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Abstract

PDX1 is a transcription factor that regulates a variety of glucose responsive pathways
within pancreatic tissue. However, its primary function is to control the expression of
insulin within β-cells. PDX1 mutations predispose people to both type-2 diabetes as well
as specific forms of pancreatic cancers. While the relationship between PDX1 and insulin
is well understood, there is significant controversy on what the exact co-factors are and
how they regulate PDX1. In this work, we explore a novel binding site for PDX1 and its
degradation partner SPOP. Through a combination of biological assays, we attempt to
characterize this new binding region and its effect on a variety of cell lines. Furthermore,
we explore a few other co-factors in the hope to characterize the effects of known clinical
mutants. We found these experiments allow us to identify the cause of specific mutants
in hopes of developing new therapeutic targets.
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Chapter 1: Introduction
1. General Introduction:
PDX1:

Figure 1-1: Domain organization of PDX1. The top side corresponds to the known Type-2
Diabetes phenotypes and the bottom to the known mature-onset diabetes of the young phenotypes.
This protein may be divided into three major regions, the disordered transactivation domain (green),
the folded homeodomain (red), and the remaining disordered tails (blue).

Pdx1 is a transcription factor primarily expressed in the pancreatic tissue. It is a HOXlike gene that works alongside SOX9 and other HOX-like proteins to coordinate the
development of the gut1. In mature tissue, PDX1 is a significant co-factor in the
transcription of insulin as well as the maintenance of identity of pancreatic tissue2.
Structurally, PDX1 is a classic homeodomain protein that can be divided into three
sections, as shown in Figure 1-1. The first region is a disordered N terminal tail. The Nterminus is 146 residues long and contains the transactivation domain. It is within the
transactivation domain that a variety of post-translational modifications (PTMs) occur to
regulate the protein. The second region is the folded homeodomain. This section is 60
residues long and contains the standard helix-loop-helix structure typically found in
homeodomain proteins. It is within this region that PDX1 directly interacts with DNA,
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specifically a 3’-TAAT-5’ binding motif. The final region is the C-terminal tail which plays
a role in maintaining protein stability3,4. Furthermore, PDX1 has 12 known clinical mutants
throughout it as shown in Figure 1-15. In short, PDX1 is an ideal candidate for studying
disorder in transcription as it is ~70% disordered, is expressed throughout the lifetime of
an organism, and has clearly defined clinical mutants which disrupt proper function.
During development, PDX1 expression occurs within the endoderm, specifically in the
pancreatic domain. Working alongside SRY-box-9 (SOX9), it can inhibit both cyclindependent kinase 2 (CDK2) and SRY-box-2 (SOX2) allowing for proper pancreatic
development1. Disruption of PDX1 can lead to pancreatic agenesis, maturity-onset
diabetes of the young (MODY4), or late-stage Type 2 diabetes6–9. As of now, there are 12
clinically known mutations of Pdx1, 9 of which are located within the disordered regions.
While the majority of these mutants are within small family lines, three of these mutants
C18R, D76N, and R197H occur in 4% of type-2 diabetic patients10.

Furthermore,

overexpression or expression of pdx1 in non-β-cells leads to a variety of pancreatic
cancers11.
Once matured, pdx1 expression continues in both β-cells and ductal cells12,13.
Additionally, expression also occurs in small amounts within the liver, kidney, and brain.
In β-cells, PDX1 primarily regulates cellular metabolism and secretion of insulin14. PDX1 is
able to directly control metabolism by transcribing insulin mRNA or indirectly via
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Figure 1-2: The insulin secretion and feedback pathway as encountered during periods of
high glucose. In general, glucose enters the cell via GLUT2 and is metabolized to ATP. The ATP
inhibits the K+ ion channel leading to a depolarization of the plasma membrane. Furthermore the
increased ATP abundance activates ERK1/2 which has been suggested to switch PDX1 from the
active to inactive state. Furthermore the Insulin receptor (IGF) triggers a signal cascade that
inhibits a hypothesize PDX1 inhibitor, GSK3, while simultaneously increasing the amount of
active ERK1/2

regulation of insulin-related co-factors such as glucose transporter 2 (GLUT2), glucagon, or
transcription factor MafA (MAFA)15,16. Under high glucose conditions, glucose enters the β-cell via
GLUT2 and undergoes glycolysis. More specifically, this process triggers a positive feedback loop
of insulin production and secretion. As the glucose is metabolized, an imbalance in the ATP: ADP
ratio closes K+ATP dependent ion channels located along the plasma membrane. The closed K+
channels cause a buildup of K+ ions within the cytoplasm which depolarizes the plasma membrane.
The depolarization opens Ca2+ voltage-gated ion channels creating an influx of Ca2+ ions. This
triggers the exocytosis of insulin vesicles via Ca2+ induced exocytosis. This stage happens quickly
in response to glucose and is known as the triggering step17,18. Additionally, the increase in glucose
activates the ERK1/2 pathway via RAS signaling. Downstream effects of the ERK1/2 pathway cause
PDX1 to switch from the inactive to active state. Furthermore, ERK1/2 activates neuronal
3

differentiation 1 (NEUROD1) which works cooperatively with PDX1 to transcribe insulin19. Upon
secretion of Insulin, the secondary amplification step begins. The insulin receptors along the βCell trigger the AKT pathway inhibiting GSK320, one of the significant degradation proteins of
PDX1. Additionally, the insulin receptor amplifies the RAS signaling pathway and in turn
upregulates ERK1/221. In short, as long as glucose is present, PDX1 will continue to produce insulin
mRNA which will fuel the amplification stage as displayed in Figure 1-2. It is within this secondary
amplification step in which PDX1 is implicated in causing cancer11,22.

While in the inactive state, low levels of PDX1 can be found in two locations: the
nuclear periphery and along DNA bound to histone deacetylase (HDAC), as shown in
Figure 1-323. The combination of PDX1 and HDAC prevents the uncoiling of the insulin
gene and halts its transcription. While in the presence of glucose, PDX1 transitions into

Figure 1-3: Cartoon of PDX1 swapping between the active and inactive state within the
nucleus and the possible enzymes that cause it. As of now there is no general consensus on
what physically switches PDX1 between the active and inactive state.

the active form. While in the active state, PDX1 attracts both histone-lysine nmethyltransferase setd7 (SET7/9) and histone acetyltransferase p300 (P300)24–26. These
histone modification proteins unravel the DNA from nearby histones allowing for insulin
transcription. Additionally; while PDX1 is responsible for histone modifications, it is also
involved in recruiting other co-factors (such as NEUROD1 and MAFA) to the insulin
4

promoter in order to form the base of the pre-initiation complex23,27. This additional
function allows for the protein to regulate the insulin gene through two different modes
of action. Both recruitment events and transition from active to inactive state occurs via
post-translational modifications (PTM) throughout the disordered regions as shown in
Figure 1-3. The majority of these PTMs are amino acid phosphorylations. However while
PDX1 is known to be regulated by PTMs, there is conflicting research involving how it
occurs.

