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STAT Signal transducer and activator of transcription
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TBS

TBST

TEMED

V2R

WT

Tris-buffered saline

Tris-buffered saline with Tween-20
N,N,N’,N’-tetramethylethylenediamine
Vasopressin 2 receptor

Wild-type
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Abstract

Relevance

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most common hereditary
renal disease worldwide and the primary genetic cause of end stage-renal failure.
ADPKD is characterised by progressive renal hypertrophy and development of renal
cysts, leading to loss of function and renal failure requiring dialysis and transplant. There
are currently no curative treatments and only one drug (Tolvaptan) available on the
market that delays progression of disease which not all people with ADPKD are eligible

to take.

Rationale & Hypothesis

Aberrant signalling in the Janus Kinase/Signal Transducers and Activators of
Transcription (JAK/STAT) pathway has been implicated in ADPKD pathogenesis and
progression, and our laboratory has previously found aberrant activation of JAK2 and
STATS signalling alongside elevated circulating growth hormone (GH) in a mouse model
of ADPKD. This project investigates the hypothesis that growth hormone-induced
JAK2/STATS signalling promotes proliferation and subsequent cystogenesis in ADPKD

and that inhibition of this pathway may slow progression of disease.

Results

Recombinant GH and GH with a mutation resulting in a dominant negative GH receptor
antagonist (GHA) were successfully expressed and their ability to modulate STAT5

activity was demonstrated in kidney cells. Stimulation of human and mouse cellular
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models of ADPKD with GH significantly increases STAT5 activation and expression of
STATS transcriptional targets, which is significantly reduced with treatment with GHA or
the JAK inhibitor Ruxolitinib. This study presents the novel finding that growth hormone
elevates cyst expansion and proliferation in cellular models of ADPKD, and inhibition of
GH-JAK2-STATS signalling with GHA, Ruxolitinib or genetic knockdown abrogates GH-
driven cystic growth and proliferation. In vivo, Ruxolitinib treatment protects renal

function and reduces renal hypertrophy and fibrosis in a mouse model of ADPKD.

Conclusion

This thesis identifies that growth hormone promotes proliferation and cyst expansion of
cystic cells via JAK2-STATS signalling. Inhibition of GH-JAK2-STATS is beneficial in

reducing proliferation, cystic growth and improving renal function.
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Chapter 1: INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the most prevalent genetic
renal disease worldwide and accounts for ~10% of end-stage renal disease (ESRD)
requiring dialysis in Europe (Spithoven et al., 2014). Approximately 50% of ADPKD
patients will die or develop ESRD (also referred to as stage 5 chronic kidney disease or
end-stage renal failure) by an average age of 58 years (Gabow et al., 1992). ADPKD
causes a decline in renal function through progressive formation and development of
kidney cysts, usually in later life (Grantham et al., 2006; Ward et al., 1994). In addition
to the health burden, ADPKD has a substantial economic impact on healthcare systems
primarily through ESRD costs, which are estimated to be 651 million euros per year in
Europe (Lentine et al., 2010, Spithoven et al., 2014). This chronic disorder is caused
primarily by pathogenic mutations in PKD1 or PKD2 genes which encode interacting p
polycystin-1 and polycystin-2, respectively. PKD1 mutations are more prevalent making
up approximately 85% of cases of ADPKD, whilst PKD2 mutations make up an estimated
15% of cases (Harris et al., 2006, Mochizuki et al., 1996, Torra et al., 1996, Ward et al.,

1994).

There have been a multitude of studies elucidating the molecular and cellular
pathogenesis of ADPKD in the past two decades. Despite this, there is only a single
therapeutic strategy that effectively and consistently slows progression (Tolvaptan),
available to some, but not all ADPKD patients. This highlights the need to identify new
therapies by furthering our understanding of pathogenic mechanisms involved in the
disease. There is accumulating evidence that growth hormone (GH) plays a role in

progression of ADPKD, via the GH-STAT5-cyclin D1 axis (Fragiadaki et al., 2017).
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1.1 Clinical features and epidemiology of autosomal dominant

polycystic kidney disease

1.1.1 Prevalence of ADPKD

Based on the European Renal Association—European Dialysis and Transplant Association
(ERA—EDTA) registry database, the estimated prevalence of ADPKD is 1 in 3040. However,
when combined with population-based studies the estimate was <1 in 2000. Difficulties
in accurately estimating prevalence arise due to the complex genetics of ADPKD as well
as asymptomatic, undiagnosed cases (Willey et al., 2017). Prevalence estimates vary by
approach, location and by their criteria for ADPKD (Davies et al., 1991, Higashihara et al.,
1998, Iglesias et al., 1983, Neumann et al., 2013, Solazzo et al., 2018). For example, some
studies only include clinically diagnosed cases such as the study by Higashihara et al.,
while Iglesias et al. include cases diagnosed clinically or during autopsy. Prevalence
estimates are being refined through improved diagnostic techniques and
implementation of national registries such as the National Registry of Rare Kidney

Diseases (RaDaR) in the UK.

1.1.2 Renal symptoms

The key clinical feature and the major cause of morbidity in ADPKD is progressive
formation and enlargement of fluid-filled renal cysts. Cyst formation and their growth
gradually enlarges the kidneys and compromises healthy renal tissue leading to fibrosis,
deterioration of renal function and ultimately ESRD between 30-60 years of age (Gabow

etal., 1992, Grantham et al., 2006, Harris et al., 2006). ADPKD is diagnosed in individuals

20



with renal ultrasonography where multiple bilateral renal cysts and renal hypertrophy

are observed (Bear et al., 1984).

Although the majority of people with ADPKD are asymptomatic until adulthood, renal
cysts are detectable as early as in utero. In a retrospective study using ultrasound with
27 patients, renal cysts were present in 4 cases prenatally, and 12 cases postnatally by
age 12 months (Brun et al., 2004). In children carrying a PKD1 mutation, renal cysts are
detectable in ~60% by five years of age, increasing to 75-80% in children 5-18 years of

age (Gabow et al., 1997, Fick et al., 1994).

Acute and chronic pain are common features in ADPKD and frequently lead to the
diagnosis (Bajwa et al., 2004). Acute pain is associated with nephrolithiasis (the
formation of kidney stones), urinary tract infections, and cyst haemorrhage (Torres et
al., 1993). Cysts in the kidney, alongside renal hypertrophy can lead to chronic pain in
the flank region, back, and abdomen. Uncomfortable abdominal fullness and postural
changes in the spine, for example lumbar lordosis, can occur due to cystic enlargement

of the kidney and the liver and subsequent mechanical strain (Tellman et al., 2015).

A number of early abnormalities in renal function have been reported in people with
ADPKD, such as impaired urinary concentrating capacity and increased vasopressin
levels (Gabow et al., 1989). The latter is also referred to as antidiuretic hormone or
arginine vasopressin. One of the earliest clinical manifestations in the disease is impaired
urinary concentrating mechanisms. Gabow et al. (1989) noted a correlation between the
presence and severity of the vasopressin-resistant renal concentrating defect with the
extent of polycystic disease, which could be attributed to renal cysts causing structural

disruption of the medulla and thus impacting urinary concentrating mechanisms.
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Increased levels of vasopressin seen in ADPKD are associated with cystogenesis, disease

severity and progression (Torres et al., 2012, Yamaguchi et al., 2000).

1.1.3 Extrarenal symptoms

ADPKD is a disease which affects multiple organs. As well as renal cysts, up to 80% of
patients with ADPKD also develop polycystic liver disease (PLD), which is characterised
by the appearance of cysts in the liver. Cysts in the pancreas, spleen, seminal vesicle,
and prostate have also been recorded (Belet et al., 2002, Hogan et al., 2015, Mosetti et
al., 2003). ADPKD can impact the central nervous system in the form of benign
intracranial arachnoid cysts (¥12%) and contributes to morbidity and mortality in the
form of intracerebral haemorrhage or intracranial aneurysms, with subsequent
subarachnoid haemorrhage and cerebral infarctions affecting mainly patients under 65
(Vlak et al., 2011, Krauer et al., 2012, Orskov et al., 2012). An increased prevalence of
colonic diverticular disease has been described (Scheff et al., 1980). Conversely, Sharp
et al. concluded no increased prevalence of diverticular disease in ADPKD patients

(Sharp et al., 1999).

Cardiovascular events are the most frequent cause of death in ADPKD (36%), with death
from infection the second most likely cause (17%). The main causes of death from
infection are septicaemia (33%; as a percentage of deaths from infection, not deaths
from ADPKD), pneumonia (27%) and peritonitis (11%) (Iglesias et al., 1983, Orskov et al.,
2012). The leading cardiovascular causes of death are myocardial infarction and
ischaemic heart disease, although death by heart failure, valvular disease and
pulmonary embolism are also reported (Orskov et al., 2012). Patients with ADPKD have
higher prevalence of cardiovascular abnormalities including cardiac valve defects,
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hypertension and left ventricular hypertrophy (Chebib et al., 2017, Ward et al., 1994).
Hypertension is seen in most patients with ADPKD and, although it occurs prior to
decline in renal function, early onset hypertension has been associated with progressive
increase in renal volume and renal cysts and earlier onset ESRD (Gabow et al., 1992,
Johnson and Gabow, 1997). Hypertension in ADPKD is associated with impaired vascular
development, activation of the renin-aldosterone-angiotensin system (RAAS) and
increased levels of vasopressin (Chapman et al., 2010, Zittema et al., 2012). Consequent
to hypertension, patients with ADPKD are at a greater risk of aortic aneurysm and
dissection compared to the general population (Sung et al., 2017). Additionally, ADPKD
is associated with higher incidence of intracranial aneurysms which can rupture and

cause subarachnoid haemorrhage (Vlak et al., 2011, Cagnazzo et al., 2017).

Enhanced, deregulated cell proliferation is a hallmark in both ADPKD and cancer. Both
diseases share aberrantly activated signalling pathways such as the mTOR-PI3K-AKT
pathway. However, ADPKD shows an increase in apoptosis, whereas a key characteristic
of cancer is apoptotic resistance (Hanahan and Weinberg, 2011, Lanoix et al., 1996,
Shillingford et al., 2006). Yu et al examined the risk of cancer in patients with PKD
(autosomal dominant and unspecified type) in Taiwan, excluding PKD patients with a
history of cancer, ESRD, or chronic kidney disease. The results of their study suggested
that the PKD group had a higher risk of cancers of the kidney, liver, and colon compared
to the control group before receiving a transplant or renal replacement therapy (Yu et
al., 2016). However, conclusions from this study are limited by a lack of information on
environmental/lifestyle factors that could contribute to carcinogenesis. Concordantly,
Schrem et al. reported that patients with ADPKD were at a slightly higher risk of having

post-transplant malignancies, when compared with other patients with ESRD not
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related to ADPKD (Schrem et al., 2016). Further studies are needed to make a strong
conclusion as to whether patients with ADPKD truly present with higher risk for

neoplasia.

1.1.4 Sex distribution and differences

The ratio of males:females affected by ADPKD is closer to 1:1 than other renal diseases
with reported ratios ranging 1.085:1to 1.17:1 (Ishikawa et al., 2000, Solazzo et al., 2018).
There is a significant difference between the sexes when it comes to the rate of
progression of renal disease with males experiencing worse mean renal function at a
given age and earlier age of renal failure and renal death (Gretz et al., 1989, Gabow et
al., 1992). Urinary tract infections in males, hepatic cysts in females and three or more
pregnancies in hypertensive females were also associated with a faster rate of renal
function decline (Gabow et al., 1992, Chapman et al., 1994, Johnson and Gabow, 1997).
The mechanisms behind the sex differences are not yet fully elucidated, though it has
been postulated that sex hormones play a role (Cowley et al., 1997), but this has not
been evidenced in humans. The reasons behind the differences seen in rate of

progression between males and females requires further study.

1.1.5 Intrafamilial variation

Despite being a hereditary disease arising from mutation of the same gene, intrafamilial
variation in the phenotype of ADPKD has been observed within affected families
displayed as considerable differences in disease severity, progression, and the onset of
ESRD (Lanktree et al., 2019, Milutinovic et al., 1992). For example, Peral et al. describe

drastic differences in phenotype between dizygotic (fraternal) twins with the same
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germline nonsense mutation in PKD1, in which one twin displayed early onset ADPKD
wherein enlarged bilateral polycystic kidneys were observed in utero, whilst the other
twin showed no renal cysts under ultrasound when measured by 5 years of age (Peral
et al.,, 1996). The authors conclude that this discordance was likely due to genetic

modifiers.

Concordantly, contribution of genetic modifiers in intrafamilial variability is supported
by Persu et al., as they demonstrated that there is significantly more variability in disease

progression assessed by age at ESRD in affected siblings than in monozygotic twins.

This highlights the variability of ADPKD and illustrates the additional challenges and
considerations in predicting risk of disease severity and age of onset ESRD based upon
older affected family members alone. Moreover, this provides supporting evidence of
the two-hit hypothesis of cyst formation requiring somatic mutation discussed further

in section 1.2.3.

1.2 Genetics and molecular pathogenesis in ADPKD

1.2.1 Discovery of the genes PKD1 and PKD2

As a part of The European Polycystic Kidney Disease Consortium, Ward et al. describe
that PKD1 is located on chromosome 16p13.3 (mapped by Reeders and colleagues, using
positional cloning) and that it encodes a “novel protein whose function is at present
unknown”, a protein we now know to be polycystin-1 (PC1) (Reeders et al., 1985, Ward
et al., 1994). A second gene involved in ADPKD was identified when an Italian family had

clinical features of ADPKD with no linkage to chromosome 16p (Romeo et al., 1988).
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PKD?2 is located on chromosome 4q21-23 (also mapped by positional cloning) and was
found to encode polycystin-2 (PC2) (Mochizuki et al., 1996). Although still not fully
understood, some of the roles of PC1 and PC2 have been further elucidated in the past

two decades described below.

1.2.2 Normal polycystin function in the kidney

Polycystins are widely expressed including in kidney tubular epithelial cells, the liver,
vascular endothelium, pancreas, and brain (Ong et al., 1999, IbraghimovBeskrovnaya et
al., 1997). Subcellularly, the polycystin complex is located, though not exclusively, in
primary cilia, nonmotile extensions on the apical cell surface involved in cell signalling

which can have mechanosensory function, sensitive to luminal fluid flow (Dell, 2015).

PC1lis a large integral membrane protein (460 kDa) with features suggestive of receptor
function such as multiple extracellular motifs involved in cell-cell and/or cell-matrix
interactions, and a heterotrimeric G-protein activation sequence (Hughes et al., 1995,
Parnell et al., 1998, Qian et al.,, 2002, Tsiokas et al., 1999). PC1 undergoes post-
translational modification via cleavage at an autoproteolysis sequence known as the G-
protein coupled receptor (GPCR) proteolysis site (GPS) motif in a process which requires
the receptor for egg jelly (REJ) domain (Ponting et al., 1999, Qian et al., 2002). Previously,
the catalytic mechanism was unknown, until Arac et al. discovered that the GPS motif is
an integral part of what they termed the GPCR-Autoproteolysis INducing (GAIN) domain
(Figure 1.1) (Arac et al., 2012). GPS autoproteolytic cleavage is essential for normal

functioning of PC1 (Yu et al., 2007).
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PC2, also referred to as transient receptor potential polycystin 2 (TRPP2), is an integral
membrane glycoprotein (~110 kDa) with six transmembrane domains. It is a non-
selective, calcium ion (Ca%*) permeable cation channel that belongs to the transient
receptor potential (TRP) channel superfamily (Cai et al., 1999, Tsiokas et al., 1999). PC1
has a coiled-coil domain in the cytoplasmic C terminus which interacts with the
cytoplasmic C terminal tail of PC2 (Qian et al., 1997). It is thought that the polycystin
complex functions as Ca%*-permeable receptor channel, thus mutation in one impacts
the function of the other (Hanaoka et al., 2000, Nauli et al., 2003). Gating of PC2 and
regulation of assembly of the PC1-PC2 complex has been suggested to be mediated by
cyclic adenosine monophosphate (cAMP) signalling and PKA phosphorylation (Cantero

et al., 2015).
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Figure 1.1 Structure of polycystin 1 (PC1) and polycystin 2 (PC2).

(A) Polycystin complex with PC1 (red) and PC2 (blue). Figure was rendered with the 6a70
pdb file (B) Simplified structure of the PC complex. PC1 is a transmembrane protein which
undergoes autoproteolytic cleavage at the G-protein coupled receptor (GPCR) proteolysis
site (GPS) motif which is part of the GPCR-Autoproteolysis INducing (GAIN) domain in a
process which requires the receptor for egg jelly (REJ) domain. PC2 is a non-selective,
calcium ion (Ca2+) permeable cation channel. PC1 and PC2 interact via of coiled-coil
domains represented as a dashed arrow. (Adapted from (Chapin and Caplan, 2010, Ong

and Harris, 2015) with permissions).
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1.2.3 Mutations and disease severity

ADPKD is caused by pathogenic mutations occurring in PKD1 or PKD2. ADPKD caused by
PKD1 and PKD2 mutations are referred to as ADPKD1 and ADPKD2, respectively.
Mutations in these genes lead to increased intracellular cAMP and subsequent altered
cell polarity, enhanced cell proliferation and apoptosis, and luminal fluid secretion. This
results in disruption of the normal differentiated phenotype of the renal tubular
epithelium (Belibi et al., 2004, Wilson et al., 1991, Yamaguchi et al., 2000). Moreover,
pathogenic mutations in PKD1/PKD2 leads to aberrant cell signalling including cAMP
(Yamaguchi et al., 1997), mTOR (Shillingford et al., 2006), Notch (ldowu et al., 2018),
Whnt signaling (Happe et al., 2009), and JAK/STAT (discussed further in section 1.4.2 and

1.5.5) (Figure 1.2).

Multiple aspects of mutations in PKD genes affects the severity of the disease, including
which gene is mutated, the type of mutation, and the number of mutations. Over 1200
mutations have been reported for PKD1 and around 200 mutations for PKD2 (Willey et
al.,, 2017). PKD1 mutations are the most common in ADPKD and are associated with a
more severe phenotype than PKD2. Patients with ADPKD1 tend to reach ESRD at a
younger age and are more likely to have hypertension and haematuria (Cornec-Le Gall

et al., 2013, Gabow et al., 1992, Hateboer et al., 1999, Willey et al., 2017).

Within genes that are pathogenically mutated, the type of mutation can also affect
severity of the disease, e.g. in PKD1, where a truncating mutation is linked with a more
severe form of the disease in comparison to non-truncating mutations (Cornec-Le Gall

et al., 2013).
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Figure 1.2 Signalling pathways affected in PKD

In PKD there is aberrant activation of JAK/STAT, mTOR, PI3K-AKT, AMPK and Ras-Raf-ERK signalling. There is a decrease in Ca2+ influx alongside
elevated cAMP. AC, adenylyl cyclase; AMPK, AMP kinase; AVP, arginine vasopressin; CFTR, cystic fibrosis transmembrane conductance regulator;
ER, endoplasmic reticulum; GSK3p, glycogen synthase kinase 3B3; PDE1, phosphodiesterase 1; PKA, protein kinase A; SST, somatostatin; SSTR,
somatostatin receptor; TGN, trans-golgi network; V2R, vasopressin V2 receptor. Adapted with permissions from (Bergmann et al., 2018, Torres
and Harris, 2014, Koslowski et al., 2020).
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In a person affected with ADPKD, all cells contain a one-copy germline mutation in PKD1
or PKD2, which resides in one of the two alleles of the gene, but only a subset of these
cells will go on to form cysts. Moreover, the high level of intrafamilial variation observed
in the severity of ADPKD symptoms has led researchers to postulate that additional
germline mutations may not be the underlying cause of heterogeneity. It was proposed
by Peter Harris that two fully penetrant germline mutations is predicted to result in
embryonic lethality in affected people (Harris, 1999). This is supported by work in mouse
models where complete deletion of Pkd1 or Pkd2 lead to embryonic lethality (Lu et al.,
1997, Wu et al., 2000). Hence the “two-hit” hypothesis model was proposed that
postulates that in a subset of cells with a PKD germline mutation an additional somatic
mutation takes place known as the “second hit”. This somatic mutation results in
inactivation of the remaining normal PKD allele, resulting in loss of heterozygosity (LOH).
The LOH results in monoclonal proliferation of the PKD null cell and ultimately leads to
cyst formation. In every single kidney fewer than 1% of nephrons develop cysts
indicating that cyst formation is a focal process. This observation has led Gregory
Germino’s lab to study the clonality of PKD mutation within the cysts. By isolating
epithelial cells from single renal cysts, they have shown that renal cysts in ADPKD are
monoclonal (Qian et al., 1996). Furthermore, results of mouse and human studies have
indicated that in addition to germinal mutations, somatic mutations leading to a trans-
heterozygous state with mutations in both PKD1 and PKD2 can also drive cyst formation.
This result has been reflected in cyst-derived cells patients with germinal PKD2 mutation
and somatic PKD1 mutation and vice versa and may increase disease severity with a
lower age at ESRD (Koptides et al., 1999, Watnick et al., 2000, Koptides et al., 2000, Wu

et al., 2002, Pei et al., 2001). Trans-heterozygosity occurred at a lower rate than somatic
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homozygotic mutations, though the prevalence of trans-heterozygosity is unclear and
difficult to predict due to small n numbers within the studies of trans-heterozygous

mutations.

An additional hypothesis is haploinsufficiency, wherein the remaining wild-type copy of
the gene is insufficient for complete function, which offers potential explanation for the
occurrence of intracranial aneurysms which are likely not due to secondary somatic
mutations. Furthermore, PKD heterozygote cells are particularly sensitive to renal injury
and proliferation is also higher in noncystic tubules in both humans and orthologous
mouse models of ADPKD (Happe et al., 2009). Ischaemia reperfusion injury (IRI), a
common cause of acute kidney injury, in Pkd1 heterozygous mice leads to more severe
renal injury compared to WT mice which further supports the hypothesis that mutations
in PKD1 may increase the sensitivity of the kidney to hypoxia and subsequent damage

from IRI (Bastos et al., 2009).

Cyst initiation can occur through either complete loss of polycystin by somatic mutation
or sufficient reduction in dosage with a threshold effect possibly combined with
stochastic factors such as renal injury. Indeed, the relative contribution of each of these

mechanisms in typical human ADPKD remains an open question.

The existence of a third gene locus that could cause ADPKD, termed PKD3, was proposed
in the mid-1990s. In studying the French-Canadian population, Daoust et al. identified
that one family out of the 23 families observed presented with the typical clinical
features of ADPKD, but from a mutation at a locus distinct from the previously described
loci on chromosomes 16 p and 4q of PKD1 and PKD2, respectively (Daoust et al., 1995).

Similarly, no linkage to PKD1 or PKDZ2 loci was identified in a Portuguese family
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(Dealmeida et al., 1995), a Bulgarian family (Bogdanova et al., 1995), an ltalian family
(Turco et al., 1996), and a Spanish family (Ariza et al., 1997). Upon re-analysis of these
families thought to have ADPKD3 through direct sequencing, novel variants and
mutations of PKD1 were found in the French-Canadian, Italian and Portuguese families,
and frameshift deletion in PKD2 in the Bulgarian family, which were not captured in the
original linkage analysis (Paul et al., 2014). Moreover, in all four of these families there
were cases of misdiagnoses from the renal ultrasonography. Nevertheless, the Spanish
family had no likely pathogenic mutations form direct sequencing of PKD1 and PKD2,
and no linkage to PKD1 and PKD2, though the authors question the diagnosis of ADPKD
in this family due to atypical presentation and mild disease. Thus, the possible

contribution of PKD3 in ADPKD remains controversial.

1.2.4 Modifier gene mutations

In addition to PKD1 and PKD2, modifier genes can cause or enhance renal cysts as
demonstrated in rodent models. Mutations in the RNA binding protein Bicaudal-C
(BICC1) or the ankyrin repeat-containing SamCystin protein encoded by Anks6, which
interact at the protein level, lead to cystogenesis in rodent models of PKD (Nagao et al.,
2010, Stagner et al., 2009, Brown et al., 2005, Tran et al., 2010). BICC1 acts as a post-

transcriptional regulator of PKD2 via regulation of miR-17 activity (Tran et al., 2010).

GANAB encoding glucosidase Il subunit alpha has been shown to be involved in
maturation and localisation of polycystins in vitro. Mutations in GANAB have been
identified in a small number of people affected with ADPKD that was genetically

unresolved through whole exome sequencing (Porath et al., 2016), indicating that it
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could play a potential role in a subset of people affected with ADPKD resulting in a milder

phenotype.

In addition to whether PKD1 or PKD2 is mutated and the type of mutation, modifier gene
mutations can have an important effect on the severity and progression of ADPKD.
Overall, modifier gene mutations offer potential explanation as a contributing factor in

the wide variation seen in ADPKD phenotype.

1.3 Models and treatment of ADPKD

1.3.1 Identification of the harmful effects of vasopressin

Vasopressin and cAMP have been shown to promote renal cyst cell proliferation and
fluid secretion into cysts (Wang et al., 2008). Preclinical studies show that
suppression/inhibition of vasopressin counteracts these effects, and clinical studies
show slower increase in total kidney volume compared to controls. Tolvaptan (Jinarc), a
vasopressin V2 receptor antagonist, was granted marketing authorisation in 2015 and is
the first approved drug to effectively slow progression of ADPKD and protect renal

function (McEwan et al., 2018, Torres et al., 2012).

However, adverse effects can prevent some patients with ADPKD from taking tolvaptan
such as hepatotoxicity (Watkins et al.,, 2015), hypernatremia (Hirai et al.,, 2016) and
allergy. Critically, only a proportion of patients are currently eligible to receive tolvaptan,
as such the majority of patients are without a drug. Therefore, there is an urgent and

unmet need for alternative therapies (Shoaf et al., 2007, Watkins et al., 2015).
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1.3.2 Preclinical models of PKD (mouse and human studies)

A variety of cellular and animal models have been developed to provide better
understanding of pathogenic mechanisms and aberrant cell signalling that contribute

towards disease initiation and progression.

In vitro

A number of cellular models have been produced for the study of mechanisms
underlying ADPKD, from renal epithelia derived from human or animal cysts, to wild-
type cells that have undergone genetic manipulation to alter PKD1/PKD2 e.g. through
CRISPR-Cas9 gene editing. While cell cultures are useful in the investigation of cellular
mechanisms in ADPKD, they have the disadvantage of potentially deviating from how

they would normally function in their natural environment within a whole organism.

SKI-001 and OX161 are human renal tubular epithelial cells isolated from patients with
ADPKD. In these two patients, cells were isolated from different cysts and pooled
together. OX161 clones contain germline PKD1 mutation (exon 15, E1537X) predicted to
be a truncating mutation. SKI-001 carried the germline PKD1 mutation (IVS43-1G>A) also
predicted to be a truncating mutation (Parker et al., 2007). These cells were
conditionally immortalised which does have the possibility to alter their typical function,
despite this, SKI-001 and OX161 are useful and highly relevant in vitro human models of

ADPKD that are capable of forming cysts when in a three-dimensional environment.

In vivo

Numerous animal models are used in the study of ADPKD to gain better mechanistic

insight into disease pathogenesis and pathophysiological system interactions. Rodent
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models are frequently used in ADPKD research as they more closely resemble human
physiology than Drosophila or zebrafish models, and reaching the n numbers required
for statistical power is more time and cost effective than with other mammals such as
the mini-pig (He et al., 2015). Animal models can be non-orthologous but resemble the
ADPKD phenotype such as the PCK rat (Lager et al., 2001) or genetically orthologous for
example B6-Pkd1"/" mice with a hypomorphic deletion of the Pkd1 allele (Lantinga-van

Leeuwen et al., 2004, Happe et al., 2013).

1.3.3 Clinical trials and need for new therapeutics

Until recently, treatment of ADPKD was limited to managing symptoms of the disease,
followed by offering dialysis and transplantation when possible. Cellular and molecular
mechanisms of the disease have been explored in an attempt to find therapeutic targets.
Multiple signalling pathways and transcription factors have been implicated in cyst

formation and disease progression.
Unsuccessful drug trials

Abnormally high activity of phosphatidylinositol 3-kinase (PI3K)- mammalian target of
rapamycin (mTOR) is displayed in both PKD and renal cell carcinomas (RCC). The
signalling molecule is a serine/threonine kinase that plays a key role in hypertrophy,
hyperplasia, cell differentiation and apoptosis, and has been associated with cyst
formation. Excessive mTOR activity is thought to occur through loss of the mTOR
negative regulator tuberin which has notably decreased function in PKDI1-deficient
models (Shillingford et al., 2006). Rapamycin (Rapamune), an immunosuppressive drug
that inhibits mTOR, and its analogues e.g. everolimus (Afinitor) have been shown to be
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effective in experimental models, but was proven to be ineffective in clinical trials when
it came to cyst growth, increases in kidney volume and decline in renal function (Stallone

et al., 2012, Wahl et al., 2006, Wu et al., 2007, Yu et al., 2016).

Activation of the renin-aldosterone-angiotensin system (RAAS) is associated with
hypertension in ADPKD. In hypertensive patients, angiotensin converting enzyme (ACE)
inhibitors lowered blood pressure, improved renal blood flow and reduced proteinuria,
but were not effective in patients with normal blood pressure. RAAS has also been linked
with cyst growth through angiotensin Il-promoted cell proliferation and aldosterone-
mediated EGFR activation and upregulation of Na*/K*-ATPase leading to cystic fluid
secretion. ACE-independent production of angiotensin Il has also been noted in cyst-
derived tissue. However, in clinical trials there was no significant difference in
progression to ESRD and increase in kidney volume between the group given
angiotensin converting enzyme (ACE) inhibitors and those given dual therapy of ACE
inhibitors plus angiotensin Il receptor antagonists (Hian et al., 2016, McPherson et al.,

2004).

Promising drug trials

In recent preclinical studies, targeting the Ca®*-activated CI~ channel Transmembrane
Member 16A (TMEM16A) has displayed promising results in in vitro and murine models
of ADPKD. TMEM16A is critical in fluid secretion into cysts and is upregulated in ADPKD.
TMEM16A antagonists (niclosamide, benzbromarone or Ani9) reduced proliferation and

cystic growth (Cabrita et al., 2020).

Additionally, preclinical studies targeting microRNA 17 (miR17) demonstrated

encouraging efficacy in the treatment of ADPKD. The cyst-promoting effect of miR17 has
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been demonstrated in ADPKD (Yheskel et al., 2019, Patel et al., 2013, Hajarnis et al.,
2017), via a mechanism of modulation of mitochondrial metabolism. In screening the
anti-miR17 oligonucleotide RGLS4326, preferentially distributed to the kidney and was
able to reduce cell proliferation, renal hypertrophy and attenuate cystic growth in

multiple preclinical models (Lee et al., 2019).

In clinical trials of somatostatin analogues such as lanreotide (Somatuline) and
Octreotide (Sandostatin), patients exhibited a reduction in total liver and kidney
volumes (TLV and TKV, respectively). Somatostatin analogues act on SST2 receptors to
reduce cAMP which is thought to be the basis of their volume reducing effects. However,
inhibition of GH could offer a potential alternative explanation (Tentler et al., 1997,
Gevers et al., 2015). In a 24-week Lanreotide study, a reduction in TKV and stabilisation
of estimated glomerular filtration rate was observed in ADPKD patients with PLD.
Further work would need to be done to properly assess the efficacy of Lanreotide on the
kidneys. In two studies with Octreotide, TKV volume had increased significantly less in
the treatment group compared to placebo, which could indicate a slowing of
progression. Prolonged somatostatin analogue therapy comes with potential risks, as it
has been associated with increased prevalence of gallstones in patients with acromegaly

(Gevers et al., 2015).
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1.4 The role of JAK/STAT in ADPKD

1.4.1 JAK/STAT signalling

The JAK-STAT cell signalling pathway consists of the Janus Kinase family which is made
up of four tyrosine kinases (Tyk2 and JAK1-3), and seven Signal Transducers and
Activators of Transcription (STATs; STAT1-4, STAT5a, STAT5b and STAT6) (Firmbachkraft
et al., 1990, lhle, 1996, Rane and Reddy, 1994, Wilks et al., 1991). STAT5a and STAT5b
have overlapping and distinct functions, though encoded by separate genes, they are
highly related proteins, with approximately 90% homology in their coding sequence.
They differ in the C-terminal transcription activation domains and display differences in
homodimeric DNA binding specificities (Kanai et al., 2014, Moriggl et al., 1996,

Boucheron et al., 1998).

Activated STATs dimerise and translocate to the nucleus to induce transcription through
binding the interferon gamma-activated sequence (GAS) elements within promoter
regions (Baik et al., 2011) or the interferon-stimulated response element (ISRE) of DNA
(Darnell et al., 1994). Downstream signalling and gene transcription vary depending on
cytokine stimulation and which STAT is activated. STATs have been shown to play a role
in regulating cell cycle progression and differentiation and have also been linked with

polycystins and PKD (Baik et al., 2011, Bjorklund et al., 2006).

