotin-labelled probe was reversed. Biotin-ledoeprobes were incubated in binding reactions

a) alone, b) with nuclear extracts from STC-1, @hwoth nuclear extracts from STC-1 and 200-fold
molar excess of the same unlabelled probe. Tesadseandidate transcription factors form parthaf
NE-DNA binding complex, a panel of antibodies wadgled to binding reactions containing nuclear
extracts for 5 min followed by the addition of thietin-labelled probes. The factors screened \aere
follows. (A, D, E): Isl1 (d: sc-23590, e: AF183BATA4 (f: sc-9053, g: sc-1237X); GATAG

(h: sc-9055X), (B) Isl1 (d: sc-23590, e: AF1837ATA4 (f: sc-1237X); GATAG (g: sc-9055X), (C) Isl1
(d: sc-23590, e: AF1837); GATA4 (f: sc-9053, g:1237X); Pdx1 (h: N-term, i: C-term). NE: nuclear
extract; CP: cold probe; BP: biotinylated probe; Abtibody. Green arrows indicate the presenee of
super-shifted band in a binding reaction for whiainding sites have been identified on the probdHer
particular transcription factor. Red arrows indiéctine presence of a super-shifted band in a kyndin
reaction for which there is no predicted bindirtg $br the transcription factor represented. Hilidack
arrows indicate specific band shifts and open btacws indicate super-shifted bands.

Of particular interest is the super-shift pattesbserved for probes 3 and 4. Probe 3
appears to bind Pax6 (lane e, Figure 9B) and ammtaPax6 binding site predicted by the
ALGGEN-PROMO transcription factor site predictiarftsvare (AGGACA) and probe 4 appears
to bind Pdx1 (lane h, Figure 10C) and containdPitbel consensus sequence (CATTAG). Both
Pdx1 antisera also produced super-shifted bands wieabated with probe 3 (lanes | & m,
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Figure 9B). Of the antibodies used in the supdt-EMSAs (Table 1), the Pdx1 antisera were
the only full serum antibodies, and the observatiat one or both of the Pdx1 antisera
produced super-shifted bands in every single ptested raised concern about the specificity of
the antibody. To assess whether the super-shfiads produced by the Pdx1 anti-sera was
specific and not a false positive produced by the-specific binding of serum proteins to the
probe, the binding reactions were repeated by dnetpa binding reaction that contained
pre-immune serum from the animal used to genehatantibody. The removal of the specific
binding band (indicated with a filled black arrokigure 11A) in probe 3 in pre-immune reaction
(lane h) and presence of one of the two specifidibig bands (indicated with filled black
arrows, Figure 11B) in probe 4 in the pre-immurection (lane h) suggests that the super-shift
bands produced by incubation with Pdx1 antiserarveasspecific in probe 3 but specific in
probe 4. Whereas GATA4 was previously seen toymred super-shifted band in probe 3 (lane
I, Figure 9B) and GATA 6 was previously seen pradasuper-shifted band in probe 4 (lane k,

Figure 9C), these observations were not reprodurcEayure 11.
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Figure 11. Super-shift EMSAs demonstrated Pax6 anBdx1 binding in probes 3 and 4Biotin-
labelled probes were incubated in binding reactaralone, b) with nuclear extracts from STC-lwith
both nuclear extracts from STC-1 and 200-fold mebaress of the same unlabelled probe. The
participation of Pax6, Pdx1, and GATA transcriptfantors in the complex was assessed in binding
reactions containing antibodies directed again§takX6 (MAB5552), €) GATA4 (sc-9053), f) GATA6
(sc-9055X), g) Pdx1 (N-term), h) Pdx1 (N-term) jprenune serum. NE: nuclear extract; CP: cold
probe; BP: biotinylated probe; Ab: antibody. Greerows indicate the presence of a super-shifted ba
in a binding reaction for which binding sites hdeen identified on the probe for the particular
transcription factor. Red arrows indicate the pneg of a super-shifted band in a binding readtion
which there is no predicted binding site for thenscription factor represented. Yellow arrow iadés
the pre-immune serum control. Filled black arrameBcate specific band shifts and open black arrows
indicate super-shifted bands.

The functional contribution of both the putativexBdAGGACA) and Pdx1 (CATTAG)
binding sites were evaluated by mutating theses $ité&sGGCCC and GAATTC, respectively in
the pGL3075 plasmid. These mutated sites intraditioe restriction enzyme sites Apal
(GGGCCC) and EcoRI (GAATTC) into the plasmid, inporating an effective screening tool
for the plasmid containing the mutation. In aduitieach site changed at least 50% of the
nucleotides in the original putative binding sitdath the flanking nucleotide and at least one
additional nucleotide in the middle of the sitesening sufficient alteration of the original
sequence. Lastly, 2/3 of the nucleotide changesaating the Pax6 site mutation and all of the

nucleotide changes in creating the Pdx1 site nartatonsisted of changing a purine to a
57



pyrimidine, or vice versa, changing not only thgusence of nucleotides but also the physical
structure of the binding site. Mutation of the Paxé was sufficient to drop the promoter
activity of pGL3075 to a level equivalent to remoyi429 bp from the distal end of this
construct (Figure 12A). The mutation of the puwtPdx1 site also decreases promoter activity,
but to a lesser extent compared to the decreamainty mediated by mutation of the putative
Pax6 site (Figure 12B). Mutation to both putatweding sites simultaneously reduced
promoter activity to a level comparable to mutating putative Pax6 binding site only (Figure

13).