Figure 1-4: Domain representation of PDX1 and a few of the known post-translational
modifications as well as their predicted kinases. A PDX1 protein sequence and the
approximate locations of various post-translational modifications alongside the predicted kinase
responsible.

As mentioned earlier, PDX1 undergoes a variety of PTMs as shown in Figure 1-4. The first
known phosphorylation event is on threonine-11. Previous data showed that a DNA
dependent protein kinase(DNA-PK) could phosphorylate this residue and triggers the
degradation of Pdx1 through an unknown mechanism28. The second sites are S61 and S66
which are targeted by GSK329. In high glucose conditions, ERK1/2 directly phosphorylates
NEUROD1 and cascades into the phosphorylation of PDX1. It is these particular PTMs that
are hypothesized to switch PDX1 to its active form. Furthermore, it is to this region that
5

SET7 and p300 are thought to bind26. However, none of the previous research presents a
definitive, comprehensive narrative linking residue phosphorylation and PDX1 activation.
However this is conflicting in nature as ERK1/2 is known to upregulate PDX1 while GSK3
is thought to downregulate PDX1. However as of now more research seems to suggest
that it is in fact GSK3 that phosphorylates this region and ERK1/2 may be an artifact.
In addition to those implicated in activation of PDX1, other phosphorylated
residues have been identified within the disordered regions. T231 and S232 have been
shown to be phosphorylated by CK2. This phosphorylation event occurs in low glucose
conditions and is hypothesized to recruit speckle-type POZ protein (SPOP) to PDX1 for
degregation30. Furthermore, S268 and S272 have been shown to be phosphorylated by
glucagon synthase kinase-3 (GSK3). This particular event also is suggested to decrease the
stability of PDX1. Lastly, while not much research has been done on S211 and S214, it is
known that these residues can be phosphorylated by homeodomain-interacting protein2 (HIPK2)12. It should be noted that each of these sites tends to have conflicting data
accompanying them. For example, residues S268 and S272 may not be involved in protein
stability but instead in sub-nuclear localization via regulation by HIPK212.
While there are many phosphorylation events along PDX1, there are a few other
significant PTMs that are known to be present in this protein. The first modification is the
sumoylation of PDX1 via small ubiquitin-like modifier 1 (sumo-1). This particular PTM is
necessary for localization within the nucleus and has been shown to increase protein
stability31. However, counter to this research is that sumoylation of other insulin
regulators such as MAFA decreases transcription of insulin. Due to the conflicting nature
6

of Sumo-1, not much research has been done showing how it affects multiple proteins
within β-cells. As mentioned earlier, PDX1 can recruit SET7 in order to modify nearby
histones. However, SET7 has been shown to methylate PDX1 at K123 and K13132. This
dual-functionality may be important in the precise regulation of PDX1 and its associated
downstream targets. However, while all these various PTMs regulate PDX1, the primary
regions of interest for this project involve S268 and S272. This region is of particular
interest because it may be a novel binding site of Speckle-type POZ protein (SPOP).
SPOP Overview:
SPOP is a ubiquitin ligase adaptor protein that is involved in a wide variety of
protein-protein interactions37–39. Traditionally this protein has been studied for its role in
prostate cancer. In general, over 50% of prostate cancers show disruption of SPOP

Figure 1-5: Cartoon representation of the SPOP undergoing dimerization. Upon
binding to its respective substrate. The bottom is a domain representation of SPOP and the
location of the various domains.
7

binding22. This protein has also been shown to influence other cancers such as pancreatic,
colon, and breast cancer34,36. However, while the bulk of SPOP research has focused on
cancer, very little has been done investigating its role in insulin regulation. Generally,
SPOP binds to disordered regions via its MATH domain and subsequently recruits cullin-3
with its C-box domains. Upon recruitment of cullin-3, ubiquitination can occur36. SPOP
has been shown to be the primary degradation protein of PDX1 via cullin-3
ubiquitination37.
SPOP structure and mode of action
As with PDX1, SPOP is divided into separate regions; the N-terminal MATH
domain, A BTB/POZ region, the 3-BOX domain, and the C-terminal localization sequence.
Each of these regions is responsible for a different interaction of SPOP. As mentioned
earlier, the MATH domain is the primary site for binding with the substrate. SPOP
traditionally recognizes a П-π-S-S/T-S/T (π=polar, П=nonpoloar) consensus sequence and
binds with the substrate via the MATH domain’s central shallow groove38. Upon binding
to the substrate, SPOP undergoes dimerization through its BTB domain. Due to disordered
proteins lacking traditional ubiquitination sites, many have evolved multiple adaptor
sites. By forming these dimers, SPOP can efficiently recruit cullin-3 to the substrate39.
Additionally, it is this BTB domain, along with the 3-BOX region, that recruits cullin-3 to
the substrate. It is thought that these C-terminal-BTB-Cullin-3 dimers augment the
efficiency of ubiquitination by increasing the avidity of the substrate and increasing the
effective concentration of the E2 conjugating ubiquitin enzyme40. Note that while
dimerization increases the efficiency of ubiquitination, the inability to dimerize does not
8

stop ubiquitination38. The overall complex of SPOP interacting with a target substrate is
displayed in Figure 1-5.
SPOP expression and localization
Unlike PDX1, SPOP is expressed in all tissue types41. Due to this, SPOP has been
implicated in a wide variety of biology mechanisms. These may range from osteoblast
differentiation via the sonic hedgehog signaling pathway42 to stress response DNA
repair43. While it is able to be expressed in all tissue types, it is primarily expressed into
the prostate and smooth muscles41. Upon expression, SPOP will localize in the cell nucleus
and form nuclear speckles44. These subnuclear structures allow for increased density of
SPOP proteins facilitating dimerization of target substrates. Furthermore, many
mutations involving SPOP disrupt proper speckle formation. These range from either
disrupting nuclear localization to impeding speckle formation within the nucleus44. While
the general regulation and expression of SPOP has been well documented, the bulk of
research has been on its role in cancer.
SPOP cancer:
The most prominent cancer which SPOP has been implicated in is prostate. As of
now, prostate cancer is the second most common cancer in men and causes over 250,000
deaths per year45. With the advent of genome wide sequencing, it is estimated that SPOP
is mutated in ~15% of prostate cancers46. Within prostate cancers, SPOP has been
implicated in various disrupted pathways. The first is through the regulation of steroid
receptor coactvator 3(SRC-3). SRC-3 is a androgen co-actvator and has been shown to be
9