1.4.1.1 Lessons learned from STAT5 knockouts
Valuable information of STAT function can be gathered from the suppression or
knockdown of individual STATs. Using knockout mice with a null allele, STAT5a-deficient

mice display defective development of the mammary gland and lactogenesis (Liu et al.,
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1997). Suppression of STAT5b indicates that STAT5b is responsible for mediating effects
of sexually dimorphic pattern of growth hormone release form the pituitary and GH-
stimulated gene expression in the liver (Udy et al., 1997). Knockout of STAT5a and
STAT5b in which the locus was completely deleted demonstrates the critical role of
STATS in normal immune cell development and differentiation(Yao et al., 2006). Despite
some distinct functions of STAT5a and STAT5b there are also functional redundancies
illustrated by infertility of STAT5a/b mutant female mice due to abnormal ovarian
development, but not in the individual mutants of STAT5a or STAT5b (Teglund et al.,

1998).

1.4.2 JAK/STAT in ADPKD

Functional PC1 has been linked with STAT1-mediated cell cycle arrest in human cell lines
(Bhunia et al., 2002). Bhunia and colleagues observed p21*2fl-dependent, PC1-mediated
inhibition of Cyclin Dependent Kinase 2 (CDK2), which plays a role in cell cycle
progression. In human cell lines, increased levels of p21¥2 were linked with an increase
in tyrosine phosphorylated and dimerised STAT1 which indicates STAT1-induced
activation. The group proposed a direct link between PC1 and JAK2-STAT1 because,
using in vivo immunoprecipitation, they detected that PC1 could link with JAK2. JAK2
was able to bind mutant and wild-type PC1, and could bind PC1 in the absence of PC2.
However, phosphorylation and activation of JAK2 occurred only in WT and requires PC2.
These results indicate involvement of JAK2-STAT1 in promoting quiescence and cell cycle
regulation via direct PKD interactions. Furthermore, Talbot et al. also demonstrate the

soluble cleaved PC1 tail coactivates STAT1 (Talbot et al., 2011).

40



PC1 can also regulate the activity of STAT3 via a dual mechanism, whereby membrane-
bound PC1 activates STAT3 in a JAK2-dependent manner, and the cleaved PC1 tail acts
as a coactivator of STAT3 activity in a mechanism dependent on cytokine/growth factor-
induced STAT phosphorylation (Figure 1.3). The cleaved PC1 tail fragments are
overexpressed in ADPKD, thus Talbot et al. suggest this could contribute to the strong

activation of STAT3 observed in cyst-lining cells (Talbot et al., 2011) .

STAT3 inhibition with pyrimethamine or curcumin in orthologous models of disease has
been shown to reduce cystogenesis, proliferation and kidney weight (Takakura et al.,
2011, Leonhard et al., 2011). However, neither pyrimethamine nor curcumin are specific
inhibitors of STAT3. Recently it has been observed by Viau and colleagues that, whilst
STAT3 inactivation reduces cystic burden in accordance with what has been seen
previously, it had no effect on kidney volume and in fact promoted inflammation and
infiltration of macrophages (Viau et al., 2020). Macrophage infiltration has previously
been reported in ADPKD and shown to be involved in promotion of cystogenesis and
renal hypertrophy (Karihaloo et al., 2011). It appeared that STAT3 repressed expression
of proinflammatory cytokines in a cilia-dependent, C-C motif Chemokine Ligand 2
(CCL2)-mediated manner. A question remains of the precise role of STAT3 in ADPKD

disease progression.

STAT6 has also been shown to be regulated by the PC1 tail, wherein the PC1 tail interacts
with STAT6 and the coactivator P100, all three of which have elevated nuclear levels in
cyst lining cells (Low et al., 2006). Olsan et al. observed elevated phosphoactivated
STAT6 in kidneys of an orthologous Pkdl mouse model compared to controls,

particularly in the cyst lining cells. In STAT6 -/- mice crossed with bpk mice (mutation in
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BICC1 resulting in a non-genetically orthologous PKD phenotype), proliferation, cystic
growth and renal hypertrophy was reduced compared to bpk STAT6 +/+ mice,
suggesting a role of STAT6 in PKD pathogenesis (Olsan et al., 2011). Conflictingly,
Fragiadaki et al. found in a siRNA screen that neither STAT3 nor STAT6 silencing were
able to reduce proliferation in human ADPKD-derived cells (Fragiadaki et al., 2017). This
discordance could potentially be due to differences in the models used or possible
indirect actions of STAT3 and STATG6 via immune cells which would not be observed in

the human in vitro model but could be from murine in vivo models.

JAK2 and STAT5 have also been implicated in ADPKD pathogenesis and will be discussed

in further detail in section 1.5.5.
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Figure 1.3 JAK-STAT signalling in ADPKD

Polycystin 1 (PC1) regulates STAT1 promoting cell quiescence and STAT3 via JAK2. The
cleaved PC1 tail acts as a coactivator of STAT1 and STAT3 alongside cytokines/growth
factors. STAT6 is regulated by the cleaved PC1 tail fragment alongside the coactivator
P100. STAT3, STATS and STAT6 are associated with increased proliferation and

cystogenesis in ADPKD.
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1.5 Growth hormone

1.5.1 Structure

Human growth hormone is encoded by the GH1 gene located on chromosome 17q22-
24 (Harper et al., 1982, Owerbach et al., 1980). In mice, the growth hormone gene Gh is
located on the distal half of chromosome 11, which is part of a highly conserved region
between mouse chromosome 11 and human chromosome 17 (Jacksongrusby et al.,
1988, Elliott et al., 1990). Growth hormone, both mouse and human, is a 191 amino acid
protein with a molecular weight of approximately 22 kDa. The human growth hormone
structure has a characteristic four-helix bundle structure, in which the helices have an
antiparallel up-up-down-down connectivity as opposed to the more common up-down-
up-down (Devos et al., 1992). The hGH molecule contains two disulphide bonds located
with the first at residues C53-C165 which results in a large loop and the second at C182-
C189 which links the COOH-terminus to helix 4 of the four-helix bundle. The C53-165
bridge is required for secretion and biological activity but C182-189 is not essential for
the secretion and function of hGH (Graf et al., 1976, Chen et al., 1992, Besson et al.,

2005, Devos et al., 1992).

The 22kDa hGH is the most abundant isoform of pituitary hGH, but it should be noted
that other isoforms exist as a result of alternative splicing and post-translational
modifications. The hGH isoforms have varying biological potency of GH actions
compared to 22 kDa hGH with regards to growth promotion, potentiating insulin activity

and hyperglycaemic properties, however the physiological roles of the molecular
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isoforms of hGH have not been fully elucidated and require further clarification

(Bustamante et al., 2009, Salem and Wolff, 1989, Lewis et al., 1991).

1.5.2 Regulation and release

Growth hormone is secreted from the anterior pituitary from somatotroph cells, with
pulsatile secretion of GH regulated primarily by two hypothalamic hormones (i) growth
hormone releasing hormone (GHRH), (ii) somatostatin (also referred to as growth
hormone inhibiting hormone). GHRH stimulates GH production and secretion whilst
somatostatin modulates this response by acting as a non-competitive inhibitor of GH
release (Brooks and Waters, 2010). Hypothalamic synthesis and release of somatostatin
is stimulated in a negative feedback loop both by growth hormone itself, and by insulin
like growth factor 1 (IFG-1) which is produced in response to GH stimulation, primarily

in the liver (Berelowitz et al., 1981).

In addition to neuroendocrine regulation of growth hormone release, the
enteroendocrine hormone ghrelin, known as the “hunger hormone” due to its role in
appetite, stimulates pituitary growth hormone secretion via its action as an endogenous
ligand to the growth hormone secretagogue receptor (GHS-R) (Kojima et al., 1999).
Furthermore, extra-pituitary growth hormone can be expressed in other tissues to act
locally in an autocrine/paracrine manner. Pit-1, also known as growth hormone factor 1
(GHF-1) is a transcription factor that is responsible for expression of growth hormone.
Although Pit-1 is expressed primarily in somatotroph cells and was originally thought to
be pituitary-specific (Suen and Chin, 1993, Cohen et al., 1996), Pit-1 mRNA has been
observed in extra-pituitary tissues, which reflects extra-pituitary expression of growth
hormone (Perez-lbave et al., 2014, Delhase et al., 1993, Bamberger et al., 1995).
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The typical 24 hour rhythm of pulsatile release of growth hormone is primarily
controlled by sleep processes, but also has a weak circadian component. The sleep
related GH pulse accounts for around 50% of the total daily GH release (Sassin et al.,
1969, Jaffe et al., 1995). Multiple variables impact the profile of growth hormone
secretion including sex and age. Ho et al., found that the total 24 hour growth hormone
secretion was higher in women than men, though when corrected for the effects of
oestradiol, was not influenced by sex or age, nonetheless the fraction of GH secreted in
pulses in 24 hours was significantly reduced in older adults (>55 yr) versus young adults
(18-33 yr) (Ho et al., 1987). Interestingly, the sleep related GH surge is altered in night
workers wherein they have a lowered release of GH related to sleep but this is followed
by random GH pulses during the waking period ultimately compensating for the lowered
sleep-related GH pulse and resulting in the same daily GH release as their day -active
counterparts (Brandenberger and Weibel, 2004). This highlights one aspect of variability
in growth hormone secretion within the human population due to environmental
factors. Exercise also induces growth hormone secretion and can, dependent on
exercise intensity, increase 24 hour GH release, although the mechanisms behind

exercise-induced GH release are unknown (Godfrey et al., 2003, Wideman et al., 2002).

Growth hormone has a relatively short circulating half-life of approximately 20 minutes
(Faria et al., 1989), although binding of growth hormone to the growth hormone binding
protein (GHBP), the soluble, extracellular cleaved product of the growth hormone
receptor, delays clearance from plasma and prolongs the biological half life (Baumann

et al., 1987).
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Figure 1.4 Regulation and functions of growth hormone

Pituitary release of growth hormone is positively regulated by growth hormone-releasing
hormone (GHRH) and ghrelin, and negatively regulated by somatostatin and insulin-like
growth factor 1 (IGF-1). Growth hormone acts on multiple tissues executing metabolic

effects and modulating cell processes and development.
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1.5.3 Function

Growth hormone modulates proliferation, differentiation, and metabolic processes,
affecting skeletal and muscular growth, lipid and glucose metabolism, and immune
function (Giustina et al., 2008) (Figure 1.4). It mediates many of its actions through

stimulation of downstream production of IGF-1 in multiple tissues, primarily the liver.

1.5.3.1 Development

Growth hormone is detectable in foetal circulation from gestational week 10, rising
throughout gestation and peaking at 20-24 weeks (~¥120 ng/mL) (Kaplan et al., 1972).
Although pituitary growth hormone appears to be inessential to foetal development,
determined by normal birth weights of anencephalic and growth hormone deficient
neonates, there is widespread expression of GHR in foetal tissue, of note in the tubular
epithelium of the kidney (Hill et al., 1992, Simard et al., 1996, Salardi et al., 1991). The
role of growth hormone in the developing foetus is not yet fully elucidated, but in
neonates GH is required for regulation of glucose homeostasis, highlighted by the
observations of hypoglycaemia in neonates with severe growth hormone deficiency

(GHD) (Mehta et al., 2005).

GH plays an important role in regulation of development of the heart and maintenance
of normal cardiac function and morphology directly and indirectly through IGF-1. This
function of GH/IGF-1 is illustrated by abnormal cardiac structure and increased risk of
cardiovascular morbidity and mortality seen in GHD and acromegaly (Lombardi et al.,

1997).
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GH also plays a role in growth and development during puberty, in which mean GH levels
nearly double, due to increase in pulse amplitude as opposed to pulse frequency (Rose

et al,, 1991).

1.5.3.2 Metabolism

Growth hormone functions as an anabolic hormone, promoting RNA synthesis, protein
synthesis and increased muscle growth (Bergan-Roller and Sheridan, 2018). On the other
hand, growth hormone also has catabolic actions, predominantly lipolysis, exhibited as
increased free fatty acids (FFAs) and glycerol in response to GH stimulation (Gerich et
al., 1976). GH-induced STATS5 is a key contributor in GH-regulated growth and

metabolism (Herrington et al., 2000).

Early studies of growth hormone demonstrate its effects on phosphorous and calcium
metabolism, in which GH reduces urinary phosphorous excretion and increases
intestinal calcium absorption and urinary calcium excretion. It is hypothesised that GH
exerts these effects on mineral metabolism through either direct or indirect modulation
of vitamin D, although the relationship between the two is not yet fully understood (Wei

et al., 1997, Chipman et al., 1980).

Additionally, Growth hormone plays a role in glucose homeostasis and metabolism
through its direct action and indirectly through IGF-1. GH elevates gluconeogenesis and
glycogenolysis, wherein people with acromegaly or exposed to high doses of exogenous
GH display elevated liver and kidney glucose production (Schwarz et al., 2002, Ghanaat

and Tayek, 2005, Hoybye et al., 2008)
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1.5.3.3 Immune system

Growth hormone has a known role in development and regulation of immune function,
wherein GH stimulates lymphocyte proliferation and differentiation (Landreth et al.,
1992, Gjerset et al., 1990), synthesis of immunoglobulin (Yoshida et al., 1992) and
modulation of cytokine response (Bozzola et al., 2003). Interestingly, evidence suggests
GH action on immune function is predominantly through autocrine/paracrine GH as
people with GHD do not usually present with immunodeficiency and local GH production

has been demonstrated in lymphocytes (Hattori et al., 1990).

1.5.3.4 Skeletal growth

Growth hormone directly and indirectly promotes skeletal growth through an increase
in osteoblast and chondrocyte proliferation and differentiation. This function of GH is
reflected in deficiency and excess of GH, wherein children with GHD have short stature
and decreased bone mass, adults with GHD have reduced bone mineral density and
increased prevalence of osteoporosis, whilst people with acromegaly have increased

bone turnover (Giustina et al., 2008).

1.5.3.5 Kidney

The kidney expresses growth hormone receptor in the proximal tubules and thick
ascending limb, as well as the IGF-1 receptors which are expressed primarily in the
glomerulus and the proximal and distal tubules (Hirschberg and Adler, 1998). The kidney
is the major organ involved in clearance of GH (Johnson and Maack, 1977, Cameron et
al., 1972). Growth hormone impacts renal growth and increases renal plasma flow (RPF)

and glomerular filtration rate (GFR) via IGF-1 (Christiansen et al., 1981), exemplified in
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hypopituitarism or hypophysectomy which results in reduced GFR and RPF, and decline

in kidney size (Falkheden and Wickbom, 1965).

1.5.4 Growth hormone-JAK/STAT signal transduction

The growth hormone receptor (GHR) is ubiquitously expressed in the body, in
concordance with the multiple regulatory actions of growth hormone which are exerted
mainly through modifications to gene expression. Of note, GHR is expressed in the
human kidney, primarily in the the tubulointerstitium (Fragiadaki et al., 2017, Landau et
al., 1998). The growth hormone receptor can form a circulating growth hormone binding
protein (GHBP) through proteolytic cleavage of the growth hormone receptor

extracellular domain (Leung et al., 1987, Sotiropoulos et al., 1993).

To elicit biological response, one molecule of growth hormone binds the extracellular
domain of two GHR molecules (Brookes & Waters, 2010). Growth hormone has two
receptor binding sites, a distal receptor high affinity binding site (site 1) and a low affinity
site (site 2) (Cunningham et al., 1991, Devos et al., 1992), which are allosterically coupled
(Walh S et al, PNAS 2004). Conformational change of ligand-bound, homodimerised
growth hormone receptors results in conformational change of receptor-associated
tyrosine kinases (TKs), which transphosphorylate. Activated TKs also phosphorylate
tyrosine residues in the cytoplasmic domain of the GHRs, resulting in docking sites for
the recruitment of STATs. GHRs can exert different cellular effects through different TKs
to initiate multiple signalling pathways. Binding of GH to the GHR initiates ubiquitination,
with subsequent internalisation of the complex via endocytosis and proteasome-
dependent degradation of the GHR (van Kerkhof et al., 2000), this ensures tight control
of the signalling response.
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The predominant TKs that associate with GHRs are the Janus Kinase family, particularly
JAK2. Binding and activation of JAK2 is facilitated by the proline-rich motif in the
cytoplasmic domain of the GHR termed “box 1”. On GH binding the GHR,
conformational change brings JAK2 kinase domains together in close proximity,
facilitating phosphorylation and activation of JAK2. Activated JAK2 recruits,
phosphorylates and subsequently activates signalling molecules containing SH2
domains with STATS being the most notable in mediating GH actions (Brookes & Waters,
2010). GH-induced signal transduction is strongly negatively regulated by phosphatases
and suppressors of cytokine signalling (SOCS), which are transcriptionally activated by

the pathway to ensure the signalling is transient (Figure 1.5).
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Figure 1.5 Growth hormone-induced activation of STATS5.

Growth hormone binds two growth hormone receptor (GHR) molecules which recruit
JAK2. JAK2 transphosphorylates and phosphorylates the GHR molecules. JAK2 is inhibited
by suppressors of cytokine signalling (SOCS) which can be activated by oestrogen.
Activated JAK2 recruits and phosphorylates STATs, such as STATS5, which then dimerise
and translocate to the nucleus to bind the gamma-activated sequence (GAS) in target

promoter regions for cell signalling effects such as cell proliferation.

1.5.5 Signalling in ADPKD

The GH-GHR-STATS5 pathway was found to be aberrantly activated in models of ADPKD
(Fragiadaki et al., 2017). This work provides compelling evidence for further

investigation of the involvement of this pathway as a potential therapeutic target for
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ADPKD. Selective STATS inhibition and siRNA silencing of STAT5 had no effect on
apoptosis but did show decreases in proliferation in ADPKD-derived cell lines, as well as
reduction in cyst growth when compared to control. The reduction of proliferation and
cyst growth through STATS inhibition was replicated in PKD1 null (-/-) cells, with no
effect in PKD1 wild-type (+/+) cells. These results suggest STAT5 plays a role in

proliferation but not apoptosis in ADPKD.

To investigate the involvement of STAT5S further, Fragiadaki and colleagues studied
STATS5 expression in Pkd1 null and wild-type (WT) mouse models. STAT5 was expressed
in cyst-lining epithelial cells and shown to be nuclear, indicating activation in Pkd1 null
models, but WT STATS5 expression was primarily cytoplasmic. Similarly, when comparing
transgenic GH overexpressing mice (GH'®) to WT, STATS was highly nuclear in GH® and
cytoplasmic in WT, independent of Pkd1 status. Cyclin D1, a pro-proliferative gene
known to be a transcriptional target of STAT5 (Matsumura et al., 1999), had higher
expression in GH®. A novel observation was made of significantly increased circulating
GH in ADPKD mouse models compared to WT controls. This, in combination with other
results, indicates GH-activated STAT5 transcriptionally activates cyclin D1 leading to
increased cell proliferation. Enhanced proliferation via the GH-STAT5-cyclin D1 axis was
observed in WT kidney epithelial cells but was not tested in ADPKD models, leaving this

as an area which warrants further exploration.

Patera et al., observed that JAK2 is highly expressed in the cystic epithelial cells of an
orthologous mouse model of polycystic kidney disease. Moreover, inhibition of JAK2
activity with curcumin or tofacitinib, both potent JAK inhibitors, reduces in vitro

cystogenesis (Patera et al., 2019).
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Renal hypertrophy in response to chronic, elevated growth hormone has been observed
in transgenic growth hormone overexpressing mice and in people with acromegaly.
Renal alterations are described in multiple GH'™ mouse lines including tubulointerstitial
changes, glomerular hypertrophy, and progressive glomerulosclerotic lesions leading to
renal failure (von Waldthausen et al., 2008). A novel GH'™ mouse strain optimised for
analysis of GH-mediated renal pathology was generated by von Waldthausen and
colleagues. This strain displayed structural changes in the kidney concordant with PKD
pathology such as enlarged kidneys, dilation of tubules, renal epithelial cell proliferation

and following development of fluid-filled cysts.

In patients with acromegaly, a disorder caused by pituitary adenoma resulting in
excessive growth hormone secretion, formation of cysts was associated with elevated
nadir serum GH levels (lowest level after suppression) during an oral glucose tolerance
test and excessive secretion of GH (Yamamoto et al., 2016). Taken together, these

results support the hypothesis of a role of GH in cyst development and renal alterations.

In further support of this hypothesis, sex differences have been noted in progression of
ADPKD, whereby men have earlier onset ESRD and higher mortality than women with
ADPKD (Gabow et al.,, 1992, Harris et al., 2006). Gabow and colleagues originally
proposed that this was due to sex differences in hypertension but found that
hypertension and sex independently affected disease progression. Sex steroids have
been shown to have a regulatory impact on the GH-JAK-STAT pathway. Oestrogen
inhibits JAK2 phosphorylation via stimulation of suppressor of cytokine signalling-2
(SOCS-2), which is a negative regulator of GH-activated JAK/STAT signalling. Oestrogen

administration results in elevated GH levels but reduced IGF-1 (an indicator of GH signal
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transduction). In addition, women were shown to be less responsive to treatment with
GH than men (Leung et al., 2003). Sex differences in response to GH could offer a

potential explanation for sex differences seen in ADPKD (see section 1.1.4).

In @ meta-analysis performed by Malas and colleagues, a PKD signature was created
from multiple models of PKD including animal models with an ADPKD or Autosomal
Recessive Polycystic Kidney Disease (ARPKD) mutation and from patients with ADPKD to
examine genes upregulated and downregulated in PKD (Malas et al., 2018). Interestingly
two growth hormone responsive genes were found to be downregulated in all the PKD
models tested: growth hormone inducible transmembrane protein (GHTIM) and growth
hormone regulated TBC protein 1 (GRTP1). GRTP1 is expressed most highly in the testes
and abundance increases post puberty (Lu et al., 2001). When mice were dosed with GH,
GRTP1 mRNA decreased in the kidneys (Lu et al., 2001) which is concordant with the
decrease in GRTP1 seen in the PKD signature and increased serum GH observed in the
Fragiadaki group (Malas et al., 2018, Fragiadaki et al., 2017). GHITM is a ubiquitously
expressed protein originally identified in the brown adipose tissue of mice (Li et al.,
2001). There is limited knowledge of the function of GHITM, although of note in a study
on Tilapia, miR-1338-5p-mediated inhibition of GHITM resulted in increased pituitary
release of growth hormone and with an miRNA antagomir the pituitary GH release is
reduced as well as hepatic expression of GHR1 (Qiang et al., 2017). This indicates that
GHITM plays a role in regulation of growth through GH pituitary release and GHR
expression and that in PKD downregulated GHITM could have the potential to affect
pituitary GH release as seen in this aquatic model, although this could be a species-
specific effect or mediated by different miR-1338-5p targets. Together, these data

provides a basis to further explore the involvement of GH-JAK2-STAT5 signalling in
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ADPKD pathogenesis, alongside the potential of inhibition of this pathway to delay

progression of disease.

1.5.6 Growth hormone analogues for GHR antagonism

In 1990, it was discovered that a glycine to arginine mutation in the third a-helix in low
affinity receptor binding site 2 of GH produced a dominant negative GHR antagonist with
the ability to antagonise the effects of GH signalling (Chen et al., 1990). A glycine to
arginine mutation at the 120 position in site 2 of human GH prevents activation of
dimerised GHR molecules and blocks downstream signalling to produce a GHR
antagonist effect (Figure 1.6). Disruption of the third a-helix in receptor binding site 2 of
growth hormone has been tested in other species such as the rat with a homologous
Gly118Arg mutation (Nass et al., 2000b), which was the basis for the development of
the mouse growth hormone with a Gly118Arg mutation for mouse GHR receptor

antagonism.
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Figure 1.6 Growth hormone analogue interactions with the growth hormone receptor
dimer

Wild-type growth hormone (GH) with G120 (green) binds GH receptor molecules (GHR1
and GHR2). GH containing a Gly120Arg mutation (red) in receptor binding site 2 results

in a GHR antagonist. Figure was rendered with the 3HHR pdb file.

An additional eight amino acid mutations in receptor binding site 1 (H18D, H21N, R167N,
K168A, D171S, K172R, E174S and 1179T) result in increased affinity to one GHR molecule
(Figure 1.7) (Wilkinson et al., 2016). The multi-mutation GHR antagonist is termed hGH-
m12 in our laboratory although is also known as B20, and a highly similar molecule is
termed B2036, or when modified with polyethylene glycol (PEG) to prolong its action,
Pegvisomant (Somatovert) which is currently used in the treatment of acromegaly
(Olson et al., 1997, Trainer et al., 2000, Wang et al., 2020). B2036 contains the same
eight site 1 mutations as hGH-m12 though it contains a glycine to lysine mutation at the
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120 position to llow for PEGylation as opposed to Gly120Arg. Pegvisomant binds to the
GHR dimer and triggers internalisation. However, it blocks downstream signalling
independent of receptor internalisation as the proper conformation for productive
signalling and alignment for tyrosine phosphorylation is not induced (Maamra et al.,
1999, Ross et al., 2001). When PEGylated, B20 has a circulating half-life of 15.2 hours in
mice (Wang et al., 2020). Wilkinson and colleagues developed a long-acting GHR
antagonist through fusion of the GHR antagonist molecule with the growth hormone
binding protein (GHBP) which delays clearance, requires less frequent injection, and is
more cost-effective. Fusion to the GHBP extends the terminal half-life to >20 hours and
can result in 14% reduction in IGF-1 over 7 days in rabbits (Wilkinson et al., 2016). The
hGH-m12 will be expressed and purified as a higher affinity GHR antagonist for use in in
vitro experiments. Increasing the molecular weight to delay clearance of the GHR

antagonist as described will be considered for in vivo experiments.
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H18D, H21N, R167N, K168A,
D171S, K172R, E174S, 1179T

Figure 1.7 GHR antagonist with eight amino acid mutations in site 1:

H18D, H21N, R167N, K168A, D171S, K172R, E174S and 1179T (turquoise) which increases
binding affinity of the growth hormone (GH) analogue to growth hormone receptor
molecule 2 (GHR1); site 2 mutation Gly120Arg mutation (red) which produces an
antagonist effect at growth hormone receptor molecule 2 (GHR2). Figure was rendered

with the 3HHR pdb file.

1.5.7 Growth hormone inhibition as a novel target in ADPKD

Inhibition of growth hormone signalling offers a potential therapeutic strategy in
slowing progression of ADKPD, with the opportunity to target growth hormone (i)
upstream with the use of somatostatin analogues such as Lanreotide or Octreotide, (ii)
at the receptor level with a growth hormone receptor antagonist, (iii) downstream
JAK2/STATS signalling with JAK inhibitors such as Tofacitinib or Ruxolitinib, or small

molecule STATS5 inhibitors.

Drugs used for the inhibition of growth hormone in the treatment of acromegaly,

namely growth hormone receptor antagonist such as Pegvisomant or somatostatin

60



analogues such as Octreotide are generally well-tolerated (Colao et al., 2006, Yang and
Keating, 2010). JAK inhibitors e.g. the small molecule Ruxolitinib is currently used in the
treatment of myelofibrosis and is also well-tolerated (Verstovsek et al., 2015). These

treatments offer attractive strategies for the potential treatment of ADPKD.

1.6 Hypothesis, aims and objectives

The overarching aim of this project is to investigate how stimulation and inhibition of
growth hormone signalling affects development/progression of PKD. | will evaluate the
contribution of growth hormone-JAK2/STATS signalling to PKD pathogenesis through
testing the impact of inhibition of this pathway on key pathogenic processes and
markers of progression in PKD such as proliferation and cystogenesis in in vitro and in

vivo models of disease.

| hypothesize that lowering GH-triggered signalling may reduce proliferation and thus

cystic growth in murine and human models of ADPKD.

The aims of my project are to (i) express and purify growth hormone and growth
hormone receptor antagonists and validate their ability to modulate STAT5 activity (ii)
assess the impact of stimulation and inhibition of growth hormone signalling (inhibition
at the GHR, JAK2 and STATS5 level on proliferation, cystogenesis and kidney function in
ADPKD and (iii) assess the potential therapeutic benefit of GH signalling inhibition in

murine and cellular models of ADPKD.
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Chapter 2: MATERIALS AND METHODS

2.1 General materials and reagents

Chemicals were purchased from Thermo Fisher Scientific and Sigma Aldrich, unless
stated otherwise. Deionised water (18 M Ohm, Milli-Q®) was used to prepare buffer
solutions following standard laboratory protocols. All solutions were sterilised via
autoclave or filter sterilisation using 0.22 um pore size filters (Thermo Fisher Scientific)
as appropriate. Chromatography columns were purchased from GE Healthcare Life

Sciences.

2.2 Subcloning of growth hormone analogues

2.2.1 Plasmid vectors

The pET-21a(+) plasmid vector (Novagen) was used for expression of all growth hormone
proteins, provided by Dr Sarbendra Pradhananga (Department of Infection, Immunity
and Cardiovascular Disease, University of Sheffield) (Mierendorf et al., 1998)
(Mierendorf et al., 1998) (Mierendorf et al., 1998) (Mierendorf et al., 1998) (Mierendorf
et al., 1998) (Mierendorf et al., 1998) (Mierendorf et al., 1998) (Mierendorf et al., 1998)
(Mierendorf et al., 1998) (Mierendorf et al., 1998) (Mierendorf et al., 1998) (Mierendorf
et al., 1998) (Mierendorf et al., 1998). Plasmid DNA was isolated and purified from cell

cultures with the Monarch® Plasmid Miniprep Kit (New England BioLabs®; Cat No. T1010)

62



following the provided manufacturer’s protocol, or with the ZymoPURE ® Il Plasmid
Midiprep Kit (ZYMO RESEARCH CORP; Cat No. D4200) following the centrifugation

protocol. Vector maps are provided in Appendix A.

2.2.2 Synthesis and storage of gene strands and oligonucleotides

Gene strands and oligonucleotides for PCR amplification and insertion of restriction sites
were custom synthesised by and purchased from Eurofins Genomics. Primer sequences
for site-directed mutagenesis were designed using the NEBaseChanger™ tool and
purchased from New England Biolabs. Gene strands were codon-optimised for
improved gene expression in E. coli and included a sequence encoding a C-terminus 6
histidine tag (His-tag) for ease of purification using a codon optimisation tool.
Oligonucleotides were briefly centrifuged and resuspended in TE buffer solution (10 mM
Tris pH 8.0, 0.1 mM ethylenediaminetetraacetic acid disodium adjusted to pH 8.0 with
NaOH) to help maintain a constant pH and prevent nuclease digestion or depurination.

Oligonucleotides were made up to a final concentration of 100 uM and stored at -20°C.

2.2.3 PCR amplification

DNA was PCR-amplified with oligonucleotides (Eurofins Genomics), sequences can be
found in APPENDIX D. The KAPA system Hifi Hotstart ReadyMix PCR kit (KAPABiosystems;
Cat No. KK2602) was used to set up 25 pL reactions following the manufacturer’s
protocol. Thermocycler conditions were set up according to the manufacturer’s protocol
using the Eppendorf Mastercycler personal, with the appropriate primer-dependent

annealing temperatures based on the primer melting temperature, and the extension
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time based on amplicon size. Multiple masses of template DNA were initially tested to
find the optimal mass for amplification (2-20 ng), 10 ng of template DNA was used going

forward.

2.2.4 Site-directed mutagenesis

The Q5 site-directed mutagenesis kit (New England BioLabs®; Cat No. E0554S) was used

according to the manufacturer’s protocol.

2.2.5 Restriction digest and ligation

Reactions were set up using PCR-amplified DNA and plasmid vector DNA with Kpnl (New
England BiolLabs®; Cat No. R3142) as restriction enzyme 1 (RE1) and Hindlll (New
England BiolLabs®; Cat No. R31045) as restriction enzyme 2 (RE2), with the exception of
the uncut negative control at 5 pL, then briefly centrifuged and pipette-mixed (Table
2.1). The reaction for the plasmid vector was carried out with the individual restriction
enzymes separately as single digests to confirm the activity of the individual enzymes.
Single digest reactions were incubated for 1 hr at 37°C using a heat block. Fractions of
each single digest reaction (15 uL) were combined 1:1 and an additional 1 L of each
restriction enzyme and 2 plL CutSmart buffer® (New England BioLabs®; Cat No. B7204S)
was added to aid double digest. The insert DNA negative control and double digest
reactions were set up as described in Table 2.1. The negative control and double digest
reactions were incubated for 30-60 min at 37°C. Restriction digest products were

analysed on a 1.5% agarose gel and gel extracted as described in section 2.2.6.
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Table 2.1 Restriction digest reactions

Negative control Single digests Double digest
DNA? (uL) 1 5 5 7
CutSmart buffer® (uL) - 2 2 4
RE1 (pL) - 1 - 2
RE2 (pL) - - 1 2
H,O (pL) 4 12 12 10

1 DNA concentration 50-100 ng/ uL

Ligation of restriction digested insert DNA and plasmid DNA was performed using the
New England BioLabs® Ligation protocol with T4 DNA ligase (New England BioLabs®; Cat
No. M0202) and 10X T4 DNA ligase buffer with 10 mM ATP (New England BioLabs®; Cat
No. B0202S). Reactions of 10 uL reactions were prepared as described in Table 2.2. and

transformed into chemically competent cells as described in section 2.9.

Table 2.2 Ligation reactions of insert DNA and plasmid DNA.

