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Abstract
Abstract

The mitochondrial tumour suppressor succinate dehydrogenase is found inactivated
in several tumour entities, amongst them SDH—deficient renal cell carcinoma (RCC)
and pheochromocytomas/paragangliomas (Pheo/PGL). Publically available data
show an association of activating HRAS mutations with genetic SDHB deletions in
Pheo/PGL, but an in-depth understanding of cooperating events that enable
malignant transformation of SDH-deficient tissues and preclinical model systems of

SDH-deficient malignancies are still lacking.

The first major goal of this thesis project was to generate a genetically engineered
model of SDH-deficient RCC as an easy-to-monitor pathology in mice. In addition,
we set out to study tissue-specific phenotypes resulting from stochastic Sdhb loss
in peripheral organs. Based on the hypothesis that defined metabolic constraints
imposed by loss of SDH function might drive similar collaborating genetic alterations
of SDH-deficient tumours in different organs, we combined deletion of the essential
Sdhb exon 3 (Sdhbff) with activation of oncogenic Hras (HrastSLG12V) in our models.

Driven by a Cadherin 16 promoter (KspCre) and thus in the distal renal tubular
system, the postulated origin of SDH-deficient RCC, a fatal cystic degeneration of
Sdhb kidneys resulted from Cre expression. While not causing clinical events in
SDHB-proficient mice, HrasSLG12V shortened endpoint latency in Sdhb animals in
an allele dose-dependent fashion. Age-matched Sdhbff, HrasSLG12V kidneys
displayed higher cyst content as well as more pronounced pre-malignant features
in comparison to matched Sdhbff, Hraswidyre cases. Ongoing untargeted
metabolomics analyses of kidney, plasma and urine specimens obtained from this

model hold potential for discovery of new biomarkers of SDH-deficient tumours.

In a RosaCreERT™2-based model, dramatic weight loss within the first weeks after
transgene induction correlated with succinate accumulation in peripheral organs of
Sdhb, Hras"t"t animals. Less intense transgene induction schemes resulted in
long-term survival irrespective of Sdhb status. Compared to Sdhb"twt, HrasW/LSLG12V
animals, Sdhbf, HrasW/SLG12V. mice developed significantly higher degrees of

papillomatous skin changes under long-term observation.



Abstract

The findings presented in this thesis argue in favour of a tumour-promoting
collaboration between genetic loss of Sdhb (or the resulting succinate accumulation)
and Hras activation in two different organs. To the best of my knowledge, this work
describes the first, albeit not perfect, genetically engineered mouse model of SDH-
deficient RCC. Ongoing experimental efforts focus on reliable identification of
systemic metabolic biomarkers that could improve monitoring of patients who are at
(relapse) risk of SDH-deficient tumours. In addition, gene expression analyses are
aiming at a mechanistic understanding of the interaction between Hras activation
and Sdhb loss.
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Chapter 1: Introduction

1 Introduction

1.1 General Introduction

At first thought, it might seem far less important to scientifically study a rare
disease than trying to improve diagnostic or therapeutic options for a more
common medical condition. However, two major lines of evidence argue against
this statement. Firstly, albeit per definitionem, a single rare disease affects only
very few people in a population (<0.05% as defined by the European Union), the
5000-8000 described rare diseases in total are actually quite common, i.e. a
substantial fraction (about 6-7%) of the general population suffers from a rare
disease and is hoping for scientific advances to improve their condition (1, 2).
Secondly and of equal importance, rare genetic conditions have substantially
aided the understanding of fundamental cellular physiology and its dysregulation
in very common diseases. In the context of cancer in particular, important
regulators that protect the integrity of the human organism and that are found
dysregulated in common, sporadic types of cancers were initially identified in rare
malignancies that arise in a syndromic fashion with a strong family background (3,
4)

Since Otto Warburg and his co-workers first described increased aerobic glycolysis
in cancerous tissues and implied an underlying general causality of this
phenomenon for malignoma growth (5, 6), research has uncovered a diverse
spectrum of metabolic alterations in tumours, including cancer driving loss- and

gain-of-function mutations in “metabolic genes” (7).

However, almost 100 years of research into cancer metabolism have only
translated into a limited number of diagnostic and therapeutic routine
applications to date (8). These include imaging of the “Warburg Effect” by '8F-
deoxyglucose-based positron emission tomography (FDG PET) and interference
with ribonucleic acid or folate metabolism as the mode of action of several classes

of classical antineoplastic chemotherapy (8).

In theory, tumours with dependency on genetically encoded (i.e. very stable)
metabolic alterations provide very attractive targets for specific pharmacological

interventions with tumour metabolism. It is thus not surprising that promising
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Chapter 1: Introduction

early phase clinical trials with small compounds targeting the neomorphic
enzymatic activities of mutant isocitrate dehydrogenase 1 and 2 (IDH1/2)
constitute the most recent successful example of a “metabolic” cancer treatment
(9, 10). In comparison to IDH1/2 mutated cancers, current therapeutic approaches
against SDH- and FH-deficient tumours are far less advanced, which, from my
point of view, can best be explained by the much lower frequency at which these

occur in patients.

1.2 The succinate dehydrogenase complex
and its function in TCA and respiratory chain

The succinate dehydrogenase complex consists of four subunits that are encoded
by four different nuclear genes (Table 1). In addition, several additional proteins
are expressed to guard correct assembly of SDH at the inner mitochondrial
membrane (Table 1). SDH (complex Il) differs from the other electron transfer
chain complexes in several regards: In contrast to complexes I, Ill, and IV, SDH
lacks components that are encoded by the mitochondrial genome and does not
possess direct proton pump activity (11). Thirdly, instead of the more commonly
used Nicotinamide adenine dinucleotide (NAD*), the proton-accepting cofactor of
SDH is Flavin adenine dinucleotide (FAD*) (12).

Most importantly however, complex Il (i.e. SDH) constitutes a connection between
electron transfer chain and the tricarboxylic acid cycle (TCA, a.k.a Krebs cycle)
as part of which SDH oxidises its substrate succinate to fumarate (13). Whereas
SDHC and SDHD ensure a correct 3D structure of the complex and correct
anchoring into the inner mitochondrial membrane, SDHA and B comprise the
catalytically active sites of the complex: In parallel to chemical conversion of
succinate to fumarate, two electrons are transferred to ubiquinone (12). Under
physiological conditions, fumarate will then be further oxidised to malate in the

TCGA by the mitochondrial isoform of fumarate hydratase.
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Gene name Gene locus Gen locus
(human) Homo sapiens | Mus musculus

SDHA 5p15.33 13 C1
SDHB 1p36.13 4D3
SDHC 1923.3 1 H3
SDHD 11923.1 9 A5.3
SDHAF1 19q13.12 7 B1
SDHAF2 11912.2 19 A
SDHAF3 7921.3 6 A1
SDHAF4 6q13 1 A5

Table 1. Overview of SDH and important SDH assembly factor genes and their
chromosomal locations in humans and mice. Source: www.ncbi.nlm.nih.gov/gene

1.3 Selected roles of succinate signalling and SDH
in physiology and disease

Already decades ago, Hans Adolf Krebs and his co-workers described a selective
local accumulation of succinate under hypoxic conditions or upon external
15).

observations, succinate production and accumulation have been linked to

perturbation of the tricarboxylic acid cycle (14, Since these initial
regulation of a growing spectrum of physiological functions. In particular, the
discovery of the G-protein-coupled cell surface receptor GPR91 (encoded by the
SUCNR1 gene) and succinate as its ligand have mechanistically established the role
of succinate as a paracrine and endocrine signalling molecule (16, 17). Recent
scientific evidence has underscored involvement of the succinate-GPR91 axis in
regulation of haematopoiesis and immunity (18-20). Of special interest in the
context of this thesis project is the observation that the kidney is one of the organs
with highest GPR91 expression and, within the kidney, particularly high levels of
GPR91 have been detected in epithelial cells of the distal tubules (21). In the
kidneys, the succinate GPR91 axis acts as an essential regulator of renin secretion
and glomerular filtration as well as arterial blood pressure (22-24). In accordance
with this, increased local renal succinate concentration causes glomerular hyper-
filtration and hypertension, both early hallmarks in the pathogenesis of Diabetes
mellitus. Thus, urinary succinate concentrations have been proposed as a
biomarker of this disease (22). Another link between increased succinate

concentrations and complications of Diabetes mellitus derives from the detection
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of GPRI1 in retinal ganglion neurons and increased retinal neovascularisation, the
major pathophysiological process in diabetic macula degeneration, upon GPR91

engagement by succinate (25).

The current state of research implies divergent, tissue-specific downstream
signalling after GPR91 ligation. It is noteworthy however that, amongst the
pathways that have been implicated in GPR91 signalling, is the MAPK/ERK

cascade, a classical effector of HRAS (please refer to section 1.7 as well) (26).

In addition to GPR91-mediated signal transduction, an alternative mechanism of
intracellular “signalling” related to SDH dysfunction has been uncovered by recent
studies: Under conditons of intermittent hypoxia/ischemia and consecutive
reperfusion, such as acute myocardial infarction and cerebrovascular insult, SDH
becomes a source of mitochondrial reactive oxygen species (ROS) production. (27,
28). More precisely, in these pathologies, succinate accumulation in an acutely
oxygen-deprived condition and subsequent rapid oxidation by SDH upon
restoration of oxygen supply causes reverse electron transfer to the respiratory
chain complex | and thereby triggers increased production of free reactive oxygen
species (27). The clinical correlate of resulting tissue damage that typically
exceeds the core of a non-perfused area is a well-known phenomenon termed
ischemia-reperfusion injury and currently investigated as a promising target for
pharmacological interference (27). Similarly, SDH-mediated ROS enable

macrophages to activate a pro-inflammatory transcriptional program (29).

After initial reports on succinate as a regulator of lipolysis had been contradictory,
another physiological function of the “hormone” succinate (independent of
GPR91) has recently been dissected by Evanna Mills and co-workers (30-32): In
hypothermic mice, succinate production increases (presumably in shivering
muscles), and higher systemic levels of this metabolite are selectively
incorporated into brown adipose tissue (BAT). Augmented succinate oxidation by
SDH results in ROS generation which in turn activate thermogenesis in BAT by
uncoupled cellular respiration. In mice, this phenomenon (that can be
recapitulated by exogenous supply of succinate to the organism) results in
increased energy expenditure and diminished weight gain on a feeding regime that

induces obesity in untreated animals (32).
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1.4 SDH genes are inactivated in different tumour entities

Bi-allelic germline mutation of SDHA constitutes one of the more than 75 genetic
defects underlying Leigh Syndrome, a progressive disorder that is typically
diagnosed shortly after birth and inevitably fatal within the first few years of life
(33, 34). Even though the clinical picture of Leigh Syndrome is in most cases
dominated by features of progressive neurodegeneration, the ubiquitous loss of

respiratory chain function results in systemic lactate accumulation as well (33).

The major difference between Leigh Syndrome and SDH-associated cancer entities
lies in the fact that in the latter, one germline allele is mutated and tumours arise
with somatic loss of the second allele. Adults with mono-allelic germline
inactivation of SDHB show significantly higher plasma levels of succinate than
SDHB wild type individuals, but these are typically still within reference range
limits (35).

When inactivating mutations in the genes encoding succinate dehydrogenase
subunits D, C and B were first described to form the genetic basis of hereditary
pheochromocytoma/paraganglioma (Pheo/PGL) syndromes (36-38), it seemed
extremely surprising how loss of an enzyme complex that connects two central
pathways of eukaryote metabolism could facilitate malignant transformation in a
classical tumour suppressor pattern. Over the last 18 years however, all four SDH
genes and SDH assembly factor 2 (SDHAF2) were shown to be recurrently mutated
or deleted in different heritable cancer syndromes and at low frequencies in
sporadic tumour types (39-43). In addition, epigenetic silencing and promoter
mutations have since been identified as additional mechanism of SDH gene
inactivation (44, 45). SDH genes were also found to encode some of the most
frequently downregulated metabolic transcripts across many cancer entities (46,
47). Taken together, these discoveries hint towards SDH dysfunction as a general

tumour-promoting principle.

Phe/PGL, gastrointestinal stroma tumour (GIST) and SDH-deficient renal cell
carcinoma remain the classical SDH-related tumour entities, but genetic or
epigenetic SDH gene inactivation have been reported in thyroid cancer, pituitary
adenoma, neuroblastoma, pancreatic neuroendocrine tumours and melanoma (11,
41, 45).
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1.4.1 In Pheochromocytoma/Paraganglioma, genetic SDH loss
co-occurs with oncogenic HRAS mutation

All four SDH genes as well as the gene encoding SDH assembly factor 2 (SDHAF2)
were demonstrated to function as tumour suppressors in Pheo/PGL, rare tumours

of the peripheral neuroendocrine system (36-38, 42, 43).

In 2015, unpublished analyses of TCGA data by the laboratory of Eytan Ruppin
(48) concluded a strong association of activating Hras mutations, a long-
established driver mutation in this tumour type (49), with genetic losses at the
SDHB locus in Pheo/PGL (personal communication with Eyal Gottlieb). During the
course of my PhD project, the Cancer Genome Atlas project published an in-depth
genetic study of this data set , confirming a significant co-occurrence (p<0.001)
of activating HRAS mutations and shallow gene deletions at the SDHB locus, but
also demonstrating mutual exclusivity between germ line SDH mutations and HRAS
mutations (Figure 1). In addition, almost all HRAS mutations within the cohort

were mapped to codon 61 (50).

"
"
"
o
e in
o
o
o

SDHAF2 0%

Figure 1: Overview of genetic RAS, SDH and SDHAF alterations (A) and correlation
of SDHB transcript levels with HRAS mutational status (B) in the provisional TCGA
Pheo/PGL data set. Please note that only a single case with RAS (KRAS) mutation or gain
does not carry deletions in any SDH gene. Since the data set has only been deposited at
the platform as a provisional version, SDHB and SDHD germline mutations (occuring in 9%
and 2% of patients) are not depicted (50). Results have been obtained from
http://www.cbioportal.org on 06/01/2019 by the following query: “DATATYPES: MUT AMP
GAIN; HRAS; KRAS; NRAS; DATATYPES: MUT HETLOSS HOMDEL; SDHA; SDHB;
SDHC; SDHD; SDHAF1; SDHAF2; SDHAF3; SDHAF4”. P<0.001 for co-occurance of
HRAS mutations with shallow SDHB deletions as well as decreased SDHB mRNA levels
(51, 52)
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1.4.2 SDH-deficient renal cell carcinoma

Renal cell carcinomas (RCC) in general are considered “metabolic diseases”(53).
In order to distinguish its unique pathophysiology from other, more common types
of kidney cancer, the World Health Organisation has recently introduced SDH-
deficient RCC as a formal tumour entity (54). From my point of view, this argues
against transferability of gene association studies from more common types of
renal cancer to SDH-deficient cancer. In addition, in sharp contrast to clear cell
type RCC and papillary RCC that both originate from epithelial cells of the
proximal renal tubule (55, 56), immunohistochemical characteristics, including
expression of kidney-specific Cadherin (KSP-Cadherin) of SDH-deficient RCC argue
for its origin from the distal part of the tubular system (57). SDH-deficient RCC
has a typical microscopic morphology that includes cytoplasmatic vacuolisations,
neuroendocrine appearance of nuclei and a varying degree of cystic tumour areas
(58).