prevalent in both prostate and androgen resistant breast cancers47 Wild type SPOP has
been shown to promote the degradation of SRC-3 while a multitude of known cancerous
SPOP mutants show a loss of interaction with SRC-348. This leads to an increase in
androgen signaling which is a hallmark of a variety of cancers49
A second area of focus has been the connection between SPOP and
chromodomain helicase DNA-binding protein 1(CHD1). When mapping the various
prostate cancer mutants, deletions in CHD1 tended to accompany mutations in SPOP 46.
CHD1 is a known tumor-suppressor gene and has been implicated in prostate cancer
alongside SPOP50. While direct interactions with SPOP have not been shown, it is still
prevalent in SPOP based cancers. Interestingly, these mutants in CHD1 tend to occur in
cancerous with an abnormal amount of genomic recombinations51. This coincides with
new research of SPOP and prostate cancer suggesting that SPOP may regulate stress
induced DNA repair.
DNA repair is an important process for proper cell function. One type of damage
are known as doublestrand breaks (DSBs). When this occurs, there are two modes of
repair, homologous directed repair (HDR) and non-homologous end joining (NHEJ). In
HDR, the homologous chromosome acts as a template for the DSB repair leading to a
single base pair change. While in NHEJ, a ligase is used to reattach the broken DNA
strands. Unlike HDR, this leads to a variety of indels which can lead to deleterious
mutants. In short, the preferred method of repair is HDR as it is less disrupting. Recently,
SPOP has been shown to regulate initiation of HDR of DSBs via regulation of RAD51 52. This
would explain why SPOP based prostate cancers tend to have disrupted genomes as the
10

repair machinery has been interrupted. Furthermore, SPOP has been implicated in not
only repair of DSBs but alleviating DNA fork stalling43. DNA fork stalling is one of the major
causes of chromothripsis in cancerous tissue via template switching. Taking this all into
consideration it is understandable as to why SPOP based tumors tend to be aggressive
and non-responsive as non-functioning SPOP disrupts a wide variety of tumor suppressor
systems.
Overall, there is a large amount of data involving SPOP and various cancers but
the secondary pathways are largely ignored (as long as they are not involved in some
cancer). As such this study intends to investigate the connection between SPOP and PDX1.
Specifically that SPOP directly interacts with PDX1 at the S268 and S272 regions via
phosphorylation events. The goal is to further understand how SPOP interacts with a
target substrate as well as investigate the stability of PDX1. The overall outcome would
help expand on SPOP’s secondary roles outside of cancer and possibly be a target for
certain diabetic phenotypes. In order to accomplish this a variety of cell based assays and
mutants were generated in order to test these PDX1-SPOP interactions.
Relevant mechanisms:
While SPOP and PDX1 are the primary focus for this work. A few other biological
mechanisms are relevant to this project. These include membrane potential as well as
proper blood glucose regulation. These are important mechanisms in the regulation of
insulin and require a general understanding.
Blood Glucose Regulation:
11

Figure 1-6. Schematic diagram of blood glucose regulation. Under high glucose conditions
(blue) the pancreas releases insulin into the bloodstream. The insulin triggers the uptake of
glucose in various tissues lowering overall blood glucose levels. In low glucose conditions, the
pancreas releases glucagon which stimulates the breakdown of glycogen and raising blood
glucose levels.

Blood glucose levels are tightly regulated within the human body. According to
the NIH, normal blood glucose levels are around 5.5mM. The resting level is tightly
controlled by the liver and pancreas and is quick to respond to changes. The overall
outline of glucose regulation can be seen in Figure 1-7. In high glucose conditions β-cells
release insulin into the bloodstream. The insulin triggers and uptake of glucose via a
variety of glucose transporters (excluding GLUT2 as it is independent of insulin). This
directly removes glucose from the bloodstream by all major tissue types in the body.
Furthermore, the insulin causes the liver to transform the glucose into glycogen for future
use. In low glucose conditions, α-cells release glucagon into the bloodstream. This
hormone triggers the breakdown of fats and glycogen into glucose to be re-released into
the bloodstream increasing blood glucose levels.
12

Membrane Potential
Membrane potential is present in every cell with a plasma membrane. However
while it is traditionally studied in neurons, β-cells also rely on membrane potential for
proper function. The membrane potential is generated from a flow of ions across the
plasma membrane. Usually it is a balance of K+ and Ca2+ ions. Cells regulate these ions
through ion channels located along the membrane. Due to ion sizes and various pumps
this leads to an imbalance in charge. As long as no external stimuli is applied, this initial
imbalance is the resting charge. In the case of β-cells the resting potential is at -60mV53.
As glucose levels increase the ATP abundance increases within the cell. If it reaches a
certain threshold it will block the K+ATP ion channel along the plasma membrane. Once
halted the flow of potassium ions is interrupted, causing the membrane to depolarize. At
a certain voltage, other voltage gated ion channels will respond and trigger the influx
calcium ions further changing the membrane potential. In short, the flow of ions across
the plasma membrane and the regulation of this flow is the driving force of the membrane
potential.
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Thesis Overview:
Chapter 2 discusses the investigation of SPOP and PDX1 interactions through
PDX1-C. This work was primarily done using traditional biological and biochemical
techniques including western blots, microscopy, and qPCR. This chapter aims to
demonstrate how SPOP regulates PDX1 in the cell as well as test whether it is involved in
swapping PDX1 between the active and inactive states. Furthermore, future experiments
are described in hopes of more definitively characterizing these interactions in a more
precise manner.
Chapter 3 discusses various projects in which I have started but are not complete.
In this study, a variety of experiments were executed with varying degrees of success
including crystallography, qPCR, microscopy, pull-downs, and western blotting.
Furthermore, this chapter discusses various other experiments designed to flesh out PDX1
knowledge.
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Chapter 2: A Novel Binding region of PDX1 and SPOP
1. Introduction
Before this study, the interaction between SPOP and PDX1 were not well
established. While individually each protein has an extensive database of information
regarding either cancer or insulin regulation, few experiments involve both SPOP and
PDX1. As mentioned before, SPOP is a ubiquitin ligase adapter whose primary role is
degradation of targeted proteins36.
Before this work, SPOP was shown to
interact with PDX1 along its Cterminal tail.54What was unique to
PDX1 is that it only had a single SPOP

Figure 2-1: NMR Chemical shift of PDX1 interacting
with SPOP math domain- Monique Bastidas.

binding site. Traditionally, proteins tend to have multiple SPOP binding sites 55. However,
in contradiction to this earlier research, our lab found a second site on PDX1 that seems
to interact with SPOP via NMR as shown in Figure 2-1. To further support this hypothesis
on PDX1, a fellow lab member, Grace Usher, generated a crystal structure of this new
binding region and SPOP. Additionally, when analyzing the protein sequence of PDX1, the
new region contains a similar binding motif to the consensus sequence of SPOP. A review
of the original binding site revealed that the traditional SPOP-binding consensus sequence
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is not present as shown in
Figure 2-1. Because of the
variation

in

sequence

between the two sites, our
lab hypothesizes that both of
these sites interact with SPOP
for proper PDX1 regulation