Negative control (L-) Ligation (L+)
Plasmid DNA (uL) 2 2
Insert DNA (pL) - 6
T4 DNA Ligase Buffer (uL) 1 1
H20 (ut) 6 -
T4 DNA Ligase (uL) 1 1
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2.2.6 DNA analysis

2.2.6.1 Qualitative analysis of DNA

Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate and analyse fragments of DNA based
on their molecular weight. Agarose gels were prepared in 1X TAE buffer (40 mM Tris-
base, 20 mM acetic acid, 1 mM EDTA pH 8.0) to a final concentration of 1.5% (w/v)
agarose, with 0.0001% Midori green (Nippon Genetics Europe; Cat No. MG04) for
visualisation. DNA samples were added to gel loading dye purple 6X (New England
BiolLabs®; Cat No. B7024S) as a 5:1 ratio. Samples were then pipette-mixed and loaded,
alongside 5 pL Quick-Load Purple 2-log DNA ladder (New England BiolLabs®; Cat No.
NO550S) or Quick-Load® 100 bp DNA Ladder (New England BioLabs®; Cat No. NO467) as
a standard reference for molecular weight. This was placed in a Cleaver Scientific
MutliSUB™ horizontal gel system containing 1X TAE buffer, connected to a BIO-RAD
Power Pac 300 set to 65 V for 1-1.5 hours until purple bands were approximately three-

quarters of the way down the gel.

DNA purification

DNA at the desired band size was extracted and purified from agarose gels using the
Monarch DNA Gel Extraction Kit (New England BioLabs®; Cat No. T1020S) following the
provided manufacturer’s protocol. The NEB PCR cleanup kit was used to purify DNA from

PCR products.
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2.2.6.2 Quantitative analysis of DNA

Concentration and purity of DNA was measured using the NanoDrop ND-100 (Thermo
Fisher Scientific). The instrument was blanked with nuclease-free water. DNA
concentration was measured at 260 nm (Az60) with the output in ng/ pL, and DNA purity
was measured as a ratio of the absorbance at 260 nm and 280 nm. A volume of 1.5 plL
was used for blanking and sample analysis. This was performed in triplicate and a mean

average was taken as the final value.

2.3 Transfection

2.3.1 Preparation of chemically competent cells

One single colony of E. coli was taken from an LB agar plate and cultured at 37°C shaking
at 180 rpm initially in 10 mL LB media with 1% glucose overnight and then into 100 mL
until reaching Asoo of 0.4-0.6, at which point the culture was placed in ice. The culture
was centrifuged for 20 minutes at 1000 xg at 4°C and the pellet was resuspended in 40
mL ice cold 100 mM calcium chloride (CaCl,) and incubated on ice for 1 hour.
Centrifugation was repeated and the pellet was gently resuspended in 6 mL ice cold 85
mM CaCl; with 15% glycerol (v/v). Cells were aliquoted into pre-chilled tubes as 300 pL

aliquots, flash frozen with liquid nitrogen and stored at -80°C.

2.3.2 Plasmid transformation into competent cells

Chemically competent E. coli cells stored at -80°C were thawed on ice. Plasmid DNA (1
pL) was added to 100 uL competent cells and was incubated on ice for 1 hour. Cell

67



aliqguots were then incubated at 42°C for 30 sec. LB media (100 uL) was added to each
cell aliguot and these were incubated at 37°C for 10 min. Cell suspensions were then
spread/streaked on to LB agar plates (prepared with vegetable tryptone) containing 100
ug/mL ampicillin and % glucose (+/- 0.1% aspartic acid) and incubated overnight at 37°C.
As a negative control for transformation, 1 uL MQ water was added to competent cells.
As a positive control for transformation, 1 pL plasmid vector containing no gene insert

was added to competent cells.

Different E. coli strains were used for different purposes. For culture of cells containing
plasmid DNA, XL1 Blue cells were used. For expression of plasmid DNA containing the

desired insert gene, BL21 (DE3) cells were used for pET21a+ plasmid DNA.

Arctic (DE3) cells were later tested for expression of WT and Gly118Arg mouse growth
hormone in an attempt to increase expression of soluble protein. Arctic (DE3) cells
underwent a similar transformation protocol in which 1 pL (~50 ng) plasmid DNA was
added to 100 pL competent cells and left on ice for 20 min. Cell aliquots were then
incubated at 42°C for 30 sec, then placed back on ice for 2 min. Cells were then

spread/streaked onto plates as described above.

2.3.3 Lipofection of plasmids into mammalian cells

Cells were reverse transfected using lipofection. Lipofectamine™ 2000 Transfection
Reagent (Thermo Fisher Scientific; Cat No. 11668019) was used according to the
manufacturer’s protocol with Opti-MEM™ Reduced Serum Medium (Gibco; Cat No.
31985062) to transfect plasmids into mammalian cells using a 4:1 lipid:DNA ratio and

for a 6 well plate 1- 1.5 pug DNA was used.
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Polyethylenimine (PEIl; PolySciences) was used for transient transfection (Delafosse et
al., 2016) of pCEP4 mGH Gly118Arg fusion plasmid into CHO cells in suspension. Sterile
neutralised linear PEI 1 mg/mL and sterile-filtered plasmid were brought to room
temperature. The 25 pL PEI was added to 250 pL 150 mM NaCl and 5 pg DNA plasmid
was added separately to 250 pL 150 mM NaCl and incubated for 5 minutes at room
temperature, these two tubes were then combined and incubated for 15 minutes before
adding to 2 x 10° cells/mL diluted in RPMI 1640 to 5 mL, then once transfected made up

to 20 mL with CHO Hyclone media for expression.

2.3.4 Lipofection of siRNA into mammalian cells

Cells were transfected with silencing RNA (siRNA) using Opti-MEM™ Reduced Serum
Medium (Gibco, Cat No. 31985062) and Lipofectamine® RNAIMAX Transfection Reagent

(Invitrogen, Cat No. 13778-075), Per well of a 6 well plate:

Table 2.3 Lipofection volumes of siRNA and reagents.

Reagent Volume
2 UM siRNA 20 pL
RNAimax 7 L
Opti-MEM 150 pL

150 uL of the lipid-DNA was pipetted dropwise onto confluent cells.
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2.4 Bacterial cell culture and protein expression

Individual colonies of BL21 (DE3) pET21a+ growth hormone (mGH-WT, mGH-Gly118Arg,
hGH-WT, hGH-Gly120Arg, hGH-m12) were selected from LB agar plates and placed in 3
mL LB media (prepared with vegetable tryptone), 100 pg/mL carbenicillin and 1%
glucose (+/- 0.1% aspartic acid). Small-scale cultures were incubated at 37°C, shaking at
180 rpm, for a minimum of 5 hours. Intermediate cultures were then prepared by
placing 3 mL of the small-scale cultures into 50-100 mL of the same non-inducing media.

Intermediate cultures were incubated at 37°C overnight, shaking at 180 rpm.

Protein expression within BL21 (DE3) cells was induced by allolactose by using auto-
induction media superbroth (FORMEDIUM™, Cat No. AIMSB01210) or autoinduction
media 2YT broth base (FORMEDIUM™, Cat No. AIM2YT0210), 100 pg/mL carbenicillin,
and 0.04% Anti-foam (Sigma-Aldrich; Cat No. A6426). This was performed either in 2 L
Pyrex baffled flasks containing 500 mL induction media at 200 rpm, or in a fermenter

system containing 3 L induction media at 300 rpm.

Large-scale preparations were initially incubated at 37°C. Absorbance at 600 nm (Asoo)
of cultures was measured to assess bacterial cell density, using the Beckman DU530 UV
spectrophotometer. This was performed at regular intervals until an Asgo reading of >
1.0 was reached, at which point the incubation temperature was reduced to 16-22°C for

BL21 (DE3) cells . Expression of the target protein was assessed using SDS-PAGE gels.

Protein expression with ArcticExpress (DE3) cells was under the same conditions, though

instead of autoinduction media the cells were cultured in LB media with subsequent

70



induction performed with Isopropyl B-D-thiogalactoside (IPTG) to a final concentration

of 1 mM when the culture reached Aso0= 0.6 to induce expression.

2.4.1 Cell harvest

Bacterial cell cultures were centrifuged at 15,000 x g for 30 min at 4°C with using the
JLA-8.1000 fixed angle rotor in the Avanti ° J-26XP centrifuge (Beckman Coulter).

Supernatant was removed and cell pellets were stored at -80°C.

2.4.2 Bacterial cell lysis

Frozen cell pellets were thawed at room temperature and resuspended in lysis buffer (5
mL lysis buffer per 1 g of cell pellet). The lysis buffer used for obtaining mouse growth
hormone consisted of 200 mM NaCl, 50 mM Tris pH 8.0, 1 mM EDTA pH 8.0, 1 mM DTT,
5% (v/v) glycerol. The lysis buffer used for obtaining human growth hormone consisted
of 500 mM NaCl, 50 mM sodium phosphate buffer pH 8.0, 5% (v/v) glycerol. Lysozyme
from chicken egg white (Sigma-Aldrich; Cat No. L6876) was added to a final
concentration of 800 ug/mL and the cell suspension was incubated at room temperature,

stirring for 0.5 - 1 hour.

The cell suspension was placed at 4°C and 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF), a serine protease inhibitor, was added to a final concentration
of 10 pg/mL. Deoxycholic acid was added to a final concentration of 500 pg/mL and the

cell suspension was incubated at 4°C, stirring for 0.5 - 1 hour.

The cell suspension was sonicated using the Soniprep 150 Plus (MSE) with 3 rounds of
10 seconds sonication with 10 second cooling intervals to homogenise the suspension

and reduce viscosity. The homogenised suspension was centrifuged at 16,000 rpm for
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30 min at 4°C to separate soluble and insoluble material. Total cell suspension (pre-
centrifuge) and the soluble supernatant fraction were analysed with SDS-PAGE to locate

desired proteins.

2.4.2.1 Inclusion body wash

In order to remove inactive, aggregated proteins known as inclusion bodies, cell pellets
were thawed and suspended in buffer (20 mM Tris pH 8, 500 mM NaCl, 1 mM DTT, 1%
Triton-X-100). Bacterial cells were lysed and homogenised through sonication using the
Soniprep 150 Plus (MSE) 3 rounds of 10 seconds sonication, 10 seconds rest. The cell
suspension was centrifuged at 25,000 x g for 10 min at 4°C using the JLA-16.250 fixed
angle rotor. Supernatant was removed and the suspension and centrifugation process
was repeated for the pellet twice to remove inclusion body aggregates. The inclusion
body wash was initially used for the WT mouse growth hormone and Gly118Arg mouse
growth hormone mutant, but was later foregone as these proteins were in inclusion

bodies.

2.4.3 Protein solubilisation through denaturation

The bacterial cell pellet was suspended in lysis buffer. To solubilise protein, deionised 8
M urea was added as a chaotropic agent to denature the insoluble protein, to a final
concentration of 4 M. Small volumes (20 pL) of concentrated sodium hydroxide were
added to increase the pH to improve solubilisation (final pH ~10.0), looking for the
suspension to go from cloudy to clear, indicating solubilisation. The suspension was
centrifuged at 20,000 x g for 10 min, solubility was confirmed through comparison of
the suspension and the supernatant on an SDS-PAGE gel. Prior to purification,
supernatant was further centrifuged at 20,000 x g for 10 min to remove cellular debris.
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2.4.4 Refolding of denatured protein

2.4.4.1 Dialysis

Cellulose dialysis membrane tubing (14,000 MWCO) was prepared by boiling in 1 mM
EDTA, pH 8.0 and 250 mM sodium hydrogen carbonate to remove preservative agents
and sulphides. The tubing was then cooled and stored in 20% ethanol. Prior to use,
tubing was rinsed in MQ water. Protein solution was loaded into dialysis tubing and
dialysed at 4°C for a minimum of 6 hours to remove urea and allow the growth hormone

to refold.

2.4.4.2 Rapid dilution
A small volume of protein solution (1 mL) was slowly added to 20 mL buffer (25 mM tris

pH 8.0, 2 mM EDTA, 5 mM DTT) while vortexing the buffer.

2.4.4.3 Refolding on the column
Reverse urea gradient with equilibration buffer containing 4 M urea and equilibration
buffer with no urea was performed during purification to gradually remove urea from

the protein and allow refolding, see section 2.6.1.

2.4.4.4 Buffer exchange using vivaspin

Protein solution containing 4 M urea was gradually buffer exchanged to reduce and
remove urea and allow refolding of the protein, the buffer used for exchange was 500
mM NaCl, 50 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT, 5% glycerol. This was
performed using a Vivaspin® 15 centrifugal concentrator with a 10,000 dalton MWCO,

centrifuged at 3,000 x g at 4°C.
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2.5 Mammalian protein expression

Using lipofection (protocol described in section 2.3.3), plasmids were transfected into
mammalian cells HEK293T cells or Chinese Hamster Ovary (CHO) cells provided by Dr lan
Wilkinson (Oncology & Metabolism department, University of Sheffield). The pCEP4
vector containing the CMV promoter and neomycin resistant region to allow for
selection containing inserted mammalian codon-optimisied mGH-WT 6xHis was
provided by Dr lan Wilkinson (Oncology & Metabolism department, University of
Sheffield). The pCEP4 vector containing 6xHis mGH-Gly118Arg or 6xHis mGH-Gly118Arg-
mGHBP fusion were subcloned using site directed mutagenesis and/or splicing by

overlap extension, described in further detail in Chapter 3.

2.6 Purification of protein

2.6.1 Immobilised metal affinity chromatography

Polyhisitidine-tagged growth hormone analogues were purified using nickel chelate
affinity chromatography. Supernatant containing soluble target proteins in lysis buffer
(500 mM NacCl, 50 mM sodium phosphate buffer, pH 8.0, 5% glycerol) was adjusted to
20 mM imidazole. The protein solution was loaded onto a nickel chelate column
(HisTrap™HP nickel chelate column, or a column prepared with nickel affinity resin)
which had been equilibrated with 10 column volumes (CV) low imidazole buffer (20 mM
imidazole, 500 mM NaCl, 50 mM sodium phosphate buffer, pH 8.0, 5% glycerol). Protein

solution was loaded onto the column at a 0.5 CV flow rate to optimise binding to nickel,
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and flow-through of the protein load was collected to retain any unbound target protein.
Weakly bound or unbound proteins were washed off the column with 10 CV low
imidazole buffer. To elute bound protein, an imidazole gradient of 20 mM — 500 mM
imidazole was used overa volume of 8 CV and eluted fractions were collected (1 CV).
The protein load, flow-through, wash and eluted fractions were analysed using SDS-

PAGE to assess location and purity of the target protein.

Initially, the low imidazole buffer and high imidazole buffers were prepared with 4 M
deionised urea to maintain solubility of mGH during purification. Refolding the protein
on the column was later tested utilising a reverse urea gradient of 4 M — 0 M urea
following the wash step with low imidazole buffer containing 4 M urea. Refolded protein
was eluted off the nickel chelate column with high imidazole buffer. The column was
then washed with 5 CV high imidazole buffer containing 4 M guanidine chloride to

solubilise and remove any insoluble target protein.

2.6.2 lon exchange chromatography

The growth hormone analogues were dialysed (section 2.4.4) in buffer (20 mM Tris
buffer, 1 mM DTT, 1 mM EDTA, 5% glycerol, 4 M urea) to reduce NaCl to < 20 mM prior
to ion exchange chromatography. Cation exchange chromatography was tested as
purification method using a HiTrap™ SP HP Sepharose column and 20 mM Tris buffer pH
6.0, however protein precipitated out of solution when reduced to pH 6.0 to run on the

column likely due to the isoelectric point of the proteins.

Anion exchange chromatography was performed with a HiTrap™ Q HP sepharose

column, this was tested as a purification method both before and after metal chelate
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affinity chromatography, and before and after removal of urea to optimise purification.
The target protein-containing solution was loaded onto a Q column which had been
equilibrated with 10 CV low salt buffer (see buffer used for dialysis, pH 8.0; presence of
4 M urea dependent on the stage the purification method was tested). Weakly bound
or unbound proteins were washed off the column with 10 CV low salt buffer. Bound
protein was eluted using a 0 mM — 1 M NaCl gradient. Refolding on the column was also
tested as described in section 2.6.1 with the appropriate buffers. Initially pH 8.0 was
used for equilibration buffer and elution buffer, but later equilibration buffer pH 8.0 and
elution buffer pH 9.0 was used, as increasing pH during elution can improve resolution.

SDS-PAGE was used to assess location and purity of the target protein.

2.6.3 Endotoxin removal

Endotoxin detection kit ToxinSensor™ Endotoxin Detection System (Genscript, Cat No.
LO0350C) was used according to the manufacturer’s protocol with a 0.1-1 EU/mL
reference scale. EU=endotoxin unit and is equivalent to approximately 0.1-0.2 ng/mL.
absorbance was measured at 545 nm (Asas) for the endotoxin standard reference scale
and the hGH analogues. The EU/mL value was determined from interpolation of the Asas

values compared to the standard curve, using GraphPad linear regression analysis.

Pierce™ High Capacity Endotoxin Removal Spin Columns, 0.5 mL (ThermoFisher, Cat No.
88274) were used according to the manufacturer’s protocol using the “spin method” to
remove endotoxin from GH protein purified from E. coli. After endotoxin removal,

endotoxin detection was performed again to assess adequate removal of endotoxin.
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2.6.4 Protein analysis

2.6.4.1 SDS-PAGE

SDS-PAGE was used to analyse the expression, solubility, and purity of proteins. Protein
samples were combined 1:1 (v/v) with loading dye (75 mM Tris-HCl pH 6.8, 0.5%
bromophenol blue, 5 mM EDTA, 1 mM DTT, 0.2% SDS, 2.5% glycerol). Samples were
incubated for 3-5 minutes at 90°C to denature proteins for band separation. Denatured
samples were allowed to cool and then loaded onto 10 % SDS-PA gels, alongside the 10-
250 kDa Precision Protein Plus™ ladder (Bio-Rad; Cat No. 1610373) as a standard for
molecular weight. The resolving fraction of the gel was prepared with 100 mM Tris pH
8.3, 100 mM bicine, 40 uM EDTA, 0.1% SDS, 0.05% (w/v) ammonium persulphate (APS),
polyacrylamide and 0.16% N,N,N’,N’-tetramethylethylenediamine (TEMED). The
stacking fraction of the gel was prepared in 10% acrylamide, 0.1% SDS, 0.05% (w/v) APS,

125 mM Tris/HCl pH 6.9, 0.33% TEMED.

Gels were run in SDS running buffer (100 mM Tris, 100 mM bicine pH 8.3, 200 uM EDTA,
0.1% SDS) at a constant current of 35 mA per gel for approximately 30 minutes. Gels
were stained and proteins were fixed in a solution of 2 mg/mL Coomassie Brilliant Blue,
40% methanol and 10% acetic acid to visualise separated protein bands. Gels were
destained in 20% methanol, 10% glacial acetic acid solution until stain was removed
from the background of the gel to a sufficient level that protein bands were clearly
visible. Imaging of gels was carried out using the BIO-RAD Gel Doc™ EZ Imager and Image

Lab™ software.
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2.6.4.2 Mass spectrometry

Proteins that were visually determined to be >90% pure from SDS-PAGE gels were
analysed with matrix-assisted laser desorption/ionisation-time of flight (MALDI-TOF)
mass spectrometry to confirm their molecular weight. Mass spectrometry was
performed by the Facility of Mass Spectrometry, Department of Chemistry, University

of Sheffield.

2.6.4.3 Spectrophotometry

The NanoDrop ND-100 (Thermo Fisher Scientific) was blanked with nuclease-free water.
Protein concentration was measured as absorbance at 280 nm (Azso). A volume of 1.5
puL was used for blanking and sample analysis. This was performed in triplicate and a
mean average was taken as the final value. Protein concentration was determined from
the mean Aygo value, the protein’s Mw, and its molar extinction coefficient (M1cm™)

(APPENDIX C).

2.6.4.4 Bradford assay

The Bradford assay was used to confirm concentration of proteins. A standard curve was
prepared with bovine serum albumin (BSA) diluted 1:10 in Bradford protein assay dye
(Bio-Rad; Cat No. 500-006) and absorbance at 595 nm (Asss) was measured with the
Biospectrometer. A serial dilution of protein solution was prepared and measured at
Asos Protein sample Asgs was compared to the standard curve to determine the protein

concentration.
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2.6.5 Protein concentration and storage

Proteins that were deemed >95% pure from visual assessment of SDS-PAGE gels were
buffer exchanged to remove elution buffer and replace it with 1X phosphate buffered
saline (PBS) using dialysis and Vivaspin® as described in section 2.4.4.4. Protein was
concentrated to 0.5-1 mL using a Vivaspin® 2 centrifugal concentrator with a 10,000
dalton MWCO, centrifuged at 3,000 x g at 4°C. The concentrated protein suspension in
PBS was collected into the concentrator’s recovery cap through inverting the
concentrator during centrifugation. Concentration of the protein was determined as
described in section 2.6.4.4. Concentrated, purified protein was stored at -20°C in 50%

(v/v) glycerol as a cryoprotectant.

2.7 Mammalian cell culture

PKD-derived human kidney epithelial cells (0X161 clone 1 (OX161cl1) and SKI-001),
HEK293-GHR, murine F1 Pkd1 WT, F1 Pkd1 KO, MEK Pkd1 WT or MEK Pkd1 KO cells were
thawed and cultured in HyClone™ Dulbecco's High Glucose Modified Eagles Medium F12
1:1 (GE Healthcare; Cat No. SH30023.01) containing 10 % foetal bovine serum (FBS;
Sigma, Cat No. F4135) at 33°C and 5% CO,. 0X161c1 and SKI-001 cells were maintained
in T75 flasks and passaged when >90% confluent using trypsin-EDTA (Gibco; Cat No.

11590626). Cells were passaged a maximum of 15 times.

Wild-type renal epithelial cells had been previously isolated from kidney papillae of

Pkd1fl/fl mouse (B6.129S4-Pkd1tm2Ggg/J), identified as F1 Pkd1 WT cells. The cells were
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previously immortalised using mTert expressing lentiviral vector VVPW/mTert. Cells had
the Pkd1l gene deleted using VIRHD/HY/SilntB1/2363 lentivector and hydromycin
selection, identified as F1 Pkd1 KO cells (Lee et al., 2015). Mouse embryonic kidney (MEK)
cells are conditionally immortalised renal epithelial cells isolated from E15.5 WT and
Pkd1"/" kidneys (Li et al., 2005), identified as MEK Pkdl WT and MEK Pkd1l KO,

respectively. These cells were used from passage 10.

Conditionally immortalised renal tubular epithelial cells SKI-001 and OX161 are cells
isolated from human kidneys from people with ADPKD(Parker et al., 2007). These cells
contain PKD1 mutations and were previously immortalised by transduction with a
retroviral vector with defective replication that contains a temperature-sensitive large
T antigen and the catalytic subunit of human telomerase (hTert) (O'Hare et al., 2001).

SKI-001 were used from passage 21 and OX161c1 from passage 16.

HEK293 overexpressing full-length human growth hormone receptor (HEK293-GHR)
used for validation of human growth hormone analogues were provided by Dr lan
Wilkinson (Department of Oncology and Metabolism, University of Sheffield). HEK293
had undergone stable transfection with pcDNA1 plasmid containing the full-length

human growth hormone receptor sequence. HEK293-GHR were used from passage 12.

2.7.1 Hormone/drug treatment of cells

0X161cl and SKI-001 cells were seeded into 6 or 12 well plates and incubated at 33°C
until confluent. In some cases, prior to stimulation, media containing FBS was washed
with 1X PBS and replaced with the serum-free media to serum starve the cells overnight.

The following controls, GH analogues or inhibitors were added and incubated at 33°C:
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vehicle (negative control), 100-500 ng/mL human growth hormone (hGH) (recombinant
or commercial (R&D systems, Cat No. 1067-GH-025) , 0.1-5 pg/mL laboratory-purified
Gly120Arg mutant hGH (hGH-Gly120Arg/hGH-m12), 10 ng/mL Oncostatin-M (OSM), 1
ug/mL mouse growth hormone (mGH) (recombinant or commercial (GeneTex, Cat No.
GTX65343-pro), 0.1-10 uM. OSM was used as a positive control for activation of the JAK-
STAT pathway. Media containing vehicle/stimulants/inhibitors was removed and the
cells were washed twice with 1X TBS (20 mM Tris-HCl pH 7.6, 18 mM NaCl). Lysis buffer
(50 mM Tris-HCl pH 7.4, 250 mM NaCl, 5 mM EDTA, 0.3% Triton X-100, cOmplete™ mini
protease inhibitor cocktail (Merck, Cat No. 11836153001), and phosphatase inhibitor
PhosSTOP™ (Sigma-Aldrich, Cat No. 4906845001) was added 80-200 pL/well to cells for
immunoblotting. Stimulated cells for RNA extraction had 800 pL/well of TRIzol™ reagent

(Invitrogen; Cat No. 15596026) added. Cells were then scraped and stored at -20°C.

2.8 Western blot

Stimulated eukaryotic cell lysates were sonicated as described in section 2.4.2. Cell
lysates or supernatant were then combined 1:1 with 2X Laemmli sample buffer (125 mM
Tris-HCI pH 6.8, 20 % glycerol, 4% SDS, 0.005% BB dye, 5% B-mercaptoethanol). SDS-
PAGE was performed similarly to the method described in section 2.6.4.1, in some cases
precast 15-well 4-20% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad; Cat No.
4561096) were used and the gel was run at 80 V for 10 minutes then 95 V for 70 minutes.
The gel was disassembled, excess gel was trimmed and transfer was performed using
either (i) wet transfer using nitrocellulose blotting membrane and transfer papersin 1 X

transfer buffer (200 mM Tris, 250 mM glycine, 0.04% SDS) at 80 V for 80 minutes, or (ii)
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semi-dry transfer using the Bio-Rad Trans-blot Turbo Transfer system at 25V 2.5 A for 7

minutes with the Trans-Blot Turbo Transfer pack (Bio-Rad, mini Cat No. 1704157; midi

Cat No. 1704158). The membrane was washed in 1X TBST (1X TBS, 0.1% Tween-20) and

blocked in 1X TBST containing 5% skimmed milk powder (w/v) for 30 minutes.

Membranes were incubated overnight at 4°C on a tube roller in the following primary

antibodies diluted in TBST containing 5% BSA (w/v):

Table 2.4 Primary antibodies used to probe antigen proteins in western blots

Cat No. sc-130554

Antigen Host Manufacturer Dilution Mw (kDa)
Phosphotyrosine | Rabbit Cell Signalling Technology | 1:1000 90
(Y694) STATS Cat No. 9314S
B-actin Mouse abcam 1:2000 42
PCNA Mouse Cell Signalling Technology | 1:2000 36
Cat No. 25865
6xHistidine Mouse NA —aliquot supplied 1:1000 NA
STATS Rabbit Cell Signalling Technology | 1:1000 90
Cat No. 25656
GHR Mouse Santa Cruz Biotechnology | 1:500 110, 140*
Cat No. sc-137185
Polycystin 1 Rabbit Abcam 1:500 450
Cat No. ab203240
Mouse Santa Cruz Biotechnology | 1:500

*110 kDa for the GHR precursor and 140 kDa for the glycosylated mature GHR
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Membranes were divided according to expected band size of the primary antibody. The
membrane was washed in 1X TBST and probed with the following secondary antibodies

diluted 1:10,000 in TBST containing 5% skimmed milk powder (w/v):

Table 2.5 Secondary antibodies used in western blots

Secondary Antibody Manufacturer

Goat, anti-mouse IgG1, human ads-HRP Dako

Cat No. P0447

Goat, anti-rabbit 1gG (H+L) mouse/human ads- | Dako

HRP Cat No. P0448

Bands were visualised using ECL western blotting reagents (Cytiva, Cat No. RPN2106)

and with the Bio-RAD Chemidoc™ XRS+ Molecular Imager® and Image Lab™ software.

2.9 Luciferase Assay

2.9.1.1 Transfection of plasmids
STAT5RE-luc-LHRR plasmid and Renilla plasmids were reverse transfected into cells

using lipofection (section 2.3.3).

2.9.1.2 Cell stimulation and dual luciferase assay
Cells were serum starved for 4 hours then stimulated with 100 ng/mL hGH-WT and 500

ng/mL hGH-m12. After 4 hours the cells were lysed and buffers from the Dual-
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Luciferase® Assay System kit (Promega; Cat No. E1910) were added according to the
manufacturer’s protocol. Plates were read using the Fusion plate reader and Skanlt

software.
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Figure 2.1 Dual luciferase assay for measurement of STAT5 transcriptional activity

Cells were transfected or cotransfected with plasmids containing STAT5 Firefly luciferase
or thymidine kinase (TK) Renilla luciferase, seeded onto a 96 well plate and incubated
overnight. Cells were then stimulated as untreated controls, with growth hormone (GH)
ore growth hormone signalling inhibitors and incubated for 4 hours. Luciferase substrates

were added and signal was measured.
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2.10 Real-time PCR

2.10.1 RNA extraction

RNA was extracted from cells adapted from the TRIzol™ Reagent User Guide protocol.
Media was removed from confluent cells and TRIzol™ reagent (Invitrogen, Cat No.
15596026) or QlAzol™ lysis reagent (Qiagen, Cat No. 79306) was added, using 400-500
pL of reagent per well of a 6 well plate. Cell were incubated with the lysis reagent for 10
minutes, pipette-mixing to homogenise. Chloroform was added using 0.2 mL chloroform
per 1 mL lysis reagent, and vortexed for 15 seconds, then incubated for 2 minutes. Prior
to centrifugation samples were briefly vortexed, then centrifuged for 15 minutes at
12,000 xg 4°C to separate organic and aqueous phases. The aqueous clear top layer
containing RNA was transferred into a new tube and 0.5 mL per 1 mL lysis reagent was
added, then incubated for 10 minutes. Samples were then centrifuged for 10-12 minutes
at 12,000 x g 4°C allowing RNA to precipitate a pellet at the bottom of the tube.
Supernatant was removed and the RNA was resuspended in 1 mL 75 % ethanol per 1 mL
lysis reagent and mixed by briefly vortexing. Samples were centrifuged for 5 minutes at
7,500 x g 4°C and the supernatant was discarded. The samples were then incubated 2-5
minutes with the tube lid open to allow the ethanol to evaporate but ensuring the
sample did not dry out. The pellet was resuspended in 20-40 uL nuclease free water and
incubated for 10 minutes at 55°C. RNA was quantified using the NanoDrop as described

in section 2.2.7. RNA was stored at -80°C.

In some cases RNA extraction was performed using an RNA extraction kit (Qiagen, Cat

no. 217084) following the manufacture’s protocol.
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2.10.2 cDNA synthesis

The iScript™ cDNA Synthesis Kit was used to synthesis cDNA from RNA according to the

manufacturers protocol.

2.10.3 RT-PCR

Performed according to the SsoAdvanced™ Univerasl SYBR® Green Supermix Instruction

Manual with appropriate primers. The cDNA was diluted in nuclease free water 1:500.

Thermocyling condition using the BioRad qPCR machine and primers used for the Real-
Time Polymerase Chain Reaction (RT-PCR) are described below. The threshold values
were used to determine Delta-Delta Ct value and fold change to assess differential gene

expression.

Table 2.6 Thermocycling conditions for Real-Time PCR

Stage Temp. Time
Initiation 95.0°C 3 min
40 X

Denaturation 95.0°C 30 sec
Annealing Tm-=5°C 30 sec
Melt Curve 65.0°C 5 sec

Tm = Melting temperature of the primers
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Table 2.7 Primers for target genes used in RT-PCR

Gene Forward primer Reverse Primer

Beta actin ATCATTGCTCCTCCTGAGCG GACAGCGAGGCCAGGATG
Hs CCND1 ATGAACTACCTGGACCGCTT TTCATTGAAATCGTGCGGGG
(Cyclin D1)

Hs IGF-1 CATGTCCTCCTCGCATCTCT GGTGCGCAATACATCTCCAG
(Insulin-like growth

factor 1)

Hs GHR GCCCTGATTATGTTTCTGCTGG ATCCACTGTACCACCATTGC
(Growth hormone

receptor)

Hs STAT5b GCGTTATATGGCCAGCATTT TGGGTAGCCTTAATGTTCTC

2.11 Flow cytometry

Flow cytometry was used to assess proliferation of cells. Cells were grown to confluence,
washed twice with 1X PBS, and detached using Accutase® Cell Detachment Solution
(BioLegend, Cat No. 423201) at room temperature. Cells were centrifuged at 3000 rpm
for 5 minutes to form a pellet and resuspended in PBS with 5% FBS to wash the Accutase
from the cells. Cells were centrifuged again and fixed in ice cold methanol for 30 minutes

at —20°C. Cells were centrifuged and washed twice in PBS with 5% FBS.