A pitfall of EMSAs is that the binding of transctign factor to DNA to form
transcriptional regulatory complexes occurs intreddy artificial conditions. Therefore, ChIP
was performed to assess whether Pax6 and Pdx1 toitiols putative binding sites of interest on
the endogenous GIP promoter. Sheared DNA fragnmantgng from 500-1500 bp (data not
shown) were used as input DNA for immunoprecipatatand the DNA that was pulled down in
the assay was used as a temple for endpoint P@B psmers that amplified the region
containing the putative Pax6 and Pdx1 sites mutatéfaie aforementioned functional studies
(see Material and Methods). The presence of PORuygts in the two assays containing
antibodies directed against Pax6 and Pdx1 demtesteadogenous binding of Pax6 and Pdx1

to chromatin isolated from STC-1 cells (Figure 14).
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ATGTTAAGTGATGGCTGAGTAGGTG GACTAGGTTTCCAGGAGGCAGAAGTGAGCAGTCTTTCCAGTCCAGCGACCTCTCATE
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TNAGTNACTACGCACCTNNA Pax6 consensus
ATCCCCACACGCACACTTAA Human, Chinp
ATCCCCACACACACACTTAA Mcaque
ATCCCCACAAGGACACTTAA Muse, Rat
ATCCCCACACAAGCACTTAA Pig, Cow Dog, El ephant

CATTAG Pdx1 consensus
TATTAG Hurman, Chi np, Dog
CATTAG Macaque, Muse, Rat
TTCTTG®G Pig

TACTCG Cow

TATTAA El ephant

Figure 12. Mutation of putative Pax6 and Pdx1 binthg sites significantly reduced promoter

activity relative to pGL3075. STC-1 cells were transfected with the respectieéduase plasmid and
luciferase activity was measured 48 h post-tratisfiecising the Dual-Luciferase Reporter assay with
three technical replicates for each trial (n=3)utMion of the putative Pax6 binding site from AGGA

to GGGCCC (pGL3075pax6mut) reduced pGL3075 promatsvity to a level equivalent to reducing

the promoter length to that in pGL2646 (A). Mutatiof the putative Pdx1 binding site from CATTAG

to GAATTC (pGL3075pdx1mut) also reduced pGL3075npoter activity significantly. Luminosity

from firefly luciferase activity was normalized liaminosity from renilla luciferase activity and dawere
expressed as fold activity generated by the promestebackbone pGL4. Data were expressed as mean
fold pGL4 activity and error bars represent staddaror of the mean. A one-way ANOVA with
Bonferroni post-hoc test was performed. ***p<0.@@inpared to pGL3075. The homology between the
putative Pax6 and Pdx1 binding sites is shown jp\{@ere black text indicates a nucleotide matctinéo
consensus sequence and red text indicates a misfnaite the consensus sequence.
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Figure 13. Mutation of both the distal putative Pa6 and Pdx1 binding sites did not drop promoter
activity any further than mutation of the putative Pax6 binding site alone.STC-1 cells were
transfected with the respective luciferase plasanid luciferase activity was measured 48 h post-
transfection using the Dual-Luciferase Reporteapsgth 3 technical replicates for each trial (n=3)
Mutation of both the putative Pax6 binding sitenfirdGGACA to GGGCCC and the putative Pdx1
binding site from CATTAG to GAATTC together (pGL3BDistalDbMut) dropped promoter activity
level to that of mutating the putative Pax6 bind#itg alone (pGL3075pax6mut). pGL3075pdx1mut is
the plasmid containing the mutated putative Pdxilibg site alone. Luminosity from firefly lucifesa
activity was normalized to luminosity from renillzciferase activity and data were expressed as fold
activity generated by the promoterless backbone4r@ata were expressed as mean fold pGL4 activity
and error bars represent standard error of the m&éame-way ANOVA with Bonferroni post-hoc test
was performed. ***p<0.001 compared to pGL3075.

1 2 3 4 5

Figure 14. Endogenous binding of Pax6 and Pdx1 thé distal GIP promoter in STC-1 cells.
Chromatin immunoprecipitation was performed usm@ hntibodies and the chromatin
immunoprecipitated by antibodies (Lane 1 — rahlBRNA polymerase; Lane 2 — rabbiigG negative
control (sc-2027); Lane 3 — mous@ax6 (MAB5552); Lane 4 — rabhitPdx1 (N-term); Lane 5 —J@
(no chromatin) control for PCR) were used as tetapléor PCR using primers that flank the putative
Pax6 and Pdx1 binding sites in the distal GIP prt@mo
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To evaluate if these data can be generalized &r aftecies, a truncation series of
luciferase constructs driven by the human and pRyBomoters was compared against the
truncation series of the rat promoter. Despitega degree of homology between -2500 bp and
-1500 bp as previously shown in Figure 5, the el@mpresent in this region do not appear to
play the same functional role between species (Ei@a). Although truncation along the
well-conserved region indicated by the red horiabhars (Figure 15) occur at different
locations in the three different species, the dveféect of truncations made in this region
appear to yield different effects. In stark costr@ the reduction in promoter activity seen after
truncation of this region in the rat promoter, asrsthroughout the rest of this thesis and in
Figure 15b, truncation of the region in the humeommter appear to have no effect (Figure 15a)

while truncation in the pig promoter results iniacrease in promoter activity (Figure 15c).
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Figure 15. Cross-species comparison of the effagfttruncating the distal well-conserved region
(-2500 bp to -1500 bp) of the GIP 5’-upstream flarikg sequence indicates a different functional
role of regulatory elements in this region in diffeent species.STC-1 cells were transfected with the
respective luciferase plasmid and luciferase dgtivas measured 48 h post-transfection using the
Dual-Luciferase Reporter assay with 3 technicdlicafes for each trial (n=3). There appeared to be
(a) no effect on promoter activity by truncating tiuman GIP promoter within the well-conservedatlist
promoter, (b) a decrease in activity in the rahpoter, and (c) an increase in activity in the pigrpoter.