PUC
PUC
PUC
Macro
CI
CI
DAXX
DAXX
PDX1C
PDX1C

93 -LACDEVTSTTSSSTA-107
284-NSPSNPSSSSVGLST-298
376-SELDSPSSTSSSSGI-390
165-SKAASADSTTEGTPA-179
366-VVPEQPSSTSGGVAQ-380
1357-LFPDVSSSTHPYHG-1371
603-NGAGMVSSTSFNGGV-617
675-SLAPVADSSTRVDSP-689
265-SASPQPSSVAPR-276
220-VAEPEQDCAVTSGEELLALPP-240
Schulman et al., 2009

Figure 2-2: Comparison of classical SPOP binding sites.
Previously discovered SPOP binding sites described by the
Schulman group overlayed with the hypothesized PDX1-C
regions.

and maintenance.
In this chapter I plan to use a variety of cell-based assays to determine whether
SPOP interacts within this novel binding site. This is accomplished through the use of
western blotting and cellular imaging. My hypothesis is that this region is necessary for
proper SPOP-PDX1 interactions and is regulated by PTM’s located at S268 and S272.
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2. Materials and Methods
Plasmid Constructs:
pcDNA3.1-PDX1-flag was acquired through Thermofisher Scientific. Mutant
plasmids were generated via QuikChange site-directed mutagenesis kit (Stratagene).
Mutants PDX1Δ224-236(Site1) and PDX1Δ270-275(Site2) were verified via sequencing at the
Sanger Sequencing facility. Plasmids were grown in DH5α and harvested via Zyppy
Miniprep Kit (Zymo Research). Both the pcDNA6.2 HA-SPOP and pcDNA6.2 V5-SPOP were
generously gifted from the Mittag Lab (St. Jude Children’s Research Hospital).
Cell culture:
Hek 293T
Hek 293T cells (passages 15–20) were grown in DMEM (VWR) containing 24mM
glucose supplemented with 10% FBS (VWR) as well as an antibiotic/antimitotic cocktail
(Sigma Aldrich). The cells were grown in a T-75 flasks at 37˚C and a 5% CO2 environment.
The cells were split every 2-3 days with fresh growth media. Prior to transfection the cells
were seeded onto a T-75 flask and grown for two days.
Ins832/13
Ins832/13 were grown in RPMI (VWR) supplemented with 10% FBS (VWR),
antibiotic/antimycotic, 10mM HEPES, 2mM glutamine, 1mM sodium pyruvate, and 50uM
B-mercaptoethanol. The cells were grown in a T-75 flask at 37˚C and a 5% CO2
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environment. The cells were split ever 4-5 days with fresh growth media. Prior to
transfection, the cells were seeded in a 6-well plate and allowed to grow for two days
Transfection Protocol:
Ins 832/13
Transfection was done using Lipofectamine 3000 and at 70% confluency. Before
transfection, the Ins832/13 cells were incubated in Opti-men for 30min. 3000ng of DNA
was used per well and incubated with the lipofectamine for 15min. The
DNA/Lipofectamine cocktail was added to the cells and incubated at 37˚C for 6hrs before
changing the media to the previously described growth media. 24 hours posttransfection, the media was changed with fresh growth media. Cells were harvested 48hrs
post-transfection.
HEK293T
Transfection was done using Lipofectamine 3000. 3000ng of DNA was used per T25 flask and incubated with lipofectamine for 15min. The DNA/Lipofectamine cocktail was
added to the cells and incubated at 37˚C for 24hrs. The media was then changed to the
growth media as described above or low glucose media of DMEM supplemented with
5.5mM Glucose, Antibody/Antimycotic mixture, and 10% FBS. Cells were harvested 48hrs
post-transfection.
Glucose Stimulation Assay:
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Cells were seeded into 6-well plates and transfected according to the protocol
previously described. 48hrs post-transfection the cells were incubated in a low glucose
Krebs-Ringer bicarbonate HEPES buffer (129mM NaCl, 5mM NaHCO3, 4.8mM KCl, 1.2
KH2PO4, 1.2mM MgSO4, 2.5mM CaCl2, 10mM HEPES, 0.1% BSA, and 0.5mM glucose) for
30min. Once equilibrated, the buffer was either swapped for fresh low glucose Krebs
buffer or replaced with Krebs buffer at 20mM glucose levels. The cells were incubated for
1hr at 37˚C and harvested.
Immunohistochemistry Protocol:
Cells were grown on untreated glass coverslips and washed with PBS before
fixation. The cells fixed with a 4% paraformaldehyde solution for 10min at room
temperature. Following fixation, the cells were washed with TBS three times then
permeabilized with a 0.1% triton-TBS solution for 10min. After washing, the cells were
blocked with TBS supplemented with 1% BSA, and 0.1% Tween 20 for 1hr at room
temperature. Either Anti-Flag at 1:500 (Anti-V5 1:500, or Anti-HA 1:500) was added to
fresh blocking buffer and incubated overnight at 4˚C. Following incubation, the slides
were washed three times with TBS for 5min. The slides were then incubated with Donkey
Anti-Rat Alexa flour 594 (1:1000, Thermofisher) Goat Anti-Rabbit Alexa flour 488 (1:5000,
Thermofisher), or Donkey Anti-Mouse Alexa Flour 594 (1:1000, Thermofisher) for 1hr at
room temperature. After washing three times with TBS, the slides were stained with DAPI.
The slides underwent one final wash with TBS before being mounted. Imaging was done
on a ZEISS LSM 800 courtesy of the Rolls lab.
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Western Blot Protocol:
Cells were lifted with trypsin then neutralized with growth media. The slurry was
collected and centrifuged at 500xg for 5min. The supernatant was removed and the pellet
was washed three times with PBS. The pellet was then lysed using RIPA buffer
supplemented with a protease inhibitor cocktail (Sigma Aldrich). The solution was
pelleted and the supernatant was transferred to a new tube. SDS loading dye was added
to the supernatant and the solution was loaded onto a 10% polyacrylamide gel. The gel
was run at 120V for 2.5hrs then transferred onto a nitrocellulose membrane using a TransBlot SD semi-dry transfer cell (Bio-Rad). The membranes were then stained for 10min with
Ponceau S (Sigma Aldrich) and imaged. The stain was reversed and washed with water
two times. The membrane was then blocked in a PBS buffer supplemented with 1% BSA
at room temperature for 1hr. The buffer was removed and the same blocking buffer
containing Anti Flag, Anti HA, or Anti HA was added each at a 1:5000 dilution. The
membrane was incubated overnight at 4˚C with constant rocking. The next day the
membrane was washed in PBS for 5min, this step was repeated three times. Anti-Mouse
HRP conjugate (Thermofisher Scientific) was diluted to 1:2500 in previously described
blocking buffer and allowed to incubate for 1hr at room temperature. To image,
SuperSignal West Pico Plus Chemiluminescent Substrate (Thermofisher Scientific) was
used to visualize the bands. The images were taken in a GBOX Chemi (Syngene).
3. Results and discussion:
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Due to the second binding region overlapping residues 270-275, I generated a
deletion mutant within this region:PDX1Δ270-275. By comparing this deletion with the wild
type, I wanted to test whether this region influenced PDX1 stability. The preliminary
results showed that PDX1Δ270-275 causes the protein to stay stable in both low and high
glucose conditions as shown in Figure 2-3. Conversely, the wild type appeared too
degraded under low glucose conditions. These results were unexpected as previous data
had shown that removal of this region had a minor effect on PDX1 stability 54. However
this may be due to different cell lines and/or growth conditions.
Upon further inspection of this region, two serine residues could be the driving