Propidum iodide/RNase (Cell Signalling Technology, Cat No. 4087s) was used for cell

cycle analysis as a neat solution by resuspending the cells and incubating at room
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temperature in the dark for a minimum of 30 minutes. Cell cycle analysis was performed
by assessing the single cell population in the forward scatter (FSC) and side scatter (SSC)
graph, gated and read using Blue 660/20 area and width. Cell cycle was analysed in
FlowJo software. Proliferative cells were assessed using the Pacific Blue-conjugated
phosphoserine Histone 3 (PH3) antibody (Cell Signalling Technology, Cat No. 8552S)
which is marker of mitosis. After fixation and washing, cells were resuspended in 100 uL
PH3 antibody diluted 1:50 in PBS with 0.5% BSA and 0.25% Triton-X-100, incubated for
a minimum of 1 hour at room temperature in the dark. Cells were centrifuged and
washed with PBS, then pelleted and resuspended in 500 pL PBS to read using Violet
450/50 area and width. PH3 negative cells were determined using an IgG control to gate

the negative cells.

2.12 Cyst assay

Cystic cell lines (0OX161c1, SKI-001, F1 Pkd1 KO, F1 Pkd1 WT) were cultured as previously
described and either not transfected or transfected with an siRNA control (Non-
targeting (NT), GHR siRNA or STAT5AB siRNA). Cells were detached using trypsin-EDTA
and diluted to a concentration of 2 x 10* cells/mL. Matrigel (Corning, Cat No. 354234)
was thawed at 4°C and kept on ice until seeding to maintain the Matrigel as a liquid, 20
ng/mL EGF (Thermo Fisher Scientific, Cat No. 13247-051) and 200 ng/mL IFNa (mouse:
pbl assay science, Cat No. 12100-1; human: pbl assay science, Cat No. 11100-1) was
added and the Matrigel was placed into a 96 well plate. Cells were seeded onto the 96

well plate with Matrigel as a 1:1 ratio, and the plate was subsequently incubated at
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either 33°C or 37°C for 30 minutes to allow the Matrigel to polymerise. Media containing
vehicle negative control (DMSO), growth hormone, growth hormone antagonist or
Ruxolitinib was added to the 96 well plate. Images were taken using brightfield
microscopy periodically and media containing stimulant/inhibitors was replaced every 3
days, for 9-12 days. One biological replicate of the SKI-001 and 0OX161c1 cyst assay was
blinded, wherein | prepared the drug treatments and a laboratory member Areej
Alahmadi placed the treatments in separate tubes with numbers that were then given
back to me to apply to the cysts, the key to the number and drug treatments was

provided to me after cyst analysis was complete.

Analysis of cyst size and growth was performed using Imagel software. From multiple
photos (minimum 3 separate fields) of the whole well with a z-stack, images of cysts
were selected randomly from each well. The diameter of cysts was measured. With a
minimum of 20 cysts measured per condition. Cysts were excluded if they were
aggregated or in clusters contacting other cysts, or if the cysts were out of focus to an

extent the diameter could not accurately be measured.

2.13 Animals

Male and female Pkdi™™ mice with an intronic neomycin-selectable marker from a
C57BL/6J background (Happe et al., 2013), or wild type littermate controls were dosed
using intraperitoneal (IP) injection with from 4 weeks of age to 6 weeks of age
1mg/kg/day of the somatostatin analogue Octreotide in saline (Sigma, Cat No. 01014),

or from 6 weeks of age to 8 weeks of age with 50 mg/kg/day of Ruxolitinib (ApexBio, Cat
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No. A3012) solubilised DMSO (Thermo Fisher Scientific, Cat No. 85190) or vehicle
controls at an equal volume (saline, or DMSO with saline, respectively). IP injections
were performed on alternating sides to avoid injection site irritation. All mouse

experiments were done under the authority of a U.K. Home Office license.

Mice were sacrificed at 6 or 8 weeks old and serum and tissues (liver, spleen, kidney)
were collected. Cardiac puncture for collection of blood was performed by Carl Wright
(Department of Infection, Immunity and Cardiovascular Disease, University of Sheffield).
Blood samples were incubated at room temperature for a minimum of 1 hour and then
centrifuged at 10,000 rpm for 5 minutes to separate the serum, which was collected and
placed into a new tube. Serum aliquots were snap-frozen in liquid nitrogen and stored
at -80°C. Liver, spleen and one half of the left kidney were formalin fixed overnight and
placed in PBS for use in histology. The other half of the left kidney and hemisected right
kidney was snap-frozen in liquid nitrogen for storage at -80°C to allow for protein or RNA

analysis.

Power calculations were performed using https://clincalc.com/stats/samplesize.aspx

comparing two independent study groups with continuous data. For the Ruxolitinib
study power calculations were based on the BUN values between treatment groups of
Pkd1"/"" mice and for Octreotide the power calculations were based on fibrotic index

values between treatment groups of Pkd1"/" mice.

2.13.1 Genotyping

Genotyping to determine the Pkd1 status of the mice was performed using ear clips by

Monica Neilan (Department of Infection, Immunity and Cardiovascular Disease,
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University of Sheffield). Mice that were either Pkd1 /™' or WT, determined by agarose

gel electrophoresis, were used in experiments.

2.14 Serum analysis

2.14.1 Blood urea nitrogen

The levels of blood urea nitrogen (BUN) in the serum were determined by analysis

performed by Emilia Bettell (Sheffield Children’s NHS Foundation Trust).

2.14.2 Growth hormone and IGF-1 ELISA

Growth hormone ELISA or IGF-1 ELISA was used to determine the circulating levels of
these biological molecules in the mouse serum. The Rat/Mouse GH ELISA kit (Merck, Cat
No. EZRMGH-45K) was used to determine serum growth hormone levels following the
manufacturers protocol. Two serum samples were selected for a test run of each ELISA

to determine the appropriate serum dilution.

2.15 Histology

Formalin-fixed tissues were paraffin embedded, cut and sections placed onto slides by
Fiona Wright (Department of Infection, Immunity and Cardiovascular Disease, University
of Sheffield). Dewaxing to remove paraffin prior to histological staining was performed

by placing the slides in xylene for 5 minutes twice, then into high alcohol of 99% IMS

91



twice for 30 seconds, and gradually lowering the alcohol by moving the slides into 95%
IMS for 30 seconds and finally 70% IMS. Slides were then rinsed with tap water, making
sure the water stream did not make direct contact with the tissue on the slides in order
to preserve the tissue. After histological staining, slides were rinsed in tap water and a
dehydration protocol was performed in which the slides were placed in 70% IMS for 30
seconds, then 95% IMS for 30 seconds, followed by 99% IMS twice for 30 seconds and
finally xylene twice for 2 minutes. Slides were mounted and sealed with a coverslip using

DPX mountant for histology (Sigma-Aldrich, Cat No. 06522).

2.15.1 Haematoxylin and Eosin staining

Haematoxylin and Eosin (H&E) staining was performed to aid in visualising the cysts of
the kidney. After dewaxing, slides were placed in haematoxylin reagent to stain nuclei
and rinsed with tap water to remove excess stain. Slides were then placed in 0.3% acid-
alcohol (v/v) (1.2 mL concentrated hydrochloric acid, 120 mL distilled water, 280 mL
ethanol) for 1-2 seconds, rinsed in tap water, Scott’s tap water substitute (24 mM
sodium hydrogen carbonate, 166. mM magnesium sulphate) and rinsed in tap water

again. Finally, tissues were stained with eosin for 2 minutes, before rinsing with water.

2.15.2 Picrosirius Red staining

Picrosirius red (PSR) staining was performed to allow for visualisation of collagens to
assess fibrosis. Slides were dewaxed and hydrated as described, then nuclei were
stained with Weigert’s iron haematoxylin (1 g haematoxylin into 100 mL 95% ethanol
combined with 2.5 g ferric chloride, 4.5 g ferric sulphate, 2 mL concentrated hydrochloric

acid, and 298 mL distilled water) for 8 minutes, then washed with running tap water for

92



10 minutes. Tissue was then stained in picrosiurus red (Siurus red (Sigma, Cat No.
365548) with 1.3% picric acid solution) for 1 hour. Slides were washed twice with
acidified water (5 mL glacial acetic acid in 1 L distilled water) then dehydrated as

described.

2.15.3 Immunohistochemistry

Immunohistochemistry was used to visualise specific antigen targets within the tissue.
After dewaxing and hydrating, heat-induced epitope retrieval was performed using
antigen retrieval buffer (2.9 g trisodium citrate buffer, pH 6.0 and 1 mL Tween-20in 1L
distilled water) and exposing the slides to 5-6 rounds of 3 minutesin a 850 W microwave,
ensuring that the slides were covered with buffer. Slides were then placed under
running cold water for approximately 5 minutes before circling the tissue with a wax pen.
Tissues were placed in a blocking buffer of 3% milk in 1x TBST for 30 minutes then
washed twice with 1x TBST. Slides were probed with the following primary antibody in

a humidified environment overnight at 4°C:
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Table 2.6 Primary antibodies used for immunohistochemistry

Antigen Host Manufacturer Dilution

Mouse IgG Mouse Millipore 1:500

Cat No. CS200621

Rabbit IgG Rabbit Merck 1:500

Cat No. CS200621

GHR Mouse Santa Cruz Biotechnology 1:100

Cat No. sc-137185

Aquaporin 1 Rabbit Santa Cruz Biotechnology 1:10-1:50

Cat No. sc-20810

Aquaporin 2 Goat Santa Cruz Biotechnology 1:50

Cat No. sc-9882

THP Goat Santa Cruz Biotechnology 1:100

Cat No. sc-19554

Slides were washed twice in TBST and secondary antibody was applied at 1:200 dilution
in 3% BSA in 1xTBST: Alexa fluor 488 goat anti-mouse IgG (Cell Signalling Technology,
Cat No. 4408S), Alexa fluor 568 goat anti-rabbit IgG (Invitrogen, Cat No. A11036) and an
aliquot provided of Alexa fluor 584 anti-goat IgG. Slides were incubated in a humidified
chamber at room temperature for 4- 5 hours. When multiplexing, the second primary
antibody would be added after the secondary antibody for the first primary antibody
was applied. The nuclear far-red fluorescent stain TO-PRO was added at a dilution of
1:20in 3% BSA for 30 minutes at room temperature in a humidified chamber and slides
were sealed with a coverslip and mounted with Prolong™ Diamond Antifade Mountant.
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2.16 Cystic index

Cystic index analysis was performed using H&E-stained kidneys that had been imaged
with brightfield microscopy, either with the Zeiss or Leica microscopes. ImagelJ software
was used to analyse the kidneys wherein the image type was changed to 8-bit to provide
a black and white image, and threshold was performed with Li B&W settings. The scale
was set using the scale bar burned into the image when exporting from the microscope
software. Cysts were measured by using the analyse particles function in ImagelJ, with a
minimum size of 5000 to avoid non-cystic hole being included. The outline image
provided of the automatically measured cysts was compared to the original image to
ensure that the output was accurately picking up on cysts and not non-cystic holes. The
cyst output was totalled and normalised to the entire kidney size measure in Imagel to

provide the cystic index.

2.17 Fibrotic index

Fibrotic index of the kidneys were assessed using PSR stained kidneys. For the Octreotide
in vivo study the fibrotic index was determined using ImageJ from brightfield images
taken with the Zeiss microscope. The colour channels were split to give the red staining
and thresholding was used to assess and quantify the red-stained collagen. For the

Ruxolitinib study | had access to the Leica microscope with polarised light function,
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which allowed for the collagen stain of the PSR stained kidneys to be imaged with
polarised light. Image) was used to quantify the polarised light corresponding to the

collagen fibres.

2.18 Statistical Analysis

Statistical power

Statistical analysis was performed in GraphPad Prism. When comparing two groups the
non-parametric Mann-Whitney test was used. When comparing multiple groups with
one independent variable a one-way ANOVA with Bonferroni correction was used for
multiple comparisons. Comparison of multiple groups with two independent variables
was performed using a two-way ANOVA with Bonferroni correction for multiple

comparisons.

Table 2.8 Statistical annotation denoting significance

Annotation P value

ns Not significant, p>0.05
* p<0.05

** p<0.01

*okx p<0.001

*oAkk p<0.0001
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Chapter 3: Expression, purification, and validation of

bioactive recombinant growth hormone analogues

3.1 Introduction

This chapter will describe the subcloning, expression and purification of human and
mouse growth hormone and mutant growth hormone analogues that act as a
competitive inhibitor at the growth hormone receptor (GHR), thus inhibiting growth
hormone signalling. This chapter will also detail the validation of the bioactivity of
growth hormone and validation of the GHR antagonists (GHA) to inhibit growth

hormone signalling.

A glycine to arginine mutation in the third a-helix of receptor binding site 2 of growth
hormone produces a dominant negative GHR antagonist (Chen et al., 1990, Chen et al.,
1994). The hGH-GIy120Arg GHA can bind to constitutive GHR dimers and promote
internalisation however, it is unable to induce productive receptor conformational
change and alignment for tyrosine phosphorylation, blocking GHR-mediated JAK2-
STATS signalling independent of receptor internalisation (Harding et al., 1996, Maamra

et al., 1999)

3.1.1 Aims

The purpose of the experiments in this chapter was to produce functional growth

hormone analogues to take forward into in vitro and in vivo experiments to investigate
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the effects of stimulation and inhibition of growth hormone signalling within the context

of ADPKD.

The following growth hormone analogues were produced: human growth hormone
wild-type (hGH-WT), human growth hormone receptor antagonists (hGH-Gly120Arg and
hGH-m12), mouse growth hormone wild-type (mGH-WT), mouse growth hormone
receptor antagonist (mGH-Gly118Arg) and mouse growth hormone fused to mouse

growth hormone binding protein (mGH-Gly118Arg fusion protein).

3.2 Expression and purification of human growth hormone

analogues from E. coli

The hGH-WT, hGH-Gly120Arg and hGH-m12 analogues had been previously cloned into
the pET21a+ vector in which expression of an inserted gene is regulated by the upstream
T7lac promoter and induced with the addition of lactose or IPTG. The clones had been
codon optimised for expression in E. coli. These plasmids were provided by provided by
Dr Sarbendra Pradhananga (Department of Infection, Immunity and Cardiovascular
Disease, University of Sheffield). DNA sequencing analysis was performed to confirm the
identity and accuracy of each target sequence from the provided plasmids (see

APPENDIX B for sequences).

The hGH analogues were then transformed into BL21(DE3) chemically competent E. coli
which carry an inducible gene for T7 RNA polymerase. For expression, superbroth (SB)

autoinduction media was used based on the small-scale testing performed with BL21
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(DE3) pET21a+ mouse growth hormone (section 3.4.1). The basis for the use of
autoinduction media is that glucose is the preferred carbon source and will be
preferentially used over lactose, thus when glucose is present it prevents induction by
lactose in the log-growth phase. As glucose depletes, there is a natural shift to lactose
consumption as a source of carbon and lactose is imported into the cells, as this process

is dependent on growth of the bacteria, it is referred to as autoinduction (Studier, 2005).

For large scale expression BL21 (DE3) pET21a+ hGH analogues were grown in LB media
prior to induction of expression to increase bacterial cell density. Expression of hGH

analogues SB autoinduction media, with uninduced control cultures grown in LB media.

Samples were taken from the induced cultures (1) and compared to uninduced controls
(U.L.) using SDS-PAGE gels stained with Coomassie to reveal the protein content. A band
of the expected molecular weight for hGH (22kDa) is strongly visible in induced cultures
for the hGH-WT, hGH-Gly120Arg and hGH-m12, indicating successful expression of the
target proteins (Figure 3.1 A-C). Protein was extracted from the harvested cells through
lysis and washing steps for partial removal of contaminants. Solubility of the hGH
proteins was determined by comparing the total suspension of bacterial lysate (soluble
and insoluble fractions) to the supernatant of the bacterial lysate (soluble fraction). A
strongly visible 22 kDa band was observed in the bacterial lysate supernatant which

suggests solubility of the hGH analogues (Figure 3.1 D-F).
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Figure 3.1 Expression and solubility of human growth hormone in BL21 (DE3) E. coli
cells.

WT (A), Gly120Arg (B), or m12 (C) human growth hormone-transformed bacterial cell
lysates of control uninduced (Ul) cells were compared to cells that were induced for
expression (1). A 22 kDa band is seen in induced lysates which is not present in uninduced
lysates, demonstrating successful expression of hGH analogues. WT (D) or Gly120Arg (E)
and m12 (F) human growth hormone total cell lysate suspension (TS) was compared with
supernatant (S/N) to assess solubility. hGH-WT, hGH-Gly120Arg and hGH-m12 are
present in the soluble fraction. The dotted line denotes removal of unrelated lanes from
the image on the gel to place the relevant lanes next to the Mw ladder. Run on an SDS-

PAGE (10%) visualised with Coomassie stain.
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Preliminary analysis of the protein sequence was performed by entering the amino acid
sequence of the hGH analogues into the ExPASy Protparam tool which predicts physico-
chemical properties based on the amino acid sequence and provided a theoretical
isoelectric point (pl) (APPENDIX C). This analysis informed appropriate pH for
subsequent protein purification by ion exchange chromatography, as well as a more
precise molecular weight estimated from the amino acid sequence to compare with the

mass spectrometry molecular weight results.

Next, the soluble fractions of bacterial cell lysates containing hGH-WT, -Gly120Arg and -
m12 were purified to remove contaminants. The hGH analogues are all polyhisitine-
tagged thus nickel chelate chromatography was performed as a purification step. Each
hGH-containing protein solution was loaded onto separate nickel chelate columns, flow-
through was collected in case any target protein did not bind to the column. Columns
were washed to remove any weakly bound proteins and remaining protein was eluted
on an increasing imidazole gradient (50 mM-500 mM). To detect the location and purity
of hGH, the protein load, flow-through, wash and eluted fractions were analysed using
a Coomassie-stained SDS-PAGE gel. Imidazole concentrations of approximately 50 — 200
mM were capable of eluting hGH-WT, hGH-Gly120Arg and hGH-m12 from the nickel
beads (Figure 3.3), observed as 22 kDa bands on the Coomassie-stained gel. Eluted
fractions containing hGH (WT fractions 1-4; Gly120Arg fractions 1-7; m12 fractions 1-4)

were pooled, concentrated, and stored in 1XPBS with ~50% glycerol as a cryoprotectant.
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Figure 3.2 Purification of human growth hormone using nickel chelate affinity
chromatography.

Purification of hGH-WT (A), hGH-Gly120Arg (B) and hGH-m12 (C) His-tagged human
growth hormone in which L is the protein was loaded onto the column; FT, flow-through
of protein from load; W, protein eluted with low imidazole buffer wash; Eluted fractions,
fractions of protein eluted with a 20 mM — 500 mM imidazole gradient. Run on an SDS-

PAGE (10%) visualised with Coomassie stain.
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Endotoxin levels of the hGH analogues was measured to ensure they were at a
reasonably low level to limit cytotoxicity for in vitro experiments using mammalian cells.
Although there is not a consensus of a defined acceptable endotoxin level when it comes
to in vitro applications, the FDA states an acceptable endotoxin level is <0.5 endotoxin
units (EU)/mL so this was used as a rough guideline. Endotoxin levels were initially
measured at 0.66 EU/mL for hGH-WT, 0.86 EU/mL for hGH-m12 and 0.88 EU/mL for
hGH-GIly120Arg, these were later reanalysed after an endotoxin removal step was

performed.

The endotoxin levels for the hGH solutions carried forward were 0.22 for hGH-WT, 0.39
for hGH-m12, and 0.29 EU/mL for hGH-Gly120Arg. As these values were <0.5 Eu/mL they
were considered satisfactory for in vitro experiments. The endotoxin levels between the
different GH preparations are comparable, hence cellular responses after recombinant
protein stimulation are likely to be due to the direct effects of the recombinant proteins

and not due to endotoxin levels.
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Figure 3.3 Endotoxin detection and removal from human growth hormone analogues
Endotoxin levels of wild-type and mutant antagonist human growth hormone analogues
(hGH-WT, hGH-Gly120Arg, hGH-m12) interpolated from a standard curve of absorbance
at 545 nm (mean+SEM is plotted for technical repeats measured in triplicate) were

measure prior to and post-removal of endotoxin as endotoxin units per mL (EU/mL).

To further study level of contamination and the precise molecular weight of the
approximately 22kDa protein seen in eluted fractions, the purified, concentrated hGH-

WT and hGH-Gly120Arg samples underwent matrix assisted laser desorption ionization-
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time of flight (MALDI-TOF) mass spectrometry. The molecular weight of proteins in the
sample was obtained and assessed for purity of the target protein and to examine any
mass modifications that may have occurred. The main peaks for the hGH-WT (Figure 3.4
A) and hGH- Gly120Arg (Figure 3.4 B) had a molecular weight of 23322.0 daltons and
23420.9 daltons, respectively. These values correspond to the theoretical molecular
weights that were predicted based on the amino acid sequences including the
methionine start codon, which provides supporting evidence that the identity of the
hGH-WT and hGH-Gly120Arg is correct (APPENDIX C). The values of closer to 23 kDa than
22 kDa as what has been denoted throughout the thesis as the approximate molecular
weight of the growth hormone analogues is due to the polyhisitdine tag which accounts

for 840.86 daltons.

There are a few contaminant proteins in the human growth hormone samples, however
these are negligible when comparing the relative intensity of the contaminant peaks to
the main peaks. The contaminants are also considered negligible in terms of bioactivity
as the source is the host E. coli and potentially cytotoxic endotoxin has already been
removed, so they are unlikely to have a bioactive impact on the mammalian experiment

cells.

The human growth hormone analogues were concentrated down to ~2 mL at 1 mg/mL
(45 uM) hGH-WT, ~1 mL of 3 mg/mL (136 uM) hGH-Gly120Arg, and ~1 mL of 1.6 mg/mL

(73 uM) hGH-m12.
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Figure 3.4 Mass spectrometry of human growth hormone using MALDI-TOF

To identify the molecular weights of human growth hormone analogues hexahistidine-
tagged (A) hGH-WT with the main peak at 23322.0 daltons, and (B) hGH-Gly120Arg
mutant with the main peak at 23420.9 daltons, and (C) hGH-m12 mutant with the main
peak at 23322.15 daltons. Original graphs provided by the University of Sheffield Mass

Spectrometry Services and modified for simplification

3.3 Examination of the bioactivity of recombinant human

growth hormone analogues

Now that the solubility and identity of the laboratory-purified human growth hormone

analogues had been confirmed, the next step was to verify that they had properly folded
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into a bioactive conformation and were capable of modulating GH-GH receptor (GHR)
signal transduction. The bioactivity of human growth hormone analogues was validated
using Human Embryonic Kidney cells (HEK293) cells that overexpress full length human
growth hormone receptor (HEK293-GHR). STATS5 activity was assessed to determine
stimulation and inhibition of GH-induced STATS5 signalling, measured through western
blot for phosphotyrosine (pY) STAT5 and through STATS luciferase assays to examine
STATS transcriptional activity. Tyrosine phosphorylation of STATS is an obligatory event
in activation of canonical STATS5 transcriptional activity, while luciferase transcriptional

assays report directly on the activity of STATS.

To determine the optimal dose and time exposure of hGH to stimulate
phosphoactivation of STAT5, HEK293-GHR cells were stimulated with 50-500 ng/mL
hGH-WT at three timepoints (15, 30, 45 minutes), analysed using western blot for pY-
STATS5. The band intensity of pY-STAT5 was normalised to B-actin for semi-quantitative
analysis. At all timepoints tested 100 and 500 ng/mL hGH-WT resulted in a statistically
significant increase in STAT5 activity, but 50 ng/mL hGH-WT did not significantly increase
pY-STATS. The 15 minute and 30 minute timepoints are comparable for STAT5 activity
across dose groups. STATS is most potently activated at 45 minutes post-stimulation

with either 100 ng/mL or 500 ng/mL as observed under western blot (Figure 3.5 A).

After semi-quantitative analysis of STAT5 activity by studying pY levels, a more
quantitative approach was utilised with the luciferase assay to assess the STATS
transcriptional response to hGH-WT stimulation. The luciferase assay was employed

using STATS Firefly luciferase and normalising to Thymidine Kinase (TK) Renilla luciferase.
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The laboratory-purified hGH-WT was able to activate STAT5 in a dose-dependent

manner within the range tested (25 — 500 ng/mL). As observed with the western blot

PYSTATS data, stimulation at <50 ng/mL of hGH-WT although it did not significantly

increase STAT5 activity it trended towards an increase. While 100 and 500 ng/mL of

hGH-WT led to a statistically significant increase in STAT5 activity. The laboratory hGH

most potently activates STAT5 at 500 ng/mL, increasing 8-fold compared to

unstimulated controls (Figure 3.5 B).
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Figure 3.5 Bioactivity of human growth hormone-WT demonstrated by STAT5
activation in HEK293 cells that overexpress full-length hGHR (HEK293-GHR)

(A) Laboratory-purified hGH-WT was able to significantly increase STATS activity
compared to unstimulated control. Multiple doses were tested to find the optimal dose
(50, 100, 500 ng/mL) and three timepoints were tested for hGH-WT to find the optimal
time for hGH-induced STATS activity (15, 30 and 45 minutes). Doses = 100 ng/mL hGH-
WT at all timepoints show significant increase in STAT5 activity. (B) Similarly in the
luciferase assay hGH-WT stimulates STATS activity 4 hours post-stimulation in a dose-
dependent manner and is significantly higher = 100 ng/mL. A one-way ANOVA test with
a post-hoc Bonferroni correction for multiple comparison was used to determine
statistical significance, indicated by asterisks. N=3 (biological repeats) for each dose group

tested. Mean +SEM is plotted. ns = not significant, * P<0.05, ** P<0.01, *** P<0.001.

The hGHR antagonists hGH-m12 /hGH-Gly120Arg were applied to HEK293-GHR cells at
0.5-10fold of the applied hGH-WT dose to test their ability to inhibit hGH-induced STAT5
activation and determine the optimal dose for reduction of STATS5. In previous studies,
experiments have used up to a 10-fold dose of GHA compared GH to antagonise growth
hormone signalling (Nass et al., 2000a) which formed the basis of the highest dose

tested.

When compared to cells stimulated with hGH-WT only, hGH-Gly120Arg and hGH-m12
were able to significantly decrease STAT5 phosphoactivation (Figure 3.6 A) and
transcriptional activity (Figure 3.6 B) in a dose-dependent manner, indicating successful
production of functional hGHR antagonists. The hGH-m12 analogue potently decreases
STATS5 activity, with a reduction of up to 6-fold at the higher dose levels of 500 and 100
ng/mL, whereas hGH-Gly120Arg achieved a 3-fold decrease in STATS5 activity in these

dose groups. This is expected as hGH-m12 has a higher binding affinity to the hGHR
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(Figure 3.6 C). Although hGH-m12 is more potent than hGH-Gly120Arg there is not a
statistically significant difference between the two when comparing STATS5 activity of
each dose group with the exception of the dose of 200 ng/mL, meaning it is likely that
inhibitory capacity has been reached after this point. The higher binding affinity of hGH-
m12 is reflected in the blot data as pY-STAT5 bands are not visible from 200 ng/mL of
hGH-m12 versus from 500 ng/mL with hGH-Gly120Arg. In conclusion hGH-Gly120Arg
and hGH-m12 successfully inhibit growth hormone-induced STAT5 activity in HEK293

overexpressing GHR.
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Figure 3.6 Laboratory-produced growth hormone receptor antagonists inhibit growth
hormone-induced STATS5 activation in HEK293-GHR
The hGH-Gly120Arg and hGH-m12 hGHR antagonists (GHA) act as competitive inhibitors

and lead to significant dose-dependent decrease in hGH-induced STATS activity from =

50 ng/mL when compared to hGH-WT only, stimulated for 30 minutes, observed in
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western blot (A) and luciferase assay where luciferase levels were measured 4 hours after
stimulation (B). (C) Side by side comparison of the hGH-Gly120Arg and hGH-m12 hGHR
antagonists in their ability to inhibit hGH-induced STAT5 activity. The hGH-m12 GHA has
a higher binding affinity and reduces the STATS significantly more than hGH-Gly120Arg
at 200 ng/mL. A one-way ANOVA test with a post-hoc Bonferroni correction for multiple
comparison was used to determine statistical significance, indicated by asterisks. N=3
(biological repeats) for each dose group tested. Mean +SEM is plotted. * P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001.

3.4 Subcloning, expression and purification of mouse growth

hormone analogues

3.4.1 Bacterial expression

Initially the same bacterial expression system that had been successfully used to
produce the hGH analogues was performed with the mouse growth hormone (mGH)
wild-type (WT) and the mutant mGHR antagonist (Gly118ArgGly118Arg), which had
been previously cloned in the pET21a+ vector. | began with optimisation of expression
of pET21a+ mGH by comparing small scale expression levels of two subclones (MGH-WT
and mGH-Gly118Arg) at 22°C in lactose-containing (2YT) autoinduction media and
superbroth (SB) autoinduction media, with superbroth being a more enriched media.
Autoinduction media was chosen over LB media with IPTG induction as it has been
shown to achieve higher cell densities and protein yield than LB media (Studier, 2005,

Madurawe et al., 2000).
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The level of protein expression was analysed using Coomassie-stained SDS-PAGE gel.

Both mGH analogues expressed well as indicated by the thickness of the 22 kDa target

protein bands in the gel, and they appeared relatively similar between the 2YT and SB,

SB autoinduction media was selected for expression going forward, which is the media

that was used for the human analogues.
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Figure 3.7 Comparison of autoinduction
media in small scale expression of mGH-WT
and mGH-Gly118Arg

Expression of mGH-WT and mGH-Gly118Arg
were  compared in  two  different
autoinduction medias: 2YT and superbroth
(SB). Run on an SDS-PAGE (10%) visualised

with Coomassie stain.

High levels of expression of the mGH analogues was achieved in E. coli as shown by the

strong 22 kDa band in large scale induced cultures, which is the expected band size of

mGH, for the mGH-WT (Figure 3.8 A,) and mGH-Gly118Arg (Figure 3.8 B).

However, when testing solubility both mGH analogues, no 22 kDa band was visible in

the soluble fraction of cell lysates for mGH-WT (Figure 3.8 C) or mGH-Gly118Arg (Figure

3.8 D) and was only present in the total suspension, indicating the formation of insoluble

highly aggregated protein referred to as inclusion bodies for both mGH analogues.
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To recover the mGH analogue proteins from the inclusion bodies the proteins were

denatured and solubilised with the use of a chaotrope and then a number of subsequent

refolding methods.
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Figure 3.8. Expression and solubility of mouse growth hormone in BL21 (DE3) E. coli

cells.

Mouse growth hormone wild-type (A) and Gly118Arg mutant (B) bacterial lysates with

induced expression (I) was compared to uninduced control (U.1), which shows a strong 22

kDa in induced samples, indicating expression of mGH analogues. The total suspension of

lysate (TS) was compared with the supernatant soluble fraction (S/N) to test solubility of

mGH. A 22 kDa band is only visible in the total suspension indicating both the mGH-WT

(C) and Gly118Arg (D) are in inclusion bodies. Run on an SDS-PAGE (10%) visualised with

Coomassie stain.
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Optimal conditions for denaturation of the mGH-WT and mGH-Gly118Arg analogues
that were in inclusion bodies was 4 M urea at pH 8.0 (Figure 3.9 A). Protein refolding of
denatured mGH through either dialysis showed that 22 kDa bands were present in the
total suspension (TS) and pellet (P) but not the supernatant (S/N) from either method
indicating that dialysis to remove urea did not yield soluble protein (Figure 3.9 B).
Although a 22 kDa band is not present in the rapid dilution total suspension this is likely
because it is so dilute that it does not appear on the Coomassie gel. The 22 kDa band for
mGH can be seen in the pellet but not in the supernatant or the concentrated
supernatant (S/Nc) which suggests that refolding method of rapid dilution also did not

yield soluble mGH.
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Figure 3.9 Denaturation and refolding of mGH

(A) mGH WT was totally denatured and solubilised at pH 8.0 with 4 M urea shown by the
same amount of 22 kDa band in the total suspension (TS) and the supernatant (S/N) (B)
Refolding of mGH-WT through dialysis or rapid dilution with the TS, pellet (P) or S/N
shows no 22 kDa band in the S/N of either method indicating that mGH is not in the
soluble fraction. mGH was not present in the concentrated S/N (S/Nc) from the rapid
dilution method. Run on an SDS-PAGE (10%) visualised with Coomassie stain.
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Refolding the denatured mGH analogues in 4 M urea during purification was attempted
by gradually removing the ureain a4 M —0 M urea reverse concentration gradient after
the wash step and prior to elution of the protein however the protein precipitated on

the column during urea removal.

As soluble mGH proteins were not recovered from inclusion bodies with the method of
solubilisation and refolding, changing the conditions of induction of expression to yield
soluble, active protein was tested. The aim here was to produce target protein that was
already soluble and properly folded in order to avoid manually denaturing and refolding
the product which had so far proved unsuccessful. Often inclusion body formation in E.
coli results from expression with a high temperature and expression under a strong
promoter leading to a high translational rate and subsequently leading to misfolding and
aggregation of target protein (Singh et al., 2015) . Thus, the temperature was lowered
during induction of expression of the BL21 (DE3) pET21a+ mGH from 22°C to 16°C, as
high-level expression at standard cultivation temperatures can impair proper refolding
of recombinant protein. Even at a lower temperature for induction, mGH remained

totally insoluble.