h-2.9 k <
h-1.9 k =
h-1.0 k
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In addition to determining the contribution of dilstegulatory elements by identification
of sites where candidate transcription factors tag, a method was developed to isolate
primary intestinal GIP-expressing cells for micragrbased non-biased screening for
transcription factors that are highly expresse@liR-expressing cells over non-GIP-expressing
cell types. A single cell suspension of intestigyithelial cells was isolated from transgenic
mice expressing dsRed2 driven by 3.1 kb of th&it&t promoter (80) and sorted based on this
fluorescent marker. As Figure 16 demonstrates,unohistochemical analysis of tissue from
these transgenic animals indicated that a majofidsRed2-immunoreactive cells expressed
GIP as expected, indicating that the purity of¢bl sample isolated by this method was high
(94%). A large number of dsRed2 immunoreactivés@to co-stained for GLP-1 (78%),
although examples of dsRed2 immunoreactive cedisdlre not immunoreactive for GIP and
dsRed2 immunoreactive cells that are not immundirgator GLP-1 were also found
(Figure 16). A sample field of view of the backgnal intensity of staining is seen in Figure 17.
The lack of cross-reactivity between the GIP andP@Lantibodies used in these studies was
previously demonstrated by A. Asadi (Laboratoryaflecular and Cellular Medicine,

University of British Columbia, Vancouver, BC; datat shown).
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Figure 16. A majority of dsRed2-expressing cellsxpressed GIP and GLP-1 in GIP-dsRed2
transgenic mouse intestine Duodenal and jejunal sections from GIP-dsRed?2 gamis mice were
co-stained with GIP/dsRed2 and GLP-1/dsRed2 antisodn at least three non-adjacent sections &tbm
least two different animals, cells that were dsRiedf®unoreactive were then checked for either GIP or
GLP-1 immunoreactivity. (A) Examples of dsRed2 inmareactive/GIP immunoreactive cells, (B)
Examples of dsRed2 immunoreactive/GLP-1 immunoreacells, (C) Examples of dsRed2
immunoreactive cells that were not immunoreactoreGIP or GLP-1 (D) 94% of dsRed2
immunoreactive cells were immunoreactive for Giiinpared to 78% that were immunoreactive for
GLP-1.
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Figure 17. Background intensity of co-staining foiGIP/dsRed2 and GLP-1/dsRed2 An example
field of view of a section of intestinal tissue thaas processed in the same way as stained seutitins
the exception that blocking solution was used ataf the primary antibody in the overnight incudat

Intact villi units from these transgenic animalsrerdissociated from the intestinal
mucosa using EDTA (Figure 18A), followed by dispdsgestion to disperse the isolated villi
units into a single cell suspension (Figure 18Bhe total cell yield per animal ranged from
15-30 million and the viability of cells in the gjie cell suspension assessed by trypan blue
exclusion was estimated to range from 50-90%. eAdent from these images, dsRed2+ cells
are rare among the intestinal epithelial cell papah, and the digestion methods used to create
the single cell suspension did not interfere witlect visualization of dsRed2 prior to sorting.
Such a rare population is reflected by the lowdywl dsRed2+ events, which ranged from
0.01% - 0.07% and was observed to vary betweenlsgmgparation and individual animals

(Figure 19).
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Figure 18. Direct visualization of single cell symension of primary mouse epithelial cells before
FACS. Intact villi units were dissociated from the iniaat mucosa using EDTA (A) and were dispersed
into single cells (B). This digestion method dmt mterfere with direct visualization of dsRed23ls,
which form a rare population amongst intestinathegial cells. Left = brightfield, Center = Filteet 20
(excitation: BP 546/12, beam splitter: FT 560, esais: BP 575-640), Right = overlay. Scale bar § 10
wm

Cells were sorted using the Cytopeia Influx cetteg which was fitted with a 561 nm
laser and 580/30 filter set that allowed for oplinhetection of dsRed2 (Figure 19). Gates were
set based on side scatter and forward scattentovwe dead cells, debris, and doublets from the
sample to be interrogated. Threshold for dsRezhsity were set based on a primary intestinal
cell sample from a wild type mouse that expressedsiRed2, prepared freshly before each sort

session at the same time as the other intestilaaraples from GIP-dsRed2 transgenic mice.
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Figure 19. Detection of dsRed2+ events in a singlell suspension of intestinal epithelial cells
isolated from GIP-dsRed2 transgenic miceCells were sorted using the Cytopeia Influx, whigis
fitted with a 561 nm laser and 580/30 filter toet#tdsRed?2 (A). Cells isolated from a C57/BL6 WT
animal was used as the negative control to settgsdor sorting (B). Gating based on side scédter
measure of granularity) and forward scatter (a nneasf size) screens out dead cells, debris, and
doublets. A representative plot shows a dsRedjuincy of 0.034% (C).
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These settings on the cell sorter adequately peduaghly enriched population of
dsRed2+ that expresses a gradient of dsRed2 iw€rggure 20). Based on cell morphology,
cells appear to be healthy immediately after sgriat efforts to maintain this cell population in
culture proved challenging. While cells morphotadly appear to survive the sorting procedure,
deterioration in cell morphology was observed al/ees 1 h incubation at 37°C (regardless of
atmospheric or low ¢) and fail to attach when plated to surfaces coaféurat tail collagen,
collagen | & 1V, fibronectin, laminin, poly-d-lysey and poly-I-lysine after an overnight
incubation at 37°C (regardless of atmospheric wr@). Minimum medium volumes were
used to promote cell attachment, and in some ceséated K-cells were sorted directly onto the
culture surface into a droplet of culture mediurd allowed to incubate 5 h in a humidified
chamber before additional medium was added prithiéavernight incubation. Cells plated to
the proprietary Matrigel substrate from BD Biosaes were immobilized on the culture surface
as little as 5 h following plating, but the lacka#ll flattening and extension of cell processes
characteristic of cells in attachment cultures @#rdays of culturing did not suggest successful
cell adherence. Despite these challenges in aulfusolated K-cells, the healthy morphology of
these cells (Figure 20) suggest that high qualifyARould be isolated from them. When cells
were sorted directly into RNAlater, 80-140 ng of Rban be isolated from 20,000-30,000
dsRed2+ events (amounting to 4-7dgh 20 ul eluant). RNA quality measured by the RNA
integrity number (RIN) generated by the Agilent @ Bloanalyzer ranged from 6.8 — 7.9, which

is sufficient for proceeding with microarray (Figu2l).
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Figure 20. Primary red fluorescent GIP-expressingells from GIP-dsRed2+ transgenic mice after
FACS. The positive fraction purified by FACS represenfsmgaulation of cells expressing dsRed2 in a
gradient of intensities. Left = brightfield, CenteFilter set 20 (excitation: BP 546/12, beam sglitFT
560, emission: BP 575-640), Right = overlay. (#ale bar = 10@um, (B) scale bar = 50m.