With only about 55-60 cases that have been documented in the scientific literature
to date in total, SDH-deficient RCC is an extremely rare tumour type, even if it is
probably underdiagnosed (59, 60). Nevertheless, its reliable detection in
individual patients has high importance: Since the majority of patients suffering
from SDH-deficient RCC carry SDHB germline mutations, clinical surveillance for
development of SDH-associated Pheo/PGL and GIST as well as genetic
investigation of family members can only be initiated after correct diagnosis (59,
60).

Screening of clinical specimens for SDH-deficiency is commonly performed by
immunohistochemical staining for SDHB protein expression since upon loss of any
SDH gene, assembly of the SDH complex is disrupted and SDHB is degraded. In

contrast, SDHA remains detectable unless mutations affect this unit in particular

(11).

1.5 Oncogenic mechanisms of loss of SDH function
and succinate accumulation

Loss or impairment of SDH function leads to intracellular accumulation of its

substrate succinate with a broad impact on cellular function: As the reaction
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product of alpha-ketoglutarate-dependent dioxygenases, increased succinate
concentrations inhibit this vast class of enzymes. Besides other downstream
effects, classical paradigms of SDH-deficient tumourigenesis such as stabilisation
of Hypoxia-inducible Factor 1alpha as well as impaired DNA and histone
demethylase activities are direct consequences (61-63). A more recent addition
to the intracellular effects of succinate that are mediated by inhibition of
dioxygenases is the evidence for impaired DNA double strand repair capacity of
SDH-deficient cancer cells due to inhibited activities of the Lysine-specific
demethylases 4A and 4B (encoded by the KDM4A and KDM4B genes) (64). This
mechanism of succinate to increase genetic instability could at least in theory

suggest acquisition of additional oncogenic genetic insults by SDH-deficient cells.

Another line of research has established GPR91-mediated succinate signalling as a
trigger of pro-survival pathways in many different physiological and pathological
conditions (26, 65) (please see section 1.3 as well). Therefore, one can at least
speculate a tumour-promoting function of para-/auto-/or endocrine succinate

signalling via GPR91

1.6 Typical metabolic features of
Sdhb-deficient kidney cells

The laboratory of Professor Gottlieb has generated and extensively characterised
two immortalised murine kidney epithelial cell clones that carry the same
conditional Sdhb allele (Sdhb/'f!) as the genetically engineered mouse models used
in this thesis (66). In comparison to Sdhb-proficient controls, after exposure to
Cre in vitro, Sdhb deleted (Sdhb*’4) clones displayed a >100-fold accumulation of
intracellular succinate, a virtually complete block of oxidative TCA cycle flux at
the succinate-to-fumarate conversion as well as decreased basal and maximal
mitochondrial respiration (66). Glucose consumption and lactate secretion as
markers of glycolytic activity were measured at increased rates in Sdhb?'4 cells.
In a subsequent untargeted metabolomics approach comparing Sdhb4'4 their
counterparts that had not been exposed to Cre (Sdhb//f!), Simone Cardaci, Leon
Zheng and their co-workers found the non-essential amino acid aspartate to be
one of the most decreased metabolites in the Sdhb-deficient setting. This
observation could be validated in human SDH-mutated Pheo/PGLs. Further

experimental evidence pointed towards pyruvate carboxylation, a key reaction to
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provide the aspartate precursor (and TCA cycle intermediate) oxaloacetate in the

SDH-deficient setting, as a selective vulnerability of Sdhb4'4 cells (66).

Importantly, other recent evidence has similarly revealed biological availability of
aspartate as a critical, general limitation in biological systems with disturbed

respiratory chain function including hypoxic conditions (67-69).

Throughout this thesis, | have employed succinate accumulation and decreased
aspartate abundance as metabolic indications of SDH inactivation in opposite

biological directions.

1.7 Oncogenic HRAS in tumourigenesis

As outlined above, based on scientific evidence derived from pheochromocytoma
and paraganglioma, the mouse models discussed in this thesis combine Cre-
mediated deletion of Sdhb with activation of transcription of a mutated,

oncogenic Hras®'?V allele (50, 70).

Mono-allelic germline HRAS mutations result in the clinical picture of Costello
syndrome, which, amongst other typical morphological features, is characterised
by a “failure to thrive” (i.e. impaired age-based weight gain in affected children)
(71, 72). In addition, patients suffering from Costello syndrome show an increased
susceptibility towards cutaneous papilloma development, bladder cancer,
rhabdomyosarcoma and neuroblastoma (73). Recurrent somatic HRAS mutations
mainly occur in urological and gynaecological tumours, Pheo/PGL, head and neck

tumours and non-melanoma skin cancer (Figure 2).

The Harvey RAS (HRAS) gene constitutes one of the classical cellular oncogenes
and is in the vast majority of cases activated by somatic, mono-allelic point
mutations in codons 12, 13 or 61 that occur at different frequencies in typical
HRAS-associated tumours (74). According to the recently published TCGA data,
most HRAS mutations in Pheo/PGL are located in codon 61 (50). The G12V hotspot
mutation that has been used throughout this study decreases sensitivity of HRAS
for GTPase-activating proteins and thereby causes constitutive activation of
cellular signalling cascades downstream of HRAS, of which phosphatidylinositol 3-

kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways are probably
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the most studied (74, 75). Acute activation of RAS oncogenes is well established
as a trigger of oncogene-induced cellular senescence, a long-term growth arrest
of viable cells that can prevent malignant transformation (76). Therefore,
senescence effectors need to be inactivated or bypassed to enable RAS-driven

tumourigenesis (77).
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Figure 2: Cancer entities with recurrent HRAS (>2% of cases) mutations in data sets
available through the cBioPortal platform. Results were downloaded from
http://www.cbioportal.org on 05/01/2019. (51, 52)

The fact that RAS gene mutations, as discussed above, typically follow a
mutational pattern of classical oncogenes has for many decades determined the
view on RAS genes as molecular switches that become constitutively activated by
mutations at early stages of cancer development. However, more recent work has
clearly established gene dose effect and expression levels of mutated RAS genes
to play an important role in tumour development and maintenance. More
specifically, genetic copy number gains and loss of wildtype alleles at the
corresponding RAS loci were shown to be selected for during HRAS®'?Y and KRAS
driven tumourigenesis in different organs (78-81). In addition, Kerr et al. found
that distinct metabolic phenotypes of murine lung carcinomas with homozygous
versus heterozygous Kras mutations result in a much more aggressive biological
behaviour (80).
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It is also noteworthy that in the genetically engineered mouse models studied as
part of this thesis project, the mutated Hras construct has been inserted into the
endogenous Hras locus (70). As a consequence, mutated Hras is not ectopically
overexpressed, but downstream effects of constitutive HRAS signalling should only
become apparent after Cre activity in tissues with substantial Hras gene
expression under physiological conditions. Inclusion of animals carrying two
mutated Hras alleles into the experimental cohorts provides an option of studying
gene dose effects as well as HRASG'2V signalling in the absence of wild type HRAS

in addition.

1.8 Aims of my PhD thesis project

More than 15 years after the discovery of bi-allelic SDH gene inactivation in
Pheo/PGL, additional genetic events and tissue-specific factors that contribute to
SDH-deficient oncogenesis remain to be elucidated and adequate preclinical
models are still lacking (36, 37, 82).

The first goal of my thesis project was to phenotypically characterise genetically
engineered mice with kidney-specific Sdhb inactivation in order to develop a

model of SDH-deficient renal cell carcinoma.

Secondly, employing newly designed experimental platforms for untargeted
metabolomics, we have investigated kidney tissues and bio-fluids obtained from
these Sdhb-deficient mice with the aim to identify new metabolic biomarkers of

SDH-deficient tumours.

Finally, we set out to gain insights into tissue-specific vulnerabilities towards SDH
loss by studying consequences of stochastic Sdhb inactivation in small cell

fractions of peripheral murine tissues.
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2 Materials and Methods

2.1 Materials

2.1.1 Mouse models
2.1.1.1 General information

All mouse experiments were carried out in mixed genetic backgrounds but within

highly inbred colonies.

Constitutive, kidney-specific, or inducible gene targeting in multiple organs was
achieved by Cre-loxP-mediated recombination (83, 84). This experimental system
enables site-specific modifications in virtually any gene of interest in vivo and can
circumvent toxicity as well as embryonic lethality that are commonly associated
with genetic germline alterations (85). Most importantly, Cre-loxP-based
genetically engineered mouse constructs can model spontaneous acquisition of
distinct somatic gene alterations that typically occur in certain cancer entities
(85).

To summarise briefly, the P1 bacteriophage recombinase “Cre” (Causes
Recombination) recognises “loxP” (locus of X(cross)-over in P1) DNA sequences
that are not known to naturally occur in mammalian genomes. In the presence of
Cre activity, “floxing”, i.e. introduction of two (oxP sites into a DNA sequence,
typically at non-transcribed positions, will cause rearrangement of the
intermittent, otherwise functionally non-compromised DNA. If both [oxP sites have
the same orientation, the genomic information between them will be excised by
Cre, whereas an inversion will occur between two [oxP sites in opposite
orientation (86). The Cre-loxP principle can either be applied to abrogate gene
function (e.g. by Cre-mediated deletion of Sdhb exon 3 in mice carrying “floxed”
Sdhb alleles [Sdhb'), see 2.1.1.2] or to induce gene expression by Cre-dependent
excision of a transcriptional 5’ stop codon (“lox-stop-lox” [LSL] e.g. of Rfp-t

or/and Hrastt¢12V alleles, see 2.1.1.2) (87).

Different experimental tools have been designed in order to control tissue-
specificity, timing and magnitude of Cre activity: Transcriptional regulation of Cre

can be achieved by coupling the Cre transgene to a tissue-specific promoter (e.g.
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the Cadherin 16 promoter in this study) or, if ubiquitous Cre activity is desired,
inserting it into a gene locus with broad expression (e.g. Rosa26). Alternatively,
timed, short-term nuclear translocation (and activity) of a constitutively-
expressed, but otherwise cytoplasmic (i.e. inactive) Cre-receptor-complex (e.g.
CreERT?) can be induced by application of exogenous ligands in a dose-dependent

manner (e.g. tamoxifen in the RosaCreER'? system) (88).

Constitutively active Cre constructs are more likely to provide a strong, constant,
durable Cre activity and therefore to enable recombination of the target gene at
high efficacy in a Cre-expressing tissue. However, if the target gene is essential
to organ function, its complete abrogation might be toxic to the whole organism
at an early stage of embryonal development and thus prevent mechanistic studies
in adult animals. On the contrary, ligand-inducible Cre expression holds the
advantage of acutely inducing desired genetic alterations in thitherto healthy
animals at defined ages and to “titrate” recombination efficacy to a desired level.
It has to be considered though that short term Cre activation may be insufficient
to achieve substantial target gene recombination especially if both alleles of a
gene need to be recombined in the same cell. In addition, the need for ligand
application introduces an additional source of biological variation into the

experimental workflow.
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2.1.1.2 Genetically engineered alleles used in this this thesis

Allele name Abbreviation Source Reference

Tg(Cdn16-cre)91igr KspCre Jackson (89)
Laboratory

Gt(ROSA)26Sortm2(cre/ERT2)Brn | RosaCreER™ | Dr David Adams, (90)
Wellcome Sanger
Institute

SdhpTm1cBea-4.8C Sdhb/t Generated at (66)
CRUK Beatson
Institute

Hrastm1Khai Hrastst¢12V- | Dr. Kevin Haigis (70)

(via Prof. Owen
Sansom, CRUK
Beatson Institute)

Gt(ROSA)26SortmHif Rfptst European Mouse (91)
Mutant Archive
(with permission of
Prof. Hans Jorg
Fehling)

Table 2: Details, abbreviations and references for genetically engineered mouse
alleles employed in this thesis.

KspCre

In this construct, a Cre transgene has been inserted under transcriptional control
of a Cadherin 16 (Cdh 16, “Ksp cadherin”) promoter with the aim of kidney-
specific, constitutive gene targeting (89). During murine embryogenesis, CDH 16
is expressed in the developing genitourinary system of both sexes, whereas in
adult mice, CDH 16 expression is confined to the renal tubular system and most

pronounced from the loop of Henle to the collecting duct (89).

RosaCreERT™

The Rosa26 (Gt(ROSA)26Sor) locus, located on mouse chromosome 6, has been
widely used for constitutive expression of transgenes as it possesses a unique set
of features: It is almost ubiquitously expressed throughout development and in
adult mouse tissues at substantial levels, but its function remains to be elucidated
and, most importantly, its disruption does not result in overt phenotypes (92, 93).
The fact that Rosa26 can easily be subjected to gene targeting constitutes an

additional advantage from the technical point of view (87).
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In the RosaCreER™ system, the Rosa26 promoter drives constitutive expression of
a fusion protein that consists of the recombinase Cre and a mutated human
oestrogen receptor ligand-binding domain with only very low affinity for naturally
occurring oestrogens (90). Application and consecutive binding of the synthetic
oestrogen analogue tamoxifen, or, to a much higher degree, its active metabolite
4-hydroxytamoxifen (4-OHT), result in temporary nuclear translocation of the
fusion protein and Cre activity on the genome (88). RosaCreER'™ exhibits only a
very low degree of “background” recombination that was found insufficient to
induce skin neoplasia in the absence of tamoxifen (90). Recombination efficacies
and dynamics of RosaCreER'? systems are variable between peripheral organs with
particularly high recombination levels in the gastrointestinal and haematopoietic
system (90). The observation that RosaCreER™ fails to efficiently induce
recombination in the brain has been explained by low levels of transgene
expression in the CNS (94), even though another study suggested low achievable
ligand (i.e. 4-OHT) concentrations in this compartment after systemic tamoxifen

application as the major cause instead (95).

In summary, induction of target gene recombination by the RosaCreER™ method
typically results in a stochastic, mosaic pattern of recombination in most
peripheral tissues depending on target gene features, RosaCreER™? expression
levels, and, most importantly, tamoxifen application scheme and resulting 4-OHT

concentrations in different organs (88, 94).

Sdhbf!

An Sdhb targeted allele was generated by the Transgenic Production Facility of
the CRUK Beatson Institute (Head: Dr. Douglas Strathdee) by introducing loxP sites
5’ and 3’ of Sdhb exon 3 as previously described and characterised in vitro (66).
Cre-mediated recombination of Sdhb/fl genomes will result in deletion of the
functionally essential Sdhb exon 3, hence entirely abrogating SDHB protein
expression (66). In addition, Cre activity generates a premature translational stop
codon at the start of Sdhb™ exon 5. It is reasonable to assume that this premature
stop codon would result in nonsense-mediated decay of the truncated Sdhb mRNA
and therefore substantially lower overall Sdhb transcript levels after Cre-
mediated recombination than in the corresponding wildtype condition (personal

communication with Dr. Douglas Strathdee).
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prLSL

Originally inserted into the Rosa2é locus to function as a flow cytometry-
as well as immunohistochemistry-based reporter of Cre activity, this transgene
encodes a fusion protein of two covalently linked, genetically modified red
fluorescent protein units (91). By a sequence of two consecutive recombination
events in the presence of Cre activity, the otherwise non-transcribed Rfp allele is
“activated” by inversion and excision of a stop site. The necessity of a genetic
inversion to activate transcription of Rfp‘st prevents “read through” the stop
codon in the absence of Cre activity (91). Due to their shared location on the
Rosa26 locus, RosaCreER™*, Rfp-L double transgenic mice can only be generated

at heterozygous states for both alleles.