For the same purpose of overcoming protein misfolding and insolubility, expression of
mGH-WT and Gly118Arg was also attempted in ArcticExpress (DE3) cells. ArcticExpress
(DE3) cells are a specialised E. coli which contain a chaperonin plasmid that can be
selected for via its gentamycin-resistance gene. This plasmid encodes Cpn10 (10 kDa)
and Cpn60 (57 kDa) chaperonins from Oleispira antarctica which retain high protein

refolding activity at lower temperatures (4 -12°C)., unlike the cold-sensitive E. coli
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chaperonin GroEL-GroES complex (Ferrer et al., 2003). ArcticExpress (DE3) cells which
coexpress the cold-adapted chaperonins were transformed with the pET21a+ mGH

plasmids and were IPTG-induced at 11°C.

When tested, this method obtained the same results as induction in BL21 (DE3) cells in
which the target mGH proteins were completely insoluble. The soluble fraction from the
expression of mGH-Gly118Arg was run across a nickel chelate column in case levels of
target protein were below detection so were not visualised on the gel amongst the
contaminants, however no 22 kDa mGH was observed in the concentrated eluted

fractions.
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Figure 3.10 Expression, solubility, and purification of mGH in BI21 (DE3) at 16°C and
ArcticExpress (DE3)

Expression (A) and solubility (B) of mGH-WT and mGH-Gly118Arg in BI21 (DE3) at 16°C.
Expression (C), solubility (D) of mGH-WT and mGH-Gly118Arg in ArcticExpress (DE3) cells.
The total suspension of lysate (TS) was compared with the supernatant soluble fraction

(S/N) to test solubility of mGH. A 22 kDa band is only visible in the total suspension

118



indicating both the mGH-WT and Gly118Arg are in inclusion bodies in both conditions. (E)
The S/N of mGH-Gly118Arg expressed in ArcticExpress (DE3) was run across a nickel
chelate column in case of low undetectable level of soluble protein to concentrate and
purify, though no visible 22 kDa band in the eluted fractions indicates no soluble target

protein was present. Run on an SDS-PAGE (10%) visualised with Coomassie stain.

3.4.2 Mammalian expression

No soluble protein was obtained from the bacterial expression and refolding methods
described, thus expression in E. coli was discontinued and a mammalian expression
system was pursued. For mammalian expression, a gene encoding mGH-WT was
provided by Dr lan Wilkinson (Oncology & Metabolism department, University of
Sheffield) in a pCEP4 vector which expresses the gene of interest under the CMV
promoter. The vector encoding a hexahistidine-tagged mGH-WT was transfected into
HEK293T cells for expression. Here, it was able to be expressed in a soluble form directly
into the culture supernatant. The 22 kDa band, suspected to be the mGH-WT, probed
for hexahistidine (6X His tag) emerges day 1 post-transfection, and by day 7 the mGH
has accumulated. This was run across a nickel chelate column to purify, using an
imidazole gradient in which the mGH -WT 22 kDa band appears in eluted fractions 1-4

at approximately 50-300 mM imidazole (Figure 3.11 A, C).
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Figure 3.11. Expression of mouse growth hormone in HEK293T and purification with
nickel chelate chromatography.

The culture supernatant from HEK293T cells transfected with plasmids containing either
mouse growth hormone wild-type (mGH-WT) (A) or and Gly118Arg mutant (mGH-
Gly118Arg) (B), was compared to that from an un-transfected control (-ve), which shows
presence of a ~22 kDa band in 6XHis tag blot, indicating successful expression of
hexahistidine-tagged mGH analogues. Purification using nickel chelate chromatography
was performed with mGH-WT (C), and mGH-Gly118Arg (D), whereby L is the protein
loaded onto the column; FT, flow-through of protein from load; W, protein eluted with
low imidazole buffer wash; Eluted fractions, fractions of protein eluted with a 20 mM —

500 mM imidazole gradient.

Once it was shown that mGH-WT could be produced in a soluble form using mammalian
expression, the next step was to produce a pCEP4 plasmid containing the mGH-
Gly118Arg, which was codon-optimised for mammalian expression. Initially the mGH-

WT was used as a template to perform site-directed mutagenesis to produce a glycine
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to arginine mutation (Gly118Arg) in the pCEP4 mGH-WT with primers containing the
arginine mutation and amplifying the entire vector backbone, however the expected
~11 kilobase band was not present in the PCR product when visualised in the agarose
gel, which may have simply been because the product was too large however increasing

the extension time did not yield the expected band.

Instead, using the same primers that were designed for the site-directed mutagenesis
(Gly118Arg for, Gly118Arg rev), DNA encoding mGH-Gly118Arg was subcloned into the
pCEP4 vector using overlap extension PCR alongside CMV for and EBV rev primers so

that only an ~800 bp region containing mGH-Gly118Arg was amplified (Figure 3.12 A).

Restriction digest analysis was performed using Kpnl and Hindlll in the mGH-WT
containing pCEP4 plasmid, as | did not have the empty vector. Restriction digest with the
same enzymes was performed with the insert which was the 807 bp mGH-Gly118Arg
PCR product yielded from the overlap extension PCR, in order to produce the correct
corresponding base pair ends for ligation to the restriction-digested vector (Figure 3.12
B). There appears to be multiple bands in the DNA cute with Hindlll indicating possible
star activity, in which the enzyme is cutting sequences it should not recognise which may
be the case as the Hindlll used was not a high fidelity restriction enzyme like Kpnl. Only
the DNA of the correct band size was gel extracted for use in ligation. T4 ligase was used
to ligate the pCEP4 open vector to the mGH-Gly118Arg insert, with a negative control
for ligation of the pCEP4 open vector with the same reaction set up but without the

insert.
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Following ligation, the pCEP4 mGH-Gly118Arg and negative ligation control were
transformed into XL1 blue. Colonies formed in the XL1 blue pCEP4 mGH-Gly118Arg were

cultured, the plasmid DNA was extracted and sequenced.

After the correct sequence of pCEP4 mGH-Gly118Arg had been verified by sequencing,
expression in HEK293T and purification using nickel chelate chromatography of mGH-
Gly118Arg was performed for both the mutant and WT mGH (Figure 3.11 C, D). The
nickel chelate purification of mGH-Gly118Arg shows 22 kDa band in eluted fractions 3-

5, at approximately 200-400 mM imidazole.
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Figure 3.12 Overlap extension PCR of mGH-Gly118Arg and restriction digest with
Kpnl/Hindlll

(A) Graphic summary of the overlap extension PCR reactions to produce mGH-Gly118Arg
from mGH-WT, see APPENDIX D for primers. (B) Agarose gel electrophoresis analysis of
the overlap extension PCR reactions to produce mGH-Gly118Arg and the restriction
digest with Kpnl (1) and Hindlll (2) of the mGH-Gly118Arg insert (reaction 3 product) and
the pCEP4 mGH plasmid, with the negative control (0) which contains no restriction

enzymes, only the PCR product of uncut insert or plasmid.
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Although, some notable differences between mGH-WT and mGH-Gly118Arg when it
came to expression were the HEK293T cells were less adherent when transfected with
pCEP4 mGH-Gly118Arg. For this reason, the protocol was adapted to use media
containing 10% FBS compared to serum free media used during mGH-WT expression.
The HEK293T cells transfected with mGH-Gly118Arg plasmid also detached from the
plate and died earlier than with the mGH-WT, hence why the final expression sample
for mGH-Gly118Arg is shown as 5 days rather than 7 days as for the mGH-WT. Due to
issues with maintaining detectable protein during purification, 3% BSA was added to the
loaded mGH-GIly118Arg-containing solution and the collecting tubes for eluted fractions
were pre-coated with 3% BSA solution. For these reasons there are more visible
contaminants in the Coomassie gel for the mGH-Gly118Arg nickel column run than for
the mGH WT nickel column run. The thick band between 50-75 kDa is also present in
media from un-transfected HEK293T control so is likely a component of FBS
(supplemental figure 3). Figure 3.11 D shows a BSA only control that was used to try to
account for bands present from BSA although it was overloaded so individual bands are
unclear, but it does serve the purpose of highlighting the additional visible protein

present on a Coomassie gel due to the presence of BSA.

Using the Bradford assay the concentrated pooled eluted fractions were determined to
be 71.4 pg/mL or 3.2 uM mGH-WT and after adjusting for levels of BSA the mGH-
Gly118Arg was determined to be 39.9 ug/mL or 1.8 uM, both in ~500 pL. This amounts
to approximately 37 ug of mGH-WT and 20 ug of mGH-Gly118Arg. Here it has been
demonstrated that mouse growth hormone protein analogues can be expressed in a

mammalian expression system.
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Due to limited amount of the mGH-Gly118Arg purified, only the mGH-WT was sent for
MALDI-TOF mass spectrometry to determine the precise molecular weight of the
protein suspected to be mGH-WT that was purified. The main peak has a molecular
weight of 22902.08 daltons (Figure 3.13) which corresponds to the theoretical molecular
weight predicted for polyHis-tagged mGH-WT, not including the methionine start codon

(APPENDIX C) which suggests that the identity of the mGH-WT is correct.
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Figure 3.13 Mass spectrometry of wild-type mouse growth hormone
To identify the molecular weights of hexahistidine-tagged WT mouse growth hormone
(MGH-WT). The main peak appears ar 22902.08 daltons. Original graphs provided by the

University of Sheffield Mass Spectrometry Services and modified for simplification.
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3.5 \Verification of recombinant mouse growth hormone

bioactivity

Mouse growth hormone analogues were validated by assessing impact on STATS
activation in mouse embryonic kidney (MEK) cells, isogenic MEK Pkd1 +/+ and MEK Pkd1
-/- cells. Laboratory-purified mGH-WT was able to induce signal transduction in MEK
cells displayed as phosphoactivation of STAT5 in response to mGH-WT stimulation. MEK
cells were stimulated with 1 pg/mL mGH-WT over a time course of 5, 30, 60 and 240
minutes and phosphoactivation of STAT5 was assessed using western blot then
compared to unstimulated cell (0 minutes). This was performed to determine optimal
time for stimulation of cells to observe STATS5 activation with mGH-WT in a mouse model,
in case this was at all altered compared to what was observed with the hGH-WT in the
HEK293-GHR cells. These results show that mGH-WT elicited the strongest STAT5
activation response after 30 minutes shown as the highest band intensity in the western
blot. STATS phosphoactivation is observable after 5 minutes as a weak pYSTATS5 band,
peaks at 30 minutes, declines slightly by 1 hour and reduces to near unstimulated levels
by 6 hours (Figure 3.14). No significant differences were observed in the ability of MEK

cells to respond to GH activation depending on their PKD1 status.

The mGH-Gly118Arg function to reduce GH-induced STAT5 activation was assessed
using western blot for pY-STAT5. As there was only a limited amount of the mGH-
Gly118Arg only one repeat was performed so no statistical significance can be
determined from this data but it does indicate a trend of reduced STAT5 activation to

unstimulated levels at doses of 2 ug/mL and 5 pg/mL, 2- and 5-fold the dose of mGH-
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WT applied in both F1 Pkd1 +/+ and F1 Pkd1 -/- (Figure 3.15). This suggests that mGH-
Gly118Arg has the potential of reducing GH-induced STATS5 signalling though further

repeats are required to confirm this conclusion.
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Figure 3.14 Bioactivity of mGH-WT in MEK Pkd1 +/+ and MEK Pkd1 -/- cells

Laboratory-purified mGH-WT was able to significantly increase STATS5 activity compared
to unstimulated control. A dose of 1 ug/mL mGH-WT was tested at four timepoints to
find the optimal time for mGH-induced STAT5 activity (5, 30, 60 and 240 minutes).
Significant increase in STATS activity was observed at 30 and 60 minutes of mGH
stimulation compared to unstimulated control (O minutes). A one-way ANOVA test with
a post-hoc Bonferroni correction for multiple comparison was used to determine
statistical significance, indicated by asterisks. N=3 (biological repeats. Mean *SEM is

plotted. ns = not significant, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure 3.15 Inhibition activity of mGH-Gly118Arg mouse growth hormone receptor

antagonist in F1 Pkd1 +/+ and F1 Pkd1 -/- cells
Laboratory-purified mGH-Gly118Arg appears to reduce STATS activity at a dose of 2- and

5-fold the amount of mGH-WT added, though a 1:1 ratio of the WT:Gly118Arg mGH only
minimally reduces STATS activity shown as phosphotyrosine STAT5 (pY-STAT5) in the

western blot.
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3.6 Cloning, expression, and purification of mouse growth

hormone fusion proteins

The purpose of producing a mouse growth hormone fusion protein (mGH linked to a
portion of the GH receptor) was to (i) overcome potential issue of instability and
degradation facing the mGH-Gly118Arg as fusion protein can improve biophysical
stability (Hellebust et al., 1989) (ii) prevent clearance of the growth hormone to take
forward for in vivo work in order to prolong efficacy and reduce the required amount

of doses for effective GHR antagonism.

Mouse growth hormone was fused to the extracellular region of the mouse growth
hormone receptor (MGHR) also known as the mGH binding protein (MGHBP) via a
flexible GlyasSer linker from the C-terminus of the mGH to the N-terminus of the mGHBP.
The mGH-WT and mGH-Gly118Arg were fused to the mGHBP to produce mGH-
Gly118Arg fusion protein (mGH-Gly118Arg fus) through overlap extension using a gene

strand of the mGHBP and the pCEP4 mGH plasmids (Figure 3.16).

The restriction enzymes Kpnl and Hindlll were used to restriction digest pCEP4 mGH-WT
as | did not have the empty pCEP4 vector, in order to excise the mGH-WT and insert the
mMGH-Gly118Arg-mGHBP fusion protein which was restriction digested with the same
enzymes (Figure 3.17). The digested pCEP4 and mGH-Gly118Arg-mGHBP were ligated
using a T4 ligase system, transformed into XL1 blue E. coli and plated onto LB agar plates
containing ampicillin, alongside a ligation negative control. Colonies that grew on the
ligation test plate were selected, cultured and the DNA obtained through a miniprep kit

for sequencing. The correct sequence for the mGH-Gly118Arg-mGHBP fusion protein

129



was obtained, as confirmed by DNA sequencing, thus the pCEP4 fusion plasmid was

carried forward for expression.

Expression in HEK293T was performed for the mGH-Gly118Arg fusion protein as had
been performed previously for the other mGH analogues. Expression was assessed using
western blot for the hexahistidine tag and compared to un-transfected (UT) control. The
media of the transfected cells displayed a band for 6xHis at ~54 kDa, which is the

expected band size of the mGH-Gly118Arg fusion protein (Figure 3.18 A).

The culture supernatant containing the 54 kDa protein indicated that the mGH-
Gly118Arg fusion protein was purified using nickel chelate chromatography. The
fractions were initially run on a Coomassie gel to see if 54 kDa band protein was present,
however a thick band between 50-75 kDa present in the media which is likely a
component of the media/FBS (Supplemental figure 1) was obfuscating potential target
protein (Figure 3.18 B). Thus, the fractions collected from the nickel chelate column
were run in a western blot for the hexahistidine tag which showed that ~54 kDa protein
was present in eluted fractions 1-4, mostly strongly in eluted fraction 3. The hGH-WT
6xHis was used as a positive control for the 6xHis antibody. The eluted fractions were
pooled, though when attempting to concentrate and quantify the target protein, when
adjusted for the media components the levels of target protein were very low at 0.44

ug/mL so protein may have been lost in the concentration process.
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Figure 3.16 Splicing by overlap extension of the mGH-mGHBP fusion proteins

A fusion protein of mGH Gly118Arg-mGHBP connected by a GlysSer linker was produced

from a mGHBP gene strand and pCEP4 mGH (A). (B) Three PCR reactions were preformed

to produce the mGH-mGHBP fusion protein (Fus).
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Figure 3.17 Restriction digest of pCEP4 and
mGH-mGHBP with Kpnl and Hindlll

The plasmid pCEP4 mGH-WT (plasmid) and mGH-
MGHBP (insert) were restriction digested with
Kpnl (1) and Hindlll (2), an uncut negative control

(0) was used with no restriction enzymes.
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Figure 3.18 Expression and purification of mGH-Gly118Arg-mGHBP fusion proteins

(A) pCEP4 mGH-Gly118Arg mGHBP 6xHis fusion protein (Fus) was expressed in HEK293T

and compared to an untransfected control (UT) in a western blot for the 6xHis tag which

showed a band at ~54 kDa, the expected band size of the fusion protein. The dotted line

denotes removal of unrelated lanes from the image on the blot to place the relevant lanes

next to the Mw ladder (B) The fusion protein was run across a nickel chelate column and

assessed with Coomassie on the left and a western blot for the 6xHis tag on the right

which shows ~54 kDa bands in the eluted fractions 1-4.
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3.7 Discussion

3.7.1 Human growth hormone analogues

3.7.1.1 Expression and purification

Human wild-type growth hormone and mutant antagonists (hGH-Gly120Arg and hGH-
m12) were successfully expressed and purified from E. coli using a T7 induction system
in the pET21a+ plasmid (Figures 3.1-3.2). In the T7 induction system the lac repressor
(Lacl) binds to the lac operon (LacO) in the absence of lactose/IPTG which is adjacent to
the T7 promoter, preventing binding of the T7 RNA polymerase to the promoter and
expression of the gene of interest. Plasmids containing the T7 promoter require T7 RNA
polymerase for transcription, present in BL21 (DE3) cells, the inducible chromosomal
gene for the T7 RNA polymerase driven by the lacUV5 promoter (Dubendorff and Studier,
1991). This is consistent with previously published work that has shown that other
researchers were also able to produce active recombinant human growth hormone in E.
coli successfully (Olson et al., 1981, Goeddel et al., 1979) . Goeddel et al. produced hGH

from E. coli using the pGH6 plasmid containing two /lacUV5 promoters in E. coli x1776.

A difference in the approach used in this project is that nickel chelate chromatography
was performed for purification taking advantage of the fact that the proteins are
hexahistidine-tagged. Whereas Olson et al. performed initial purification steps
employing polyethyleneimine to remove nuclear and membrane components and
protein purification with ammonium sulphate precipitation to fractionate proteins and

subsequent gel filtration purification.
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3.7.1.2 Validation of bioactivity

Multiple studies have demonstrated that STAT5 becomes transcriptionally ‘activated’
when cells that possess the GHR are stimulated with GH (Waxman et al., 1995, Wood et
al., 1995, Chow et al., 1996). The response of STAT5 activity to growth hormone is of
particular interest due to STATS being the primary contributor in regulating many of the
functions of growth hormone relating to growth and metabolism (Herrington et al.,
2000), GH modulation of STATS5 signalling is also of particular relevance to this project
because of involvement of STATS5 signalling in ADPKD models indicated by Fragiadaki et

al. (Fragiadaki et al., 2017).

The hGH-WT potently activated STAT5 in HEK293-GHR cells displayed by strong pY-
STAT5 and increased STAT5 transcriptional activity (Figure 3.5). Both GHAs hGH-
Gly120Arg and hGH-m12 significantly reduced GH-induced STATS5 activity in all doses
tested from 0.5-fold — 10-fold the dose of hGH applied (Figure 3.6). The hGH-m12 more
potently inhibits STAT5 activity compared to hGH-Gly120Arg due to higher binding
affinity from additional mutations in receptor binding site 1 (H18D, H21N, R167N, K168A,

D171S, K172R, E174S and 1179T) (Figure 3.5 C).

The dose range tested (50 -500 ng/mL) was selected based on previous in vitro hGH-
stimulation experiments for STAT activation performed by other research groups (Han
etal., 1996, Smit et al., 1996) and the time range (15, 30, 45 minutes) was selected based

on oncostatin-M (OSM) optimal time (15 min) for STAT5 activity (Hintzen et al., 2008).

The relevance of the doses of hGH tested in the cellular model versus what cells within
tissues of a whole organism exposed to physiological levels of hGH is difficult to compare.

A number of factors affect physiological circulating levels of hGH including age, sex and
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the time at which hGH is measured due to pulsatile secretion (see section 1.5.2). There
is also the additional factor to consider of elevated growth hormone levels in ADPKD as
observed in a murine ADPKD mouse model (Fragiadaki et al., 2017), which may raise
growth hormone levels above the normal physiological range. This highlights one

limitation in translating between in vitro and in vivo models.

3.7.2 Mouse growth hormone analogues

3.7.2.1 Expression and purification

The initial approach to produce mouse growth hormone was to use the same method
as the one used to produce human growth hormone, in E. coli under a lactose-inducible
promoter (Figures 3.7-3.10). One of the challenges was to produce soluble recombinant
mouse growth hormone in E. coli. There are two potential ways to obtain soluble, active
protein which are 1) Denature the protein with a chaotrope and refold the protein into
a soluble conformation. The limitation of this method is there is little to no control over
how the proteins refold, and no guarantee of obtaining biologically active product using
the methods tested thus far. Alternatively, 2) Express the protein in an already soluble
conformation. The rmGH was highly expressed in E. coli as evidence by thick 22 kDa
bands in induced cultures but the protein was in inclusion bodies. The protein was
denatured in urea which was improved by increasing the pH as previously demonstrated
for rhGH (Sonoda and Sugimura, 2008). Multiple methods of refolding denatured mGH
were attempted, however during attempts to refold solubilised mGH, protein would
precipitate out of solution. Fradkin et al. reported expression of rmGH in E. coli produced
largely insoluble aggregates, which is concordant with what was observed during my

own expression of rmGH. This group achieved successful solubilisation and refolding by
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using a high hydrostatic pressure system which has been previously described (Crisman
and Randolph, 2009, Fradkin et al., 2010). High-pressure technology reportedly favours
refolding of inclusion bodies, though the expense and availability of this technology

presents a limitation to employing the use of this method in my own work.

Successful expression of soluble mouse growth hormone analogues was achieved using
a transient mammalian expression system in HEK293T cells with the pCEP4 plasmid
containing the CMV promoter (Figure 3.11). Whilst prokaryotic expression systems have
multiple advantages such as high protein yield and lower cost of reagents, there is also
the disadvantage of endotoxin contamination within purified samples that has the
potential to cause inflammatory host responses. Mammalian expression has the benefit
over bacterial expression in allowing for post-translational modifications which can
include removal of the start codon methionine, and reduction or formation of disulphide
bonds. This helps to promote proper protein refolding and solubility, so can be beneficial

when struggling with obtaining soluble protein from bacterial expression systems.

Low level expression of the mGH-Gly118Arg fusion protein was achieved (Figure 3.18).
Fusing the GH to the GHBP has previously shown to protect GH from clearance and
degradation, after a single injection in rats human GH fusion protein is still detectable
after 8 days versus 6 hours for hGH (Wilkinson et al., 2007). The fusion protein was
subcloned and produced with future in vivo experiments in mind, to allow for longer
periods of GHR antagonism from single injections due to reduced clearance. However,
only low levels were produced using the pCEP4 HEK293T system so could not be taken
forward for testing. The issues faced with expressing larger quantities of the mGH-

Gly118Arg and the mGH-Gly118Arg fusion protein could be due to instability of the
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protein, or potential cytotoxicity. As a potential future direction for production of mGHR
antagonists, alternative expression methods could be tried. Though here only bacterial
and mammalian expression systems were tested for the mouse growth hormone
analogues, there are alternative eukaryotic expression systems such as insect and yeast.
There are also alternative mammalian expression systems that could be tested such as
Chinese Hamster Ovary (CHO) cells, different plasmids and promoter systems, or also
stable transfections instead of transient transfection for expression. As well as
optimising the expression system, alterations to the construct itself could potentially
improve stability and protein yield, such as removal of the hexahistidine tag (Booth et
al., 2018), or potentially an alternative amino acid mutation to arginine that would still

disrupt receptor binding site 2 and prevent signal transduction.

3.7.2.2 Validation of bioactivity

The laboratory-purified mGH-WT was able to induce phosphoactivation of STATS5 in
mouse embryonic kidney cells (MEK), in both Pkd1 WT (+/+) and isogenic Pkd1 null (-/-)
cells (Figure 3.14), suggesting proper refolding and bioactivity of the mGH-WT and also
highlighting successful modulation of STATS5 activity in an ADPKD model. Higher
quantities of mGH-WT were required to induce STAT5 activity in MEK cells (1 ug/mL)
compared to hGH-WT inducing STATS5 activity in HEK293-GHR cells (100 ng/mL) which is
likely because of lower GHR expression, wherein HEK293-GHR cells overexpress the GHR

so are more GH-responsive.

A limitation in drawing conclusions from the testing of mGH-Gly118Arg inhibition of GH-
induced STATS activation was the quantity of mGH-G18R yielded limited the number of

repeats able to be performed in the testing. Thus, although mGH-Gly118Arg appears to
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reduce mGH-induced STATS activation when applied at >2-fold the dose of mGH-WT
(Figure 3.15), robust conclusions cannot be made from a single experiment. Further

repeats are required for statistical significance.

3.7.3 Conclusion

In this chapter it has been demonstrated that recombinant human growth hormone
(hGH-WT) and mutant human growth hormone receptor antagonists (hGH-Gly120Arg
and hGH-m12), as well as mouse growth hormone (mMGH-WT) and mouse growth
hormone receptor antagonist (mGH-Gly118Arg) have been successfully expressed and

purified and are capable of modulating STAT5 activity in kidney cells.

3.8 Supplemental figures
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Supplemental figure 1 Untransfected HEK293T media negative control (UT) compared
to mGH-Gly118Arg-transfected HEK293T media (T), both containing 10% FBS.
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Chapter 4: The effects of stimulation and inhibition of

growth hormone signalling in in vitro models of ADPKD

4.1 Introduction

In this chapter the impact of stimulation and inhibition of growth hormone-STAT5
signalling within the context of ADPKD will be explored using cellular models of disease

to assess STATS signalling, proliferation and cystic growth.

Growth hormone levels have been shown to be elevated in a mouse model of ADPKD,
alongside nuclear STATS5 expression, suggesting phosphoactivation, nuclear
translocation and ultimately STAT5 transcriptional activity (Fragiadaki et al., 2017).
Fragiadaki et al. have demonstrated that silencing of STATS in human cyst-derived cells
0OX161cl and SKI-001 prevents proliferation without impacting apoptosis, indicating a
role for STAT5 signalling in proliferation in ADPKD. Patera et al. observed that JAK2
expression is higher in polycystic kidneys compared to wild-type kidneys (Patera et al.,
2019), which is of interest as JAK2 is the key mediator of signal transduction from GH-
GHR that activates STATS5. This work provided the basis for the experiments performed
in this chapter to discern the impact of growth hormone signalling via STAT5 on
proliferation and cystogenesis in cellular models of ADPKD, and whether inhibition of

this pathway can impede proliferation and cystic growth.
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4.1.1 Aims

The aim of this chapter was to use in vitro cellular models of ADPKD (SKI-001, OX161c1,
F1 Pkd1 -/- and isogenic WT control F1 Pkd1 +/+) to examine how these cells respond to
stimulation with growth hormone and inhibition of growth hormone signalling with
growth hormone receptor antagonism or JAK inhibition with Ruxolitinib (Figure 4.1). The
impact of GH signalling stimulation and inhibition on STAT5 phosphoactivation,

expression of STAT5 targets, proliferation and cystogenesis will be analysed.
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Figure 4.1 Inhibition of growth hormone signalling with a GHR antagonist or JAK

inhibitor Ruxolitinib

4.2 Inhibition of growth hormone-induced STATS5 signalling in

in vitro models of PKD

Since the solubility, identity and bioactivity of the laboratory-purified human growth

hormone analogues has been confirmed, the next step was to examine whether the hGH
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analogues were capable of modulating STAT5 activity in relevant cellular models of

ADPKD.

Initially, to demonstrate presence of the GHR and thus ability to respond to GH in an in
vitro model of PKD, GHR was assessed in immortalised human ADPKD-derived renal
epithelial cells SKI-001 through immunofluorescent staining. Green fluorescence in
GHR-stained cells demonstrates the presence of the GHR indicating their ability to
respond to growth hormone (Figure 4.2 B). IgG controls were used to control for
nonselectivity of the GHR antibody, the 1gG controls displayed no green fluorescence
which suggests the green fluorescence seen in the GHR-stained cells is for the GHR and
not due to non-selective staining. These findings are consistent with GHR staining
previously described to be present in the kidney, predominantly in the tubular regions

(https://www.proteinatlas.org/ENSG00000112964-GHR/tissue/kidney, July 2021).

Since the ability of hGH-WT and of GHR antagonists to stimulate and inhibit GH-induced
STATS activity respectively was established in renal cells overexpressing GHR (HEK293-
GHR), the hGH analogues were then tested in SKI-001 as a relevant in vitro model of
ADPKD. STATS5 activity was induced in response to stimulation with growth hormone in
SKI-001, with the pYSTATS bands appearing with 30 minutes stimulation with 100 ng/mL
hGH. When the hGHR antagonist (GHA) hGH-m12 is added at a 1:1 ratio with hGH the
STATS5 activity is reduced to approximately a third of the activity observed with hGH-WT
(Figure 4.2). These results demonstrate that SKI-001 are responsive to growth hormone
and STATS is successfully activated, and that the hGHR antagonist effectively abrogates
this STATS5 activity in human cystic renal epithelial cells. However, after initial successful

results, pYSTAT5 was unable to be detected in subsequent experiments, despite the fact
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that the experiment was working as indicated by a strong positive phospho-tyrosine

STATS band in positive control SKI-001 cells (i.e. SKI-001 cells treated with 20ng/ml of

oncostatin M).
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Figure 4.2 SKI-001 STAT5 activity in response to stimulation with hGH-WT and
inhibition with GHR antagonist (GHA)

(A) Images of cells stained with either IgG or GHR (green) and nuclear TOPRO staining
(blue) at 63X magnification demonstrate the presence of GHR in SKI-001. (B) hGH-WT
induces phosphoactivation of STAT5 in SKI-001 when applied for 30 minutes at a dose of
100 ng/mL and the GHA (hGH-m12) reduces STATS activity when applied at 100 ng/mL.
A one-way ANOVA test with a post-hoc Bonferroni correction for multiple comparison
was used to determine statistical significance, indicated by asterisks. N=4 biological

repeats. Mean +SEM is plotted. ns = not significant, ** P<0.01, *** P<0.001.
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As there were limited levels of mouse growth hormone receptor antagonist, an
alternative method of inhibition of growth hormone-STATS5 signalling was explored with
the use of the small molecule and selective JAK1/JAK2 inhibitor Ruxolitinib. Commercial
mouse growth hormone was used as there was limited amounts of the laboratory-
purified mGH-WT. First the ability of Ruxolitinib to modulate STAT5 activation was
tested in HEK293-GHR as proof of concept and to demonstrate the ability of Ruxolitinib
to inhibit JAK signalling in a human cellular kidney model. Ruxolitinib was tested at three
different concentrations (0.1 uM , 1 uM and 10 uM) applied simultaneously with 100
ng/mL hGH-WT for 30 minutes (Figure 4.3 A). The concentration range of 0.1-10 uM was
selected as it corresponds to serum levels of patients treated with Ruxolitinib for
myelofibrosis (Heine et al., 2013). The pYSTATS5 bands disappeared at all concentrations
of Ruxolitinib tested suggesting that JAK inhibition successfully inhibits GH-induced

phosphoactivation of STATS.

Then, Ruxolitinib was tested in the murine F1 Pkd1 +/+ and F1 Pkd1 -/- cells at the lower
concentration of 0.1 uM looking at STAT5 activity using western blot for
phosphotyrosine STATS. In both F1 Pkd1 +/+ and F1 Pkd1 -/- 1 pg/mL mGH significantly
increases STAT5 activation shown as stronger pYSTATS5 bands compared to control as
expected based on what was observed in MEK cells. Ruxolitinib reduces mGH-induced
phosphoactivation of STATS5 at 0.1 uM by ~60%, though only to a statistically significant
degree in the F1 Pkd1 -/- (Figure 4.3 B). The difference in GH-induced pYSTATS5 reduction
in response to 0.1 uM Ruxolitinib in the F1 cells with a moderate reduction in pYSTAT5
versus the HEK293-GHR cells where pYSTATS appears completely suppressed is likely

due to the amount of GH initially added wherein the HEK293-GHR cells were exposed to
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100 ng/mL hGH whereas the F1 cells were exposed to 1 ug/mL mGH. For this reason, a

dose of 1 uM Ruxolitinib was carried forward for the cyst assay experiments in F1 cells

to ensure further reduction of STAT5 activity. Together this data demonstrates the

ability of Ruxolitinib to inhibit growth hormone-induced phosphoactivation of STATS in

a cellular model of ADPKD.
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Figure 4.3 Ruxolitinib inhibits growth hormone-stimulated STAT5 activity

(A) In HEK293-GHR Ruxolitinib abrogates hGH-induced pYSTATS at the three
concentrations tested. (B) In both F1 Pkd1 +/+ and F1 Pkd1 -/- cells 0.1 uM Ruxolitinib
reduces pYSTATS band intensity compared to cells only stimulated with mGH. A one-way
ANOVA test with a post-hoc Bonferroni correction for multiple comparison for A and a
two-way ANOVA test with a post-hoc Bonferroni correction for B was used to determine
statistical significance, indicated by asterisks. N=3 biological repeats. Mean +SEM is
plotted. * P<0.05, ** P<0.01, **** P<0.0001. (C) Images of cells stained with either IgG
or GHR (green) and nuclear TOPRO staining (blue) at 63X magnification demonstrate

expression of GHR in F1 Pkd1 +/+ and F1 Pkd1 -/- cells.
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4.3 Growth hormone enhances cystogenesis in in vitro PKD

models which is abrogated by GH-GHR-JAK2-STAT5 inhibition

To assess the potential biological function of GH in disease relevant human ADPKD in

vitro models cystogenesis assays were employed as has been previously described.