Figure 2-3: Comparison of wtPDX1 and PDX1Δ270-275 in low glucose conditions. Ins832/13 cells
were transfected with either pcDNA3.1-wtPDX1-Flag or pcDNA3.1-PDX1Δ270-275-Flag. The cells
were grown in high glucose RPMI media before undergoing glucose stimulation. The cells were
exposed to a low glucose KREBS buffer (0.5mM glucose) for 1hr. The cells were stained using
a anti-flag antibody (Thermofisher) and Alexafluor-488 (Thermofisher). Nuclear staining was
done using DAPI. Images were captured using a Zeiss LSM 800.

force behind this change in phenotype: S268 and S272. Previous studies suggest that
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various kinases can phosphorylate these two residues. The first kinase proposed to target
these serines was GSK3. Additionally, it was suggested that the phosphorylation of this
region decreases PDX1 stabilty56. Conversely, another study demonstrates that p38 MAP
kinase may phosphorylate this region to increase PDX1 stability3. Furthermore, a few
studies have shown that this region may not even be involved in protein stability but
instead either subnuclear localization via HIPK212 or subcellular localization via an
unknown kinase30. Overall this particular region has a tremendous amount of conflicting
data. While some of the discrepancies may be due to the variety of cell models, even
within the same line there are conflicting results. However, many of these previous labs
decided to do single phospho-mimetic mutants. In order to further investigate this region,
double mutants (PDX1S268E/S272E/PDX1S268A/S272A) were generated.
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Low Glucose

High Glucose
Flag

Merged

DAPI

Flag

Merged

PDX1S268E/S272E PDX1S268A/S272A PDX1Δ270-275

wtPDX1

DAPI

Figure 2-4: Comparison of various PDX1 mutants in both high and low glucose conditions. Ins832/13
cells were transfected with either pcDNA3.1-wtPDX1-Flag, pcDNA3.1-PDX1Δ270-275-Flag, pcDNA3.1PDX1S268A/S272A-Flag, or pcDNA3.1-PDX1S268E/S272E-Flag. The cells were grown in high glucose RPMI
media before undergoing glucose stimulation. The cells were exposed to either a high glucose KREBS
buffer(20mM glucose) or low glucose KREBS buffer (0.5mM glucose) for 1hr. The cells were stained
using a anti-flag antibody (Thermofisher) and Alexafluor-488 (Thermofisher). Nuclear staining was
done using DAPI. Images were captured using a Zeiss LSM 800.

As shown in Figure 2-4 wtPDX1 and PDX1270-275 behaved similar to my previous
experiment in Figure 2-2. However, the double mutants deviated in their respective
phenotypes. The PDX1S268A/S272A was stable under both high and low glucose12. However,
The PDX1 was dispersed throughout the nucleus in high glucose conditions while it started
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to localize to the nuclear membrane in low glucose. The preliminary data suggests that

Low Glucose

High Glucose

Figure 2-5: PDX1S268A/S272A localizes to the nuclear membrane under low glucose conditions.
Ins832/13 cells were transfected with pcDNA3.1-PDX1S268A/S272A-Flag. The cells were grown in
high glucose RPMI media before undergoing glucose stimulation. The cells were exposed to
either a high glucose KREBS buffer(20mM glucose) or low glucose KREBS buffer (0.5mM glucose)
for 1hr. The cells were stained using a anti-flag antibody (Thermofisher) and Alexafluor-488
(Thermofisher). Nuclear staining was done using DAPI. Images were captured using a Zeiss LSM
800.

this phenotype doesn’t occur in all cells imaged as shown in Figure 2-5, suggesting that
other

unknown

factors

may

be

influencing

localization.

Conversely,

PDX1S268E/S272Ebehaved as previously described in Dr. Humphrey’s lab21 56. This particular
phenotype doesn’t appear to be stable in either low or high glucose as shown in Figure 24 and Figure 2-6. However more experiments must be done to determine whether this is
due to stability or protein expression. In order to test this, a possible experiment would
be to inhibit protein degradation via a proteasome inhibitor. If this mutant is inherently
unstable then it should be visible with the proteasome disabled. This preliminary data
partially supports the conflicting conclusion of both previous papers. One possible
explanation for this is that PDX1 may have multiple regulatory factors interacting within
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this area. As such residue S268 may be responsible for nuclear localization, while the S272
may be responsible for proper PDX1 degradation. If this is the case, then it may be that
both papers are correct in their respective studies. However, they did not take into
consideration the complexity of proper PDX1 regulation. Interestingly, the remaining
PDX1S268E/S272E seems to be speckling within the nucleus, which suggests that it is
undergoing SPOP-mediated ubiquitination. This further supports the hypothesis that

1

2

3

4

5

6

7
40kD
35kD

Figure 2-6: PDX1 phosomimics mutants do not affect stability in response to different glucose
conditions. Western blot of Ins832/13 cells stained with Anti-Flag (Thermofisher) and Anti-Mouse
HRP Conjugate (Thermofisher). Image was taken using Synegene Gel Box imager. The ins832/13
cells underwent a glucose stimulation assay and were exposed to either 20mM glucose(High) or
0.5mM glucose(Low) KREBS salt buffer
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Figure 2-7: Various phenotypes displayed by transfected SPOP and PDX1. Ins832/13 cells were
transfected with pcDNA3.1-wtPDX1-Flag(Green) as well as pcDNA6.2-SPOP-V5 (Red). The cells
were grown in high glucose RPMI media and were stained using a anti-flag antibody
(Thermofisher) and Alexafluor-488 (Thermofisher) as well as anti-V5(Thermofisher) and
Alexafluor-596 (Thermofisher). Nuclear staining was done using DAPI. Images were captured using
a Zeiss LSM 800.

phosphorylation of S268/S272 destabilizes PDX1. However again, future experiments
must be done to test this. To see whether SPOP and PDX1 are interacting two tagged
SPOP protein constructs where introduced to the cells, pcDNA6.2-SPOP-HA and
pcDNA6.2-SPOP-V5.
As expected, the SPOP seems to localize within the nucleus of the Ins832/13 cells.
However, the cells had issues transporting the SPOP from the cytoplasm to the nucleus,
as shown in Figure 2-7. Due to the low amount of nuclear-localized SPOP, within
Ins832/13 cells, we decided to switch to a different cell model: HEK293T. This particular
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Merged

Low Glucose
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Flag

Figure 2-8: HEK293T cells display different SPOP phenotypes in response to glucose changes.
HEK293T cells were transfected with either pcDNA3.1-wtPDX1-Flag as well as pcDNA6.2-SPOP-V5.
The cells were grown in high glucose DMEN media(22mM glucose). 24hrs prior to imaging, the media
was swapped to either high glucose DMEM (22mM glucose) or low glucose DMEM (5.5mM glucose)
The cells were stained using a anti-flag antibody (Thermofisher) and Alexafluor-488 (Thermofisher)
as well as anti-V5(Thermofisher) and Alexafluor-596 (Thermofisher). Nuclear staining was done
using DAPI. Images were captured using a Zeiss LSM 800.

cell line has been used in multiple experiments involving PDX1 and is a viable alternate57–
59.