Due to variances between sample preparations,aiypiat least three replicates of RNA
are prepared for each microarray experiment. Hewasolation of sufficient cells for RNA
isolation became increasingly difficult as cellslaéded from GIP-dsRed2 animals that genotyped
positive for the GIP-dsRed2 transgene began expetsver dsRed2+ cells. Initially, the
lower percentage of dsRed2+ events detected by R&3Sassumed to be due to variations in
sample preparation and individual variation betwegte. However, several different trials
using transgenic mice from different litters cotesmly produced abnormally low yields. One
common feature between the low dsRed2-expressingagwas that all were descendants of
the same breeding pair, L16. At the time this olest@éon was made, the GIP-dsRed?2 line was

solely being maintained by breeders (L19 and LB@&) were offspring of L16.
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Figure 21. RNA quality check by Agilent 2100 Bioaalyzer indicated that sample quality was
sufficient for proceeding with microarray analysis. The quality of multiple preps consisting of pooled
dsRed2+ fractions from 3-5 animals was measuratidRNA integrity number (RIN) generated by the
Agilent 2100 Bioanalyzer. RIN values were rangeaf 6.8 — 7.9, which was sufficient for microarray
analysis. A representative plot generated by thideAt 2100 Bioanalyzer is presented for a dsRad#&-
dsRed2+ preparation from GIP-dsRed?2 transgenic once C57/BL6 background.

In order to determine whether dsRed2 expressionredasced in the process of breeding,
the intestine of one offspring from each of L19@@Band L20 (#346) were harvested for
immunohistochemcial analysis. The number of GIRumoreactive cells that were dsRed2
immunoreactive was counted in these tissues anga&@d to intestinal tissue from an early
litter (#88 from L9). As Figure 22 demonstratée percent of GIP immunoreactive cells that
were dsRed2 immunoreactive had decreased from appately 60% in the L9 animal to under
20% in recent offspring. This was a matter foraan since the RNA yields from 20,000 —
30,000 dsRed2+ events were already close to thenmmam amounts required for microarray

analysis. The decrease of dsRed2 expression irefgRessing cells by 40% means that almost
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twice the number of input cells is required to abtae same number of red events in the
positive fraction. Although the supply of cellsaBundant (20 -50 million cells per animal), an
elongated sort time from the current 5-7 h wouldkenabtaining sufficient cells for a microarray
RNA sample highly inefficient. Furthermore, a lengime required for sorting meant that cells
must stay necessarily longer in a single cell sosipa, which may decrease the overall health of

the cells prior to sorting and could result in p&NA quality.

Litter 16 150 W dsRed+

I dsRed-
offspring
Litter 19

#300

Litter 20

Percent of GIP+ cells

#88(L9)  #300(L19) #3485 (L20)

Animal

Figure 22. Decreased expression of dsRed? in tmtdstine of recent GIP-dsRed?2 offspring

compared to an offspring from an earlier litter. The percentage of GIP immunoreactive cells thatwer
dsRed2 immunoreactive decreased from 60% in anahfiiom L9 to under 20% in animals from L19
and L20.
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Since the reason for decreased dsRed2 expressioknewn, but appeared to be related
with a breeding event that occurred in the offspohL16 and further propagated to the
remaining transgenic animals in the GIP-dsRed?2 haestablishment of the line with an animal
from an earlier litter may be necessary to redtoeeyields attained to this point. In the interest
of time, this avenue was not pursued, but GIP-d2Reimals bred on a B6/NOD background
were readily available and cell isolation from #esimals yielded a 154 ng and 500 ng of RNA

from 35,000 dsRed2+ and 100,000 dsRed2- eventswctgely (Figure 23).

H 35k dsRed(+) events
M 100k dsRed(-) events

Fluorescence
N
(6)]

0 L] L] n n L] L L]
0 10 20 30 40 50 60

Concentration (ng/ulL)
Figure 23. Isolation of RNA from dsRed2+ GIP-expresing cells from GIP-dsRed2 mice on the
B6/NOD background. Typical proportions of dsRed2+ events were re-distadd when cells were

isolated from GIP-dsRed2 transgenic animals bred B6/NOD background that originated from a
GIP-dsRed2 C57/BL6 breeder. RNA was eluted ip2@lution buffer.
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DisCUSSION

Identification of Cis-Regulatory Elements at the Distal GIP Promoter

Genes can generally be categorized into two cldssssd on how they are
transcriptionally regulated. Genes with promotehnsch contain a TATA box are characterized
by transcriptional initiation at a well-definedesinvolving recruitment of RNA Polymerase II
and general transcription factors which form the-ijpitiation complex, while transcription
initiation in genes with promoters rich in CpG rsis tend to display more plasticity and
variation (162). The rat GIP gene belongs to tAd A-box containing class of genes, and thus,
transcriptional regulation of the GIP gene hasatedocussed largely on the proximal promoter
(-193 bp to +19 bp), which is situated immediatghgtream of the core promoter region at
which the initiation complex is formed. While dispromoters upstream of -200 bp tend to play
a lesser role in transcription regulation of TATAxocontaining genes, the potential for these
upstream sequences to influence promoter actiwityt completely non-existent. Transgenic
mouse studies in which reporter genes are drivetifigrent lengths of the GIP promoter (40,
80, 146), suggest that the distal GIP promoter omenribute to gene regulation, at least in part,

to determining the tissue-specificity of GIP exgies.