This allele was generated by introduction of a transcriptional stop site that is
flanked by loxP sites (i.e. a LSL construct) into the first exon of the murine Hras
locus 5’ of an oncogenic Glycine to Valine point mutation at Hras codon 12 (70).
In the absence of Cre activity, this construct results in a lack of (wildtype) Hras
transcription from this allele. As reported for Hras and Nras, but not Kras knockout
mice, HrasoL612V/ILSLG12Y homozygous mice, for which an entire lack of wildtype
HRAS protein expression is predicted, are viable and without overt phenotype
(96).
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2.1.2 Chemicals, Reagents, Kits, Antibodies

Reagent name Supplier
Acetone Fisher Chemicals
Acetonitrile (HPLC grade) VWR Chemicals
Clear Ultrasound Gel Henleys Medical Supplies Limited
Corn ail Sigma Aldrich
Dimethyl Sulfoxide (DMSO TC-grade) Sigma Aldrich
DNAse/RNAse free water Qiagen
Ethanol (pure) VWR Chemicals
Glass beads, acid-washed (425-600 pm) | Sigma Aldrich
IsoFlo® Isoflurane 100 w/w% Zoetic Inc., Kalamazoo, USA
Methanol (HLPC grade) Fisher Chemicals
Neutral buffered formalin (10%) Solmedia
Tamoxifen Sigma Aldrich
Veet Hair Removal Creme Sensitive RB Healthcare
Skin

Table 3: List of reagents and chemicals

Name Supplier

Autosampler Vial Screw Thread Caps | Thermo Fisher Scientific

Clear Screw Top Vials (12 x 32 mm) | Thermo Fisher Scientific
EDTA-coated Microvettes Sarstedt

(CB 300 K2E)
Insert Standard Opening 0.05 ml | Kinesis

(27.5 x 4 mm)

Lithium-Heparine Microtubes LH11.3 | Sarstedt
QlAshredder QIAGEN
RNeasy Mini Kit QIAGEN

Table 4: List of commercial kits and consumables
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Antigen Supplier Catalogue Dilution
number
YH2AX Cell Signalling 9718 1:50
(Phospho-Histone H2A.X
[Ser139])
Ki67 Thermo Fisher Scientific RM-9106 1:100
aRFP Tebu-bio 600-401-379 1:100
SDHB Abcam ab14714 1:100
Table 5: Details of primary antibodies for immunohistochemistry
2.1.3 Research equipment
Name Manufacturer

CryoCooler

OPS Diagnostics

CryoGrinder Kit 230V

OPS Diagnostics

Mouse Anaesthesia Unit

Vet Tech Solutions, Fortec

NanoDrop 2000c Spectrophotometer

Thermo Fisher Scientific

Nikon PowerShot G12 Digital Camera

Nikon

Centrifuge 5427R

Eppendorf

Thermomixer compact

Eppendorf

Vevo 3100 Preclinical Imaging System
with MX550D transducer

FUJIFILM VisualSonics

Table 6: List of research equipment
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Name, Version

Manufacturer/link

cBioPortal for Cancer Genomics,
Version 1.18.1

Multi-institutional team;

www.cbioportal.org

CompoundDiscoverer, Version 2.1

Thermo Fisher Scientific

EndNote X8 18.2.0.11343
Halo, Version 2.2 indica labs
Office Professional Plus 2016, Microsoft
Version 16.0.4266.1001

Prism, Version 7.02 GraphPad
Sante DICOM viewer, Version 4.0.8 Santesoft

TraceFinder, Version 3.2.368.22

Thermo Fisher Scientific

Wellcome Sanger Institute Mouse
tracking system (Latest version:
2018.9.4_221733)

https://beatson.mig.sanger.ac.uk/

mouse/user _home.do

Vevo LAB, Version 1.7.1

FUJIFILM VisualSonics

Table 7: Commercial software packages and online resources

2.1.5 Human GIST tissue samples

Fresh frozen GIST tissue samples were collected by the National GIST Tissue Bank
(Royal Marsden NHS Foundation Trust, London, UK) after approval from Newcastle
and North Tyneside Research Ethics Committee and individual patient consent.
After approval of a project-specific application to the Biobank, 32 specimens were
obtained for our research and extracted as outlined in section 2.2.5.4. Initial
analyses revealed a dramatically altered metabolic profile of samples that had
been accidentally thawed before final cryo-conservation at the GIST Tissue
Biobank (n=12, not shown) and two additional fibrotic tissue samples (for which
adequate cryogrinding was not achievable). Therefore, a total number of 8 SDH-
deficient and 10 SDH wildtype GIST samples (7 of which carrying cKIT and 3
PDGFRa [platelet-derived growth factor receptor a] mutations respectively) were

included in subsequent analyses.
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2.2 Methods

2.2.1 Animal work

All experimental procedures involving mice were carried out under the project
licence “Mouse Models of Human Cancer” (PPL Number 70/8645) of Dr. Karen
Blyth, Head of Transgenic Models at the CRUK Beatson Institute) and my personal
licence (number I889D8F90) in accordance with UK Home Office guidelines, the
Animals (Scientific Procedures) Act 1986 and the Directive of the European
Parliament and of the Council of 22 September 2010 on the protection of animals

used for scientific purposes (2010/63/EU).

2.2.1.1 Breeding, maintenance and general procedures

Mice were bred and maintained on a twelve hours dark-light cycle at the CRUK
Beatson Institute animal facility in individually ventilated (breeding stocks) or
regular cages (experimental cohorts). Aiming for comparable Cre levels in all
animals of a mouse colony (i.e. at the heterozygous state for Cre), mice carrying
Cre transgenes were only bred to Cre negative mice. Standard diet consisted of
ad libitum food and water intake. General maintenance, sampling (ear notch) for
genotyping and tamoxifen injections were carried out by staff of the Biological
Services Unit. Genotyping was performed on ear tissue by Transnetyx Inc.
(Cordova, Tennessee, US). Animal-related tasks such as matings and internal
transfers were requested through the web-based Wellcome Sanger Institute Mouse

tracking system accessible from the CRUK Beatson Institute Intranet.

Animals were frequently checked by me and staff of the Biological Services Unit
for general health concerns and endpoints as defined in model-specific standard

operating procedures.

2.2.1.2 Sampling of specimens

Animals were weighed and humanely killed according to Schedule 1 protocol by
asphyxiation with carbon dioxide (CO2) followed by exsanguination (cardiac

puncture) or by cervical dislocation.
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In KspCre* mice, weight of kidneys (wet weight) was determined on a fine scale.
Whole blood (in EDTA-coated microtubes) and tissues of interest were
immediately snap-frozen in dry ice and stored at -80°C until further analysis.
Plasma was obtained by centrifugation of blood in Heparin micro tubes for 10 min
at 2.500 g at room temperature and subsequent transfer of supernatant to a fresh

Eppendorf tube before snap-freezing in dry ice and storage at -80°C.

Tissues for (immuno-)histological analyses were immediately fixed in 10% neutral
buffered formalin for at least one day at room temperature before further

processing by the Histology Service at the CRUK Beatson Institute.

2.2.1.3 Monitoring of water intake

Mice and unopened PVC water pouches were weighed before single mice were
transferred to individually ventilated cages. After a total duration of five days,
end weights of water pouches and mice were measured. Water consumption rates

(WCR) were calculated (in g/g body weight/day) for individual animals as follows:

WCR = A weightwater pouch/ (Mean mouse body weightstart-end)/5 days

As outlined in Figure 23, spontaneous loss of water from the watering system into

empty cages was measured to be negligible.

2.2.1.4 Kidney ultrasound

Sonographic kidney studies were performed under continuous inhalation
anaesthesia with isoflurane. Mice were kept on a heated body warming plate
during examinations and vital parameters (heart rate and respirator rate) were
monitored continuously. Typical flow levels were 0.8 for medical air, 4 for
isoflurane anaesthesia induction and 2-2.5 for isoflurane anaesthesia
maintenance. Once the mouse to be examined had reached sufficient anaesthesia
(as evidence by loss of defensive reflexes and calm breathing pattern), abdominal
coat was removed using Nair hair removal creme. Subsequently, anaesthesia was
induced again before switching to maintenance on the heated examination table.
Both kidneys were scanned in cranio-caudal direction using pre-warmed
ultrasound gel and at least two image loops per kidney electronically documented.

Mice were manually warmed and clinically observed until fully awake and
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recovered at the end of the procedure. Kidney morphologies with regards to cyst

detection were scored as outlined in Table 11.

2.2.1.5 Induction of Cre activity in the RosaCreER™ model

Tamoxifen was dissolved in 10% ethanol, 90% corn oil to a final concentration of
10 mg/ml), stored in amber glass bottles at -20 C and pre-warmed in a water bath
before application. Adult mice of >20°g¢ body weight received a single
intraperitoneal (i.p.) injection of tamoxifen at doses of 80 mg/kg, 50 mg/kg or
30 mg/kg body weight depending on the experiment by specifically trained animal
facility staff (Table 8).

Induction Tamoxifen dose
scheme (mg/kg body weight)
"high" dose 80
"low" dose 30
"medium" dose 50

Table 8: Designation of three different transgene induction dosis schemes tested in
RosaCreER™*, Sdhb', Hras"S-¢12¥ mice

2.2.1.6 Scoring of proliferative skin changes

The degree of skin tumour burden in the RosaCreER™ model was scored by
measuring diameters at all typical locations if an animal had reached a clinical
endpoint or the defined end of observation time as given in Table 15. A total skin
score per animal was calculated as the sum of all values obtained for individual

locations.

2.2.2 Histology and immunohistochemistry

All histological specimens were generated and processed by the Histology Facility
of the CRUK Beatson Institute (head: Colin Nixon). FFPE blocks of kidneys (KspCre*
model) or tissue slides stained for H&E or PAS (RosaCreER™? model) were mailed
to Dr. med. Markus Eckstein (Institute of Pathology, University Hospital Erlangen,
Friedrich-Alexander-Universitat Erlangen-Nurnberg, Erlangen, Germany) for
morphological analysis. IHC for SDHB was performed by Dr. Markus Eckstein
following the internally established and validated diagnostic protocol (i.e. using
the identical SDHB-directed antibody) for human kidney specimens. All other IHC
stainings were performed by the CRUK Beatson Institute Histology Facility
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following established standard protocols using primary antibodies as outlined in
Table 5. For semi-automated quantification of IHC, stained slides were scanned
at a magnification of 20x and analysed by Elaine MacKenzie using the Halo Image
quantification software package following instructions of the manufacturer.
Results were expressed as the percentage of
(positive cells per area)/(total cells per area) for nuclear antigens and
(stained tissue area)/(total tissue area) for cytoplasmic antigens. Representative
images were compiled into figures employing the built-in Figure Maker tool of the
software package.

2.2.3 RNA extraction from mouse kidneys

Snap-frozen kidney tissue of eight representative mice per genotype was cryo-
grinded using the CryoCooler and CryoGrinder following instructions of the
manufacturer. Between 9 mg and 14.5 mg of frozen tissue per kidney sample were
homogenised (QlAshredder) and RNA was immediately extracted following
manufacturer’s instructions for RNeasy Mini Kit including on-column DNA
digestion. After product elution in RNAse-free water, RNA concentration was
determined on a NanoDrop 2000c Spectrophotometer and adjusted to 20 ng/ml in

RNAse-free water before samples were stored at -80°C.

2.2.4 RNA sequencing

RNA quality analysis and RNA sequencing were performed by William Clark
(Molecular Technology Services) at the CRUK Beatson Institute. Technical
information and results described in this section have been provided by William
Clark. After assessment of RNA quality on an Agilent 2200 TapeStation system
using RNA ScreenTape, six biological replicates per genotype with appropriate
estimated RNA integrity number [RIN®] values were selected for RNA sequencing.

Results values obtained for 16 kidney samples are exemplified in Figure 3.
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Figure 3: Exemplary results of mouse whole kidney RNA quality analysis

Libraries for cluster generation and DNA sequencing were prepared as described
by Fisher and co-workers (97) using the Illumina Stranded TruSeq mRNA LT Kit.
Quality and quantity of the DNA libraries were then analysed on an Agilent 2200
TapeStation (D1000 ScreenTape) and Qubit (Thermo Fisher Scientific)
respectively. Cluster generation and sequencing were carried out on an Illumina
Next Seq 500 using the High Output 75 cycles kit (2x36cycles, paired end reads,

single index).

Quality analyses of RNA sequencing raw data files were performed by Robin Shaw
(Molecular Technology Services) at the CRUK Beatson Institute using fastqc version
0.11.7 (98) and fastq_screen version 0.12.0 as described (99) and Jonatan
Fernandez Garcia at the Technion, Haifa. Technical information discussed in this
paragraph has been provided by Robin Shaw. RNA sequencing paired-end reads
were then aligned to the GRCm38 version of the mouse genome (100) and
annotated using HiSat2 version 2.1.0 (101, 102). Expression levels were
determined and statistically analysed by a combination of HTSeq version 0.9.1
(103), the R environment version 3.4.4 (available online at https://www.R-
project.org) utilizing packages from the Bioconductor data analysis suite (104) and
differential gene expression analysis based on the negative binomial distribution

using the DESeq2 package version 1.18.1 (105).
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2.2.5 Metabolite extraction from body fluids and tissues

2.2.5.1 Metabolite extraction solution

- 50% HPLC grade methanol
- 30% HPLC grade acetonitrile
- 20% MilliQ water

2.2.5.2 General procedure

All biological specimens were snap-frozen and stored at -80 °C until further use to
minimise alterations in metabolite abundancies ex vivo. Extractions were
coordinated with mass spectrometry capacities to avoid long-term storage of
sample extracts before analysis. Metabolite extraction buffer was prepared freshly
for each experiment, chilled to -20°C before use and stored on ice during
extractions. Samples were stored on ice throughout extraction procedures.

Centrifugations as well as automated vortexing were carried out at 4 °C.

For untargeted metabolomics, a proportionate pool of all biological samples of
the experimental batch to be analysed was prepared before extraction. An aliquot
of this sample pool was extracted in triplicate together with the individual
samples to later serve as internal reference for technical quality of compound
detection, for batch effect correction and for acquisition of compound
fragmentation data (please refer to section 2.2.6). Negative controls comprised

extraction buffer aliquots and procedure blanks.