Furthermore, due to an issue with diabetic cell models, using multiple cell lines is not

uncommon. For example, in Ins-1 derived lines, the culture media requires BME. While
MIN6 cells require nicotinamide in order to induce glucose sensitivity. Lastly some have
disrupted pathways such as CRI-G1 which releases glucagon alongside insulin in response
to glucose changes60. Of note is that each of the diabetic cell lines are all derived from
insulinomas which might suggest the glucose regulation pathway is likely to be disrupted
in some form to immortalized pancreatic tissue. As such, the experiment was repeated
in HEK293T cells in an attempt to see co-localization as shown in Figure 2-8.
27

The early attempts at co-localization were disappointing, and it did not seem that
PDX1 and SPOP were interacting within the cell nucleus. However, further research
suggested that the HEK293T cells were glucose sensitive and swapped the media would
increase localization.
When comparing the transfected HEK293T cells in both low and high glucose
conditions, there was a striking difference in phenotypes. The transient wtPDX1 construct
partially mimicked what occurred in the INS832/13 cell line. While it had not to degraded
in low glucose, the wild-type appeared to localize to the nuclear periphery within its
inactive state. As mentioned earlier, each cell line has its own drawbacks to diabetes
research, it may be that these differences in phenotypes is due to pathway disruption in
INS832/13 cells. For example, one study showed that HEK293T cells phosphorylate PDX1
at double the rate of Min6 cells61. While not much has been done to compare HEK293T
and INS832/13, I suggest that some disruption is occurring the INS832/13 cells that is
preventing the SPOP from being properly imported into the nucleus.
As of now, there is no clear consensus on how the 265-275 residue chain
influences PDX1 stability. However, my work seems to partially support previous
research. My new hypothesis is that this region is responsible for protein localization. As
shown with the S268A/S272A mutants, there is a shift in localization in regards to the wild
type. Furthermore, more research must be down involving S268E/S272E as it appears to
not be stable in the cell images. However this may be due to issues in expression within
the INS832/13 cells. However, based on previous studies and my preliminary data I
suggest a new mode of action for this region. As stated earlier, GSK3 tends to target
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primed sites. In this case, S272 is in the idea spot to be the primed PTM. As such, I suggest
that a new factor is involved in solely recognizing this site for localization. Then under low
glucose conditions, GSK3 will be activated and identify the primed site and phosphorylate
the S268 residue and trigger degradation via SPOP.
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4. Future Directions
While this work hopes to explain some of the discrepancies in literature, it still
doesn’t address every problem. Future experiments involving this region could be to
isolate each site and run isothermal titration calorimetry (ITC) to test binding affinity
independent of cell lines. Furthermore, Co-IP experiments could be done using these
mutants in order to identify PDX1 binding partners. While plenty of research has
investigated a variety of possible kinases, there are few known binding partners. Third is
to make mutants solely at the S272 mark and test whether GSK3 does target the S268
when primed. As mentioned earlier, it may be that this region has two modes of action.
As such making single mutants at this possible priming site may explain the discrepancies
in my own preliminary data as well as previous studies.
A second direction this work could take is to ask why the Ins832/13 cells have
issues with exogenous SPOP. As with all cancer cell lines, it is possible that the cellular
machinery has been disrupted and is no longer suitable for SPOP interactions. This is a
plausible explanation as SPOP research has primarily been involved in various endothelial
cancers by acting as a tumor-suppressor gene22,34. Furthermore, overexpression of PDX1
is common throughout a variety of pancreatic cancers62. One hypothesis is that the
Ins832/13 cell line has evolved a way to inhibit SPOP’s tumor suppressor qualities thus
preventing excessive amounts from entering the cell nucleus. However, if this is true, it
would counter the current hypothesis as PDX1 still appears to be degraded under lowglucose conditions as well as with the phospho-mimetic mutants. Conversely, some
studies have shown that under oxidative stress, exogenous SPOP has trouble entering the
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cell nucleus when compared to endogenous. The over-expression of PDX1 has shown to
cause oxidative stress through a variety of downstream factors and may also inhibit the
uptake of SPOP via a stress response pathway.
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Chapter 3: Secondary Experiments and Other Interactions with
PDX1
1. General Introduction
As with the novel binding region, the remainder of PDX1 is poorly understood.
While there is a significant amount of research on the pathway of pdx1, where and how
the protein interacts is lacking. Some proteins known to interact with PDX1 are SET7 and
P30025,63,64. SET7 is of interest because it is unknown where it binds to PDX1. However,
SET7 is hypothesized to be within the transactivation domain. Furthermore, not only has
it shown to modify nearby histones, but it also methylates certain residues on PDX150.
Additionally, the locations where sumolyation and ubiquitination are unknown.
While a significant amount of research has been done to show that phosphorylation is
involved in PDX1 stability4,29,30,61,65. None of these previous studies suggest where the
ubiquitin is added to the PDX1. Of note, these PTMs are located throughout the entire
protein ranging from residue 11 to residue 272. As such identifying where the ubiquitin
binds and whether it occurs in multiple regions is key to understanding the proper
regulation of PDX1. If it occurs near a mutation, then it may be a possible target for drug
development. This same thought process coincides with the sumoylation. As previously
discussed, the addition of SUMO-1 is necessary for proper translocation into the nucleus,
however where this occurs is unknown.
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The third area of interest is understanding how the clinical mutants disrupt PDX1
function. According to the CDC, 1 in 3 adults are at risk for development of type-2 diabetes
and 30 million people have been diagnosed with it. As stated earlier the P33T, R197H, and
D76N mutants alone are in roughly 4% of the diabetic population. Using the CDC numbers,
this means that that 1.2 million people could be affected due to these mutations. These
numbers also ignore any other mutants implicated in PDX1 based type-2 diabetes. As
such, recognizing and identifying how these mutants disrupt proper PDX1 function not
only furthers the knowledge of this protein but could lead to possible drug development.
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2. Materials and Methods
Cell Culture:
Ins 832/13
Transfection was done using Lipofectamine 3000 and at 70% confluency. Before
transfection, the Ins832/13 cells were incubated in Opti-men for 30min. 3000ng of DNA