As consensus sequencesdregulatory elements tend to be conserved between
species, a candidate distal region spanning appeiely -2500 bp to -1500 bp that demonstrates
high homology between the 5’-upstream sequencdsedBIP gene from nine species was
chosen for analysis on the rat GIP promoter. \Withis region, one putative binding site was
identified for Pax6 (-2802 bp to -2797 bp) and aeofputative binding site was identified for
Pdx1 (-2742 bp to -2737 bp), which show 60% and®4.60 the Pax6 and Pdx1 consensus

sequences, respectively (Figure 12). Previousedud cell adhesion molecule genes (163, 164)
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show that elements with even less than 50% of hogyolvith the Pax6 consensus sequence are
able to recruit Pax6. Furthermore, the putative6Handing sites corresponding to the rat
putative binding site in eight other species digpth50-60% homology with the Pax6 consensus
sequence (Figure 12). Meanwhile, although thetwmet&dx1 binding site in rat was an exact
match to the Pdx1 consensus sequence as weltlas sequence in the proximal rat GIP
promoter shown previously to bind Pdx1 and Isl (13%1), the putative Pdx1 binding sites
corresponding to the rat putative binding site emhgetween 33-100% homology with the Pdx1
consensus sequence, suggesting that conclusioasatenh about the Pax6 putative binding site
on the rat GIP promoter may be more generalizabtgher species than conclusions drawn

about the Pdx1 putative binding site.

Previous studies in the proximal human and rat @tPoter have demonstrated that
Pax6 binds in the region between -193 bp and -p38 lthe human GIP promoter (132) and
Pdx1 binds at -156 bp and -151 bp in the rat GtdPnoter (135). The human GIP promoter
study reported that -210 bp of the GIP promotedpoed maximum promoter activity of the
constructs tested, corresponding to approximatelfotsl of the activity generated by the
promoterless luciferase reporter construct, pGI32)1 Furthermore, truncation of the promoter
driving a luciferase reporter from the distal efidh@ promoter resulted in a 90% drop in activity
between -184 and -145 (132). Similarly, the mimmpromoter length required for maximum
activity of 200-fold the promoterless luciferasenstiuct, pGL2, was reported to be -193 bp in
the rat promoter study, and a mutation to the Rimding site from -156 bp to -151 bp in this
construct resulted in a 85% drop in promoter aistifd35). The present distal regulatory
element data indicates that mutation to the pugd®&x6 binding site reduced promoter activity
by 65% while mutation to the putative Pdx1 bindsig reduced promoter activity by 40%.

Given that removal of proximal regulatory elemeadteady accounts for the majority of GIP
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promoter activity observed in these two studies iinportant to clarify the biological

significance of the present distal regulatory eletata.

The reference promoter from which changes in ptemactivity was measured between
each of the proximal promoter studies and the atistidy vary in length. Both of the reference
promoters used in the proximal promoter studieewelatively short (~ 200 bp) and highly
active (55-fold background activity for human praercand 200-fold for rat promoter) compared
to the reference promoter used in the current stu8ykb), which displayed 20- to 25-fold
background activity (Figure 6 and 7). It is notiaisthat the fold activity from background is
higher for reporter constructs driven by shortaegtas of the promoters than longer promoters,
since repressor elements may be present in the aigied regions. This has been demonstrated
previously by Fujitaet al. (132) for the human GIP promoter, in which -1.0 b9 kb, and
-2.9 kb of the promoter all have progressively loaetivity than the -210 bp construct. The
location of repressors may not be located far epstrof the proximal promoters, since Someya
et al. (142) demonstrated, also in the human GIP promthtat,a truncation of -258 bp to
-180 bp of the promoter resulted in augmentatiopromoter activity. Repressor and enhancer
elements are likely interspersed with each othecesprogressive shortening of a -1200 bp
promoter in the Someya al. (142) study showed first a decrease in promoteévigcprior to
augmentation. Overall, the percentages expresi@ageases in GIP promoter activity cannot be
directly compared to each other unless the referenemoter is identical, but useful information
may still be gleaned from different studies peitagrto the presence of an enhancer or repressor

elements along a given segment of the promoter.

Despite differences in the lengths of the refeegmromoters, it does appear that the
promoter constructs used in the current study terdhve low activity. As described in the

Materials and Methods section, the promoter segmsed to generate the pGL2574 plasmid
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was identical to the -2.5 kb promoter which is digsd in the text of Boylast al.’s manuscript
(143) as having “similar rates of transcription”the activity mediated by the longest -943 bp
promoter presented in the data. However, theictiv this promoter in the current studies
displayed only an 8-fold increase from backgrouctivay (Figure 6). The luciferase reporter
used in the current study is based on the pGL4igR[Ibackbone, while the Boylahal. (143)
study used reporters based on the pGL2-basic baekbBoth constructs are manufactured by
Promega, and according to the technical specifinatirom the company, the pGL4.10[luc2]
backbone should, if anything be expressed eveerriatmammalian systems (165). Two other
factors may account for the low expression of #orters in this study. Dedifferentiation of
STC-1 cells, which has been shown to occur (168, atcount for decreased GIP promoter-
driven reporter activity and differences in trammsien amount and efficiency may also account
for lowered expression. These same factors mayexglain why the -2.5 kb plasmid used in
the Boylanet al. (143) study demonstrated only a 4-fold increasmfb@ackground activity in a

later paper published by the same group (145).

What can be said of the distal promoter elemet#stified in the current study is that the
putative Pax6 binding site appears to be more itapofor rat GIP promoter activity than the
putative Pdx1 site, since mutation of both sitesudianeously reduced GIP promoter to the same
level as mutating the putative Pax6 site aloneyfed.3). Overall, whether these distal elements
identified interact with the proximal promoter elenmts or the nature of this interaction will
require further investigation, such as, by assgdsow promoter activity differs amongst a
promoter in which the proximal element has beenatedt a promoter in which the distal
element has been mutated, a promoter in which fr@tkimal and distal elements together are

mutated, and a promoter in which both proximal disthl elements are left intact.
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Pax6 and Pdx1 agrans-Regulatory Elements at the Distal Promoter

Mutant mice deficient for Pax6 (124) and Pdx1 (1235) have suggested that both these
transcription factors are important to determin@i§-expressing cell numbers. However, only
Pdx1 appears to be necessary for the maintenar@#eéxpression, since examples of
GIP-expressing cells lacking Pax6, but no exampl&€sIP-expressing cells lacking Pdx1 have
been shown in the adult mouse intestine (132, 138 ability of Pdx1 overexpression alone to
differentiate immature rat intestinal IEC6 cellsoiiisIP-expressing cells (140) also showed that
Pdx1 is sufficient for GIP expression. Therefd?ax6 may behave in the capacity of GATA4
(145) in regards to GIP expression in that it mathd GIP expression levels but is not required
for expression. Another hypothesis is that Pax@ amy be expressed at certain intervals of the

life span of K-cells.