A selection of stable isotope-labelled metabolites (outlined in Table 9) was added
to extraction buffer preparations for untargeted metabolomics as an internal
standard mix to enable potential further normalisation approaches for individual

metabolites of interest.
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Standard Name Supplier Conc. (pg/l)
L-Lysine:HCL (3Cs, °N3) Sigma Aldrich 62.5
L-Methionine ('3Cs) Cambridge Isotope Laboratories 10
L-Ornithine:HCL (13Cs) Cambridge Isotope Laboratories 62.5
Citric Acid ('3Ce) Sigma Aldrich 100
Sodium Pyruvate (3C3) Omicron Biochemicals 20
Fumaric Acid (1,4 '3Cy) Sigma Aldrich 200
Succinic Acid (D4) Cambridge Isotope Laboratories 62.5
D-Galactose (3Cs) Omicron Biochemicals 3000
D-Glucose-6-Phosphate, Omicron Biochemicals 60
Disodium Salt Hydrate ('3Ce)

Adenosine (Ribose-"3Cs) Omicron Biochemicals 1.25
2'-Deoxyadenosine-"3Cqo,"Ns- | Sigma Aldrich 50

monophosphate, Sodium Salt

Acetoacetyl-Coenzyme A | Sigma Aldrich 1250
(13C4), Lithium Salt Hydrate

Calcium Pantothenate: H;0 | Cambridge Isotope Laboratories 0.6

Beta-Alanyl (3C3, '°N)

Table 9: List of stable isotope-labelled internal standards added to biological
samples for untargeted metabolomics analysis. Final concentrations in extraction buffer
are given. All standards were dissolved in deionised water and stored at -80°C.

2.2.5.3 Extraction of plasma and urine

Thawed samples were centrifuged for 1 min at maximum speed (18.213 g) in a
table top centrifuge to pellet particles and 5 ul of fluid were transferred to a
chilled Eppendorf tube. Cold extraction buffer containing internal standards was
added to achieve a final dilution of 1:100 for plasma specimens (i.e. addition of
495 ul extraction buffer) and 1:50 for urine samples (245 ul extraction buffer).
Tubes were vortexed by hand for 30 seconds, then automatically for 10min at 4°C
at 1.400 rpm (Thermomixer) and for 30 seconds by hand again. After
centrifugation for 10 min at 18.213 g, the clear supernatants were transferred to
a fresh cool Eppendorf tube and stored at -80°C overnight to aid complete
precipitation of residual protein or salt contaminations. Finally, extracts were

centrifuged again for 10 min at maximum speed, supernatants transferred to mass
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spectrometry glass vials (containing inserts for sample volumes <200 ul) and stored

at -80°C until analysis.

2.2.5.4 Extraction of tissues

Snap-frozen tissue samples were grinded using the CryoCooler and CryoGrinder
following instructions of the manufacturer. Aiming for an amount of approximately
15 mg, a grinded aliquot was quickly weighed on a fine scale and transferred to a
fresh, chilled Eppendorf tube. Appropriate volumes of cold extraction buffer
containing internal standards for untargeted metabolomics was added to achieve

a final extraction ratio of 20 mg/ml:

Volumeextraction buffer (Ml) = MasStissue aliquot (mg) x 50.

Add a small amount of inert glass beads were added to the mixture to increase
efficacy of tissue disintegration during subsequent steps. Tubes were vortexed by
hand for 30 seconds, then automatically for 10min at 4°C at 1.400 rpm
(Thermomixer) and for 30 seconds by hand again. After centrifugation for 10 min
at maximum speed (i.e. 18.213 g), the clear supernatants were transferred to a
fresh cool Eppendorf tube using a 200 ul pipette (to avoid carry-over of glass beads
to the next steps). Extracts were stored at -80 °C overnight to aid complete
precipitation of residual protein and salt contaminations. Finally, tubes were
centrifuged again for 10 min at 18.213 g, clear supernatants transferred to mass

spectrometry glass vials and stored at -80°C until analysis.

2.2.6 Metabolomics

Liquid chromatography-coupled mass spectrometry of body fluids and kidney
extracts was performed by Dr. David Sumpton or Niels van den Broek,
Metabolomics Facility at the CRUK Beatson Institute (Head: Dr. Gillian MacKay).

Technical information in this section was provided by Dr. David Sumpton.

Mass spectrometry was conducted using a UltiMate 3000 HPLC system
(ThermoFisher Scientific) and a Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass
Spectrometer (ThermoFisher Scientific). The HPLC setup consisted of a
SeQuant ZIC-pHILIC 5 pm polymer column (150 x 2.1 mm, Merck Millipore), with a
SeQuant ZIC-pHILIC guard column (20 x 2.1 mm, Merck Millipore). The initial

42



Chapter 2: Materials and Methods

mobile phase contained 20% 20 mM ammonium carbonate (pH 9.2) and 80%
acetonitrile. Sample extracts were stored at 4°C in an auto-sampler before 5pl
were injected into the system. Metabolites were separated over a 30 min mobile
phase gradient decreasing the acetonitrile content to 20% at a flow rate of
100ul/min and a column temperature of 45°C. The total analysis time was 40
minutes per sample. All metabolites were detected across a mass range of 75-
1000 m/z at a resolution of 70.000 (at 200m/z), with electrospray ionization (ESI)
and polarity switching to enable detection of both positive and negative ions in

the same analytical run.

Aiming at improving confidence in compound annotation (i.e. metabolite
identification), a specimen pool (comprising an extracted mixture of all biological
samples of the batch, please refer to 2.2.5) was analysed twice using the same
HPLC conditions, but running the mass spectrometer once each in single negative
and positive ionisation mode and using data dependent fragmentation (ddMS2).
This approach combines a high accuracy of peak quantification in individual
biological samples with an increased confidence in compound annotation due to
the incorporation of fragmentation data into algorithms to assigh a metabolite
identity to a certain peak. MS2 data redundancy is reduced by avoiding to record
fragmentation spectra for identical compounds in many individual samples and
detection time can be entirely dedicated to peak scanning. Furthermore, this
strategy allows applying different fragmentation strategies with reasonable
experimental effort to maximise biological information. In addition, the extracted
sample pool (see 2.2.5) served as a technical quality control (QC) and was
repeatedly measured every ten sample injections throughout the acquisition of
the randomised biological extracts. Lock masses were used. Data were acquired

with Thermo Xcalibur software.

Raw data obtained for untargeted analyses were processed by Dr. David Sumpton
using the CompoundDiscoverer software package. Retention times and masses
were aligned across all sample data files with maximum tolerances of 2 min and
5 ppm. Unknown compound detection (minimum peak intensity 10°) and grouping
of compound adducts were carried out across all samples with a mass tolerance
5 ppm and RT tolerance of 0.7 min. Missing values were filled using the fill gap
feature of the software package (mass tolerance 5 ppm, signal/noise threshold

1.5). Within Compound Discoverer, data were corrected for batch effects using
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the QC replicate injection data and a QC-based area correction regression model

(cubic spline regression, thresholds of >50% QC coverage and <30% RSD).

An additional data normalisation strategy that we applied only to urine samples

to control for different urine concentrations is discussed in section 4.2.3.

Compound annotation (i.e. metabolite identification) was achieved by matching
the mass, retention time and fragmentation spectrum of an observed peak to an
in-house database generated using metabolite standards (including a
commercially purchased Mass Spectrometry Metabolite Library [Sigma Aldrich]),
mass tolerance 5 ppm, retention time tolerance 2 min). Peak annotations were
further confirmed using mzCloud database search (ddMS2, available online at
https://www.mzcloud.org, precursor and fragment mass tolerance of 10 ppm,
match factor threshold 50).

For targeted quantification of metabolites of interest, the experimental settings
was largely identical except for a decreased run time of 22.2 minutes due to a
shortened chromatography (15 min). After LC-MS, metabolites were identified by
the exact mass of the corresponding singly-charged ion, the preferred ionisation
mode and comparison of retention times to the metabolite library of the CRUK
Beatson Institute using the TraceFinder Software package. Total peak areas at the
appropriate retention time were then compared between biological samples as a

measure of metabolite abundancies.

2.2.7 Statistical approaches

The author and his co-workers were not blinded with regards to genotypes,
transgene induction schedules or treatment schemes of mice. Animals were not
randomised and numbers for biological replicates were not statistically
predetermined in experiments. All animals received identical care in an unbiased
fashion by animal technicians and myself with the exception of mice approaching
clinical endpoints undergoing more frequent monitoring in accordance with local

guidelines.

Statistical analyses of mouse survival data, descriptive parameters of mouse

models, immunohistochemistry quantifications and targeted metabolomics data
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were performed using Excel and Prism software packages. For pairwise
comparisons of data sets derived from two different genotypes, | employed the
two-sided unpaired Welch's unequal variances t-test under the assumption of an
underlying normal distribution of the biological parameters. For comparison of
ordinal skin score sum values between genotypes in the RosaCreER™ model
(chapter 5), the Mann-Whitney U test was employed. P values of <0.05 were
considered statistically significant and are either depicted as numbers or indicated
as “*” in the respective sections/figures. All error bars reflect standard deviations.
To test for significant differences in survival, the Log-rank (Mantel-Cox) test was
used.

Processing and statistical analysis of RNA sequencing data is illustrated in section
2.2.4 and included p value adjustment for FDR by the procedure as originally
proposed (106). The number of six biological replicates for each of the four
genotypes analysed was chosen for cost effectiveness as the kits used in the

procedure could each accommodate a maximum of 24 biological samples.

For comparisons between genotypes in untargeted metabolomics experiments,
multiple student’s t-tests and FDR adjustments of p values were performed using
the built in statistical tools of the CompoundDiscoverer software package.
Compounds with FDR-adjusted p values <0.05 were considered discoveries.
Principal component analyses coordinates of centred, transformed peak areas
were extracted from the CompoundDiscoverer software package and displayed

graphically using GraphPad Prism.
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3 Characterisation of a genetically engineered
mouse model of SDH-deficient
renal cell carcinoma

3.1 Introduction

Even though most likely underdiagnosed, with only approximately 55-60 primary
cases described in the scientific literature to date, SDH-deficient RCC has to be
considered as an extremely rare cancer entity (59). In contrast to the two most
common two most common subtypes of RCC, clear cell-type RCC and papillary RCC
(type 1), which both develop by malignant transformation of epithelial cells in the
proximal renal tubule (55), the currently available scientific evidence suggests
that SDH-deficient RCC originates from the distal part of the nephron (57). The
WHO has recently recognised the unique morphology and molecular pathology of
this tumour type by formally introducing SDH-deficient RCC as a distinct RCC
entity into its disease classification system (54). In turn, this means that results
obtained in clinical trials as well as large-scale genetic profiling and gene
expression studies from other, more common RCC subtypes cannot simply be
extrapolated to the biology of SDH-deficient RCC. On the contrary, faithful model
systems as well as in-depth studies of collaborating molecular events in this rare
cancer type (but not other types of RCC) are needed to improve our understanding
of SDH-deficient RCC. The only large scale genetic profiling data set containing a
substantial number of SDH-deficient tumour samples is the recently published
TCGA study of Pheo/PGL (50). In line with earlier findings (48), this study shows a
strong correlation between activating mutations in the HRAS gene and genetic
deletions at the SDHB locus (50). We have therefore designed a genetically
engineered mouse model that combines knockout of the essential Sdhb exon 3
with expression of the oncogenic Hras®’?Y mutant in the distal murine tubular

system by Cadherin 16 promoter-driven Cre expression.

This chapter describes the biological and histopathological characterisation of this

model.
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3.2 Results

3.2.1 Experimental setting

Mice carrying Sdhb or/and Hras-t6'?V alleles were crossed to KspCre* mice. In
addition, a reporter of Cre activity was introduced into the cohort. Some KspCre
animals were observed for up to one year to exclude phenotypic effects of the
mere presence of the transgenes (not shown) and were found to stay healthy
without kidney pathologies. We could not detect an obvious shift in Mendelian
ratios as an indication of embryonic or fetal lethality caused by the presence of
Sdhb', Hrast3t612V or Rfptst alleles in KspCre* mice. KspCre*, Sdhb™/f mice of both
sexes were found to be sterile irrespective of Hras status. As expression of KspCre
has been detected in the developing genitourinary tract (89), the above
observation argues for an important role of intact SDH function in urogenital organ

development.

At least ten KspCre* mice were followed up for clinical events for the nine
different combinations of Sdhb/ and Hrast5t6'?V alleles (Table 10) aiming for a

balanced female:male ratio.

KspCre”*
Genotype |Hras Hras Hras
SdhbWt/Wt Sdhb Wt/ , HraSWt/\MZ SdhbWt/Wt, HrasWt/LSLGle SdhbWt/Wt, HI’aS LSLGV12/LSLG12V
sSdhb wit/fl Sdhb wt/fl Hras wt/wt Sdhb wt/fl Hras W/LSL G12V Sdhb wt/fl Hras LSLGV12/LSLG12V
sSdhb fl/fl Sdhb fl/fl ’ Hras wt/wt Sdhbfl/fl , Hras W/LSLG12V Sdhbﬂ/ﬂ ’ Hras LSLGV12/LSLG12V

wt/wt wt/LSLG12V LSLG12V/LSLG12V

Table 10: KspCre* genotypes of mice carrying Sdhb™ and/or Hras'S-¢?V alleles.

Kidney morphologies were non-invasively monitored by ultrasound on a monthly
basis until an age of at least eight months or to a clinical endpoint. Similarly,
serial urine specimens were collected from the earliest age possible. Mice without
clinical evidence of limiting kidney pathology were censored after a final
sonographic examination at the age of one year. To dynamically characterise renal
pathology and for metabolic studies (see chapter 4), at least five animals per
genotype were sacrificed at a “young”, “medium” and “old” age (5.5-11 weeks,
17-26 weeks, >30 weeks). These age groups were chosen to approximately
correspond to typical survival times of the three different Sdhb/V/' cohorts. A

comprehensive set of tissue blocks derived from this model was analysed for
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histopathological alterations at the Institute of Pathology, Universitatsklinikum
Erlangen, Erlangen, Germany and selected blocks were used for

immunohistochemical studies at the CRUK Beatson Institute.

3.2.2 Hras'SLC12V accelerates fatal cystic degeneration
of KspCre*, Sdhb™ kidneys

3.2.2.1 Summary of ultrasound findings in KspCre* kidneys

In monthly ultrasound examinations of at least 10 KspCre* animals per genotype
as outlined in Table 10, a progressive cystic transformation of Sdhb™//'kidneys was
observed. As some SDHB-proficient Hrastot672V/LSLG12V showed individual cysts, a
scoring system was defined to best recapitulate all different morphological
observations (Table 11). A representative ultrasound image for each score value

is depicted in Figure 4 and scores for examinations of individual mice in Figure 5.

Score Kidney parenchyma Number and size of cysts,
value kidney pelvis structure

0 healthy no cysts, no pelvis abnormalities

1 healthy up to 2 cysts of small or medium size

or/and dilated pelvis

2 healthy up to 2 big cysts and up to 2 smaller
cysts or up to 4 medium size cysts
3 slightly altered More individual cysts than in score 2
4 significantly altered, beginning | multiple, generalised cysts in both
cystic transformation kidneys
5 cystic transformation, but areas | cystic transformation

of parenchyma detectable

6 complete cystic transformation, | cystic transformation

no intact parenchyma

Table 11: Classification of sonographic kidney morphologies. Cyst numbers given for
score values 1 and 2 correspond to the sum of all cysts detected in both kidneys.
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Figure 4: Exemplary images of renal morphologies corresponding to different
ultrasound score values. Of note, due to the significant size increase of KspCre*, Sdhb™"
kidneys over time, images acquired close to clinical endpoints (i.e. with high score values)
can in many cases not capture whole kidneys. Two images are depicted for score value 6
in order to illustrate biological variance of end stage conditions.