was used per well and incubated with the lipofectamine for 15min. The
DNA/Lipofectamine cocktail was added to the cells and incubated at 37˚C for 6hrs before
changing the media to the previously described growth media. 24 hours posttransfection, the media was changed with fresh growth media. Cells were harvested 48hrs
post-transfection.
Immunohistochemistry Protocol:
Cells were grown on untreated glass coverslips and washed with PBS before
fixation. The cells fixed with a 4% paraformaldehyde solution for 10min at room
temperature. Following fixation the cells were washed with TBS three times then
permeabilized with a 0.1% triton-TBS solution for 10min. After washing, the cells were
blocked with TBS supplemented with 1% BSA, and 0.1% Tween 20 for 1hr at room
temperature. Either Anti-Flag (Thermofisher) at 1:500 or Anti-Set7 (Thermofisher) 1:500
was added to fresh blocking buffer and incubated overnight at 4C. Following incubation,
the slides were washed three times in TBS for 5min. The slides were then incubated with
Goat Anti-Rat Alexa flour 594 (1:1000, Thermofisher) Goat Anti-Rabbit Alexa flour 488
(1:1500, Thermofisher) in the absence of light for 1hr at room temperature. After washing
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three times in TBS, the slides were stained with DAPI. The slides underwent one final wash
with TBS before being mounted. Imaging was done on a ZEIS LSM 800 courtesy of the
Rolls lab.
Western Blot Protocol:
Cells were lifted with trypsin the neutralized with growth media. The slurry was
collected and centrifuged at 500g for 5min. The supernatant was removed and the pellet
was washed with PBS. The pellet was then lysed using RIPA buffer supplemented with a
protein inhibitor cocktail (Sigma Aldrich). The solution was pelleted and the supernatant
was transferred to a new tube. SDS loading dye was added to the supernatant and the
solution was loaded onto a 10% polyacrylamide gel. The gel was run at 120V for 2.5hrs
then transferred onto a nitrocellulose membrane using a Trans-Blot SD semi-dry transfer
cell (Bio-Rad). The membranes were then stained for 10min with Ponceau S (Sigma
Aldrich) and imaged. The stain was reversed and washed with water two times. The
membrane was then blocked in a PBS buffer supplemented with 1% BSA at room
temperature for 1hr. The buffer was removed and the same blocking buffer containing
Anti Flag, Anti HA, or Anti HA was added each at a 1:5000 dilution. The membrane was
incubated overnight at 4˚C with constant rocking. The next day the membrane was
washed in PBS for 5min, this step was repeated three times. Anti-Mouse HRP conjugate
(Thermofisher Scientific) was diluted to 1:2500 in previously described blocking buffer
and allowed to incubate for 1hr at room temperature. To image, SuperSignal West Pico
Plus Chemiluminescent Substrate (Thermofisher Scientific) was used to visualize the
bands. The images were taken in a GBOX Chemi (Syngene).
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Crystallization of SET7:
Pet14-SET7 was generated by Dr. Erik Cook and transformed into BL21 E. coli. The
starter culture was grown overnight at 37˚C 5mL of Lauria brother(LB, Sigma Aldrich)
supplemented with 50ꭎg of kanamycin. The starter growth was then transferred to 1L of
LB supplemented with 50ꭎg of kanamycin. The growth was allowed to reach an OD600 of
0.8. IPTG was added to the growth until a final concentration of 1mM. The growth was
then transferred into a chilled incubator at 16˚C for 16hrs. The cells were then lysed and
purified using nickel purification. Following initial purification, the protein was further
purified using a size exclusion column and then concentrated to 10mg/mL (20mM
Tris, pH 7.5, 5% glycerol, 0.1% β-mercaptoethanol, 100mM NaCl). 1ꭎL of the purified
protein was mixed with 1ꭎL of crystallization buffer (40% PEG3350, 100mM Tris, pH8.0).
1mL of crystallization buffer was added to a hanging drop tray and the
protein/crystallization buffer solution was inverted and sealed. Microcrystals were
observed on day 54.
qPCR Protocol:
Ins832/13 cells were harvested 48hrs post transfection. mRNA was extracted
using DirectZol RNA extraction kit(Zymo) in accordance to manufacturer’s protocol. The
mRNA was then normalized and converted into cDNA using the qScript cDNA Synthesis
Kit (Quantbio) in accordance to manufacturer's protocol. The cDNA was diluted at a 1:10
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ratio before further use. The DNA was mixed in accordance to manufacturer’s protocol
with a Sybr Green qPCR Mastermix (Bio-Rad). The PCR reactions were collected on a
StepOnePlus Real-Time PCR System (Thermofisher) using a ΔΔcurve setting. The following
primers were used for amplification:
Insulin 2:
5’-CTGCCCAGGCTTTTGTCAAA-3’
5’-CTTCCACCAAGTGAGAACCACA-3’
Actin:
5’-ATCCTGGCCTCACTGTCCAC-3’
5’-CTAGAAGCATTTGCGGTGCA-3’
gapdh:
5′-CACCACCAACTGCTTAGCCC-3′
5′-TGGCATGGACTGTGGTCATG-3′
Insulin Intron:
5'-GCACTGCACTGACTGAGGGA-3'
5'-GGGCCTCCAAAACCTACACAT-3'
MAFA:
5’-GCTGGTATCCATGTCCGTGC-3’
5’-GTCGGATGACCTCCTCCTTG-3’
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Transfection Protocol:
Transfection was done using Lipofectamine 3000. Before transfection, the
Ins832/13 cells were incubated in Opti-men for 30min. 3000ng of DNA was used per well
and incubated with the lipofectamine for 15min. The DNA/Lipofectamine cocktail was
added to the cells and incubated at 37C for 6hrs before changing the media to the
previously described growth media. 24 hours post-transfection, the media was changed
with fresh growth media. Cells were harvested 48hrs post-transfection.
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3. Preliminary Results and Discussion
SET7 and PDX1:
As expected, PDX1 and SET7 seemed to colocalize within the nucleus under high
glucose conditions. Additionally, we attempted to crystallize SET7 with the help of our
post-doctorate Dr. Erik Cook. With this construct, we were able to generate microcrystals
of SET7 as shown below. Due to time constraints, this particular experiment was halted.
However, this preliminary data does demonstrate that our lab is capable of endogenous
imaging of SET7 alongside exogenous wtPDX1. A variety of future experiments may be
done using this as a base. As of now, SET7 has been shown to be regulated by glucose
within pancreatic tissue25. Thus the first round of experiments should be how SET7
localization/concentration changes under these conditions. Another experiment would
be to co-crystallize PDX1 with SET7 to identify which exact residues on each protein are

Figure 3-1: Localization of endogenus SET7 (Red) alongside transfected PDX1. INS832/13 cells were
transfected with pcDNA3.1-wtPDX1-Flag. The cells were grown in high glucose RPMI media before
undergoing glucose stimulation. The cells were then exposed to a high glucose KREBS salt buffer. The
cells were stained using an anti-flag antibody (Thermofisher) and Alexafluor-488 (Thermofisher).
While endogenus SET7 was stained with an anti-SET7 antibody (Life Technologies) and alexafluor-596
Nuclear staining was done using DAPI. Images were captured using a Zeiss LSM 800.

interacting. Furthermore, previous studies have suggested possible sites for the binding
region of PDX1-N and SET7, and a synthetic PDX1 peptide could be used for future crystal
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studies. Once the binding region is discovered, overlaying it with the clinical mutants may
give insight as to why certain mutants disrupt proper PDX1 function.