The three-dimensional (3D) cyst assay was used to assess the growth of cysts in response
to modulation of growth hormone signalling (Mangookarim et al., 1989). 3D cyst assays
offer the advantage of more closely resembling the in vivo environment. Matrigel,
comprised of basement membrane and extracellular matrix proteins allow the cystic

cells to grow into cysts rather than as a 2D monolayer.

To determine whether modulation of growth hormone signalling affects cyst expansion,
in vitro PKD monocultures were analysed with a 3D cyst assay and assessed cystic growth
by measuring cyst diameter over time. Multiple cell lines were employed to ensure
robustness of the observed effects, namely the human derived cystic SKI-001 and
0X161c1 cells, and the murine isogenic F1 Pkdl +/+ and F1 Pkd1 -/- cells. Each
independent cell line was able to form cysts and successfully grow over time, with
untreated cysts significantly increasing in each cell line compared to Day 0. Cysts were
measured up to day 12 in all cell types, however by day 12 cysts started to regress and
in some cases the cells started to undergo apoptosis, with the typical apoptotic
morphological appearance due to shrinkage, fragmentation and blebbing. This occurred
more so with OX161cl cells by this timepoint, although did also occur with later
passages of SKI-001 that were used. For this reason, cystic growth is only presented up

to day 9.

146



The SKI-001 and OX161c1l human cystic cells were treated (i) vehicle unstimulated
control, (ii) 500 ng/mL hGH-WT, (iii) 500 ng/mL hGH-WT plus 2.5 pug/mL hGH-m12 (GHA
5X), (iv) 500 ng/mL hGH-WT plus 1 puM Ruxolitinib, (v) 1 uM Ruxolitinib only. The
treatment group of 1 uM Ruxolitinib on its own without the hGH-WT was performed to
assess whether this concentration of Ruxolitinib could impact cystic growth compared
to unstimulated controls in the absence of hGH-WT. Images were taken every 3 days

alongside media change with fresh treatments.

In both SKI-001 and OX161cl1, treatment with recombinant human growth hormone
promoted cystic growth compared to untreated controls (Figure 4.4 - 4.5). In human
cystic cells treated with human growth hormone there is a clear trend in elevated cystic
growth compared to unstimulated controls and cells treated with inhibitors of growth
hormone signalling, GHA and Ruxolitinib. The growth hormone-induced cystic growth
reaches significance by day 9 in both cell types. Furthermore, when the human growth
hormone receptor antagonist (GHA) was added alongside growth hormone treatment,
the antagonist prevented the growth hormone-induced cyst expansion, limiting cystic
growth to unstimulated levels when applied at five times the amount of the growth
hormone. The GHA significantly lowered cyst expansion when compared to growth
hormone-treated cysts at day 9. Similarly, the addition of the Ruxolitinib suppressed the
cyst expansion stimulated by growth hormone, limiting cystic growth to a significant
level at days 9. This was also the case for Ruxolitinib treatment on its own wherein it
was significantly lower than hGH-induced cystic growth at day 9 but there were no
significant differences between ruxolitnib treatment on its own compared to
unstimulated controls and in fact the cysts followed a similar pattern of growth as the

treatment group of hGH + Ruxolitinib.
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Likewise, the murine cystic models F1 Pkd1 +/+ and F1 Pkd1 -/- were also responsive to
growth hormone treatment, whereby mouse growth hormone promoted cyst expansion
in both cell lines, showing a clear trend of increased cyst diameter compared to
unstimulated controls. Cells treated with Ruxolitinib both in the presence and absence

of mGH displayed reduced cystic growth compared to mGH-treated cells (Figure 4.6).

Together this demonstrates that addition of exogenous recombinant growth hormone
significantly advances cystic growth in two independent human cystic cell lines and two
murine cystic cell lines, and inhibition of growth hormone signalling using growth
hormone receptor antagonist or Ruxolitinib, which inhibit at the receptor complex and

the JAK kinase levels respectively, abrogates this effect.

Then to test the effects of inhibition of growth hormone signalling through genetic
modulation, which was achieved using silencing RNA (siRNA) knockdown to suppress the

expression of growth hormone receptor, and STAT5AB in SKI-001 cells.

The efficacy of siRNA in suppressing expression of GHR or STAT5AB was first assessed
using qPCR. GHR siRNA (si GHR) reduced GHR expression ~85 % compared to non-
targeting siRNA control (siCtrl). STAT5AB siRNA (si STAT5AB) reduced expression of

STAT5B and STAT5A ~75 % compared to siCtrl (Figure 4.7 A).
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Figure 4.4 SKI-001 cystogenesis in response to growth hormone stimulation and
inhibition

(A) Representative images (10X magnification) of SKI-001 cysts taken at day 3, day 6 and
day 9 for each treatment group of unstimulated control, 500 ng/mL hGH, 500 ng/mL hGH
+ 2.5 ug/mL GHA, 500 ng/mL hGH + 1 uM Ruxolitinib, or 1 uM Ruxolitinib. Cyst growth
was increased in cells treated with hGH compared to unstimulated control and cells
treated with inhibitors. (B) Quantification of cyst growth measured as cyst diameter (um)
over 9 days. Treatment with hGH (red) promoted cyst growth compared to control (black).

Cysts treated with additional GHA (blue), Ruxolitinib (cyan) or Ruxolitinib only (purple)
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grew at similar levels to the control. A two-way ANOVA test with a post-hoc Bonferroni
correction for multiple comparison was used to determine statistical significance,
indicated by asterisks. Each plot point represents a biological repeat taken as the mean
of means from all cysts measured in that repeat, per replicate n=>20 cysts. Mean +SEM

is plotted. * P<0.05, ** P<0.01,**** P<0.0001.
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Figure 4.5 0X161cl cystogenesis in response to growth hormone stimulation and
inhibition

(A) Representative images (10X magnification) of OX161c1 cysts taken at day 3, day 6 and
day 9 for each treatment group of unstimulated control, 500 ng/mL hGH, 500 ng/mL hGH
+ 2.5 ug/mL GHA, 500 ng/mL hGH + 1 uM Ruxolitinib, or 1 uM Ruxolitinib. Growth of cysts
was increased with hGH stimulation compared to unstimulated control and cells treated
with inhibitors. (B) Quantification of cyst growth measured as cyst diameter (um) over 9
days. Treatment with hGH (red) promoted cyst growth compared to control (black).
Treatment with inhibitors GHA (blue), Ruxolitinib (cyan) or Ruxolitinib only (purple)
resulted in a similar pattern of cystic growth to control. A two-way ANOVA test with a
post-hoc Bonferroni correction for multiple comparison was used to determine statistical
significance, indicated by asterisks. Each plot point represents a biological repeat taken
as the mean of means from all cysts measured in that repeat, per replicate n=>20 cysts.

Mean +SEM is plotted. ** P<0.01,**** P<0.0001.
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Figure 4.6 Cystogenesis in response to growth hormone stimulation and inhibition in
F1 Pkd1 +/+ and F1 Pkd1 -/- cells

(A) Representative images (10X magnification) of F1 Pkd1 +/+ and F1 Pkd1 -/- cysts taken
at day 3, day 6 and day 9 for each treatment group of unstimulated control, 1 ug/mL mGH
+/- 1 uM Ruxolitinib, or 1 uM Ruxolitinib only. There was a trend of elevated cystic growth
with mGH, which was reduced with Ruxolitinib treatment. (B) Quantification of cyst
growth measured as cyst diameter (um) over 9 days. In both cell types mGH (red)
promoted cyst growth compared to control (black). Additional Ruxolitinib (cyan) or
Ruxolitinib only (purple) prevented mGH-induced cyst growth, with a similar pattern of

cystic growth to control. A two-way ANOVA test with a post-hoc Bonferroni correction

for multiple comparison was used to determine statistical significance, indicated by
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asterisks. Each plot point represents a biological repeat taken as the mean of means from

all cysts measured in that repeat, per replicate n=>20 cysts. Mean +SEM is plotted.****

P<0.0001.
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Figure 4.7 Silencing of GHR-STAT5 in SKI-001 reduces cyst growth

(A) The knockdown efficacy of siRNA was confirmed using gPCR to look at fold change
differential expression between siCtrl and the si GHR or si STAT5AB. Transfection with si
GHR resulted in ~85 % reduction in GHR expression. Transfection with si STAT5AB
resulted in ~70-75 % reduction of STAT5A and STAT5B. A one-tailed Mann-Whitney test
was used to determine statistical significance. Each plot point represents a biological

repeat.

(B) Cyst growth of SKI-001 measured as cyst diameter (um) at day 3, day 6 and day 9
showed reduced expansion in cells transfected with siRNA for GHR (si GHR, pink) or
STAT5AB (si STATS5AB, green) compared to siRNA control (siCtrl, orange) in unstimulated
cells and to a significant degree in hGH (500 ng/mL)-treated cells at day 3 and day 6,
though this effect is lost by day 9 due to loss of siRNA knockdown. Treatment with
inhibitors GHA (2.5 ug/mL) or Ruxolitinib (1 uM) shows the same pattern of cyst growth
in siCtrl, si GHR and si STAT5AB. A two-way ANOVA test with a post-hoc Bonferroni
correction for multiple comparison was used to determine statistical significance. Each
plot point represents a biological repeat taken as the mean of means from all cysts

measured in that repeat, per replicate n=>20 cysts.

Statistical significance is indicated by asterisks. Mean +SEM is plotted. * P<0.05, ** P<0.01,
*** P<0.001.

SKI-001 transfected with siRNA were treated as previously described for up to 9 days. At
day 3 and day 6, for SKI-001 cells there was a trend of reduced cystic growth in si GHR
and si STAT5AB-transfected cells compared to siCtrl in the unstimulated control group,
though this effect was more pronounced and reached statistical significance in the hGH
treated group (Figure 4.7 B). By day 9 the siRNA knockdown was losing effect as the cells
were only transfected with siRNA once at the beginning of experiment, this was

expected as siRNA knockdown usually lasts for a duration of 5-7 days (Han, 2018).
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Cyst growth was only elevated in hGH-treated cells compared to unstimulated controls
in the siCtrl group and not in the si GHR and si STAT5AB cells at day 3 and day 6,
indicating that silencing of GHR or STAT5AB effectively represses GH-induced promotion

of cystic growth.

There was no significant difference or obvious pattern of altered cystic growth between
the GHA or Ruxolitinib-treated cells when comparing siCtrl to si GHR and si STATS5AB
cells. Though the contribution of other growth hormone signalling pathways cannot be
completely ruled out, this data suggests that growth hormone promotes cystic growth
via the GH-GHR-JAK2-STATS5 signalling pathway. Thus targeting this pathway with GHA

or Ruxolitinib prevents cystic growth.

4.4 Inhibition of GHR-JAK2 prevents GH-induced increase in

proliferation in in vitro PKD models

Following the results showing that human cystic renal epithelial cells display enhanced
cystic growth in the presence of exogenous GH and the inhibition of this growth with
the hGHR antagonist, the next step was to determine the mechanism behind the cystic
growth. It was hypothesised that the elevated cystic growth in response to GH could be
associated with proliferation as one of the hallmarks of ADPKD, thought to be a key

driver in cyst expansion, and a cellular mechanism altered by GH.

To assess the effect of stimulation and inhibition of growth hormone signalling on

proliferation flow cytometry was employed using propidium iodide for cell cycle analysis.
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SKI-001 and OX161c1 cells were treated with 500 ng/mL hGH for 24 hours and displayed
a moderate increase in the percentage of cells in G2 phase of the cell cycle (%G2), with
an increase of ~ 4 % in SKI-001 and ~ 6 % in OX161c1. The baseline of cells undergoing
G2 phase in SKI-001 was higher than in OX161c1 which was also reflected during cell
culture in which SKI-001 were observed to grow faster and become confluent more
quickly than OX161cl. When 2.5 pg/mL GHA was applied in addition to the hGH-WT,
the percentage of cells in G2 phase was reduced back to the levels of the unstimulated
control (Figure 4.8). No significant differences in percentage of cells in S phase were

detected between treatment groups in either SKI-001 or OX161c1.

Next, to confirm the impact of growth hormone signalling modulation on mitosis the
percentage of cells positive for the mitotic marker phosphoserine histone 3 (PH3) was
examined using flow cytometry in SKI-001. The SKI-001 cells were treated with a single
dose for 24 hours of either (i) unstimulated control, (ii) 500 ng/mL hGH, (iii) 500 ng/mL

hGH + 2.5 pg/mL GHA, or (iv) 500 ng/mL hGH + 1 uM Ruxolitinib (Figure 4.9).
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Figure 4.8 Cell cycle analysis with growth hormone signalling stimulation and

Representative images of the histograms (Blue 660-20-area) from one biological run of
cell cycle analysis with propidium iodide are displayed for each cell type with the
percentage of cells in G2 (%G2) from 10,000 events displayed above the G2 peak for each
treatment group. The %G2 is shown for each biological repeat in the graphs for SKI-001
and OX161cl. Treatment with hGH (red, 500ng/ml for 24 hours) increased %G2

compared to control (black) and simultaneous addition of the GHA (blue, 2.5ug/ml (5x))
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reduced %G2 compared to hGH-stimulated cells. A one-way ANOVA test with a post-hoc
Bonferroni correction for multiple comparison was used to determine statistical
significance, indicated by asterisks. Each plot point represents a biological repeat, within
each biological repeat 10000 events/cells were counted. Mean *SEM is plotted. **

P<0.01

An IgG control was used to gate for cells negative for PH3 (PH3-) and cells above this
gate based on the Violet 450_50 area values were determined to be positive for PH3
(PH3+). The percentage of PH3+ cells was significantly increased with hGH stimulation
after 24 hours compared to control. Through inhibition of growth hormone signalling
with GHR antagonism or JAK inhibition with Ruxolitinib, the percentage of PH3+ cells
was significantly reduced in comparison to cells stimulated with hGH only. Together this
data shows that GHA and Ruxolitinib can effectively and significantly prevent growth
hormone-induced elevation in cells undergoing G2/mitosis in human cystic cells,

suggesting the potential to control proliferation induced by growth hormone.

158



>

side scatter-area

side scatter-area

side scatter-area

IgG

PH3- PH3+

PH3- PH3+

a0 o0 10° 10* 10°
PH3
250K 7] hGH+ruxo
200K 4 PH3- PH3+
150K
100K
50K ¥
0.
ﬁrmwmvmmﬂq—f—
a0 o0 10° 10 10°
PH3

side scatter-area

side scatter-area

control

PH3-

PH3+

0 hGH+GHA(5X)
200K PH3- PH3+
—pmnwrrnq—!ﬂ—rrrmn‘—!-
40 o 10° 10 10°
PH3
Fkk
sk -
4
=2
[
31 o A
+
foc) e il
& 21 A
R
1 -
0 1 1 Ll I
& & @p S
& AN \al X
X AN
N

159



Figure 4.9 Effect of growth hormone stimulation and inhibition on proliferation shown
with phosphoserine Histone 3 in SKI-001

The mitotic marker phosphoserine 10 histone 3 (PH3) was probed in SKI-001. (A) One
biological repeat with each treatment group is displayed in the images of the gating for
PH3, with PH3 negative cells (PH3-) and PH3 positive cells (PH3+) determined from the
lgG control. (B) The percentage of PH3+ cells (%PH3+) was analysed for each biological
repeat. Treatment with hGH (red, 500 ng/mL 24 hours) increased %PH3+ SKI-001 cells
compared to control (black), and the addition of either GHA (blue, 2.5 pg/mL) or
Ruxolitinib (cyan, 1 uM) reduced GH-induced increase in %PH3+. A one-way ANOVA test
with a post-hoc Bonferroni correction for multiple comparison was used to determine
statistical significance, indicated by asterisks. Each plot point represents a biological
repeat, within each biological repeat 10000 events/cells were counted. Mean +SEM is

plotted. * P<0.05, ** P<0.01,*** P<0.001.

4.5 Modulation of growth hormone signalling in human
ADPKD-derived cystic cells alters expression of pro-proliferative

STATS targets

Next, the expression of two well-studied STAT5 transcriptional targets was
assessed:cyclin D1 (CCND1) and insulin-like growth factor-1 (IGF-1) as these are well
established STATS5 targets known to stimulate proliferation (Matsumura et al., 1999,
Davey et al.,, 2001, Parker et al.,, 2007). When compared to controls, expression of
CCND1 and IGF-1 was significantly elevated, by approximately 4-fold, at 24 hours after
stimulation with 500 ng/mL hGH-WT (Figure 4.10). This indicates that the
phosphoactivated STATS that was observed in SKI-001 is transcriptionally active and

promoting expression of proliferative CCND1.
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Addition of the 2.5 ug/mL GHA, 5 times the concentration of hGH-WT, was applied at
the same time as the hGH-WT and demonstrated the ability to reduce expression of
CCND1 and IGF-1 compared to hGH-WT-stimulated cells back to around the
unstimulated levels of controls. This demonstrated the potential for GHA to modulate

expression of STATS transcriptional targets involved in proliferation.
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Figure 4.10 Expression of STAT5 targets cyclin D1 (CCND1) and insulin-like growth
factor 1 (IGF-1) in SKI-001 in response to human growth hormone (hGH) and growth
hormone receptor antagonist (GHA)

Expression of CCND1 and IGF-1 is increased in response to hGH stimulation, and the
addition of the GHA reduces expression. Fold change expression of CCND1 and IG-1 was
determined from Delta-delta Ct values normalised to B-actin. A one-way ANOVA test with
a post-hoc Bonferroni correction for multiple comparison was used to determine
statistical significance, indicated by asterisks. Each plot point represents a biological

repeat. Mean +SEM is plotted. * P<0.05, ** P<0.01, *** P<0.001.
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4.6 Discussion

4.6.1 General overview

Here it has been conclusively demonstrated with novel data that addition of growth
hormone induces enhanced cystic growth in ADPKD-derived human and mouse cells
over time, when compared to untreated cells not stimulated with exogenous
recombinant GH. on the next step was to investigate the possible mechanism of
enhanced cystic expansion in response to the presence of exogenous GH. It was
speculated that GH may enhance cell proliferation via STAT5, which would subsequently
lead to an increased cell number and would be consistent with increased cystic area in
the cystogenesis assay. Indeed, using robust flow cytometric and staining approaches, it
was shown that GH causes an increase in cell proliferation of the G2/M phase of the cell
cycle in human cystic cells. This interesting finding was also supported by qPCR data
showing that GH causes a significant increase in STATS transcriptional targets cyclin D1
(CCDN1) and Insulin like growth factor 1 (IGF1), both of which are known activators of

proliferation.

4.6.2 Growth hormone enhances cystogenesis in in vitro PKD models

which is abrogated by GH-GHR-JAK2-STATS5 inhibition

A key novel finding in this chapter is that growth hormone consistently elevates growth
of cysts in a number of independent models of ADPKD above unstimulated controls.
Inhibition of growth hormone signalling with the use of a growth hormone receptor
antagonist (GHA) at 5-fold the dose of growth hormone or the JAK1/JAK2 inhibitor

Ruxolitinib (Jakafi/Jakavi) effectively inhibits growth hormone signalling and reduces
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cyst growth to the levels of unstimulated controls, indicating the potential of these

inhibitory molecules in combatting GH-induced cystic growth.

The cells were also treated with Ruxolitinib only to compare whether the JAK inhibitor
was capable of reducing cystic growth below the baseline unstimulated control.
However, at the dose of 1 uM Ruxolitinib did not reduce cystic growth compared to
controls, which could imply that the dose was too low to have an impact. Previous work
from a masters student in the Fragaidaki laboratory (Christopher Byrnes, Department of
Infection, Immunity and Cardiovascular Disease, University of Sheffield) showed that
cystic growth was only significantly reduced compared to untreated controls with a dose
of 15 uM Ruxolitinib. Though at this higher dose there is also increased risk of cellular
toxicity. The dose of 1 uM Ruxolitinib is sufficient in reducing GH-induced cyst expansion,

even though it does not reduce baseline cyst expansion.

The question could be raised that alterations in other signalling pathways contribute to
the reduction in cyst expansion, particularly with Ruxolitinib which inhibits both JAK1
and JAK2 and thus reduced cyst expansion could be due to inhibition of signalling
pathways influenced by other cytokines/growth factors present in media/FBS. Though
these contributions cannot be completely ruled out, Ruxolitinib appears to be as
effective as the GHR antagonist in reducing GH-induced cyst expansion indicating this is
a GH-mediated effect. Moreover, genetic modulation via GHR silencing with ~80%
knockdown efficiency in combination with Ruxolitinib treatment shows no additional
impact on cyst expansion compared to siRNA control cells treated with Ruxolitinib,
which is further evidence that the reduction of cystic growth with Ruxolitinib is due to

inhibition of growth hormone signalling.
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To further explore STATS involvement as a potential mediator for GH-induced cyst
expansion silencing of STAT5 was performed, as STAT5 had been shown to be activated
in ADPKD cells and is a key mediator of growth hormone cellular responses. Silencing of
STATS5 with ~75% knockdown efficiency in SKI-001 displayed a trend in reduction in cyst
expansion below baseline in unstimulated cells. This is concordant with what has
previously been described with silencing of STATS or treatment with a STATS5 inhibitor
performed in OX161cl1, F1 Pkd1 +/+ and F1 Pkdl -/- which resulted in significantly
reduced cystic growth (Fragiadaki et al., 2017). The inhibition of cyst growth with STAT5
knockdown was more pronounced in GH-treated cells, showing significant reduction in
cyst expansion compared to siRNA control. STATS silenced cells treated with GHA or
Ruxolitinib have comparable cyst size to siRNA controls cells with the same treatment,
which shows that addition of STAT5 silencing on top of either GHR antagonism or JAK
inhibition does not have additional impact on cystic growth. Together this data suggests
that GH-induced cystic growth is STAT5-mediated, and inhibition along the GH-GHR-

JAK2-STATS axis can abrogate this effect.

4.6.3 Inhibition of GHR-JAK2 prevents GH-induced increase in

proliferation in in vitro PKD models

As enhanced cystogenesis had been shown, | set out to determine the mechanism
behind enhanced GH-induced cyst expansion. Increased proliferation was a likely
candidate mechanism as it has previously been described as a key driver in cyst
expansion. The percentage of cells in G2 phase was significantly higher in GH-stimulated
cells and addition of the GHA reduced proliferation to baseline. Furthermore, when

delving further into the stage of the cell cycle that is impacted by growth hormone,
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phosphoserine histone 3 was used as a G2/M marker as histone 3 is phosphorylated at
serine 10 in late G2 phase through mitosis, ending at early telophase (Hans and Dimitrov,
2001). The number of phosphoserine histone 3 positive cells was significantly increased
with growth hormone stimulation. This provides evidence that modulation of GH

signalling impacts the number of cystic cells entering G2/M phase and proliferation.

4.6.4 Modulation of growth hormone signalling in human ADPKD-derived

cystic cells alters expression of pro-proliferative STAT5 targets

Investigation of two well-established STAT5-transcriptional target genes involved in
proliferation, cyclin D1 and IGF-1, yielded novel evidence that these two genes are
significantly upregulated in response to stimulation with exogenous GH in human
ADPKD cells. Cyclin D1 is a nuclear cell cycle regulatory molecule which, in conjunction
with cyclin dependent kinsases (CDKs), is essential for progression through G1 phase to
S phase leading to proliferation (Baldin et al.,, 1993). IGF-1 reportedly induces
proliferation via the Ras/Raf signalling in renal cells (Parker et al., 2007) though
involvement of MAPK and PI3K signalling is also implicated in IGF-1 induced proliferation
in other cell types (Davison et al., 2011, Kiepe et al., 2005). Of note, IGF-1 has been
implicated in hyperproliferation of cells within the context of ADPKD (Parker et al., 2007),
and the potential role of GH-STAT5-IGF-1 signalling in ADPKD pathogenesis will be
discussed further in chapter 6. The GHA can successfully inhibit GH-induced upregulated
expression of these pro-proliferative genes, further showing the potential of the GHA to

impact GH-induced proliferation and subsequent cystogenesis.
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4.6.5 Conclusion

In combination, the phosphoactivation of STAT5 and upregulated expression of CCND1
and IGF-1 observed in SKI-001 alongside the elevated levels of cells in G2/M phase with
stimulation of exogenous GH, serves to show a GH-STAT5 mediated mechanism of
inducing proliferation in human ADPKD-derived cells. Moreover, treatment with a GHR
antagonist is capable of reducing proliferation to baseline. Thus, providing a potential
mechanism for GH promoting cyst expansion and also a potential treatment to prevent

GH-induced hyperproliferation and cystogenesis in ADPKD.

4.7 Supplementary figures

GHR

L

IgG GH

TOPRO

Supplemental figure 2: Images of cells stained with either IgG or GHR (green) and
nuclear TOPRO staining (blue) at 63X magnification demonstrate the presence of GHR

in OX161c1.
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Chapter 5: GROWTH HORMONE INHIBITION IN A

PRECLINICAL SETTING of ADPKD

5.1 Introduction

To examine the effects of inhibiting growth hormone signalling in a whole organism
model of ADPKD, Octreotide and Ruxolitinib were tested in homozygous Pkd1"/"' mice
and WT littermate controls (Happé et al., 2013). The somatostain analogue Octreotide
acts upstream of the GHR to inhibit growth hormone release at the pituitary level and
Ruxolitinib acts downstream of the GHR by inhibiting JAK2, both drugs inhibit within the
same pathway (GHR/JAK2/STATS). In this chapter these two treatments will be studied

for the effects on inhibition of growth hormone signalling and PKD progression in vivo.

In previous preclinical studies of Octreotide in ADPKD rodent models a range of dosing
routes have been used such as gavage, intraperitoneal (IP) injection and subcutaneous
injection and osmotic minipumps, as well as a range of doses from 20 pg/kg — 8 mg/kg
per day (Masyuk et al., 2007, Masyuk et al., 2013, Spirli et al., 2012, Kugita et al., 2017).

The selected dose route was IP injection at a dose of 1 mg/kg/day for Octreotide.

Previous preclinical studies with Ruxolitinib to examine treatment of neoplasms have
used doses of 30-90 mg/kg (Bhagwat et al., 2014, Reeves et al., 2017), whilst people with

myelofibrosis are given Ruxolitinib (Jakavi) at a dose of 0.5 mg/kg.

The no observable adverse effect level (NOAEL) in rodents for Ruxolitinib is 50 mg/kg

(European Medicines Agency: EMA/465846/2012,
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https://www.ema.europa.eu/en/documents/assessment-report/jakavi-epar-public-

assessment-report _en.pdf , July 20201) thus the dose of 50 mg/kg/day of Ruxolitinib

was selected for treatment.

5.1.1 Aims

The aim of this chapter was to examine the effects of inhibition of growth hormone
signalling on pathogenesis and progression in a mouse model of ADPKD using Octreotide

and Ruxolitinib as upstream and downstream inhibitors of growth hormone signalling.

5.2 Effects of Octreotide treatment on progression of ADPKD

in Pkd1 "/" mice

To study whether Octreotide treatment was successfully administered and exerting its
function in lowering serum growth hormone, the serum growth hormone levels were
compared between treatment groups. Serum GH levels were not significantly altered
between treatment groups when assessed on its own (Figure 5.1 A), despite a trend
towards reduced serum GH levels which is more noticable in the female Pkd1"/" group
(Figure 5.1 B). Due to the known variability in body weight with this mouse model, serum
growth hormone was normalised to body weight. When serum GH is normalised to
bodyweight there is a significant reduction in normalised GH of Octreotide-treated
Pkd1"/"' mice compared to saline-treated vehicle controls (Figure 5.1 C). When

normalised GH was split by sex there was no significant reduction in the treated groups,
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although similar to the serum GH there is a downward trend most noticable in the
female Pkd1"/" group, though due to the small number of animals in this group this

does not achieve statistical significance (Figure 5.1 D).

To determine the impact of Octreotide on disease progression in Pkd1"/" mice renal
hypertrophy and renal function were assessed. It should be noted mice were of mixed
sex and were approximately 4-6 weeks old during Octreotide dosing, hence as this is a
mixed age group we anticipated increased variability of the results. There was no
observable reduction in renal hypertrophy, measured as a ratio of kidney weight to body
weight (KW:BW), between Octreotide and vehicle treatment groups in Pkd1"/" mice
(Figure 5.1 E). To determine if there were any sex differences in response to Octreotide
treatment the KW:BW was grouped by sex. In males the KW:BW is consistent between
treatment groups. There appears to be a downward trend in KW:BW for the female
Octreotide-treated Pkd1"/"' compared to vehicle controls, however this result is not
statistically significant and there is a low N number for this group (Figure 5.1 F). To assess
renal function, serum levels of blood urea nitrogen (BUN) were measured and this
revealed no difference between vehicle and Octreotide treatment groups when taken
as a total (Figure 5.1 G) and when split by sex (Figure 5.1 H). Octreotide treatment did
not affect renal growth or renal function in the WT control group (Supplemental figure

1).

When comparing untreated Pkd1"/" with WT littermate controls, the genotype
differences were as expected with increased KW:BW and BUN levels indicating renal
hypertrophy and decline of renal function. Serum growth hormone (GH) levels were

compared between the Pkd1"/"' and WT to determine any differences by genotype.
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Concordant with previous findings from Fragiadaki et al. (2017) there is a trend of higher
serum growth hormone levels in the Pkd1"/" group compared to the WT littermate
controls. Although this result is not statistically significant, when serum GH was
normalised to body weight, the Pkd1"/" group shows a significantly higher normalised
GH level. There were no significant differences between Octreotide and vehicle treated

WT mice for KW:BW or BUN suggesting safety of the drug (Supplemental figure 1).

The impact of Octreotide on renal fibrosis and cyst development were then examined
using Imagel) measured as fibrotic index and cystic index. There were no significant
differences between treatment groups in fibrotic index or cystic index in the Pkd1"/"
mice (Figure 5.2). Cysts were categorised by small (5,000— 19,999 pm?), medium (20,000
— 99,999 um?) and large (2100,000 pm?) to investigate treatment effects on cyst
expansion (figure 5.2 D). A lower threshold of 5000 um? was set in Imagel as the
minimum size cyst that would be measured, as to avoid including non-cysts as cysts and
subsequent manual removal of these which introduces subjectivity and potential bias.
The caveat to the minimum cyst size of 5000 um? being set is that cysts smaller than this
were not measured and so any change to the number of cysts <5000 um? could not be
assessed. There were no stark differences in the pattern of cyst size between males and
females. When analysing percentage of medium cysts, the difference between vehicle
and Octreotide treatment is approaching significance which may suggest a treatment
impact on cyst expansion, although not on the total cyst progression measured in the

kidney by cystic index.
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Figure 5.1 Octreotide reduces growth hormone levels but does not reduce renal

hypertrophy or protect renal function

(A) Serum growth hormone levels (GH) display a trend in reduction with Octreotide

treatment in Pkd1"/"'mice (N=7) at a dose of 1 mg/kg compared to saline vehicle control

(N=8). (B) Females appear to be more responsive to Octreotide treatment in terms of

serum GH compared to males. (C) GH normalised to body weight in Pkd1"/™ mice as a
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mixed cohort shows significant reduction in serum GH in Octreotide-treated mice. (D)
Reduction, though not significant is also observed when split by sex into male (N=11 total)
or female groups (N=4 total) (M/F) (E) The Kidney weight to body weight (KW:BW) of
Pkd1"/"'mice was measured in Octreotide and saline vehicle treatment groups as a total
then split by sex into male or female groups (F). (G) Serum levels of blood urea nitrogen
(BUN) in Pkd1"/" mice comparing vehicle and Octreotide treated groups are shown as a
total and by male and female only (H). No significant differences were observed between

treatment groups for KW:BW or BUN.

Each plot point represents an individual mouse. Statistical significance is represented as

asterisks. Mean +SD is plotted. * P<0.05
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Figure 5.2 The impact of Octreotide on renal cysts and fibrosis in Pkd1"/" mice.
(A) Representative H&E stained kidneys from WT and Pkd1nl/nl treated with vehicle

saline control or 1 mg/kg Octreotide. (B) Cystic index of the kidney of vehicle and
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Octreotide-treated mice (C) cystic index split by male and female. (D) Percentage of cysts
categorised as small (5,000— 19,999 um?), medium (20,000 — 99,999 pm?) and large (=
100,000 um?) (E) cyst size split by male and female. Each plot point represents an
individual animal. Mean £SD is plotted. A Mann-Whitney non-parametric t-test was used
for cystic index treatment comparison and one-way ANOVA was used for cyst size

treatment comparison to examine statistical significance.
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Figure 5.3 Octreotide shows a trend of reducing fibrosis in Pkd1"/" mice

(A) Representative image of picrosirius red (PSR) stained kidneys from WT and Pkd1nl/nl

treated with vehicle saline control or 1 mg/kg Octreotide (B) The percentage of kidney
fibrosis in Pkd1"/"'mice treated with Octreotide or saline vehicle control (C) and split by
male (M) and female (F) shows moderate reduction in fibrosis, though not significant.
Each plot point represents an individual animal. Mean +SD is plotted. Mann-whitney non-

parametric t-test was used to examine statistical significance.
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To determine whether the level of circulating growth hormone had an impact on cyst
development or fibrosis, linear regression was used to assess growth hormone against
(a) cystic index and (b) fibrosis. There is an upward trend, although not significant in
growth hormone levels and cystic index, wherein as growth hormone levels increase so
does the cysticindex (Figure 5.4 A). When the animals are split by treatment this upward
trend remains within both treatment groups though not significantly (Figure 5.4 B), this
is due to smaller n number. The trend does become significant in the Octreotide group

when assessed by treatment and looking at males only (Figure 5.4 C).