Several lines of evidence suggest that theseransd¢ription factors may be the
transcription factors that bind tlees-regulatory elements identified in the distal raPGI
promoter. Firstly, the consensus sequences o thasfactors are located in these elements
(Figure 12). Secondly, incubation of biotinylafg@bes containing these consensus sites with
nuclear extract from STC-1 cells and anti-serarsydax6 and Pdx1 show the presence of
super-shift bands (Figure 9-11). Finally, endogenoinding of Pax6 and Pdx1 in STC-1 cells
was demonstrated using chromatin immunoprecipiatogure 14). Additional experiments to
provide even more evidence that Pax6 and Pdxlrettteodistal regulatory elements at -2802 bp
to -2797 bp and -2742 bp to -2737 bp of the rat @noter could consist of co-transfection
experiments of rat GIP reporter plasmids with Pam@ Pdx1 expression plasmids. Of interest is
whether overexpression of Pax6 and Pdx1 in vargmgunts would produce a dose-dependent
augmentation of GIP promoter activity. The dospetwlency of Pax6 and Pdx1 has previously

been shown in similar overexpression studies ofahand human GIP promoters (132, 145).
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Furthermore, the effects of overexpression of Rmx®Pdx1 together could be determined to
assess whether these factors reciprocally enhleceffects of each other. Concerted binding of
Pax6 and Pdx1 for optimal somatostatin activity Ibesn demonstrated at two regulatory
elements found -450 bp upstream of the somatogatie (167). If Pax6 and Pdx1 indeed act
on thecis-regulatory elements identified in the present sttidy effects of Pax6 and Pdx1 are
expected to be abolished or reduced when the sastrarsfection experiment is carried out

with the pGL3075pax6mut, pGL3075pdx1mut, or pGL3DissalDbMut constructs.

Other transcription factors in addition to Pax6 &1 were tested for binding to
cisregulatory elements (Figures 9-11). In probes@4mwhich span the distal element studied,
binding of GATAA4 to probe 3 (Figure 9B) and bindioigGATAG to probe 4 (Figure 9C) was
observed. However, this result could not be repdid (Figure 11). In both cases, no GATA
binding sites ((A/T)GATA(A/G)) were predicted oretprobe, but the presence of super-shifted
bands may indicate complex formation with Pax6 Rdgl. Should an interaction between
Pax6 and Pdx1 be suggested by co-transfectionestgdich as the ones described above, the
transcription factors which participate in compfermation to mediate this interaction may be
of interest. The occupancy of transcription faston their specific binding sites have been
estimated to range from milliseconds to ~100 sunriéscence recovery after photobleaching
experiments (109), and such a dynamic interactiay be one reason why the observation of
GATA4 and GATAG binding to their respective prolvess not replicated. A more
representative view of whether GATA4 and GATAG mapates in complex formation at the
cisregulatory elements represented by probes 3 andld be obtained by performing more
replicates of the EMSA experiment as well as dertmatisg the binding of these factors using

other techniques.
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Evaluation of the STC-1 Model System

For reasons already outlined in the Introductidilizing the STC-1 tumour cell line as a
model has some limitations, including the uncetiagi whether these results can be
extrapolated to then vivo system. The sensitivity of transcription regulatto the cellular
milieu of other genes and signalling pathways sagtiet studies of transcription regulation
carried out in tumour cell lines, which have unaerg altered gene expression and signalling in
the process of immortalization (168), suggests¢batlusions may not be physiologically
relevant. While the current studies do not contetany additional knowledge to whether or
which part of the rat distal GIP promoter contrdgmito restricting GIP expression in specific
tissues, an attempt to assess the role of thehugtology distal region from -2500 bp to
-1500 bp (Figure 4) in other species was made.oRepplasmids driven by varying lengths of
the human and pig GIP promoter were compared dghi@sctivity of the rat GIP promoter in
STC-1 cells (Figure 15). It is difficult to assegisether the divergent effects of removing
segments of the highly conserved distal regiontifled in Figure 4 in the different species are
physiological. All three promoter constructs weested in a rodent cell line, such that species-
specific factors influencing the consequencesuwifdating regulatory elements within this region
may be misrepresented. There is also the posgithit the function of well-conserved
sequence may differ between species, since stal@onservation may not necessarily equate to

functional conservation across species (169).

Quality of Isolated Primary GIP-expressing Cell Prgoarations

To address the limitations of performing studiesramscriptional regulation in tumour
cell lines, Parker and colleagues devised a newehfodstudying K-cell biology (42) and used

this model to assess glucose and nutrient sensing a candidate gene approach. However,
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one of the limitations of a candidate gene approidahthe one used by Parker and colleagues
and the present strategy of identifyitmgns-regulatory elements discussed so far in this thesis
that it is only possible to screen already-ideetifgenes and transcription factors. The potential
of discovering new transcription factors not prexly known to be expressed in K-cells is low,
and therefore, the process of selecting genesransgdription factors as candidates is subject to
experimenter bias. RNA of sufficient quantity anehlity was isolated for quantitative RT-PCR
using the fluorescence-based approach describ@aitkeret al. (42), and the studies described
in this thesis demonstrate that RNA could alscsbéated using a similar strategy of sufficient
quantity and quality for microarray. The minimueguirement of 25 ng total RNA per fl of
water (requires amplification prior to cDNA synti®3avas met by isolating RNA from 20,000 —
35,000 dsRed2+ cells. This high-throughput andas®al alternative to screening for genes that
are expressed in higher levels in GIP-expressiilg aeer non-GIP-expressing cells may expand
the list of candidate factors that may aatistregulatory elements found to be important for GIP
expression. Additionally, microarray data may gisavide a starting point for investigating

other aspects of the K-cell life cycle and potdrdgma gene therapy target.