In the KspCre*, Hras"’*t background, Sdhb*!*t and Sdhb*!fl kidneys did not
display any significant morphological changes except for few (potentially age-
related) cysts in a single Sdhb"*/fl case. In contrast, scores for Sdhb//f!, Hras"t/wt
animals increased over time to values corresponding to an (almost) entirely cystic
kidney degradation (Figure 5A) close to clinical endpoints. A similar picture was
observed in KspCre*, Hras"t/L612V cohorts with low level changes in more SDHB-
proficient kidneys and much higher dynamics of score progression in Sdhb/1l

animals (Figure 5B).

In line with their short overall survival (as will be discussed in section 3.2.2.2),
most KspCre*, Sdhb™/fl, HrastsL612V/LSLG12V mice could only be examined once and
showed morphological changes corresponding to high score values at young age.
An end stage score value of 6 was recorded for fewer Sdhb™fl mice in the
Hrastst612V/ILSLG12Y than in the Hras"t/wt or HrasWt/L5LG12V setting as animals close to
clinical endpoints were not subjected to the ultrasound procedure (including
anaesthesia) for animal welfare reasons. It is important to notice that, albeit
individual cysts were detectable in many SDHB-proficient HrasSLG12V/LSLG12V mce,
medium score values for SDHB-proficient Hrastst672V/LSLG12V: animals remained
stable (i.e. in contrast to scores for Sdhb///t not progressive) over the (long) time

scale of one year (Figure 5C).
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Figure 5: Sonographic score values in individual KspCre*™ mice over time. (A) Depicts
Hras""™t! (B) Hras"'St612V and (C) Hras'S-C12VILSLG12V cohorts. A dotted line has been
inserted at y=3 as this score value corresponds to the detectability threshold of generalised
alterations of renal parenchyma.
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3.2.2.2 Survival of KspCre* cohorts
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Figure 6: Kaplan-Meier curves of KspCre* cohorts. Fraction survival corresponds to
mice without a model-specific clinical endpoint. (A) Survival of all genotypes. (B) Survival of
female versus male Sdhb™ mice matched for Hras genotype.

Survival data for KspCre* mice stratified for Sdhb and Hras status are summarised
in Figure 6A and Table 12. The vast majority of SDHB-proficient mice did not show
any clinical signs irrespective of Hras genotype until the end of observation time
at one year of age. Most Sdhb™//'| Hras"t/*t mice reached clinical endpoints such
as hunched appearance and significantly reduced activity due to abdominal
distension that was caused by the massive expansion of their kidneys (please refer
to section 3.2.2.3). Median survival times of Sdhb/fl animals were significantly
reduced by the additional presence of Hrast¢’?V in an allele dose-dependent
manner with median survival times decreasing from 262 days to 140 days and
62 days (Table 12).
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Of note, albeit the very few clinical events in Sdhb**/*t and Sdhb*!/' animals that
could not clearly be classified as non-procedural were entirely restricted to male
animals (Figure 6A), median survival times were slightly higher in male than
female Sdhb//ft cohorts (Table 12). This trend, that could potentially be explained
by slightly lower fractions of cells undergoing Cre-mediated Sdhb deletion in male
(developing) kidneys, was most pronounced in SdhbVfl Hraswt/LSLG12V mice.
However, despite the relatively high number of animals studied, differences in
survival did not reach statistical significance for any of the comparisons (Figure
6B). As illustrated in

Table 12, presence of an Rfptt allele did not exert consistent influences on
survival of Sdhb™/flcohorts. Therefore, female and male as well as Rfp**/LSL and

Rfp*t’*t mice were grouped together in subsequent analyses.

Genotype all mice female male Rfp WULst Rfp Wvwt

Sdhb """ Hras V" Undefined Undefined Undefined Undefined Undefined
Sdhb""" Hras "™ Undefined Undefined Undefined Undefined Undefined
Sdhb™" Hras """ 262 256 283 282 258

Sdhb "™ Hrag WI-SLG12V Undefined Undefined Undefined Undefined Undefined
Sdhb""" Hrags WU-ste12v Undefined Undefined Undefined Undefined Undefined
Sdhb ™" HragWtste12v 140 133 154 137 145

Sdhb """t Hrag -SHe12VISLGI2V 1 yndefined Undefined Undefined Undefined Undefined
Sdhb""" Hrag-Ste12viLsteiay Undefined Undefined Undefined Undefined Undefined
Sdhbﬂ/fl Hras LSLG12V/LSLG12V 62 60 62 62 62

Table 12: Median survival times of KspCre*, Sdhb', Hras"S-¢*?V cohorts stratified for
sex or Rfp status in addition.

3.2.2.3 Body weights and relative kidney weights of KspCre* cohorts

Besides expected higher weights of male than female mice at all ages and for all
genotypes, Sdhb/Vfl animals showed significantly reduced body weights in
comparison to age- and sex-matched SDHB-proficient mice at all time points
studied, whereas weights of Sdhb*//l did not differ from Sdhb*!/*t mice at any age
(Figure 7). Starting from comparable weights at young age, especially female
Hrastst612v allele-carrying mice showed a tendency towards lower weight gain than
Hras*t"t mice until high age (Figure 7). Taken together, these observations
suggest that comparisons of renal weights and morphologies can best be

performed at “young” age as SDHB-proficient cohorts show highest degree of
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concordance at this time point. In order to merge kidney weight data derived from
female and male mice and considering similar endpoint times for Sdhb/f animals
of both sexes, kidney masses were expressed relative to the body weight of the

individual mice at the time of sampling.
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Figure 7: Body weights of young (A) and old (B) KspCre* mice for Hras""! (left),
Hras"''SLe12V (middle), and Hras!StG12VLSLG12V (right) cohorts. Of note, due to typical
endpoint latencies of Sdhb™ mice depending on Hras status, animal numbers are low in
some of the groups. Weight differences between sex-matched Sdhb"""* and Sdhb™ mice
are significant in all comparisons for female (circles) and male (squares) animals (p<0.05,
not indicated). Importantly, weights between Sdhb"™"* groups of the same sex are not
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significantly different at young age, but differ significantly for female mice at old age. “*”,
p<0.05.

Relative kidney weights of Sdhb™/fl mice were significantly higher at young age in
the presence of one or two Hras“t6'?V alleles (Figure 8A). Whereas in SDHB-
proficient cohorts, additional relative kidney weight fractions attributable to
Hrastst672V were only very modest in all comparisons with a maximum of 0.25 % for
old Sdhb"t/wt  HrastSLG12VILSLG1ZY versys Sdhbwt/Yt, Hras"tt mice (Figure 8C,D), at
clinical  endpoints, relative  weights were almost doubled in
Sdhb/Uil | Hrastste12VILSLG12Y versys Sdhb™fl) Hras”t"t kidneys on average (23.33%
versus 12.46% of body weight). Of note, when stratified for sex, absolute kidney
weights (not shown) of Sdhb™/fl animals showed exactly the same statistically

significant differences as discussed here for relative kidney weights.
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Figure 8: Kidney weights depicted relative to individual body weights (in %) for
KspCre* mice of the indicated genotypes at young age (A and C), for Sdhb™" cohorts
at clinical clinical endpoint (B) and for SDHB-proficient mice at one year of age (D).

To gain insights into dynamics of kidney alterations in KspCre*, Sdhb//fl mice,
relative kidney weights of all mice sampled for the three cohorts were plotted
against individual sampling ages. As shown in Figure 9, slope of the corresponding

linear regression curves increased in a Hras¢"?V allele dose-dependent extent.
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Figure 9: Linear regression (robust fit) of age-dependent relative kidney weights
(normalised for individual body weights) in KspCre*, Sdhb"" cohorts stratified for
Hras status. Of note, Hras">"“'?" increases slope values of the regression functions in an
allele dose-dependent manner. Obvious outliers, that have been excluded from the
analyses, are marked in pink; y(0)>0 was imposed as the only constrain.

3.2.3 A dynamic histopathological description
of KspCre®*, Sdhb™" Hras'S.¢'?V kidneys

3.2.3.1 Morphological comparison of KspCre* genotypes

A comprehensive set of paraffin-embedded kidney tissue blocks derived from all
genotypes at the three pre-defined ages was independently analysed by a
qualified pathologist at the Institute of Pathology of the Universitatsklinikum
Erlangen, a reference institution for evaluation of (human) renal tumours. Figure
10 illustrates the histological appearances of typical cases at young age for all
genotypes as well as for Sdhb™/ cohorts at clinical endpoints at low magnification
after Periodic Acid Schiff (PAS) staining, a routine procedure for kidney studies
that allows the discrimination between proximal and distal tubular compartments
of the nephron. To determine the cellular origin of cysts in 20 distal and proximal
tubule diameters per kidney were measured and are presented as averaged values
for four different cases per genotype and age group in Figure 11 (A,B). These data
clearly establishd the distal part of the nephron, the compartment with highest
Cre expression in our model (89), as the origin of cystic alterations in
KspCre*, Sdhb™//t kidneys. In line with virtually identical diameters, proximal

tubules were judged as normal across all genotypes.

Glomerulum generations, i.e. the maximum number of glomeruli that can be
found on a representative kidney section in one diameter from the outer renal
cortex to the inner medulla, can serve as a surrogate marker of a physiological

kidney architecture and developmental stage (personal communication with Dr.
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Markus Eckstein, Institute of Pathologie, Universitatsklinikum Erlangen). This
ordinal parameter remained unchanged to the age-matched wildtype controls in
SDHB-proficient kidneys irrespective of Hras status (values 6-4), but showed
reduced values in SdhbV/f kidneys of similar age that were most pronounced in
Hrast/LSLG12V cases (values of 1-2, Figure 11C). These changes could be indicative

of a more pronounced expansion of Cre-recombined Sdhb™/fl, HraststG12v

compartments.

Figure 10: Exemplary overview micrographs (PAS staining) of KspCre* kidneys at
young age (a-c) and at clinical endpoints (d) for Hras"t (1), Hras"/-St¢12V (2) and
Hras'SLC12VILSLG12V (3) genotypes. (@), SdhbY™; (b) Sdhb"", (c, d) Sdhb™. Images 3c
and 3d depict two different young Sdhb"" Hras'StC12VILSLE12V ca5es at clinical endpoint.
Please note the preserved parenchymal architecture in SDHB-proficient Hrag-S-612V/LSL612v
kidneys despite sonographic detection of individual cysts in some of the corresponding
animals.
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Figure 11: Summary of histopathological findings in KspCre mouse cohorts at
different ages. Mean proximal (A) and distal (B) tubulus diameter, the ordinal number of
glomerulus generations (C) and the degree of cystic transformation (D) are depicted for n=4
individual mice per age group and genotype. Of note, for Sdhb™ genotypes carrying one/two
Hras"S-¢'?" alleles, only young and medium aged/only young kidneys were analysed due to
typical endpoint latencies of these cohorts. Please not the different scales for (A) and (B).

Pathological assessment of cystic content (as % of total parenchyma) confirmed
initial ultrasound observations of much earlier cystic transformations to similar
end stages in SdhbVfl kidneys quantitatively depending on the presence of

Hrastst672V alleles. In all SDHB-proficient cases analysed, cystic reorganisation did
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not exceed values of 10%. Importantly, Sdhb*!/ were virtually indistinguishable
from Sdhb*t*t kidneys by conventional histology when matched for age and

genetic Hras status.

In addition to quantitatively assessed parameters, distal but not proximal tubules
of young SdhbVfl, Hras"t/#t kidneys had prominent nucleoli and a few cysts in
kidneys of the same genotype studied at old age showed an activated, “Hobnail
cell-like” epithelium with nuclear atypia as well as focal agglomeration of multiple
cell layers. As Figure 12 illustrates, these morphological pre-malignant changes
were more pronounced and more frequent in KspCre*, Sdhb™/fl kidneys expressing

Hras®'?V.
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Figure 12: Exemplary ultrastructural morphologies (PAS staining) of
KspCre*, Sdhb™ Hras""' and Hras"/Sté12V  kidneys at clinical endpoints
(corresponding to panels 1d and 2d in Figure 10).

3.2.3.2 Analyses of SDHB and RFP protein expression levels

To obtain a direct evidence for the loss of SDHB protein expression due to genetic
deletion of Sdhb exon 3 in KspCre*, Sdhb/fl kidney cohorts, selected cases were
tested for immunohistochemical SDHB reactivity under conditions that are
routinely used to diagnose SDH-deficient (human) RCC. Results are illustrated in
Figure 13 and scored on an ordinal scale (0-3) in Figure 14. All genotypes retained
physiological levels of SDHB expression in proximal renal tubules and all Sdhb/1!

cases selectively lacked detectable SDHB levels in distal tubular epithelium.
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Hraswt/LSLG12V

HrasLSLG12V/LSLG12V

Figure 13: Representative photomicrographs of SDHB immunohistochemistry
stainings of (A) KspCre* kidneys at young age and (B) KspCre*, Sdhb™" kidneys of
the same Hras status as in (A) at clinical endpoints. Of note, as KspCre Sdhb""
Hras!StC12VILSLEI2Y myjce approached clinical endpoints at an age that corresponds to the
“young” time window, two different cases are presented in A and B for this genotype. Scale
bars in upper left corners correspond to 50 pm. All images were selected from
photomicrographs provided by Dr. Markus Eckstein, Institute of Pathology,
Universitatsklinikum Erlangen, Germany.

Despite their unremarkable morphology, Sdhb*fl| Hras*!»t kidneys showed
preserved, but quantitatively reduced SDHB expression in distal tubules in
comparison to Sdhb**"t| Hras"t*t cases. Similarly decreased SDHB scores resulted
in distal tubules of Sdhbwt"t, Hraswt/L5L612V and SdhbW!wt, HrastSL612V/LSLG12Y kidneys

(Figure 14).

SDHB IHC score, proximal tubules of young mice SDHB IHC score, distal tubules of young mice
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Figure 14: Ordinal SDHB immunohistochemistry scores in proximal (A) and distal (B)
tubules of young KspCre* kidneys (n=3 per genotype).
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Cysts in all KspCre*, Rfp“t kidneys displayed reactivity for RFP to the same extent
as the distal tubules and collecting ducts in the corresponding kidney (Figure 15),

thereby providing additional evidence for an origin of cystic lesions from the Cre-

recombined compartment.

Figure 15: Exemplary RFP immunohistochemistry stainings of KspCre*, RfptSt
kidneys at young age. Overview images are captured in panel (1), whereas panel (2)
depicts images acquired at higher magnification from the same cases as in (1). Genotypes

are as follows: (a) Sdhb""" Hras""*: (b) Sdhb™ Hras""™, (c) Sdhb" Hras"/-S¢12V (d)
Sdhbfllﬂ HrasLSLGlZV/LSLGlZV.