There is no statistically significant correlation observed between the levels of GH and
renal fibrosis when considering all Pkd1"/™ mice (Figure 5.4 D). Separation of the GH vs
fibrosis by treatment as both a mixed cohort (Figure 5.4 E) and males only (Figure 5.4 F)
shows a positive correlation between high GH levels and more renal fibrosis in vehicle
treated mice, conversely a negative correlation is observed in the Octreotide-treated

mice, though neither correlation is statistically significant.
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Figure 5.4 Stratified growth hormone data in PKD1nl/nl mice.

(A) Growth hormone compared cystic index shows an upward trend as a total and also
shows an upward trend when split by treatment as a mixed cohort (B) and with males
only (C), displaying statistical significance in the Octreotide treated-males. (D) Growth
hormone compared to fibrosis shows a very minor upward trend. When split by
treatment as a mixed cohort (E) and with males only (F) vehicle treated mice show an
upward trend in fibrosis as GH increases whilst the opposite is true for the Octreotide-
treated mice. Statistical significance and P values were determined from simple linear
regression and whether the slope was significantly non-zero. Each plot point represents

an individual animal.
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5.3 GHR expression in Pkd1"/"' mice and the impact of

Octreotide treatment

To confirm the expression of the growth hormone receptor in the mouse kidneys and

determine the localisation of the GHR, immunofluorescent staining was employed.

The mouse kidneys stained positively for presence of the growth hormone receptor
indicating the capacity for renal cells to respond to growth hormone. In the WT kidneys
the GHR stained noticeably most positively in the outer cortical region of the kidney. In
Pkd1"/" kidneys GHR staining appeared to be primarily in the proximal tubular region
based on proximity of the stained tubule to the glomerulus. Notably, GHR stained
positively in the cyst-lining cells. There was an observed increase in the level of GHR
fluorescence in Pkd1"/"' mice when compared to wild-type littermates, suggesting that
GHR levels maybe enhanced in disease (Figure 5.5). Yet Octreotide treatment did not

affect the levels of tubular GHR expressed.

To explore the localisation of the GHR within the renal tubular segments, antibodies for
aquaporin 1 (AQP1), aquaporin 2 (AQP2), and Tam-Horsfall protein (THP) also known as
uromodulin were used to costain with the GHR. Within the murine nephron AQP1 is
localised in the proximal convoluted tubule and descending thin limb of the loop of
Henle, AQP2 is localised in the collecting ducts and THP is found in the thick ascending

limb of the loop of Henle (Brandt et al., 2012) (Figure 5.6 A).

The GHR appears to be coincident more so with AQP1 than AQP2 or THP which supports
what was initially observed of GHR being expressing more highly in the proximal tubular
region of the nephron (Figure 5.6 B). Yet, there is GHR co-staining with AQP2 and THP
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suggesting that GHR expression is not limited only to tubular epithelial cells but it is

rather more widespread.
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Figure 5.5 Immunofluorescent staining for growth hormone receptor in mouse kidneys
Growth hormone receptor (GHR) is expressed in the kidneys of WT and Pkd1"/" mice and
appears to be expressed more highly in Pkd1"/" kidneys compared to WT wuantified as
mean fluorescence intensity (MFI). Octreotide treatment doesn not affect renal GHR

expression levels. GHR is also present in the cyst lining cells of Pkd1"/" kidneys.
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Figure 5.6 Localisation of the growth hormone receptor in the mouse kidney

(A) In the mouse nephron aquaporin 1 (AQP1, lilac) is located in the proximal distal tubule
and descending thin limb, aquaporin 2 (AQP2, blue) is located in the collecting duct and
Tamm-Horsfall protein (THP, pink) is located in the thick ascending limb. (B)
Representative images of the cotrtical region of Pkd1"/ kidneys costained with GHR

(green) andinred an IgG isotype control, AQP1, AQP2, or THP, taken at 20X magnification.
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5.4 Ruxolitinib reduces renal hypertrophy and protects renal

function in Pkd1"/" mice

The JAK inhibitor Ruxolitinib was used as a downstream inhibitor of GH-GHR signal
transduction to study how this will impact disease progression in a mouse model of
ADPKD. The same mouse model was used though dosing was performed at a later
timepoint of ages 6-8 weeks than the age of dosing for Octreotide. The later timepoint
for dosing was chosen so as to avoid the peak of disease which happens at ~4 weeks in
this mouse model (Happe et al., 2013). Pkd1"/" mice were dosed with either 50
mg/kg/day Ruxolitinib through intraperitoneal injection or vehicle controls of equal

volume, alongside wild-type littermate controls.

There is a trend of reduced kidney weight to body weight ratio and blood urea nitrogen
in Pkd1"/"' mice treated with Ruxolitinib compared to vehicle controls indicating that JAK

inhibition may protect renal function and slow renal hypertrophy (Figure 5.7).

There were no significant differences between Ruxolitinib-treated WT mice compared
to vehicle controls in BUN or KW:BW which indicates that the drug is not nephrotoxic

when given at the dose and time point studied.

Ruxolitinib is known to reduce spleen size (Verstovsek et al., 2017) which my data
corroborates shown as reduced diameter of the spleen, indicating successful dosing of
the Ruxolitinib (Figure 5.8). Spleen enlargement is observed in people with ADPKD
compared to controls (Yin et al., 2019) so Ruxolitinib could provide an additional benefit

of reducing enlarged spleen volume.
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The cystic index of Ruxolitinib-treated Pkd1"/" mice appears to be relatively similar to
the vehicle controls as a mean, though there is a wide variation which is a product of
this particular animal model (Figure 5.9 A). There were no statistically significant
differences in the cyst size pattens between treatment groups when measuring the
percentage of small, medium and large cysts, in which the variability within a treatment

group becomes more apparent in the small and large cyst categories (Figure 5.9 B)

Despite limited impact on cyst development, a moderate reduction in fibrosis was
observed in Ruxolitinib-treated Pkd1"/" mice compared to vehicle controls which adds

to the evidence that Ruxolitinib may protect renal function. (Figure 5.10).
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Figure 5.7 Ruxolitinib reduces renal hypertrophy and blood urea nitrogen in Pkd1"/"!
mice

(A) Representative images of kidneys from Pkd1"/" and WT mice treated with vehicle
control or 50 mg/kg Ruxolitinib (B) The Kidney weight to body weight (KW:BW) of Pkd1"/"
and WT mice was measured in Ruxolitinib and vehicle treatment groups. (C) Serum levels
of blood urea nitrogen (BUN) in Pkd1"/"and WT mice comparing vehicle and Ruxolitinib
treated groups. Though there is a downward trend in Ruxolitinib-treated Pkd1"/"' mice,
no significant differences were observed between treatment groups for KW:BW or BUN.

Each plot point represents an individual mouse. Mean +SD is plotted.
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Figure 5.8 Ruxolitinib reduces spleen diameter

(A) Representative images of spleens that were measured with Imagel) (B) Spleen
diameter was measured in Pkd1"/"and WT mice treated with vehicle control or 50 mg/kg
Ruxolitinib which displayed a modest reduction in spleen diameter with Ruxolitinib
treatment compared to vehicle control. Each plot point represents an individual mouse.

Mean %SD is plotted.
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Figure 5.9 Ruxolitinib does not appear to affect the cystic index in Pkd1"/" mice

(A) Cystic index is relatively similar with Ruxolitinib treatment (50 mg/kg) (N=4) compared
to vehicle control (N=3) in Pkd1"/" ! mice (B) Percentage of cysts categorised as small
(5,000— 19,999 um?), medium (20,000 — 99,999 pum?) and large (=100,000 pm?) is
relatively similar between treatment groups. Each plot point represents an individual
mouse. Mean +SD is plotted A Mann-Whitney non-parametric t-test was used for cystic
index treatment comparison and one-way ANOVA was used for cyst size treatment

comparison to examine statistical significance.
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Figure 5.10 Ruxolitinib reduces fibrosis in Pkd1"/" mice

(A) Representative images of fibrosis from polarised light of picrosirius red stained
kidneys from WT and Pkd1nl/nl treated with vehicle control or 50 mg/kg Ruxolitinib. (B)
Fibrosis (%) red measured with Imagel) is reduced with Ruxolitinib treatment (50 mg/kg)
(N=4) compared to vehicle control (N=3) in Pkd1"/" (Each plot point represents an
individual mouse. Mean £SD is plotted. A Mann-Whitney non-parametric t-test was used

to examine statistical significance.
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5.5 Discussion

5.5.1 General overview

In this chapterthe impact of inhibiting growth hormone signalling upstream and
downstream of the growth hormone receptor (GHR) was assessed for its effect on
progression of ADPKD in a genetically orthologous in vivo model of disease through
dosing Pkd1"/"' mice with either 1 mg/kg Octreotide at ages 4-6 weeks, 50 mg/kg at ages
6-8 weeks, or vehicle controls alongside wild-type (WT) littermate controls. Upstream
inhibition of GH signalling with Octreotide reduced the total circulating levels of GH,
though it did not significantly reduce renal hypertrophy assessed as kidney weight: body
weight ratio (KW:BW), or renal damage assessed using serum blood urea nitrogen (BUN).
Downstream inhibition of GH signalling with the JAK1/JAK2 inhibitor Ruxolitinib in a
novel study testing Ruxolitinib as a treatment in an in vivo ADPKD model revealed a trend

in reduction of KW:BW and BUN in Pkd1"/" mice compared to vehicle controls.

There appeared to be minimal impact on cyst development and cystic growth assessed
using cystic index of the kidney in Pkd1"/" mice treated with Octreotide compared to
vehicle controls. Nonetheless, there was a modest trend in reduction in fibrosis with
Octreotide treatment. Similarly, despite Ruxolitinib-treated Pkd1"/"' mice displaying
little change in cystic index, a moderate reduction in fibrosis approaching significance

was observed compared to vehicle controls.

Interestingly, renal expression of the GHR is significantly higher in the cortical regions of

Pkd1"/"' mice compared to WT, particularly in the proximal tubular region, and the GHR
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expression does not appear to be impacted by Octreotide treatment even though

circulating GH is lowered.

5.5.2 Effects of Octreotide treatment on progression of ADPKD in Pkd1

nl/nl mice

The somatostatin analogue Octreotide directly suppresses pituitary secretion of growth
hormone as well as hypothalamic release of growth hormone releasing hormone
(Masuda et al., 1989). Though Octreotide at the dose and time point tested in this
chapter did not significantly alter progression of ADPKD in the Pkd1"/" mouse model,
Octreotide has previously been shown to reduce hepato-renal cystorgenesis and

hypertrophy in preclinical PKD rodent models (Masyuk et al., 2007; Masyuk et al., 2013).

In clinical trials, Octreotide initially slowed renal hypertrophy after one year, shown by
reduced total kidney volume conpared to placebo controls, but by three years there was
no significant difference in TKV between the treatment and control groups, (Caroli et al.,
2013). In a follow up study, TKV was significantly lowered at one and three years in the
Octreotide-treated group, but did not significantly affect estimated glomerular filtration
rate (eGFR) decline in patients with later stage kidney disease, though progression to
end stage renal failure (ESRF) was reduced with Octreotide treatment (Perico et al, 2019).
The renoprotective effect of Octreotide is thought to be due to its inhibitory effects on
adenosine 3',5'-cyclic monophosphate (cAMP) via binding the Gi protein-coupled
somatostatin receptors (SSTRs) (Hogan et al., 2010). It has been suggested that the
reason the beneficial effects of Octreotide may be negated with long-term treatment is
due to downregulation of SSTRs (Lin et al., 2018). A relatively recent meta-analysis of

somatostatin analogues in ADPKD concluded that somatostatin analogues effectively
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reduce TKV in ADPKD, nonetheless there was no overall improvement in eGFR (Griffiths
et al., 2020). This indicates that although TKV is an accepted renal function biomarker
for prognosis by regulatory bodies such as the European Medicines Agency (EMA) and
Food and Drug Agency (FDA) (Perrone et al., 2017), reduction in TKV does not necessarily

equal protection of renal function.

In addition to Octreotide, alternative somatostatin analogues have been tested in
ADPKD including lanreotide and pasireotide (Kugita et al., 2017, Masyuk et al., 2013,

Gevers et al., 2015).

It has been postulated that the renoprotective mechanism of action in successfully
slowing progression of disease that has been observed with somatostatin analogue
treatment is the same as the vasopressin receptor antagonist tolvaptan, namely
reduction of intracellular cAMP (Hogan et al.,, 2010). Intracellular cAMP has a
demonstrable role in pathogenic ADPKD mechanisms such as proliferation and
cystogenesis (Yamaguchi et al., 1997, Yamaguchi et al., 2000, Hanaoka and Guggino,
2000) and both tolvaptan and Octreotide effectively lower cAMP (Masyuk et al., 2007,
Gattone et al., 2003). In a hypomorphic PKD1 model pasireotide and tolvaptan
independently reduced cystic growth and in combination had an additive effect in
delaying disease progression with significant reduction in cystic and fibrotic volume
(Hopp et al., 2015). Clinical trials to examine the efficacy of combined treatment of
tolvaptan and  Octreotide-LAR in a clinical setting are ongoing

(https://clinicaltrials.gov/ct2/show/NCT03541447, July 2021). Whilst the additive

renoprotective effect of combined treatment could be solely due to the impact of each

drug on cAMP being more thorough and robust, alternatively, it could indicate
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mechanisms beyond the effects of cAMP involved in slowing disease progression such

as inhibition of growth hormone release and downstream growth hormone signalling.

The purpose of the Octreotide in vivo experiments performed in this chapter were to
reexamine the mechanism of Octreotide in ADPKD progression through the lens of its
impact on growth hormone as opposed to its actions on SST receptors and cAMP, though
the two cannot be uncoupled. A significant reduction in circulating GH was observed
when normalised to body weight in Octreotide-treated Pkd1"/" mice compared to
vehicle controls and there did appear to be a trend toward positive correlation between
circulating GH levels and cystic index of the kidney. Despite this the parameters of renal
hypertrophy, function, cystogenesis and fibrosis were not significantly altered with
Octreotide treatment at the dose given and the timepoint studied which opposes what
has previously been described for Octreotide in other preclinical rodent models of

ADPKD.

The Pkd1l neolox mouse used in my in vivo studies is advantageous as it is genetically
orthologous to human ADPKD. These mice exhibit rapid development of disease which
is a double-edged sword as only a short period of time required to develop advanced
disease can be useful in as it allows for time-efficient research, but also has the
disadvantage of being difficult to reach an early enough timepoint with drug treatments
to impede disease progression. Octreotide has not previously been tested in this
preclinical ADPKD mouse model in published data which may, in part, account for the
discordant lack of effect observed in slowing ADPKD progression in the Pkd1"/"' mouse

compared to previous published data. Nonetheless, the impact of Octreotide on growth
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hormone and growth hormone signalling as a potential contributor in the efficacy of

delaying ADPKD progression in previous published studies should not be discounted.

5.5.3 GHR expression in Pkd1"/"' mice and the impact of Octreotide

treatment

Immunofluorescent staining displays that renal GHR expression appears to be
upregulated in the cortical regions of Pkd1"/" kidneys versus WT, particularly in the
proximal tubular region and in cyst lining cells. One might speculate that the elevation
of renal GHR expression observed in Pkd1"/"kidneys versus WT could be associated with
the increase in serum growth hormone that is also observed between these two groups
which cannot be ruled out at this stage. In opposition of this hypothesis is that there is
no observable reduction in GHR expression in Pkd1"/" kidneys treated with Octreotide

compared to vehicle controls despite reduction in circulating growth hormone.

Nevertheless, even though the cause of upregulated renal GHR in this ADPKD model is
unknown, it is possible that it contributes towards increased GH signalling within the

kidney which would require further exploration.

5.5.4 Ruxolitinib reduces renal hypertrophy and protects renal functionin

Pkd1"/"' mice

As the JAK1/Jak2 inhibitor Ruxolitinib displayed the ability to modulate GH-induced

proliferation and cystogenesis in vitro as shown in chapter 4, the efficacy of Ruxolitinib
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was tested in vivo to assess its ability in slowing progression of disease. There was a
trend towards reduced renal hypertrophy and protection of renal function with lower
KW:BW and BUN in Ruxolitinib-treated Pkd1"/"" mice compared to vehicle controls.
However, the N numbers are too low to see statistical significance, power calculations
based on the BUN values between treatment groups of Pkd1"/"' mice estimates that
each treatment group requires N=7 for statistical power. As observed with Octreotide
treatment, Ruxolitinib treatment does not significantly alter the cystic index compared
to vehicle controls. Nevertheless, there is a clear trend towards modest reduction in
fibrosis with Ruxolitinib treatment which approaches statistical significance compared
to vehicle controls. Together the reduction in fibrosis and BUN illustrates the potential

for Ruxolitinib in protecting renal function.

The trend of reduced fibrosis and BUN despite no change in cystic index suggests that
fibrosis may be a larger contributor to renal function decline, at least in this mouse

model at this stage of disease.

The mechanism underlying the observed reduction in fibrosis is currently unknown.
Fibrosis is a process of excessive accumulation of extracellular matrix proteins such as
collagen in response to injury due to either reduction in matrix production or induction
of matrix breakdown (Herrera et al., 2018). Growth hormone has been shown to induce
epithelial to mesenchymal transition (EMT) wherein epithelial cells transdifferentiate
into fibroblasts, leading to fibrosis progression due to increased matrix production
(Kalluri and Weinberg, 2009, Brittain et al., 2017). This offers a possible mechanism
through which growth hormone contributes towards fibrosis and Ruxolitinib reduces

fibrosis through inhibition of GH signal transduction.
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5.5.5 Conclusion

In summary, the elevated levels of circulating growth hormone and renal growth
hormone receptor expression in cyst-lining cells in a model of ADPKD highlights the
potential contribution of GH-GHR signalling towards ADPKD pathogenesis and
progression in an in vivo setting. Moreover, inhibition of GH-GHR-JAK2 signalling with
the use of somatostatin analogues or Ruxolitinib show potential in reducing renal

fibrosis and protecting renal function.
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5.6 Supplemental figures
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Supplemental figure 3: Genotype differences of untreated WT and Pkd1"/" mice and
Octreotide treatment in WT mice

(A) Genotype differences in serum growth hormone (GH), kidney weight to body weight
ratio (KW:BW) and blood urea nitrogen (BUN) of saline treated WT (N=8) and Pkd1"/"
mice (N=7) shows the increase of all parameters in Pkd1"/"" mice compared to WT. (B)
Octreotide treatment in WT mice (N=7) has no impact on GH, KW:BW, or BUN compared

to vehicle controls(N=8).
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Chapter 6: Discussion

Autosomal dominant polycystic kidney disease (ADPKD) pathogenesis involves
dysregulation of multiple cellular signalling pathways as a result of disruption to
polycystin function. Defining the specific pathogenic signalling pathways and their

influence in disease development and progression is an ongoing process.

Aberrant upregulation of circulating growth hormone and activated nuclear STAT5
alongside increased JAK2 expression has been observed in models of ADPKD (Fragiadaki
et al., 2017, Patera et al.,, 2019), suggesting that GH-GHR-JAK2-STAT5 signalling is

dysregulated in ADPKD and could be contributing towards pathogenesis.

The main objectives of the thesis were firstly to produce recombinant growth hormone
analogues capable of either inducing or inhibiting growth hormone receptor signal
transduction with the use of wild-type or mutant GHR antagonist analogue, respectively.
The second aim was to investigate the effects of modulation of GH-GHR-JAK2-STAT5
signalling in in vitro models of PKD and examine the subsequent impact on proliferation
and cystogenesis. The final objective was to analyse the impact of inhibition of GH-GHR-
JAK2-STATS in an in vivo model of PKD and subsequent effect on cyst development,

fibrosis, renal hypertrophy and renal function.
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6.1 Expression, purification, and validation of bioactive

recombinant growth hormone analogues

Analogues of the ~22 kDa isoform of human and mouse growth hormone were produced
in bacterial and mammalian expression systems, respectively. Substitution of glycine to
arginine, at the 120 position in hGH and the 118 position in mGH, in receptor binding
site 2 of growth hormone generates a mutant growth hormone analogue which results
in receptor antagonism. It was previously reported by Chen et al and Nass et al that the
GH mutants Gly120Arg (human) and Gly118Arg (mouse) were unable to bind to one
molecule of a GHR dimer, but still bind to the other GHR molecule of the dimer through
receptor binding site 1, resulting in a competitive inhibitor of GHR (Chen et al., 1990,
Nass et al., 2000a). While the specifics of the physical binding of the GH antagonist were
not confirmed, their ability to inhibit GH-triggered signalling was examined, and it was
demonstrated that they can potently inhibit STAT5 phosphorylation. In addition, the
hGH-m12 recombinant protein was expressed which contains the Gly120Arg mutation
but carries eight additional mutations at site 1 which increases its binding affinity to the
receptor, making it a more potent inhibitor of GH. Furthermore, mGH-Gly118Arg fused
to mouse growth hormone binding protein (MGHBP) was subcloned and expressed it as
GH fusion to GHBP. This fusion protein was produced as the human analogue was
previously shown to improve stability and delay clearance (Wilkinson et al., 2016),

though this was not produced in large enough quantities for further testing.

The recombinant WT GH analogues were capable of inducing STAT5 activity evidenced

by (a) increased tyrosine phosphoactivation, which was significantly above untreated
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controls (b) increased 5x STATS5 luciferase activity, which reports on the transcriptional
activity of STAT5 following GH stimulation and antagonism and (c) enhanced STAT5
target gene expression, specifically IGF1 and CCDN1. All these data together indicated
that the laboratory made recombinant wild-type GH and the antagonists were properly
refolded and bioactive as they triggered GHR signal transduction in kidney cells. As a
similar response was observed in HEK293-GHR cells treated with GH antagonists
between the luciferase assay for STATS activity and the western blot for pYSTATS, the
pYSTATS blot was used for subsequent testing of GH-STAT5 modulation with GH or GHA
as a more time and cost-effective approach. The mouse and human GHAs were able to
significantly reduce GH-induced STAT5 phosphoactivation in kidney cells. Inhibition of
GH-STATS signalling with mutant GH analogues has previously been examined with a
STATS luciferase assay and phosphotyrosine activation of STATS5 (Wilkinson et al., 2016,
Petkovic et al., 2007, Maamra et al., 1999, Xu et al., 2011). Taken together, the successful
expression of bioactive GH analogues with a proven capacity to modulate STAT5 activity
in renal cells has provided the toolkit and necessary components to examine the effects

of GH in Autosomal Dominant Polycystic Kidney Disease in vitro and in vivo models.

6.2 The effects of stimulation and inhibition of growth

hormone signalling in in vitro models of ADPKD

The recombinant WT GH analogues were able to induce STAT5 phosphoactivation in
relevant cellular models of human or mouse-derived ADPKD renal epithelial cells. The

human GHAs significantly reduced GH-stimulated STAT5 phosphoactivation in SKI-001
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cells. Meanwhile Ruxolitinib, a JAK inhibitor, was selected as an alternative mechanism
of inhibiting GH-JAK2-STAT5 signalling which would corroborate the GH antagonist
effects and provide a comparison of effectiveness of the new GH antagonists when
compared with Ruxolitinib which is an approved drug with very well known kinetics of
JAK/STAT pathway inhibition. As expected from previously published literature
(Bartalucci et al., 2017, Nitulescu et al., 2017, Sapre et al., 2019) Ruxolitinib significantly
reduced phosphoactivation of STAT5 downstream of GH in the isogenic murine F1 Pkd1

+/+ and F1 Pkd1 -/- cells, suggesting successful disruption of GH-JAK2-STATS5 signalling.

Development of cysts is the definitive hallmark of ADPKD, therefore the impact of
stimulating and inhibiting GH signalling was studied using independent cellular models
of ADPKD capable of forming cysts in a 3D environment (SKI-001, OX161c1, F1 Pkd1 +/+,
and F1 Pkd1 -/-). The in vitro cyst assays revealed the novel finding that stimulation of
cells with exogenous growth hormone promotes cyst expansion in all four cell types,
exceeding the cystic growth of untreated cells over time to a significant degree in the
human SKI-001 and OX161cl cells. Inhibition of GH signalling either through drug
treatment of GHA or Ruxolitinib or genetic modulation through GHR or STAT5
knockdown resulted in significant reduction of GH-induced cystic growth which provides

strong evidence that GH is promoting cystic growth via the GHR-JAK2-STATS5 pathway.

Hyperproliferation is a key pathological mechanism in ADPKD which contributes towards
cyst expansion. Growth hormone signalling via JAK2-STAT5 promotes proliferation
through upregulation of pro-proliferative molecules involved in cell cycle progression
such as cyclin D1 (CCND1), cyclin D2 (Matsumura et al., 1999, Friedrichsen et al., 2003),

and ¢c-MYC (Murphy et al., 1987), or indirectly via insulin-like growth factor 1 (IGF-1)
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which promotes proliferation via the IGF1 receptor (Hakuno and Takahashi, 2018).
Treatment with exogenous GH resulted in a significant increase in proliferating cells
compared to untreated controls, alongside significant upregulation of the pro-
proliferative STAT5 targets CCND1 and IGF-1 in human ADPKD models. These findings
expand our current understanding of GH signalling and contribute further to the
previous understanding that GH (in GH overexpressing transgenic mice) enhanced
hepatic proliferation (Miquet et al., 2008). The finding that GH enhances renal cell
proliferation in cells with Pkdl deficiency is consistent with the finding that renal
epithelial cells have widespread and diffuse expression of growth hormone receptor and
are hence primed to respond to GH. Furthermore, addition of GHA or Ruxolitinib
abrogated GH-induced proliferation and STATS target expression, suggesting that the
effect of GH is directly on the epithelial cells and does not necessarily require hepatic
production of IGF-1. Together this provides mechanistic insight into GH-induced cyst

expansion via increased proliferation downstream of GH-JAK2-STATS5 signalling.

6.3 Growth hormone inhibition in a preclinical setting of

ADPKD

Octreotide, a somatostatin analogue (SSA) has previously been tested in preclinical and
clinical trials for ADPKD and was found to be effective in reducing hepatic and renal
cystogenesis, total kidney volume and total liver volume, indicating delayed hypertrophy
and disease progression, as well as a delay in Octreotide-treated people with ADPKD

reaching end stage-renal failure compared to control (Hogan et al., 2010, Masyuk et al.,
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2013, Perico et al., 2019, Caroli et al., 2013, Griffiths et al., 2020, Masyuk et al., 2007).
Given the variability of response in these clinical trials, the type of PKD mutation that
each individual person with ADPKD had was not analysed or presented so it would be
interesting to know the type of PKD mutations to gain further understanding of
mechanism and potential differences in response to treatment. Octreotide has been
shown to lower levels of circulating cyclic AMP (cAMP) in these trials. Indeed, the
kidneys express somatostatin receptors and it has been proposed that Octreotide binds

kidney somatostatin receptors blocking cAMP release.

Octreotide was tested in a genetically orthologous hypomorphic Pkdl mouse model to
inhibit pituitary growth hormone secretion and examine Octreotide treatment through
the lens of growth hormone signalling effects rather than an assumption of cAMP being
the mechanism of effect on PKD pathogenesis (Figure 6.1). Octreotide (1 mg/kg) or
saline vehicle controls were administered to both Pkd1"/" mice and WT littermate
controls. The WT mice had no discernible differences in KW:BW and BUN between
Octreotide and vehicle groups, indicating the drug is well tolerated without adverse
effects on the kidney in healthy mice. Within the Pkd1"/" mice Octreotide significantly
reduced serum growth hormone levels indicating the drug was effective in reducing

pituitary growth hormone secretion.
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Figure 6.1 The proposed model versus the current view of cystogenic pathways in the kidney

The current view of cystogenic pathways proposes that in ADPKD intracellular cyclic AMP is elevated leading to increased proliferation and
luminal fluid secretion via activation of protein kinase A (PKA) and chloride (CI") secretion (Yamaguchi et al., 2000), which is inhibited through
antagonism of the Gs-coupled vasopressin 2 receptor (V2R) e.g. with tolvaptan (Torres et al., 2012), or through somatostatin analogues e.g.
Octreotide acting on the Gi-coupled somatostatin receptor (SSTR) (Hogan et al., 2010). In this thesis it is proposed that growth hormone (GH)
stimulates proliferation via JAK2-STAT5, which is inhibited through growth hormone receptor (GHR) antagonists, JAK inhibitors e.g. Ruxolitinib,

or somatostatin analogues inhibiting pituitary GH.
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In contrast to what has previously been reported in preclinical rodent ADPKD rodent models
treated with Octreotide, there was not a significant impact between treatment groups on the
KW:BW, BUN, cystic index or fibrotic index, suggesting Octreotide does not slow disease
progression in this particular mouse model at the dose and time point studied. There was a

slight downward trend in renal fibrosis in response to Octreotide treatment.

Whilst reduced fibrosis could be a result of reduced circulating growth hormone with
Octreotide treatment, as growth hormone has a known role in fibrosis via promoting
epithelial to mesenchymal transition, the stratified data analysing the correlation between
GH and kidney fibrosis does not support this conclusion. On the other hand, there was a
significantly positive correlation between normalised circulating GH and the kidney cystic
index of Octreotide-treated males, which suggests that GH is contributing towards renal cystic

growth as has been established from my in vitro cyst assays.

However, despite the correlation between levels of growth hormone and renal cystic index,
reduction of circulating GH with Octreotide did not impact the cystic index, which could
suggest that there is a threshold of GH reduction required to affect renal cyst development
that was not met, or it could be that the dose and time point of treatment was too advanced
to impact the cystic aspect of disease, wherein the 4 week start point of treatment is when

the Pkd1 neolox mice are at the peak of disease (Happe et al., 2013).

Ruxolitinib was studied in the same mouse model to further investigate the impact of
inhibition of GH signalling, this time targeting downstream of the GHR by inhibiting JAK. The
mice were treated at the age of 6 weeks to avoid the 4-week peak of disease but still allow
for investigation of the advanced stage of disease. Treatment with Ruxolitinib (50 mg/kg)

resulted in a clear trend of moderate reduction in renal hypertrophy and protecting renal
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function through a reduction in serum BUN and renal fibrosis which approaches statistical
significance compared to vehicle controls. Due to time limitations, including the impact of
COVID-19 related restrictions, | was not in a position to increase the n number for Ruxolitinib
treated mice. The fact that both Octreotide and Ruxolitinib show a trend in reducing fibrosis

provides stronger evidence that the reduction in fibrosis is a result of altered GH signalling.

Despite the improvement in renal function, hypertrophy and fibrosis, cystic index was
unaltered with Ruxolitinib treatment, but this could be due to the small number of animals
tested and the inherent nature of variability of cystic presentation expected with these mouse
models. It is of interest that fibrosis and kidney function show a clearer trend of improvement
when compared with cystic index. This poses the question as to the relative contribution of
renal hypertrophy, cystic index and renal fibrosis towards renal function decline. As observed
in aforementioned Octreotide clinical trials, Octreotide reduced TKV and displayed an overall
reduction in the number of patients with ADPKD reaching ADPKD after 3 years, but meta-
analysis showed no overall improvement in the eGFR (Griffiths et al., 2020). Additionally,
knockdown of STAT3 reduces cystic index but not KW:BW, due to impact on macrophage
infiltration (Viau et al., 2020). Together, this suggests that, alongside other factors, KW:BW,

cystic index and fibrosis are not invariably simultaneously impacted by treatment.

Yet another point to consider when interpreting the difference in impact of Ruxolitinib on
renal fibrosis and cystic index is that it has been suggested that, at least for a time, when
fibrosis is established there is regression in cystic growth (Happe et al., 2013). This offers
potential explanation toward the dichotomy in renal fibrosis and cystic index in response to
Ruxolitinib treatment, as the reduction in fibrosis caused by Ruxolitinib may impact the level

of cyst regression whereas untreated mice with higher fibrosis may have increased levels of
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cyst regression and so an impact of treatment on cystic index is not captured. Yet there is a
clear trend towards improved renal function (as measured by blood urea nitrogen),
suggesting that Ruxolitinib treatment and the accompanied reduction in fibrosis are beneficial

for kidney function.

It is of interest to mention that Ruxolitinib caused a marked reduction in cystic growth in three
dimensional in vitro experiments of renal epithelial cells, suggesting that inhibition of
JAK/STAT signalling within renal epithelial cells per se is sufficient to reduce their innate ability
to proliferate. On the other hand, Ruxolitinib treatment on the mouse model was performed
after disease was already established and cysts had already formed, hence a direct
comparison between the 2 models cannot be made. Moreover, within a whole organism
system there are additional factors at play that may influence cell/cyst responses to any given
drug including, drug metabolism, immune response and inflammation, in addition to the
potential of compensatory mechanisms through interactions with other cells. For example,
STAT3 activation in polycystic kidneys can occur through indirect mechanisms involving

macrophages (Viau et al., 2020).