Methodological Limitations to Sample Purity

The modified Weiser’s protocol (see Materials anetivdds) removed epithelial cells
from both the villi and crypts into a single callspension, which encompasses all the regions
where GIP-expressing cells are found in the imestB5). Critical to the purity of the sample
obtained by this method was the assumption tha¢d2ks specifically expressed in GIP-
expressing cells. This assumption was evaluatathbhyunohistochemical analysis of tissue
from GIP-dsRed2 animals. As Figure 16D demonstr&4% of dsRed2 immunoreactive cells
were simultaneously GIP immunoreactive. The ldo& i immunoreactivity in the remaining

6% of dsRed2+ cells does not necessarily represemspecific expression of dsRed2 in the
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GIP-dsRed2 animals, since the GIP antibody used) (Etognizes an epitope in the C-terminus
region of GIP. Alternative processing of GéPshorter biologically active versions removes thi
epitope, rendering these forms of GIP invisiblelébection by this antiserum. Characterization
of this C-terminus antibody in mouse intestine (ublshed data, A. Asadi) shows that the
antibody detects upwards of 90% of GIP immunorgaatells detected by a second antibody
that detects both GJR.,and shorter variants. This finding is consisteithwthe proportion of
dsRed2+ cells immunoreactive for GIP using the iGtieus antibody. An additional hypothesis
accounting for the lack of GIP immunoreactivitysoeme dsRed2 immunoreactive cells is that
GIP expression may be downregulated in GIP-exprgslis near the end of their life cycle.
Meanwhile, the dsRed?2 protein has a long halfdifd.6 days (171), which could still be
detected as immunoreactivity after the gene exjmessachinery has been downregulated.
Given the well-established migration of GIP-expmeg<ells from the crypt to the tip of the
villus as they age, this hypothesis can be tesgeskbing if the cells that are only

immunoreactive for dsRed2 are those located clo$iaet extrusion zone at the tip of the villi.

A second technical limitation to purity is inheremt~ACS. FACS operates on the basis
that events detected in a single cell stream drsesjuently deflected by electrically-charged
plates to collection tubes. The purity of the skngepends, therefore, on how well the input
sample is dispersed into a single cell suspensidrflaidics parameters which affect the stream
of cells to be interrogated and how they are dedtbato the collection tube. Given the rarity of
the cell samples, a representative purity checkpea®rmed once to check the amount of error
caused by these factors, after which the settiogsdill isolation and fluidics were kept constant
for subsequent preparations. The purity checkistatsof passing a small sample from the
dsRed2+ fraction back through the flow cytometerflisorescence detection. Keeping all gating

the same from the initial sort, the purity of tlzenple was determined to be 88%.
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Improvements to Current Isolation Procedure

The range of dsRed2+ events recorded by FACS @@h - 0.07% is consistent with the
finding that GIP-expressing cells are one of asid® enteroendocrine cells, which all together
make up < 1% of the intestinal epithelium (35).vBitheless, Figure 22 indicates that dsRed2 is
not expressed in every GIP-expressing cell. Gthercloseness of the dsRed2+ cell yield to the
proportion of K-cells expected to be in the intestiepithelium population, this observation is
likely due to a discrepancy between dsRed2+ callisdsRed2 immunoreactive cells, which are
dependent on the dsRed2 antibody used. It isveddidknown that dsRed2, despite having a
faster maturation rate than its predecessor, dsitdldequires approximately 20 h to attain
optimal fluorescence (172, 173). Given the rapraaver of enteroendocrine cells of 3-5 days
(35), the population of GIP immunoreactive cellstthre not immunoreactive for dsRed?2
(Figure 22) could represent newly-differentiatedPixpressing cells in which insufficient time
following dsRed2 protein synthesis has elapsed$&ed2 maturation. A third hypothesis that
may address the lack of dsRed2+ in some GIP-expresslis relies on the heterogeneity within
the K-cell population. The existence of a subpapoh of GIP-expressing cells that express
GLP-1 (29, 30, 36), and xenin (174), is well-docatee. Whether the requirements for GIP
gene expression differ among these subpopulati@sa known, and thus, the length of the
GIP promoter driving dsRed2 expression may be ficsennt for activation in some of these

K-cells.

As the current amount of RNA isolated per preparsatalls quite close to the minimum
required for microarray with RNA amplification prito cDNA synthesis, improvements in the
isolation procedure which would lead to a highdkyield is desired. Currently, the rate-
limiting step in sample preparation occurs at tA€B, and enrichment of the input sample prior

to sorting could significantly increase the propmrtof dsRed2+ cells within the interrogated
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population and thus, the overall yield. In ordeperform pre-FACS enrichment, positive
markers that recognize a cell population that idetuK-cells are required. Alternatively,
negative markers that are specific for even sortie &t do not express GIP could decrease the
number of events that require interrogation, ang tklecrease the overall FACS time
significantly. Known positive-selection markerglude endocrine markers, such as
chromogranin A and B (175, 176) and negative-siglecharkers include Lgr5 (177), an
intestinal stem cell-specific marker, and enterimc{d78), an enterocyte-specific marker. As
these are not cell-surface markers, the use oétheenrichment markers would require

labelling.