At young age, tissue area fractions in Rfp- kidney showing cytoplasmatic
reactivity for RFP were relatively higher in Sdhb™V/fl, Hras%t/t5L612V. and
Sdhb/fl HrastSLG12VILSLG1ZY samples than in the corresponding Sdhb*!*t and
Sdhb/ Vil Hras"t»t cases. Only a trend towards increased RFP-positive tissue

fractions was observed in Sdhb"t/*t groups depending on additional Hras*/1L¢12V

alleles and in Sdhb/// cohorts at clinical endpoints (Figure 16).
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Figure 16: Quantification of RFP positive tissue areas in KspCre*, Rfp'St kidneys that
were obtained from young Rfp-S-* mice (A) or from Rfp-St* Sdhb" mice at clinical
endpoints (B)

3.2.3.3 Assessment of proliferation and DNA damage response

in KspCre* kidneys
Ki-67 is a nuclear antigen that is expressed strictly associated with cellular
proliferation (107). As its detection is routinely used as a marker of tumour
aggressiveness in clinical pathology (107), we analysed the fraction of Ki-67-
expressing cells for a selected panel of kidney tissue blocks derived from our
model. Presence of Hras"/L3LG12V 3lleles increased Ki-67 reactivity by a small but

significant level in SDHB-proficient kidneys.
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Figure 17: lllustration of Ki67 immunoreactivity in young KspCre* kidneys. (A)
SdhbWt/Wt, Hraswt/wt; (B) Sdhbﬂ/ﬂ, Hras"""""‘, (C) Sdhbﬂ/ﬂ, HI'aSWULSLGlZV, (D)
Sdhbﬂ/ﬂ, HrasLSLGlZV/LSLGlZV.
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Sdhb/Ui! kidneys showed a quite heterogeneous staining pattern with focal areas
of high Ki-67 positivity as illustrated in Figure 17 for selected cases. Nevertheless,
all averages of Ki-67 positive cell ratios obtained for young Sdhb//! cohorts were
significantly higher than those in wildtype controls and Hras-matched Sdhb"t/%t
samples (Figure 18A). Indicative of more pronounced cellular division,
Sdhb/fl HrastSLG12VILSLG1ZV . kidneys at clinical endpoints scored higher than

Sdhb™fl Hras"t/t samples (Figure 18B).
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Figure 18: Analysis of Ki-67 positive cell fractions in KspCre* kidneys derived from
(A) young mice or (B) from Sdhb" cohorts at clinical endpoints.

As outlined in section 1.5, it has recently been suggested that SDH-deficient
tumours, similar to malignancies carrying FH or IDH1/2 mutations, possess a
reduced capacity to repair DNA double strand breaks (64, 108). To validate these
results in our model system, we analysed the occurrence of the Serine139-
phosphorylated histone H2AX variant (yH2AX), an established early marker of the
cellular response to DNA double strand breaks (109), in KspCre* kidneys (Figure 19
and Figure 20). Young SDHB-proficient cases showed similar low degrees of yH2AX
reactivity irrespective of Hras genotype with none of the differences reaching
statistical significance. In contrast, substantially higher fractions of positive cells

were detected in Sdhb/fl, Hras"**t kidneys with a trend (not statistically
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significant in the small number of cases analysed) towards higher reactivity in

kidneys carrying Hras"t¢'?V alleles in addition (Figure 20).

Figure 19: lllustration of yH2AX immunoreactivity in young KspCre* kidneys. (A)
Sdhb™™, Hras"'™, (B)  Sdhb" Hras"", (C)  Sdhb™ Hras"s-G12V, (D)
Sdhbﬂ/ﬂ, HrasLSLGlZV/LSLGlZV.
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Figure 20: yH2AX reactive cell fractions stratified for Hras status in kidneys of (A)
young KspCre mice and (B) KspCre Sdhb™ mice at clinical endpoints. Differences
between Sdhb""* and Sdhb™ groups were not statistically significant.

3.3 Discussion

Our goal of specifically targeting the suggested origin of SDH-deficient RCC, the
distal renal tubular system, provided the basis for employing KspCre-driven
recombination to conditionally delete Sdhb and/or activate transcription of

oncogenic Hras®'?Y (57). Considering several typical features of early malignancy
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that we observed in our model, | believe that KspCre*, Sdhb™//l, Hras"t¢'2V mice
can model important aspects of SDH-deficient renal tumourigenesis despite the
lack of macroscopic tumour formation. In particular, as recently described for
SDH-deficient cell lines and in xenotransplantation assays (64), our yH2AX analyses
provide evidence for increased DNA damage in KspCre*, Sdhb™/fl kidneys as a
potentially initiating mechanism of SDH-deficient tumourigenesis. Nevertheless,
due to lack of a SDHB-proficient tumour-resembling phenotype as a control, we
cannot formally exclude that higher levels of yH2AX reactivity (i.e. DNA damage)
in KspCre*, Sdhb/ kidneys are merely a result of increased cellular proliferation

per se, but not SDH deficiency in our mouse model.

As in other immunohistochemical analyses, comparisons between Sdhb™/fl cohorts
differing in Hrastt¢'2V status often resulted in trends but not always in statistically
significance of changes. This argues from my point of view rather in favour of high
biological or/and technical variation within than lack of differences between
genotypes. Higher case numbers in future staining approaches would be an

appropriate option to counteract this limitation.

It is also interesting to note that the definition of “carcinoma” in mouse models
varies between researchers. The independent reference pathology institute
reviewing our model chose a conservative approach in its judgement by not
diagnosing microscopic lesions of multiple cell layers with several cellular
abnormalities as “carcinoma”, but requesting a disruption of the epithelial basal
membrane (i.e. invasiveness) as an obligate feature of malignancy.
Histomorphological features that resemble the alterations in our model system
have recently been classified as “renal cell carcinomas” by other researchers
(110).

The cystic phenotype that occurred in KspCre*, Sdhb/U/ kidneys is an observation
that has been published for other genetic hits in KspCre-based models (110, 111).
Even though the morphological characterisation of SDH-deficient RCC comprises a
varying degree of cystic areas (58), cysts limit survival of
KspCre*, Sdhb/Vfl, Hraswt/LsLG12v and even more of
KspCre*, Sdhb/Vil, Hrastst612V/LSLG12V mice at an age that might prevent later

formation of macroscopic tumours.
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While this thesis project was ongoing, Harlander and colleagues published a
genetically engineered mouse model of ccRCC based on a tamoxifen-inducible
variant of the KspCre construct, KspCreER™?, without impairment of animal
survival by generalised cyst development (112). Many features of ccRCC, could be
recapitulated in this model by combined homozygous deletion of the Rb1, Vhl and
Tp53 genes. Given that KspCre-driven recombination efficacy in proximal tubules,
the cellular origin of ccRCC in humans (55), is much lower than in distal tubular
structures (89) (and assuming the same for KspCreER'?), these results strongly
argue for different critical genetic events in the distal compared to the proximal
tubule.

The results discussed in this chapter underscore the importance of allele dose
imbalances for consequences of Hras®'?V activation: in the absence of wildtype
Hras expression and upon activation of two Hrastst6'2V alleles (Hrastst612V/LsLGizvy,
KspCre+, Sdhb™/f mice reach endpoints with a latency of less than 50% compared
to mono-allelic Hras®'?" in the presence of a remaining Hras wildtype allele (Table
12). Cysts in SDHB-proficient kidneys became evident virtually exclusively in
Hrastst612V/LSLG12Y cohorts and could potentially be a correlate of oncogene-induced
senescence triggered by strong Hras®'?V signalling. Together with sequential
ultrasound data for individual mice, higher slopes of kidney weight regression
curves over time argue for more dynamic kidney degeneration in the presence of
Hras activity and against only basal Hras-induced kidney changes that add to a

phenotype that is caused by Sdhb loss.

As a key point from this chapter arises the question for a mechanism of an
interaction between Hras®’?Y and Sdhb loss. In contrast to genomic and
transcriptomic TCGA data demonstrating HRAS activation exclusively in Pho/PGL
cases with mono-, but not bi-allelic SDHB deletions, our renal cell carcinoma
model revealed Hras®’?V-mediated phenotypic interactions with genetic Sdhb
inactivation in mice with homozygous Sdhb deletion only. If a genetic association
with HRAS activation and is biologically relevant in tumourigenesis of SDH loss-
related malignancies, these differences could be explained by cancer-/tissue-
specific requirements: Whereas shallow SDHB deletions could be sufficient to
induce a certain, in the context of activating HRAS mutations (or alternative

tumour-promoting cellular events) critical degree of functional SDH deficiency in
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Pheo/PGL, homozygous genetic loss of Sdhb might be needed in order to trigger a

similar interaction in renal cell carcinoma.

Tanner and colleagues could recently demonstrate that acute RAS overexpression
activates all of the four steps that control the rate of glycolytic flux (113). This
RAS-mediated metabolic reprogramming could function as a mechanism to
facilitate survival and proliferation of cells with defects in oxidative metabolic
pathways such as in the case of Sdhb deletion. Another line of thought would be
triggering of SUCNR1, a receptor that is highly expressed in the kidney and at least
in some organs shares downstream effectors with RAS, by increased succinate
concentrations in KspCre*, Sdhb™/ft tubular cells (21, 65).

3.4 Summary

This chapter described our efforts to develop the first genetically engineered
mouse model of SDH-deficient RCC. The major phenotype that resulted from
specific loss of SDHB expression in the distal renal tubular system of
KspCre*, Sdhb™// mice, the compartment in which Cre-mediated recombination
occurs at high efficacy in our experimental system, was a progressive cystic kidney
degeneration. This pathology, that was significantly accelerated as well as more
pronounced by additional activation of the oncogenic Hras®?¥ mutation in the

same compartment, limited survival of all KspCre*, Sdhb™//' cohorts.

Whilst we did not observe any macroscopic tumours in our model, SDHB loss-
related cysts displayed typical (immuno-)histological and cytological features of
early malignancy. It is tempting to speculate that the detrimental global
transformation of KspCre*, Sdhb//f! kidneys imposes a latency of clinical endpoints
that, at least in SdhbV/fl Hras"t/LSLG12V gand SdhbVfl, HrastsLG12V/LSLG12V cohorts, is

too short to allow formation of macroscopic tumours in this model.
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4 Metabolomic investigations in a mouse model
of kidney-specific SDHB deficiency

4.1 Introduction

As discussed in chapter 3, we have generated a kidney-specific, genetically
engineered Sdhb-deleted mouse model. Even though this model can recapitulate
some, but not all features of SDH-deficient renal cell carcinoma, it allowed us to
generate a substantial number of biological replicates for animals with a relevant
mass of SDHB-deficient renal tissue (evidenced by direct immunohistochemistry
for SDHB in section 3.2.3.2). This chapter outlines our ongoing work to identify
new systemic metabolic biomarkers of SDH-deficient cancers. Even more than the
other result chapters of my thesis, this section describes preliminary results of

work in progress.

In order to study all genotypes of interest in screening approaches, specimens of
mice at young age had to be compared. It had to be expected that the
concordance of progressive renal failure with the Sdhb-deficient condition would
introduce another layer of complexity to the work, as systemic elevation of certain
metabolites (such as creatinine in human plasma), that is associated with
worsening kidney function, occurs long before renal pathology becomes evident

and has been used for decades as a means of clinical routine.

Since tumours usually arise in a background of normal cells that will largely define
the metabolic profile of body fluids, an ideal tumour-specific biomarker would be
a malignancy-associated substance that is of low abundance in blood and urine of
healthy individuals and rises in concentration with tumour development/ size

increase.

4.2 Results

4.2.1 Experimental setting

Eight biological replicates of kidney, urine and plasma samples derived from young
(but not identical for all three experiments) KspCre* mice of all genotypes under
investigation (Table 10) were extracted and subjected to the untargeted

metabolomics approach described in section 2.2.6 (with the exception of Sdhb"t//t
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for plasma analytics). Before data that had been acquired by mass spectrometry
were processed by the CompoundDiscoverer software, they were checked by a
targeted analysis for read-outs of Sdhb deficiency (succinate and aspartate

abundancies) and renal dysfunction (creatinine).

4.2.2 Targeted analyses of creatinine, succinate and aspartate
abundancies and monitoring of water intake rates

Creatinine concentrations in kidneys of KspCre*, Sdhb/ /1! were significantly higher
than in the corresponding wildtype conditions, if two obvious outliers were
excluded for the SdhbV'fl; HrastsL612V/L5LG12V condition even in a strictly allele dose-
dependent fashion. As expected, Sdhb™/fl kidneys showed massively increased
succinate abundancies that were, to my surprise, very similar between the three
cohorts despite the dramatic biological differences depending on Hras status.
Conversely, SdhbVf kidneys showed decreased aspartate abundancies, and,
interestingly, means of all SDHB-proficient genotypes carrying Hrast¢'?V alleles

were higher than for the Sdhb*t/*t reference group (Figure 21).
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Figure 21: Creatinine (A), succinate (B) and aspartate abundancies in young KspCre+
kidneys. Please note the logarithmic y-axis in (B)

In line with renal dysfunction and opposite to kidney tissue levels, significantly
lower creatinine concentrations were detected in all Sdhb™"/f! urines irrespective
of Hras genotype, and, much less pronounced, in SDHB-proficient Hrast3L612V/LsLG12v
mice. In line with increased consumption by Sdhb™/fl kidney tissue, aspartate was

found to be depleted in the corresponding urines as well (Figure 22).

Substantially different urinary creatinine abundancies between genotypes were
highly suggestive of generally varying concentrations of urines, i.e. altered total

urine excretion rates compared to KspCre*, Sdhb"*/¥t, Hras*t/** mice. Such a
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biological phenomenon would be extremely important to detect in order to justify
normalisation strategy for measured metabolite abundancies. As a surrogate
parameter for general fluid turnover in the KspCre* model, | measured water
intake (for technicalities please refer to section 2.2.1.3) in numerous individual
mice of all genotypes at different ages. This approach was chosen as an easy and
less stressful procedure over direct monitoring of urine volumes as the latter
would have required much more labour-intensive long-term observation of
numerous mice in metabolic cages. Following the reasonable assumption of a
correlation between oral water intake and total urine output within a sufficiently
long time interval (5 days in this experiment), together with absolute metabolite
abundancies in urines, the values depicted in Figure 23 imply a higher succinate
excretion rate in young KspCre*, Sdhb/Vil, Hraswt/LsLG12v and
KspCre*, Sdhb/VIl, HrastsLtG12VILSLG12V than in KspCre*, Sdhb/Vfl, Hras"t/»t animals.
Furthermore, Figure 23 outlines a significant functional impact of HRAS activation

on kidney function.
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Figure 22: Creatinine (A), succinate (B) and (C) aspartate abundancies in urines of
young KspCre+ mice as total peak areas, and normalised to individual creatinine
abundancies for succinate (D) and aspartate (E).

Age-matched plasma (studied without Sdhb*/f! cohorts) displayed only very few
genotype-dependent changes in the three chosen metabolites (Figure 24). In
particular, plasma succinate concentrations scattered around similar means

between the cohorts. Only KspCre*, Sdhb/Vl, Hrast3L612V/LSLG12V: plasma (derived
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from young mice at clinical endpoints) showed significantly increased plasma

creatinine concentrations in comparison to healthy controls.
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Figure 23: Relative water intake of KspCre* cohorts at different ages. Water intake was
measured at young (A), medium (B), and older (C) age and expressed as intake per day
normalised to individual body weights. Numerical details for measurements in young
animals are given in (D).
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Figure 24: Creatinine (A), succinate (B) and aspartate (C) abundancies in plasma
specimens of young KspCre+ mice.

Taken together, whereas | could measure increased succinate abundancies,
depleted aspartate levels and inverse creatine concentration changes in young
kidneys and urines of all KspCre*, Sdhb™//l cohorts, stable plasma samples most
likely reflected the capacity of the organism to buffer pathological conditions of

single organs.