40kD
35kD

Figure 3-2: Western blot of Ins832/13 cells that were transfected with pcDNA3.1-wtPDX1-Flag
and microcrystals of SET7. The cells were grown in high glucose RPMI media before undergoing
glucose stimulation. The cells were then exposed to a high glucose KREBS salt buff (Thermofisher).
While endogenus SET7 was stained with an anti-SET7 antibody (Thermofisher) and an Anti-mouse
HRP conjugate (Thermofisher). The image was captured on a Gel Box(A). Image of microcrystals of
unbound SET7 collect 54 days post-hang.
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Ubiquitin and sumoylation of PDX1:
As mentioned in Chapter 2,
residues 265-275 may be involved in

Table 3-1: Predicted site of ubiquitination of
PDX1. This predicted residue is located within
the homeodomain of the protein.

instability as well as localization. As of
now, SPOP is considered the primer
degradation factor of PDX1 via SPOP
mediated ubiquitination. However where
PDX1 is ubiquitinated is unknown. Using
Ubipred, it is possible to predict which
residues may undergo ubiquitination. Interestingly, only a single site was predicted.
However, this is counter-intuitive as it seems that PDX1 has multiple SPOP binding motifs.
As such it could be assumed that PDX1 would have multiple sites for ubiquitin to be
added. The most obvious answer is that the prediction is not viable for this particular
protein. A second hypothesis is that one of the SPOP binding sites has a novel function.
Instead of adding ubiquitin it may be necessary to have multiple SPOP sites to enter an
SPOP speckle correctly. In short, one of the SPOP sites has a high rate of binding in order
to pull the PDX1 into a nuclear speckle. Once in the speckle, the high concentration of
SPOP proteins facilitate the binding to the secondary sites and trigger degradation. The
first step, however, would be to test whether the predictor is correct. One possible
experiment would be to add a proteasomal inhibitor alongside the wtPDX1-flag construct.
It is possible to purify than the flag constructs from the cell lysate and use mass
spectrometry to identify bound ubiquitin.
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The second modification of interest is sumoylation of PDX1. As mentioned

Table 3-2: Predicted site of sumolyation using GPS-Sumo. This singular site coincides with
previous research suggesting that PDX1 undergoes a singular sumolyation event.

previously, sumoylation is responsible for proper nuclear localization from the cytoplasm.
As with ubiquitin, the actual residues that undergo sumoylation is unknown. However
using GPS-Sumo, it is possible to predict where this may occur. Like the ubiquitin
predictor, the GPS-Sumo predicted a single residue for sumoylation. This is expected as
the previous papers demonstrate that only a single sumo molecule binds to PDX1. A quick
experiment to test this hypothesis is to mutate out this region and stain for Sumo-1.
Overall, this particular area is poorly understood and requires more research in order to
generate a viable hypothesis.
Clinical Mutants of PDX1
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The culmination of identifying these various protein-protein interactions would be

Figure 3-3: Domain organization of PDX1 and various interacting proteins overlaid with the
known clinical mutations.

applying them to the known clinical mutants. Compiling our lab’s data, previous research,
and various predictors, we can start to
hypothesize how these mutants affect
proper PDX1 function as shown in
Figure

3-3. Through

projects,

I

have

various

acquired

side
some

preliminary data involving this mutant.
The first is P33T this mutant causes a
downshift of PDX1. I first thought this
was where sumoylation might occur as
the ~14kD loss is the size of sumo-1.

Figure 3-4: Western blot of Ins832/13 cells that
were transfected with pcDNA3.1-wtPDX1-Flag
or pcDNA3.1-PDX1P33T. The cells were grown in
high glucose RPMI media. Cells were stained with
an anti-flag antibody (Thermofisher) as well as an
anti-mouse HRP conjugated (Thermofisher). The
image was captured on a Gel Box.

However, since this region contains no
sumo consensus motif, this is highly unlikely. As of now, it is a result that I do not have a
robust hypothesis for.
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Another mutant I have investigated is PDX1G212R. This particular mutant was
observed early on due to the proximity to the folded homeodomain. Early qPCR results
suggest that this mutant disrupts proper PDX1 function. Due to the proximity to the
sumoylation site, this may be the true mutant which disrupts nuclear localization of PDX1.
The transactivation domain that the majority of protein-protein interactions
occur. Recently Dr. Erik Cook has narrowed down the binding site of SET7 within the
transactivation domain. Once published, the nearby mutants may be investigated in order
to determine if the disrupt the SET-PDX1
interaction. To wrap it up, my hypothesis
on this mutants is as follows. The C18R
disrupts the MST1 interaction and inhibits
proper regulation of PDX1. Q59L disrupts
GSK3 N-terminal phosphorylation events.
D76N or Q59L disrupts the interaction of
PDX1

and

SET7.

R197H

prevents

sumoylation of PDX1, and lastly, E224k

Figure 3-5:
qPCR of pcDNA3.1-wtPDX1,
pcDNA3.1-PDX1E224K, and pcDNA3.1 vector
targeting various insulin genes. Data was collect
using SYBR green (Bio-Rad) and a StepOne PLUS
qPCR (Thermofisher)

and P239Q disrupt PDX1 stability. The
remaining mutants I have yet to come
across possible protein interactions and do not have a testable hypothesis. However
before any of these tests occur, identification of the interacting sites is necessary. The
first step would be to generate various protein constructs of PDX1 and expose them to
known binding partners then test via isothermal titration calorimetry (ITC) or nuclear
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magnetic resonance (NMR) whether an interaction is occurring. If established then the
mutants may be generated to see if they disrupt said interaction.
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4. Future Directions:
We have only touched on a few possible experiments that may be done outside
of residues 270-275. As of now, there is plenty of research stating that a certain protein
interacts with PDX1 as well as the downstream effects of said interaction, however where
and how it interacts is generally unanswered. As such, the next step in research PDX1 is
to identify each of the possible binding regions via traditional methods such as ITC or
NMR. Following identification of binding sites then known clinical mutants may be
generated to explore how these mutants disrupt proper PDX1 function via cell-based
assays such as pull-downs and qPCR. This combination of both structural and cellular
biology is a perfect combination for thoroughly investigating this highly conflicted protein.
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