One of the challenges encountered with establisthiisgcell isolation method was the
finding that the number of dsRed2+ cells in thestine of the GIP-dsRed2 line of mice declined
over time (Figure 22). Although the mechanismhid tlecreased expression was not identified,
the observation that reduced dsRed2+ cell numbassseen in animals that were all descendants
to the same breeding pair led to the unconfirmettsiation that decreased dsRed2 expression
may be a result of decreased transgene copy nurbéerg passed onto the next generation in a
specific breeding event. The data also suggetstran differences in dsRed2 expression levels
may occur, since isolation of cells from GIP-dsRadinals on the B6/NOD, which originated
from the same litter in which low dsRed2 expressi@s first observed, resulted in a cell yield
comparable to isolation from initial preparations cells derived from GIP-dsRed2 on the

C57/BL6 background (Figure 23).

Limitations to Maintaining a Primary Enriched K-cell Culture

Attempts to maintain primary isolated GIP-expregsiells in culture were unsuccessful,

even though previous studies show that primary chirgestinal cultures can be kept for as long
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as several weeks (179, 180, 181, 182). Generaliyattachment to the basement membrane via
extracellular matrix molecules is required for ltvival (182). The disruption of these
extracellular matrix interactions can trigger ajog in a process called anoikis (182).
Unfortunately, a basic requirement for FACS isdleeeration of an input single cell solution.
Therefore, it is likely that the process of prepgrprimary intestinal epithelial cells for FACS

may destroy the ability of these cells to surviveulture. Indeed, there has not yet been a report
of successful culturing of primary intestinal egiial cells that have been subjected to flow
cytometry. However, the isolation of K-cells bydrescent labelling still has its merits in that

terminal studies can still be done on highly pedfpopulations of K-cells.

Potential Issuesthat May Arise in Data Interpretation

As mentioned earlier, GIP-expressing cells doraptesent a homogenous population of
cells within the enteroendocrine cell populatidn.addition to subpopulations which co-express
other hormones (29, 30, 36, 174) post-translatiole@vage processing of preproGIP produces a
number of biologically active variants (18). Thetdrogeneity in the GIP-expressing cells
naturally means that any cell isolation method Basethe ability of cells to express GIP, such
as the fluorescence-based method described ith#ésss, will produced an enriched population
reflecting the same diversity of GIP-expressingsceFigure 16 demonstrates that a
subpopulation of dsRed2-expressing cells exprégss€s1, consistent with reports that a
majority of GIP-expressing cells also express GLR4, 30, 36). Distinguishing features
between GIP-expressing cells that only expressaatPthose that express GLP-1 in addition to
GIP have not yet been identified. The functionghgicance of enteroendcrine cells that only
express one incretin hormone versus those thaesgoth remain to be clarified, and even
whether these cells represent samples of distmymtilations or whether they represent a single

population at different stages of the life cycles imat been studied.
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In the current cell isolation method for prepargagnmples for microarray, the
experimental sample would consist of a mixturellofr@se subpopulations of GIP-expressing
cells, while the criterion for highly expressed genset as those genes which are expressed
above a certain threshold more in the dsRed2+ ptipalthan genes in the dsRed2- cell
population treats the dsRed2+ as a single homoggmopulation. Therefore, while microarray
data may suggest that a particular gene is higkpyessed in the K-cells as a pool, potentially
non-random variations within the K-cell populatiorexpression level for this gene may exist.
The availability of a transgenic animal which exgses the Venus yellow-fluorescent protein in
cells that specifically express GLP-1 (161) mawpde the first steps to distinguishing between
different subpopulation of GIP-expressing cellsediling of the GIP-dsRed2 transgenic line
with this Venus-expressing line could provide afulseodel for studying the differences
between GIP-expressing cells that express GLP-lrew# that do not, since each of the
GIP-only, GIP- and GLP-1, and GLP-1-only expressialis could then be detected using a

different FACS gate.

Another consideration that would highly impact thierpretation of microarray data is
the negative control, which provides the referdioc&€omparing gene expression levels. At
present, negative samples consist of RNA isolat@a tdsRed2- fraction from input cells
isolated from GIP-dsRed2 animals, which meansithsita mixed population of enterocytes,
goblet cells, and enteroendocrine cells that deemptess GIP. The use of so many different cell
types in the negative control generates noise,lwvimuld reduce the sensitivity of detection of
genes that are only moderately more in GIP-expngs=ells than other cells. For example, if a
certain gene is expressed 5-fold more in GIP-esgrgscells than any other intestinal epithelial
cell, the fold increase of gene expression whem#gative control consists of three different

non-GIP-expressing cell types, may only be deteasea 0.4 fold increase. The heterogeneity of
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the negative control increases the stringencyherspecificity of the gene marker for GIP-
expressing cells, which may be an advantage ftating candidate genes that have a functional

role specific to K-cells.

Conclusions and Future Directions

Two cis-regulatory elements were identified in a well-caued distal region of the rat
GIP promoter at -2802 bp to -2797 bp and at -2fBb2737 bp relative to the transcription
start site. Mutational analysis of these two elet®showed that these elements contributed to
40-65% of GIP promoter activity. Pax6 and Pdxlendentified as th& ans-regulatory
elements that bind at these sites. In partic#ax6 binding to the more distak-regulatory
element appeared to be the functionally more ingmbrof the two sites analyzed, and
conservation of the Pax6 consensus sequence aigbsslifferent species also appear to be
higher than for the other site. The focus inghesent analysis have been exclusively on the 5°
upstream promoter, based on the categorizationeoGliP gene as a TATA-box containing gene,
but intronic sequences may also regulate transonigl activity in TATA-box containing genes.
Intronic regulation, for example, has already béemonstrated for the proglucagon gene (183).
Furthermore, single-nucleotide polymorphisms oftthascription factor TCF-4 which are
associated with increased risk of developing dedbbtive almost occurred exclusively in
intronic regions (184). Recognizing that transioipal behaviour observed in STC-1 cells may
not reflect physiological function, efforts to iatéd primary GIP-expressing cells were
described, although primary cultures of isolateddfls did not survive. However, the
fluorescence-based isolation method for GIP-exprgs=lls would allow for non-biased
screening for GIP-expressing cell-specific markerduding transcription factors, which

contribute to regulation of GIP gene transcription.
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