4.2.3 Global evaluation of untargeted metabolomic data
obtained in KspCre* plasma, kidney and urine specimens

The total number of compounds that we could detect in the three untargeted
metabolomics data sets increased from plasma over kidney to reach a maximum
of 6642 in urine. At the current stage of investigation, | cannot state if this
observation is a result of lower run alignment quality in our urine and kidney data
sets, is caused by higher extraction dilution of plasma than urine samples, or is a
reflection of a true higher biological complexity. | believe that higher rates of
individual compounds that pass our correction algorithm threshold (relative
standard deviation of <30% between the technical QC replicates) in kidney and

urine argue in favour of the latter assumption.

Data | Total compound | Compounds retained | Compound fraction
set Number after QC retained after QC
Plasma 1398 813 0.58
Kidney 3518 2440 0.69
Urine 6642 5269 0.79

Table 13: Overview of compound numbers and ratios of retained compounds after
QC correction in untargeted KspCre metabolomics.

For a first global overview, compound abundancies were subjected to principal

component analyses first without and subsequently after correction and filtering
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of individual compound abundancies using technical QC replicates. Results are

presented in Figure 25, Figure 26 and Figure 27.

Plasma specimens (Figure 25) clustered together relatively independent of sex and
genotype with exception of most KspCre*, Sdhb/V/fl, HrastSLG12V/LSLG12V samples
(that had been derived from animals of substantially impaired general condition).
Applying our QC correction and filtering strategy did neither substantially improve
group separation nor increase amounts of biological variance explained by the first
two principal components. When analysed separately, Sdhb"t/*t genotypes were
mainly separated by sex irrespective of Hras genotype in contrast the Sdhb/Uf!

condition, where HrastSLG12V/LSLG12V remained the major discriminator.
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Figure 25: Principal component analyses of untargeted metabolomic data obtained
from KspCre* plasma samples. Results for all genotypes and quality control (QC)
replicates based on raw peak areas of all compounds detected (A), after correction for
technical quality control replicates (B), for Sdhb"" genotypes after QC correction (C) and
for Sdhb™ samples after QC correction (D). Legends presented in (A) apply to all panels.
F, female, M, male.
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Hrastst612V-dependent separation of the Sdhb///! genotypes became more evident
in the kidney data set where Sdhb///l tissues were set apart from the SDHB-
proficient cluster by Hras activation (with the exception of two
Sdhbfl HrastSLG12VILSLG1ZV gytliers that had been identified in the previous
targeted analyses). Focussing on SDHB-proficient tissues, a remarkable separation
by female and male origin, but not Sdhb"t/*t versus Sdhb"/f or Hras"t/*t versus
HrastSte12Y as in Sdhb™fU kidneys resulted. (Figure 26).

Surprising at first glance, the urine data set depicted an inverse picture with most
Sdhb/Uit (and very few SDHB-proficient) samples clustering in a small area and
Sdhb*t/*t as well as Sdhb**'/l specimens showing a high degree of variation (Figure
27A,B).
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Figure 26: Principal component analyses of untargeted metabolomics data obtained
from KspCre* kidneys. Results are depicted for all genotypes and technical quality control
(QC) replicates based on raw peak areas of all compounds detected (A), after correction
for technical quality control replicates (B), for SDHB-proficient genotypes after QC
correction (C) and for Sdhb" specimens only after QC correction (D). Legends presented
in (A) apply to all panels. Please note changes in values for PC1 and PC2 between the
panels. F, female, M, male.
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Dramatically higher fluid intake rates in Sdhb™//l than in Sdhb"*/*t and Sdhb"t/1l
mice (and inevitably resulting higher general urine metabolite dilutions, cf. Figure
22) as shown in Figure 23 provide the most probable explanation for these results.
We thus applied an additional layer of data correction to the urine data set using
a “constant sum” algorithm that substantially improved separation of the

genotypes and will be used in subsequent analyses of these data (Figure 27C-E).
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Figure 27: Principal component analyses of untargeted metabolomics data obtained
from KspCre* urine samples. Data are presented for all genotypes and quality control
replicates (QC) based on raw peak areas of all compounds detected (A), after correction
for QC replicates (B), after additional normalisation using a ‘constant sum’ approach (C),
for SDHB-proficient genotypes after QC correction and ‘constant sum’ normalisation (D)
and (E) for Sdhb"" specimens after identical processing as in (D).

4.2.4 A first approach to identifying SDHB loss-related
biomarkers in the KspCre® model

It became obvious from PCA data that the plasma data set contained least

complexity and from a global view only gradual deviations in Sdhb™/fl, Hras"t/wt
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and Sdhb™fl, Hras"t/L5L612V samples from controls. Therefore, | queried this data
set for potential discoveries (FDR-adjusted p value <0.05) comparing Sdhb™/fl to
Sdhb"t/wt specimens matched for either Hras*t"t or Hras*!/15L612V genotype that

would additionally show significant difference (p<0.05) in the other comparison.

Query A: FDR-adjusted p(SdhbVfl, Hraswt/%t vs. Sdhb*t/"t, Hras"!/*t) <0.05
AND
p(Sdhbﬂ/ﬂ, Hraswt/LSLG1ZV VS. SdhbWt/Wt, Hraswt/LSLG12V) <0.05

Query B: FDR-adjusted p(Sdhb/ i, Hraswt/L3LG12V s, Sdhbwt/Wt | HrasWt/LSLG12V) <(0.05
AND
p(Sdhb/Vit Hraswt/»t vs, Sdhb*t/"t, Hras*!*t) <0.05

Of note, the Hrast3L612V/LSLG12V condition was not employed in biomarker screening
approaches as kidney dysfunction was most pronounced in KspCre*, Sdhb™/f mice

of this Hras background.

Query A resulted in exactly one compound (MW: 139.02690; RT: 5.096) that
fulfilled the condition. Subsequently, kidney and urine data set were searched for
corresponding compounds. In both of them, two potential candidate matches were
identified and are plotted in Figure 28, of which potential matches with slightly
higher retention time in kidneys and urines would fulfil ideal conditions for a
biomarker (elevated in kidney, plasma and urine). In contrast, the compounds
with lower retention times would rather display a predicted pattern of
accumulation as a result of renal insufficiency (high in kidney and plasma, lower
excretion in urine). Automated identification algorithms suggest
Hydroxynicotinate as a potential identity of the compound and, disappointingly,
analyses of MS2 spectra suggested urine and kidney compounds with lower RT to
be genuine matches of the potential plasma biomarker. The result of query A was

therefore not followed up.

Query B retrieved, in addition to the compound discussed above, another 15
additional compounds that are listed in Table 14. These were recapitulated in
kidney and plasma data sets as well with only one of them (MW: 351.16332, RT:
9.694) fulfilling the condition of increased levels in Sdhb/ V1! genotypes in all three
data sets (Figure 29). In the kidney data set, the compound does not pass the QC
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correction threshold, so uncorrected total peak areas were analysed here. Besides

a suggested a structural similarity to the amino acid valine, the identity of the

corresponding metabolite still needs to be uncovered.
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Figure 28: (A) Detected levels of plasma compound 139.02690_5.096 and two
potential corresponding compounds in kidney (B, C) and urine (D, E)

Ratio: Ratio: Ratio: [ P [ FDR-adj.p  |FDR-adj. p FDR-adj. p urine change kidney change
Hit no. | MW RT [min] |Hras "7 |Hras "/51512" | rgs SI12/SIGI2V | (g Wt ) | (s WASIGIV ) | (g SSISIVASIGIZV ) |y Wit ) | (pipgg W/ISLGIZV ) | (1 LSLGIZVASLGIZV ) | coyppy I g Wit | g gt

1 104.02248 7.658 2.119 1.968 9.476| 0.02989719 0.002017911 1.19804E-12 1] 0.033984769 3.10991E-11|down (up)

2 128.05856| 12.742 1.898 2.38 6.398| 0.01097054. 6.5583E-05 1.14941E-12| 0.878421722 0.002539 3.10991E-11|no change (up)

3 128.05859| 11.945 2.953 5.508 4.22| 0.00823955 0.000444368 0.025049306| 0.744306102 0.012902536 0.066576531|no change (up)

a4 129.07891 8.16 3.322 6.404 6.497| 0.0005422 1.54906E-10 1.04952E-10| 0.220405297 6.29693E-08 1.35438E-09|no change up

5 129.07892 9.69 2.073 3.983 11.839| 0.01785704 3.41412E-07 1.53155E-12| 0.919828771 3.96526E-05 3.3475E-11|no change up

6 139.0269 5.096 7.913 52.353 46.866| 1.8758E-06 1.0586E-12 1.06937E-12| 0.001525058 8.6064E-10 3.10991E-11|up/no change up

7 160.08483| 10.596 1.986 2.552 3.331] 0.03062988 0.001075416 0.032354185 1 0.023008249 0.08350461|(down) not found

8 164.06902 9.014/ 1.408 2.563 1.584| 0.00236788 1.23502E-09 0.000854351| 0.385017965 3.34692E-07 0.002882104|no change up

9 169.08502|  9.967 1.593 3.136 2.837| 0.01464261 3.16904E-08 1.43212€-07| 0.915726251 5.15287E-06 8.62454E-07|down no change

10 |174.10036| 11.037 2.511 2.845 3.01] 0.0178431 1.38581E-06 1.21007€-05| 0.919828771 8.66667E-05 5.20522E-05|no change (up)

11 | 177.99738 77711 3.121 8.062 9.311| 0.00082636 5.29344E-09 7.37086E-09| 0.223944802 1.07589E-06! 5.65331E-08|no change up

12 189.1112| 13.145 2.539 4.106 9.037| 0.01257686 3.35701E-06 4.43592E-10| 0.878421722 0.000194946 4.39805E-09|down up

13 202.13176 11.93 3.247 3.327 3.832| 0.00361928 0.000251039 3.19981E-05| 0.420353109 0.007849785 0.000130072|no change up

14 | 270.06261 9.725 4.012 10.046 30.909| 0.00355317 1.2925E-06 1.60962E-11| 0.420353109 8.66667E-05 2.37932E-10|no unique match up

15 272.05964 9.723 4.194 11.427 29.348| 0.0018593 1.5926E-07 5.30376E-12| 0.377903413 2.15797E-05 8.13576E-11|no unique match up

16 351.16332 9.694 3.268 5.903 26.815| 0.00818304 4.52348E-07 1.08114E-12| 0.744306102 4.59699E-05 3.10991E-11|up up

Table 14: Overview of “hits” in query B and alterations in Sdhb" kidneys and urines.
Ratios, p values and adjusted p values refer to the Sdhb"" vs Sdhb"" comparison for the
given Hras genotype in plasma.
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Figure 29: (A) Profiles of plasma compound 351.16332_9.694 and corresponding
compounds in kidney (B) and urine (C).

4.2.5 Discussion

This chapter has introduced ongoing untargeted metabolomic approaches to find
new biomarkers of SDH-deficient tumours by integrating studies of different
biomaterials derived from the KspCre*, Sdhb/, Hrastt6'?V model. The most
interesting findings from targeted analyses of the three biological sample classes
are for me the elevated aspartate levels in SDHB-proficient mice carrying
Hrastte12v glleles, lack of differences in succinate levels between Sdhb™/fl cohorts
and similar abundancies of aspartate and succinate in plasma for all genotypes.
These data could even argue for a metabolic route of succinate “detoxification”
to sustainable levels induced by Hras®? in SDH-deficient compartments.
However, in order to accurately determine individual metabolite levels in a
targeted approach, serial dilutions of metabolite standards need to be processed
in parallel to the biological samples to ensure detection of metabolites of interest
within a linear response range of the mass spectrometer. Results of the

corresponding experiment are currently still outstanding.

PCA analyses clearly show the different dynamics of SdhbV/ and Hrastst6'2v
effects in metabolic profiles of kidney tissue, plasma and urine: Whereas urines
of young Sdhb/f!, Hras"t/*t animals are already dramatically altered, their plasma
metabolom still closely resembles the wildtype condition. Besides, the structure
of the data set has revealed until then not entirely recognised, substantial sex-

specific variation within genotypes.

Much higher fluid intake in KspCre*, Sdhb/V! mice and lower creatinine
abundancies in their urines are highly suggestive of generally diluted urine

metabolomes in these animals and justify a biological normalisation step for the
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urine data set with the aim to properly control for urine concentration. It can even
be speculated that increased renal succinate concentrations directly trigger
glomerular hyperfiltration with higher consecutive urine excretion similar to the
diabetic condition (22).

Metabolic alterations due to progressive renal failure need to be identified as a
confounder in biomarker studies employing KspCre*, Sdhb™/U mice. | am convinced
that reasonable assumptions about expected reaction patterns of SDH-related
biomarkers in kidney, blood and urine can help to distinguish them from
alterations that are caused by kidney dysfunction. In this regard, succinate with
its high abundance in Sdhb™/f kidneys (reflecting increased production) combined
with high urinary excretion is altered in an entirely different pattern from
creatinine, a typical marker of renal function (high in kidney and plasma due to
impaired urinary excretion). Starting from the least complex of our metabolomics
data sets (plasma), two candidate compounds have already been identified and
now need to be annotated and validated. Furthermore, similar approaches
starting from the other two data sets now have to be advanced and could equally

lead to promising candidate biomarkers.

4.3 Summary

Chapter 4 describes still preliminary results of our first steps into untargeted
metabolomics approaches in order to identify new biomarkers of SDH-deficient
tumours. Employing established methods for detection of small polar metabolites
combined with the CompoundDiscoverer software platform, we have profiled
kidneys, plasma and urines in eight biological replicates per genotype. Metabolic
alterations in the Sdhb™//! condition were generally most pronounced in urine and
least evident in plasma samples, and major sex-related differences in metabolic
profiles were noted in Sdhb*""t mice. Excretory kidney insufficiency is a model-
inherent limitation that has to be taken into account for biomarker studies in the
KspCre model. However, integration of information from the three data sets that
| have generated in this model might be a successful strategy to circumvent this
problem and has already led to two candidate compounds that will be further

investigated after submission of this thesis.
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5 Phenotypic and metabolic effects
of RosaCreER"-driven recombination
in Sdhb™ mice

5.1 Introduction

In chapters 3 and 4, | have discussed findings in a mouse model that is based on a
constitutively-expressed, genetically encoded Cre activity in a defined cellular

compartment from an early developmental stage on.

This chapter summarises our approach to study consequences of acutely
inactivating Sdhb in different healthy adult tissues by temporary inducing nuclear
Cre translocation and activity using a RosaCreER™ system. An initial goal of this
strategy was to identify organs that are specifically vulnerable to loss of SDH
activity. Furthermore, we were also aiming at testing if certain tissues can be
neoplastically transformed by combined deletion of Sdhb and activation of

oncogenic Hras (Hraswt/t5t612v),

It is conceptually important to clarify here that tamoxifen-induced RosaCreER'?
Cre activity primarily targets the genome, but does not directly interfere with
expression of functional RNA transcripts and translated proteins. This means that
in tissues with low cellular turnover or proliferation rate, at least proteins with a
high half-life time would be predicted to remain relatively unaffected by deletion
strategies (i.e. in Sdhb™/fl animals) even in the event of recombination of both
conditional alleles in the same cell. Furthermore, genetic recombinations of
individual conditional alleles in the same cell have to be considered as
independent biological events that (for reasons that have been discussed in
section 2.1.1.2.) occur with different efficacy, especially in a context of a
temporarily induced Cre activity (such as in the RosaCreER™ system). The extent
of Cre activity in different tissues will be directly correlated to the dose of the
transgene-inducing agent applied and might reach levels that become systemically
toxic to the entire organism. Therefore, biological outcomes can be dose-

dependent and diverse.
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5.2 Results

5.2.1 Experimental setting

Initially, RosaCreER™%*, Sdhb"t/*t, Hras*!*t, RosaCreER™?*, Sdhb/fl, Hras"*/*t and
subsequently Sdhb and Hrast¢'?V heterozygous mice of the same model were
subjected to a locally well established transgene induction dose (a single
intraperitoneal [i.p.] injection of tamoxifen at 80 mg/kg body weight, termed
“high” dose induction throughout this chapter, please refer to Table 8 for details
on induction schemes as well). As this approach turned out to cause short-term
toxicity in SDHB-deficient mice that prevented long-term (tumour development)
studies, “low” (30 mg/kg body weight) and “medium” (50 mg/kg body weight)
dose inductions were conducted in at least 10 mice per genotype. Even after
exposure  to “low” dose  transgene  induction, SDHB-proficient
RosaCreER"?*, HrastsL612V/L5L612V mijce succumbed to poor clinical condition, weight
loss and general skin inflammation/proliferation (not shown) within the first few

weeks and were thus excluded from further studies.