Expression of the growth hormone receptor is significantly increased in the proximal tubular
region of kidneys of Pkd1"/" mice compared to WT mice. Importantly, GHR is expressed in
cyst lining cells of the kidney. This data in combination with previous reported data of
elevated expression of JAK2 (Patera et al., 2019), nuclear STAT5 and expression of cyclin D1
(Fragiadaki et al., 2017) in cyst lining renal epithelial cells of the Pkd1"/" mouse, and the in
vitro data in SKI-001, provides supporting evidence that GH-GHR-JAK2-STAT5-CCND1

signalling is dysregulated in ADPKD and contributed towards pathogenesis.
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6.4 Limitations

One of the limitations of this study is genetic variability within ADPKD and its effect on
pathogenesis and cellular response which may not be fully represented within the scope of

this study, though this was mitigated by use of a variety of cellular ADPKD models.

There is also the potential genetic drift with immortalised cellular ADPKD models over time
and number of passages, which opens the possibility of deviating from the original genotype
and introducing other genetic factors that could play a role in cellular response. The
immortalised cell lines of cystic human renal epithelial cells may behave differently to primary
cystic renal epithelial cells in situ. The use of several different ADPKD-derived cell lines helps
mitigate the risk. Moreover, my conclusions were based on combined used of robust in vitro

and in vivo models allowing me to examine the effects of GH inhibition using multiple models.

The Pkd1neolox mouse model is orthologous genetically to human ADPKD, but the severe and
rapid onset of disease is different from what we see in humans wherein disease becomes
more severe in middle age. Although because of the rapid onset of disease this was a

pragmatic choice for a rodent model of PKD.

6.5 Future work

6.5.1 Cellular and animal studies

Future directions to build upon the work described in this thesis would be to express high

levels of mouse growth hormone receptor antagonist and test the robust efficacy in cellular
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and in vivo models of ADPKD in slowing disease progression. To ensure robust efficacy and
that the effects observed within the Pkd1 neolox mouse model are not specific to this mouse
model other models would need to be tested. Moreover, to test inhibition of growth hormone
signalling in alternative rodent models and to take treatments forward into rabbits, non-

human primates and then clinical trials to further test efficacy and toxicity.

It would be interesting to examine inhibition of the GH-GHR-JAK2-STAT5 axis at different
levels of the signalling pathway (e.g. compare GH antagonism with Ruxolitinib) and to look at
the effects on progression of disease to determine which method of inhibition has higher
efficacy. In vivo genetic loss of STATS (i.e. kidney specific STAT5 knockout mice crossed with
Pkd1 knockout) could be used to examine causal pathogenicity of STATS5. Even though genetic
deletion of STAT5 is not going to provide a potential drug it will be a way to genetically
determine its role in driving disease progression. If STATS5 was found to be a driver of ADPKD
the newly generated STAT5 small molecule inhibitors may be worth testing in the ADPKD

mouse models in addition to Octreotide and Ruxolitinib.

Additionally, the effect of combination of treatments could be tested to examine whether
there is an additive benefit and establish whether the effects of Octreotide are indeed only
via cCAMP or alternative pathways (e.g. inhibition of JAK/STAT). Combination treatment of
tolvaptan and Ruxolitinib or GHR antagonism could also be tested to examine whether there
is a an additive benefit as has been performed for tolvaptan and Octreotide which has

demonstrated additive renoprotective effects (Hopp et al., 2015).

Another future direction could be to investigate the effect of growth hormone on progression

of disease not just in kidneys, but on extrarenal symptoms such as cardiovascular, liver and
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spleen size. My study identified Ruxolitinib as a drug able to reduce the splenic size of ADPKD

mice, this could be a beneficial effect that could be studied further.

6.5.2 Understanding the mechanism behind the increase in GH signalling and

its impact on ADPKD pathogenesis

The findings presented within this thesis clearly show that growth hormone promotes
proliferation and cystic growth, and in Pkd1-deficient mice (murine ADPKD model) growth
hormone and downstream signalling is elevated compared to wild-type littermate controls.
This provides a foundation to further explore the mechanism behind the increase in
circulating growth hormone and expression of GHR in the cortical region of polycystic kidneys
observed in the ADPKD model, whether this finding is seen in alternative models of ADPKD,
and most importantly whether this is observed within human ADPKD is currently unknown

and certainly worth further investigation.

It is worthwhile to comment on the fact that elevated circulating GH levels could be due to
either an increase in GH production and/or a reduction in GH clearance by the kidneys. As the
circulating levels of growth hormone are elevated, this points towards pituitary-secreted
growth hormone as opposed to kidney-specific autocrine/paracrine growth hormone. There
is currently no data on polycystin expression in the pituitary gland, though polycystin 2
expression in the pituitary has been reported in mice (Markowitz et al., 1999), so how
pathogenic mutations in PKD genes or modifier mutations impact pituitary release of

hormones (e.g. growth hormone, vasopressin) is unclear.

There is also the possibility that an increase in pituitary release is at the hypothalamic level.

Though there is no data on hypothalamic expression of polycystins, an effect of ADPKD within
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the brain has been observed with the formation of intracranial subarachnoid cysts (Krauer et
al., 2012). Given that the elevated growth hormone is seen in serum, this could indicate
modulation of GH release at the pituitary level. Hypothalamic growth hormone releasing
hormone (GHRH) induces growth hormone release through binding to pituitary somatotroph
GHRH receptors, leading to activation of adenylyl cyclase and production of cAMP,
subsequently activating protein kinase A and influx of calcium, wherein increased cAMP and
Ca?* stimulates GH exocytosis (Holl et al., 1988, Draznin et al., 1988). Of note, polycystin
mutation aberrantly increases cAMP, so whether this happens in the pituitary and could result

in non-canonical release of GH from somatotrophs is unclear.

Alternatively, or perhaps in addition to increase in production of GH, reduction in GH
clearance may contribute towards elevated serum GH. The kidney is the major organ of
metabolic clearance of GH, and with chronic renal failure elevated levels of GH have been
observed (Cameron et al., 1972). Renal function decline in ADPKD may lead to reduced GH
clearance and subsequent accumulation of GH, leading to persistent longer-lasting impact of
GH. As GH signalling has been shown to elevate proliferation and cystic growth in vitro and
appears to influence fibrosis in vivo, all of which contribute towards renal function decline,
GH may be exacerbating and accelerating disease progression in a positive feedback loop of
renal function decline and GH accumulation. This is reflected by data from Fragiadaki et al.,
wherein older mice at a more advanced stage of disease at 10 weeks of age showed nearly
double the levels of serum GH of 5 week old Pkd1"/" mice (Fragiadaki et al., 2017), indicating

the increase in GH as kidney function declines.

The systemic effect of elevated GH is likely insufficient to cause cystic disease on its own,

though people with acromegaly and transgenic GH overexpressing mice exhibit structural
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changes to the kidney such as tubular dilatation and in a small number of cases formation of
cysts (Fragiadaki et al., 2017, von Waldthausen et al., 2008, Yamamoto et al., 2016). On the
other hand people with PKD that have renal transplantation do not develop cystic kidney
post-transplantation (Kanaan et al., 2014). Thus, growth hormone on its own is not enough
to fuel disease, but in already diseased kidney it may promote progression of disease in cells

that have lost Pkd1 expression.

In addition to understanding the mechanism upstream of GH elevation, unpicking the precise
mechanisms at play downstream of GH signalling through STAT5 in disease pathogenesis
could be further explored. As an initial high throughput step, microarray analysis or next-
generation RNA sequencing of STATS silenced ADPKD cells could be investigated to determine

the impact on cellular signalling and mechanisms.

How the impact of growth hormone-STAT5 signalling links with IGF-1 in ADPKD requires
further investigation, particularly as to whether the impact of modulation of GH signalling is
dependent or independent of IGF-1 in ADPKD. IGF-1 is an established mediator of growth
hormone activity and a known transcriptional target of STAT5 (Davey et al., 2001),
corroborated by my data showing increased IGF-1 expression in response to GH stimulation
in human-derived ADPKD renal epithelial cells in chapter 4. IGF-1 has been implicated in
ADPKD pathogenesis, where deficiency in polycystin 1 was linked with an increase in cellular
IGF-1 sensitivity, and subsequent IGF-1 induced hyperproliferation of cystic cells dependent
on Ras/Raf- signalling (Parker et al., 2007). Furthermore IGF-1 expression is elevated in cystic
lesion of a nonorthologous murine ADPKD mouse model (Nakamura et al., 1993). Though IGF-

1 involvement in ADPKD pathogenesis may be downstream of GH, regulation of IGF-1
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signalling in ADPKD has been associated with the metalloproteinase pregnancy associated
plasma protein A (PAPP-A) resulting in cleavage of IGF-1 from IGF-1 binding protein resulting

in increased IGF-1 bioactivity (Kashyap et al., 2020).

GH may also be influencing pathogenesis and progression of ADPKD independently of IGF-1,
through alternative pro-proliferative STATS transcriptional targets such as cyclin D1 and c-
MYC. The oncogenic transcription factor c-MYC is a downstream target of STAT5 which, when
overexpressed in mice induces polycystic kidney disease (Trudel et al., 1998, Trudel et al.,
1991), though a number signalling pathways and transcription factors have been

demonstrated to regulate c-MYC in ADPKD (Cai et al., 2018, Lee et al., 2020).

Super enhancers (SEs) are clusters of enhancers that drive robust expression through higher
density of transcriptional machinery and stronger binding. Super enhancers have been shown
to undergo remodelling in PKD, resulting in considerable reprogramming of cellular metabolic
processes during cystogenesis (Mi et al., 2020). The precise upstream signalling and activating
transcription factors involved in alterations in the SE landscape in PKD is currently unknown.
Li et al. have demonstrated that cytokines can induce STAT5 binding at SEs, with STAT5-
mediated chromatin looping within SE-regulated genes (Li et al., 2017). This suggests a
possibility of dysregulation of cytokine-induced STATS5 to alter the SE landscape in ADPKD, as
a potential mechanism of STAT5-mediated pathogenesis, although the role of STAT5 with SEs
in PKD is unknown. It would be interesting to explore the precise SE-associated transcripts
that STATS5 associates with, whether this differs between healthy kidneys and ADPKD, and if

STATS5 contributes towards SE-mediated metabolic reprogramming in ADPKD.

Together this highlights multiple future directions of study to provide mechanistic insight into

GH-JAK2-STATS dysregulation in ADPKD pathogenesis.
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6.5.3 The role of SNPs

Disease severity of ADPKD can be modified by single nucleotide polymorphisms (SNPs) which
has been explored in a number of genes (Magistroni et al., 2003, Lee et al., 2003, Ramanathan
et al,, 2014, Lee et al., 2002, Liu et al., 2010). This opens up the possibility of SNPs in GH-GHR-
JAK2-STATS potentially modifying ADPKD disease severity and impacting the phenotypic

variability observed in ADPKD.

Polymorphisms in the GHR affect responsiveness to GH, for example an isoform of the GHR
gene lacking exon 3 has up to 2 times higher growth acceleration in response to growth
hormone compared to full length GHR (Dos Santos et al., 2004). SNPs involved in GH signalling
have been associated with the risk of developing various cancers which, like ADPKD, is a
disease driven by aberrant proliferation (Wagner et al., 2007, Le Marchand et al., 2002, Shi et
al., 2014). Polymorphisms in the GHR and/or GH could potentially impact the contribution of
GH signalling in ADPKD pathogenesis and the response to a GH inhibition, which may require

a more personalised approach to treatment.

Interestingly, somatotroph pituitary adenomas with resulting GH production and acromegaly
have been observed in a small number of cases of people with ADPKD (Otani et al., 2021,
Ruggenenti et al., 2005, Syro et al., 2012). One of which was related to a polymorphism in the
somatostatin receptor SSTR5, which the authors hypothesise there is a causal relationship
between the somatotroph adenoma and ADPKD due to the proximity of SSTR5 and ADPKD on

chromosome 16 (Syro et al., 2012).
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6.6 Concluding statements

In this thesis | have demonstrated that growth hormone contributes towards significantly
enhanced cell proliferation and cystogenesis in ADPKD via activating JAK2-STATS5 signalling,
supporting the body of evidence that dysregulation of GH-GHR-JAK2-STAT5 plays a role in
promoting ADPKD pathogenesis. Stimulation of human cystic cells with exogenous GH
resulted in significantly increased expression of pro-proliferative STAT5 target genes,
proliferation and cystic growth, which was blocked through GHR antagonism or JAK2
inhibition. My work has identified that GH affects kidney pathophysiology directly by
enhancing JAK/STAT signalling. Inhibition along the GH/JAK2 axis in human cellular models of
ADPKD and Pkd1 deficient mice has provided some evidence of renoprotection in the context
of ADPKD. This provides a basis for targeting GH-JAK2-STATS5 signalling as novel treatments to

be further explored in delaying progression of ADPKD.
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APPENDIX

A Vectors

A.1 The pet21la+ circular plasmid vector map.

Dralll Styl,BlpI, Aval,BsoBI,PaeR7I,PspXI,T1il,+13
Psil Alol

Xbal,Bglll
Sgral
Sphl
EcoNI
PFIMI

BstAPI
Scal

Pvul

Mlul

Bell
PstI

+1
+1

pET21a+ et
5443 bp

Bsal
AhdI

+1
EcoRV

Hpal

AL1wNI

PshAT

Pcil
BspQI, Sapl
Pf1FI, Tth1111,BstZ171
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A.2 The pCEP4 circular plasmid vector map.
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+1
+1
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BepDI Begl
XmnI
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B Protein and DNA sequences

B.1 Amino acid and nucleotide sequence

human growth hormone.

atg ttc cca acc att

M F P T I

ctg cac cag ctg gcc

cag aag tat tca ttc

aca ccc tcc aac agg

ctg ctg ctc atc cag

agc ctg gtg tac ggc

ggc atc caa acg ctg

aag cag acc tac agc

tac ggg ctg ctc tac

gtg cag tgc cgc tct

tga

ccc

ttt

ctg

gag

tcg

gcc

atg

aag

tgc

gtg

tta

gac

cag

gaa

tgg

tct

999

ttc

ttc

gag

tcc

acc

aac

aca

ctg

gac

agg

gac

agg

ggc

agg

tac

ccc

Ccaa

gag

agc

ctg

aca

aag

agc

ctt

cag

cag

cag

ccc

aac

gaa

aac

gac

tgt

of recombinant hexahistidine-tagged wild-type

ttt gac aac

gag ttt gaa

acc tcc ctc

aaa tcc aac

gtg cag ttc

gtc tat gac

gat ggc agc

tca cac aac

atg gac aag

ggc ttc ctc

gct

gaa

tgt

cta

ctc

ctc

ccc

gat

gtc

gag

atg

gcc

ttc

gag

agg

cta

cgg

gac

gag

cac

ctc

tat

tca

ctg

agt

aag

act

gca

aca

cac

cgc

atc

gag

ctc

gtc

gac

999

cta

ttc

cac

gcc

cca

tct

cgc

ttc

cta

cag

ctc

ctg

cac

cat

aag

att

atc

gcc

gag

atc

aag

cgc

cac

cgt

gaa

ccg

tcc

aac

gaa

ttc

aac

atc

cac
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B.2 Amino acid and nucleotide sequence of recombinant hexahistidine-tagged Gly120Arg

mutant human growth hormone. Gly120Arg mutation is highlighted in cyan.

atg ttc cca

M F P

ctg cac cag

cag aag tat

aca ccc tcc

ctg ctg ctc

agc ctg gtg

cgc atc caa

aag cag acc

tac ggg ctg

gtg cag tgc

tga

acc

ctg

tca

aac

atc

tac

acg

tac

ctc

cgc

att

gcc

ttc

agg

cag

ggc

ctg

agc

tac

tct

ccc

ttt

ctg

gag

tcg

gcc

atg

aag

tgc

gtg

tta

gac

cag

gaa

tgg

tct

999

ttc

ttc

gag

tcc

acc

aac

aca

ctg

gac

agg

gac

agg

ggc

agg

tac

ccc

Ccaa

gag

agc

ctg

aca

aag

agc

ctt ttt gac

L

cag

cag

cag

ccc

aac

gaa

aac

gac

tgt

F

gag

acc

aaa

gtg

gtc

gat

tca

atg

ggc

D

ttt

tcc

tcc

cag

tat

ggc

cac

gac

ttc

aac

gaa

ctc

aac

ttc

gac

agc

aac

aag

ctc

gct

A

gaa

tgt

cta

ctc

ctc

ccc

gat

gtc

gag

atg

M

gcc

ttc

gag

agg

cta

cgg

gac

gag

cac

ctc

tat

tca

ctg

agt

aag

act

gca

aca

cac

cgc

atc

gag

ctc

gtc

gac

999

cta

ttc

cac

gcc

cca

tct

cgc

ttc

cta

cag

ctc

ctg

cac

cat

aag

att

atc

gcc

gag

atc

aag

cgc

cac

cgt

gaa

ccg

tcc

aac

gaa

ttc

aac

atc

cac
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B.3 Amino acid and nucleotide sequence of recombinant hexahistidine-tagged B2036/m12

mutant human growth hormone. Gly120Arg is highlighted in cyan, and the site 1 H18D, H21N,

R167N, K168A, D171S, K172R,

atg ttc cca

M F P

ctg aac cag

cag aag tat

aca ccc tcc

ctg ctg ctc

agc ctg gtg

€gc atc caa

aag cag acc

tac ggg ctg

gtg cag tgc

tga

acc

ctg

tca

aac

atc

tac

acg

tac

ctc

cgc

att

gcc

ttc

agg

cag

ggc

ctg

agc

tac

tct

ccc

ttt

ctg

gag

tcg

gcc

atg

aag

tgc

gtg

tta

gac

cag

gaa

tgg

tct

999

ttc

ttc

gag

tcc

acc

aac

aca

ctg

gac

agg

gac

aac

ggc

agg

tac

ccc

caa

gag

agc

ctg

aca

gcc

agc

ctt ttt gac

L

cag

cag

cag

ccc

aac

gaa

aac

gac

tgt

F

gag

acc

aaa

gtg

gtc

gat

tca

atg

ggc

D

ttt

tcc

tcc

cag

tat

ggc

cac

tca

ttc

aac

gaa

ctc

aac

ttc

gac

agc

aac

agg

ctc

gct

A

gaa

tgt

cta

ctc

ctc

ccc

gat

gtc

gag

agt

S

gcc

ttc

gag

agg

cta

cgg

gac

tca

cac

ctc

tat

tca

ctg

agt

aag

act

gca

aca

cac

cgc

atc

gag

ctc

gtc

gac

999

cta

ttc

cac

gcc

cca

tct

cgc

ttc

cta

cag

ctc

ctg

cac

E174S and 1179T mutations are highlighted in yellow.

gac

aag

att

atc

gcc

gag

atc

aag

cgc

cac

cgt

gaa

ccg

tcc

aac

gaa

ttc

aac

aca

cac

215



B.4 Amino acid and nucleotide sequence of recombinant hexahistidine-tagged wild-type

mouse growth hormone codon-optimised for use in E. coli.

atg

ctg

cag

ccc

ctg

ctg

cag

acc

ctg

tgt

ttt

cac

cgc

aca

ctc

atg

gct

tat

ctc

cgc

ccc

cag

tat

ggc

atc

ttc

ctg

gac

tcc

cgc

gcc

ctg

tcc

aag

cag

ggc

atg

aag

tgc

ttt

atg

gct

att

gag

tca

acc

cag

ttt

ttc

gtg

ccc

gct

cag

gag

tgg

tcg

gag

gac

aag

gaa

ttg

gac

aat

gcc

ctg

gac

ctg

gcc

aag

agc

tcc

acc

gcc

cag

999

cgt

gaa

aac

gac

agc

agt

tac

cag

cag

ccc

gtc

gat

atg

ctg

tgt

ctg

aaa

gct

aga

gtg

tat

ggc

cgc

cac

gcc

ttt

gag

gct

acc

cag

gag

agc

agc

aaa

ttc

tct

ttc

ttc

gac

ttc

aaa

ccc

gac

gcg

ctc

aat

gag

tgc

atg

ctc

ctg

cgt

gac

gag

gag

gct

cgt

ttc

gaa

agc

aag

gtt

gcg

acc

cac

gtg

gcc

tca

ttg

agg

gac

999

ctg

tac

cac

ctc

tac

gag

ctt

att

ctg

cag

ctc

ctg

cac

cga

att

acc

cgc

ttc

gaa

atc

aaa

cg9g

cac

gcc

ccc

atc

ttc

acc

gag

ctc

aac

gtc

cac

cag

gag

ccg

tcg

aac

ggc

aag

tat

atg

cac

cac

gga

gcc

ctg

agc

atc

caa

999

aag

tga
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B.5 Amino acid and nucleotide sequence of recombinant hexahistidine-tagged Gly118Arg

mutant mouse growth hormone. Gly118Arg mutation is highlighted in cyan codon-optimised

for use in E. coli.

atg ttt ccc

M F P

ctg cac cag

cag cgc tat

ccc aca ggc

ctg ctc atc

ctg atg ttc

cag gct ctg

acc tat gac

ctg ctc tcc

tgt cgc cgc

gcc

ctg

tcc

aag

cag

ggc

atg

aag

tgc

ttt

atg

gct

att

gag

tca

acc

cag

ttt

ttc

gtg

ccc

gct

cag

gag

tgg

tcg

gag

gac

aag

gaa

ttg

gac

aat

gcc

ctg

gac

ctg

gcc

aag

agc

tcc

acc

gcc

cag

999

cgt

gaa

aac

gac

agc

agt

tac

cag

cag

ccc

gtc

gat

atg

ctg

tgt

ctg

aaa

gct

aga

gtg

tat

ggc

cgc

cac

gcc

ttt

gag

gct

acc

cag

gag

agc

agc

aaa

ttc

tct

ttc

ttc

gac

ttc

aaa

ccc

gac

gcg

ctc

aat

gag

tgc

atg

ctc

ctg

cgt

gac

gag

gag

gct

cgt

ttc

gaa

agc

aag

gtt

gcg

acc

cac

gtg

gcc

tca

ttg

agg

gac

999

ctg

tac

cac

ctc

tac

gag

ctt

att

ctg

cag

ctc

ctg

cac

cga

att

acc

cgc

ttc

gaa

atc

aaa

cgg

cac

gcc

ccc

atc

ttc

acc

gag

ctc

aac

gtc

cac

cag

gag

ccg

tcg

aac

cgc

aag

tat

atg

cac

cac

gga

gcc

ctg

agc

atc

Ccaa

999

aag

tga
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B.6 Amino acid and nucleotide sequence of recombinant hexahistidine-tagged wild-type

mouse growth hormone codon-optimised for mammalian expression, from the site of signal

peptide cleavage.

ttt ccc gcc

F P A

cac cag ctg

cgc tat tcc

aca ggc aag

ctc atc cag

atg ttc ggc

gct ctg atg

tat gac aag

ctc tcc tgce

cgc cgc ttt

atg

M

gct

att

gag

tca

acc

cag

ttt

ttc

gtg

ccc

gct

cag

gag

tgg

tcg

gag

gac

aag

gaa

ttg

gac

aat

gcc

ctg

gac

ctg

gcc

aag

agc

tcc

acc

gcc

cag

999

cgt

gaa

aac

gac

agc

agt

tac

cag

cag

ccc

gtc

gat

atg

ctg

tgt

ctg

aaa

gct

aga

gtg

tat

ggc

cgc

cac

gcc

ttt

gag

gct

acc

cag

gag

agc

agc

aaa

ttc

tct

ttc

ttc

gac

ttc

aaa

ccc

gac

gcg

ctc

aat

gag

tgc

atg

ctc

ctg

cgt

gac

gag

gag

gct

cgt

ttc

gaa

agc

aag

gtt

gcg

acc

cac

gtg

gcc

tca

ttg

agg

gac

999

ctg

tac

cac

ctc

tac

gag

ctt

att

ctg

cag

ctc

ctg

cac

cga

att

acc

cgc

ttc

gaa

atc

aaa

cgg

cac

gcc

ccc

atc

ttc

acc

gag

ctc

aac

gtc

cac

cag

gag

ccg

tcg

aac

ggc

aag

tat

atg

cac

cac

gga

gcc

ctg

agc

atc

Ccaa

999

aag

tga

ctg

cag

ccc

ctg

ctg

cag

acc

ctg

tgt
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B.7 Amino acid and nucleotide sequence of recombinant hexahistidine-tagged Gly118Arg
mutant mouse growth hormone codon-optimised for mammalian expression, from the site

of signal peptide cleavage.

ttt ccc gcc atg ccc ttg tcc agt ctg ttt tct aat gct gtg ctc cga gcc cag cac ctg

cac cag ctg gct gct gac acc tac aaa gag ttc gag cgt gcc tac att ccc gag gga cag

cgc tat tcc att cag aat gcc cag gct gct ttc tgc ttc tca gag acc atc ccg gcc ccc

aca ggc aag gag gag gcc cag cag aga acc gac atg gaa ttg ctt cgc ttc tcg ctg ctg

ctc atc cag tca tgg ctg ggg ccc gtg cag ttc ctc agc agg att ttc acc aac agc ctg

atg ttc ggc acc tcg gac cgt gtc tat gag aaa ctg aag gac ctg gaa gag aga atc cag

gct ctg atg cag gag ctg gaa gat ggc agc ccc cgt gtt ggg cag atc ctc aag caa acc

tat gac aag ttt gac gcc aac atg cgc agc gac gac gcg ctg ctc aaa aac tat ggg ctg

ctc tcc tgc ttc aag aag gac ctg cac aaa gcg gag acc tac ctg cgg gtc atg aag tgt

cgc cgc ttt gtg gaa agc agc tgt gcc ttc ctc gag cac cac cac cac cac cac tga
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B.8 Amino acid and nucleotide sequence of mouse growth hormone Gly118Arg fused to the

mouse growth hormone binding protein from the site of signal peptide cleavage. The

Gly118Arg mutation is highlighted in cyan. The GlysSer linker is highlighted in red.

ttt ccc gcc

F P A

cac cag ctg

cgc tat tcc

aca ggc aag

ctc atc cag

atg ttc ggc

gct ctg atg

tat gac aag

ctc tcc tgce

cgc cgc ttt

acc ttg ggg

tcg ggg aaa

tgg acc gag

aaa agg gaa

gag tgc cca

atg

M

gct

att

gag

tca

acc

cag

ttt

ttc

gtg

aag

ccg

ggt

tca

gat

ccc

gct

cag

gag

tgg

tcg

gag

gac

aag

gaa

gct

cgt

gat

cag

tac

ttg

L

gac

aat

gcc

ctg

gac

ctg

gcc

aag

agc

tcc

ttc

aat

agg

gtg

tcc

acc

gcc

cag

999

cgt

gaa

aac

gac

agc

cct

acc

cca

cag

tct

agt

S

tac

cag

cag

ccc

gtc

gat

atg

ctg

tgt

gtt

aag

gac

gcg

gca

ctg ttt tct aat gct

L

aaa

gct

aga

gtg

tat

ggc

cgc

cac

gcc

ctg

tgt

tta

gcc

ggt

F

gag

gct

acc

cag

gag

agc

agc

aaa

ttc

cag

€99

aag

cgc

aag

S

ttc

ttc

gac

ttc

aaa

ccc

gac

gcg

ctc

cgc

tcc

acc

att

aat

N

gag

tgc

atg

ctc

ctg

cgt

gac

gag

gag

atc

ccc

cct

gcc

agt

A

cgt

ttc

gaa

agc

aag

gtt

gcg

acc

gga

aac

gaa

ggc

cat

tgt

gtg

4

gcc

tca

ttg

agg

gac

999

ctg

tac

ggc

ccg

tta

tct

gag

tat

ctc

tac

gag

ctt

att

ctg

cag

ctc

ctg

ggt

agc

gaa

att

tgg

ttc

cga

att

acc

cgc

ttc

gaa

atc

aaa

cgg

gga

ttg

act

cag

acc

aat

gcc

ccc

atc

ttc

acc

gag

ctc

aac

gtc

tcc

999

ttc

ctt

caa

agc

cag

gag

ccg

tcg

aac

aga

aag

tat

atg

aca

acg

tca

tat

gag

tct

cac

gga

gcc

ctg

agc

atc

Ccaa

999

aag

ccc

agt

tgt

tat

tgg

tat

ctg

cag

ccc

ctg

ctg

cag

acc

ctg

tgt

gca

agc

tat

gct

aaa

act
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tcc

tgc

ctt

aat

aat

ctc

tac

cat

atc

ttt

aac

gcc

gaa

agg

tca

cac

tgg

aca

att

gac

agc

atg

gag

cac

atc

gta

tca

gtg

aaa

gac

ttt

tga

cca

gat

ctg

ctt

tgg

aag

tcg

tag

tat

gaa

aca

aaa

aag

gaa

gag

taa

tgc

att

ggt

ggc

gtg

cac

gtg

ata

gta

ata

tgg

atg

gaa

ctg

aag

Ccaa

cgg

atc

ggc

gtg

€99

ctg

cct

999

ata

ccc

cga

gtg

act

gat

gac

cta

att

gtg

atc

acc

cca

att

gaa

tgg

cga

ttt

aac

ccc

Ccaa

tac

ctc

tcc

cca

999

atc

gtt

gag

act

cg9g

cag

gac

ggc

agt

atc

tac

cag

aca

ctg

ctg

tag

cag

tgc

aga

aat

ctg

aac

cag

tac

cct

tcc

atc

gat

tagg

cct

aag

gtc

ttt

cat

caa

aca

cca

gag

tac

gaa

cat

aaa

ttg

ccc

gtc

tct

aag

cac
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B.9 Alignment of wild-type human growth hormone (Query 1) and mouse growth hormone

(Sbject 1) using the ncbi BLAST protein alignment tool. + symbol indicates conservative

substitution of amino acids with similar biochemical properties.

Identities:129/194(66%), Positives:154/194(79%), Gaps:3/194(1%)

Query

Sbict

Query

Sbijct

Query

Sbijct

Query

Sbict

61

60

121

119

181

179

FPTIPLSRLEDNAMLRAHRLHQLAFDTYQEFEEAYIPKEQKYSFLONPQTSLCEFSESIPT
FP +PLS LF NA+LRA LHQLA DTY+EFE AYIP+ Q+YS +ON Q + CFSE+IP

FPAMPLSSLESNAVLRAQHLHQLAADTYKEFERAYIPEGQRYS-IQNAQAAFCFSETIPA

PSNREETQOKSNLELLRISLLLIQSWLEPVQFLRSVFANSLVYGASDSNVYDLLKDLEEG
P+ +EE QQ++++ELLR SLLLIQSWL PVQFL +F NSL++G SD VY+ LKDLEEG

PTGKEEAQORTDMELLREFSLLLIQSWLGPVQFLSRIFTNSLMFGTSD-RVYEKLKDLEEG

IQTLMGRLEDGSPRTGQIFKQTYSKEFDTNSHNDDALLKNYGLLYCFRKDMDKVETFLRIV
IQ LM LEDGSPR GQI KQTY KFD N +DDALLKNYGLL CF+KD+ K ET+LR++

IQALMQELEDGSPRVGQILKQTYDKEFDANMRSDDALLKNYGLLSCFKKDLHKAETYLRVM

QCRS-VEGSCGFLE 193
+CR VE SC FLE

KCRREFVESSCAFLE 192

60

59

120

118

180

178
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C Protein physical and chemical properties

Table C: Protein Parameters of mouse and human growth hormone. All parameters were

predicted using the ExPASy protein parameters (ProtParam) tool, based on the amino acid

sequences.
Mw Extinction coefficient Abs 0.1%
Proteins Length Theoretical pl
(Da) (mem-1)* (=1g/L)*
Mouse WT Growth
198 6.53 22906.14 15930 0.695
Hormone
Mouse Gly118Arg
198 6.82 23005.28 15930 0.692
Growth Hormone
Mouse Gly118Arg
Growth Hormone 469 7.14 53723.26 88810 1.653
fusion
Human WT Growth
200 5.83 23325.36 17420 0.747
Hormone
Human Gly120Arg
200 5.98 23424.50 17420 0.744
Growth Hormone
Human m12 Growth
200 5.62 23226.14 17420 0.750

Hormone

1Calculated assuming that formation of disulphide bonds between the thiol groups of cysteine

residues formed are reduced.
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D Primers

ID Oligonucleotide sequence Corresponding
figure

CMV for CGCAAATGGGCGGTAGGCGTG 3.12,3.16

EBV rev GTGGTTTGTCCAAACTCATC 3.12

Fus for AGGGAGGCGGTGGATCCACACCCGCAACCTTGGGGA | 3.16

Fus rev TGGATCCACCGCCTCCCTCGAGGAAGGCACAGCT 3.16

mMGHR rev TAGCCTAAGCTTAGGATCTTACTATCAGTGGT 3.16
Gly118Arg for GCCTGGATGCGCTCTTCCAGG 3.12
Gly118Arg rev TCTGATGCAGGAGCTGGAAG 3.12
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