At least 10 mice of all Sdhb genotypes in Hras"t/*t and Hras"t/5t612V backgrounds
were clinically monitored for 18 months after low dose transgene induction. To
recapitulate and maximise phenotypic differences between
Sdhb"t/wt Hraswt/L3L612V and  Sdhb™Vil, Hras"t/t5L612V mice and avoid age-related
malignancies (that turned out to be a confounder in the 18 months experiment),
we lastly induced transgene expression in Sdhb"t/*t and Sdhb/f! cohorts at a

“medium” dose and censored mice one year afterwards.

At the time of thesis submission, only H & E-stained slides of peripheral tissues
derived from “high” and “low” dose induction experiments were reviewed for
morphological alterations by an independent pathologist, while the “medium

dose” experiment was still ongoing.

5.2.2 Progressive weight loss is a selective toxicity
of transgene induction in RosaCreER™**, Sdhb™" mice

When RosaCreER™%*, Sdhb/fl, Hras"/*t mice were subjected to a single tamoxifen
application of 80 mg/kg body weight i.p., a dosing scheme that has been routinely

used to induce Cre-mediated recombination in several other RosaCreER™*-based
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mouse models at the CRUK Beatson Institute, we noticed a progressive loss of body
weight in these mice (Figure 30A). As a consequence, with only two exceptions,
all RosaCreER™%*, Sdhb™/fl, Hras"t/*t cases had to be sampled within the first six
weeks after Cre activation, whilst RosaCreER™?*, Sdhb*t/¥t, Hras*t/»t and
RosaCreER™*, Sdhb*!fl, Hras"*/t  animals continued to indistinguishably
accumulate body mass (Figure 30B). SDHB-proficient RosaCreER™*, Hras%t/13L612V
animals gained less weight over time than their Hras"*/*t counterparts.
Detrimental weight loss appeared to be less rapid for a subgroup of
RosaCreER™*, Sdhb/Uil, Hraswt/13LG12V animals (Figure 30C, D), but this delay did
not significantly prolong survival in comparison to the
RosaCreER™*, Sdhb/Ufl| Hras*t/"t cohort (Figure 31).
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Figure 30: Weight changes relative to body weight at transgene induction of
RosaCreER™*, Hras"""t (A, B) and RosaCreER™*, Hras"/'SL¢12V (C, D) cohorts for
individual mice over the first 4 months (A, C) and averaged per SDHB-proficient
genotype over 18 months (B, D) after transgene induction at “high” dose (80 mg/kg).
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Figure 31: Survival of RosaCreER™" mice after a “high” transgene induction dose
(80mg/kg tamoxifen i.p.).

Compared to samples collected from RosaCreER™?*, Sdhb*t"t, Hras"**t mice,
succinate progressively accumulated to endpoints in urine specimens of
RosaCreER™*, Sdhb™/fl, Hras"*/t animals, while aspartate abundancies were
reduced to much lower values (Figure 32) and creatinine levels (used to normalise
individual samples for urine concentration) were not significantly changed
between groups (Figure 32C, D, E). We therefore reasoned that the detrimental
cachexia observed in RosaCreER™*, Sdhb//fl animals was most likely a direct

consequence of SDHB deletion in at least one peripheral organ.

However, besides an obvious loss of white adipose tissue, | could not identify any
macroscopic abnormalities in RosaCreER™*, Sdhb/// animals at clinical endpoints
(irrespective of Hras®’?V activation). To our surprise, an independent
histomorphological review of four representative cases per genotype failed to
detect an organ pathology caused by SDHB loss (personal communication with Dr.

Markus Eckstein, Institute of Pathologie, Universitatsklinikum Erlangen).

We next analysed aspartate and succinate contents in snap-frozen organs of three
RosaCreER'%, Sdhb™/fl| Hras"*/wt ~ mice against an equal number of
RosaCreER™*, Sdhb"t/»t, Hras*t"t animals (that had been censored at a
comparable time-point after tamoxifen application) as a metabolic read-out of
SDHB function loss.
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Figure 32: Succinate accumulation (A), aspartate depletion (B) and creatinine
abundancies (C) in urines of RosaCreER™, Hras"""' mice after “high” dose
transgene induction. n=3 per genotype for days 16, 22 and 26. As one and three Sdhb""
mice had reached endpoints before day 26 and day 30 respectively, less samples could be
analysed from day 26. "*” indicates significance (p<0.05).

As all tissue specimens were extracted by the same method (i.e. at an identical
concentration see section 2.2.5) and processed together as one analytical batch,

absolute succinate abundancies and variations within the same genotype differed
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substantially between organs (Figure 33 A, C) with liver specimens showing the
highest succinate abundancies. To best control for different extraction efficacies
in various organs, results are depicted as relative changes in individual
Sdhb™fl Hras"t/wt compared to the mean of identical Sdhb*¥"t, Hras*!/*t organs
in addition (Figure 33 B. D). The highest, significantly increased succinate ratios
relative to wildtype controls were noticed in Sdhb//fl| Hras"t/»t livers, spleens
and, importantly, whole blood samples (Figure 33B). Aspartate ratios (given in
Figure 33D) appeared less dramatically altered in general with changes between
Sdhb"t/wt Hras*t"t and Sdhb™/fl, Hras"t/»t groups not reaching significance for
most organs.
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Figure 33: Succinate (A, B) and Aspartate (C, D) concentrations in indicated organs
of RosaCreER™*, Sdhb“"t! Hras"™' and RosaCreER™*, Sdhbf Hras""! mice at
clinical endpoints after “high” dose transgene induction (A, C), and in
RosaCreER™* , Sdhb" Hras"' mice relative to the organ-specific average of the
equally induced RosaCreER™*, Sdhb"™! Hras"! animals (B, D). n=3 per genotype,
“*” indicated statistical significance (p<0.05).
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Our findings of rapid, inevitably detrimental body mass loss in
RosaCreER™%*, Sdhb™/f mice after “high” dose transgene induction combined with
significantly higher  concentrations  of  circulating  succinate in
RosaCreER™*, Sdhb™/f mice and lack of morphologically detectable organ toxicity
of our “high” dose transgene induction could be explained by recently published
data. Work by Mills and colleagues has established systemically increased
succinate levels to function as an activator of thermogenic (i.e. uncoupled)
respiration in brown adipose tissue and to reduce body weight gain under

otherwise obesity-causing feeding conditions (32).

In contrast to corresponding Hras**/*t mice, under long-term observation, SDHB-
proficient RosaCreER™?*, Hras#!/'5L612V animals developed papillomatous skin
lesions at locations as outlined in Table 15. These Hras-driven changes were scored
for each body site based on their maximum diameter and converted into a sum
score of sum of site-specific values for each animal. Neither typical papilloma
locations nor added scores per animal differed significantly between
RosaCreER™*, Sdhb"t/¥t Hraswt/LsLG12V and RosaCreER™?*, SdhbWt/fl, Hraswt/LsLG12V

mice (Figure 34A).

Location Diameter (mm) score
Face No change 0
Ears >0 and <3 1
Forefeet >2.9 and <6 2
Hindfeet >6 3
Urogenital

Tail

Other (specified for each mouse)

Table 15: Algorithm for scoring of proliferative skin changes in RosaCreER™* mice

Until censoring 18 months after tamoxifen treatment, several lymphomas formed
in RosaCreER™* mice and some RosaCreER™?*, Hras"t/L5L612V animals developed
tumours of suspected parotid gland origin. A detailed pathological review of these
neoplasias as well as of mucosal stomach swellings, that occurred in virtually all
RosaCreER™%*, Hras"t/SLG12V animals irrespective of Sdhb genotype, is still

outstanding. However, presence of one Sdhb™ allele did not substantially increase
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frequency of Hrast¢'?V-related internal tumours in the “high” dose transgene

induction setting (Figure 34B).

A B
un aese mavsin RosaCreER ™
. s Genotype Hras wt/wt Hras wt/LSLG12V
o canpr Sdhb """ 2/9 (22.22%) 4/10 (40%)
— wi/fl
Sdhb 0/11 (0%) 7/15 (46.67%)
R
= [ ]

(X 1) .....
[ X )

Figure 34: Total skin tumour scores (A) and frequencies of internal tumours (B) in
SDHB-proficient RosaCreER™* cohorts after “high” dose transgene induction
(tamoxifen 80 mg/kg). Statistics: Mann-Whitney U test.

5.2.3 Hras-related skin tumourigenesis is facilitated
in RosaCreER™*, Sdhb™" mice

As toxicity of the initially applied transgene induction strategy had turned out to
prevent long-term studies in RosaCreER™?*, Sdhb/// mice irrespective of Hras
genotype, a substantially lower tamoxifen concentration (a single injection of
30 mg/kg body weight i.p., “low” dose induction) was subsequently applied to at
least 10 RosaCreER?*, Hras"/"t and RosaCreER™?*, Hras"!/L5L612V mice of each Sdhb
genotype. Cre activity in peripheral tissue could still be indirectly confirmed by
induction of RFP protein expression as a result of Rfptt recombination with this

treatment (Figure 35).

In contrast to the “high” dose induction scheme, urines of
RosaCreER™, Sdhb™/l, Hras"/*t mice were virtually equal with regards to
succinate and aspartate content (Figure 36, depicted relative to individual
creatinine abundancies) to treatment- and time-matched Sdhb wildtype controls.
Most importantly, neither progressive accumulation of succinate nor consistent
aspartate depletion over the first month after “low” dose transgene induction (cf.

Figure 32 for the “high” dose scheme) were detected in Sdhb//l specimens.
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Figure 35: RFP reactivity in two representative RosaCreER™*, Hras""' cases approx.
5 weeks after “low” dose transgene induction..
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Figure 36: Succinate (A) and aspartate (B) ratios relative to individual creatinine
levels in urines of RosaCreER™*, Hras"""! mice after “low” dose transgene induction.
n=(2-6) per genotype and time point. Except for aspartate ratios after 6 days, all
comparisons between genotypes are non-significant. ”*” indicates significance (p<0.05).

Using the “low” dose transgene induction scheme, we were able to study all
genotypes without loss of Sdhb™/lanimals due to cachexia development, but again

noticed reduced weight gain in Hras"t/t5L672V compared to Hras"t/*t cohorts (Figure
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37) as well as stomach alterations in all Hras"/t5L672V animals under long-term

observation (not shown).
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Figure 37: Weight changes (relative to body weight at transgene induction) of
RosaCreER™*, Hras"""! (A) and RosaCreER™*, Hras"/*St612V(B) cohorts averaged per
genotype over 18 months after transgene induction at “low” dose (30 mg/kg).

As the most striking clinical difference between
RosaCreER™%*, Sdhb"t/wt Hraswt/LSL612V and RosaCreER™%*, Sdhb//fl, Hraswt/LsLG12v
animals, a more severe degree of papillomatous skin alterations evolved in
RosaCreER™%*, Sdhb™/fl, Hras"t/t5L612V cases (exemplified in Figure 38), whilst not
significantly impairing overall survival in comparison to
RosaCreER™%*, Sdhb*!/"t, Hras"t/t5L612V. mice (Figure 39A). As a result, when
applying the same skin evaluation scheme as described in section 5.2.2 18 months
after tamoxifen injection, | noticed significantly higher total skin score values in
this genotype (Figure 39B). As a qualitative distinction, besides at skin areas that
are typically exposed to high degrees of mechanical stress (such as feet and face),
some (but not all) RosaCreER™*, Sdhb™/il, Hras"t/t5L612V mice developed lesions in
skin areas that were almost never (ears) or never (tail) affected in other

genotypes.
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Figure 38: Examples of proliferative skin changes in RosaCreER™* animals of the
indicated genotypes approximately 18 months after “low” dose transgene induction.
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Figure 39: Overall survival (A), skin tumour scores (B) and frequencies of internal
tumours (C) in RosaCreER™" cohorts after “low” dose transgene induction
(tamoxifen 30 mg/kg). Differences in survival between the three Hras""-S-¢2¥ cohorts are
not significant.
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None of the internal tumour types that occurred in the cohorts after “low”
transgene induction dose could be clearly associated specifically with the Sdhb/ /!

genotype (Figure 39C).

Lastly, in order to circumvent age-related tumour onset in our RosaCreER™*-based
models and to increase recombination efficacy, we decided to apply a third,
“medium” tamoxifen concentration (50 mg/kg body weight as a single injection
i.p.) to RosaCreER™*, Sdhb*t"t and RosaCreER™**, Sdhb™/fl cohorts of both
Hras*t"t and Hras"t/15L612V hackground and to monitor animals for one year instead
of 18 months. Sdhb*!l cases were excluded from this approach as these had
already been shown to be clinically indistinguishable from Sdhb"t/*t controls 18
months after the “high” dose induction scheme (chapter 5.2.2). This experiment
is still ongoing at the time of thesis submission, but the majority of animals have
been sampled with none of them revealing any macroscopic internal tumours.
With regards to weight changes, the “medium” dose induction resulted in a mixed
picture with long-term tolerability to most Sdhb '/ mice (Figure 40) but by trend
(Hras"t"t) or significantly (Hras"tst612V) lower weight gains than Sdhb""*t animals

in at the end of observation (Figure 41A).

. T4 wiLsLG12v
RosaCreER ' ° ,Hras" ™' mice, RosaCreER 2’ Hras mice

"“medium" dose induction "medium" dose induction

-
<
@
1
-
~
@

- sgppttet

-
@
=)

sdhp !

H
N
@

H
)
=)

~
@

759

e
o
p—i

50 7

Relative change of body weight (%)
-
o
o

Relative change of body weight (%)

N
@
N
@

o
)

T T T T
0 50 100 150 200 250 300 350 [ 50 100 150 200 250 300 350

Time after induction (days) Time after induction (days)

Figure 40: Weight changes (relative to body weight at transgene induction) of
RosaCreER™*, Hras"""t (A) and RosaCreER"™*, Hras"-S-¢12V (B) cohorts averaged per
genotype over 12 months after transgene induction at “medium” dose (tamoxifen
50 mg/kg).
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Figure 41: (A) Body weights after 1 year (357-370 days) and survival (B) of the
indicated RosaCreER™* cohorts in response to “medium” dose tamoxifen induction
(50mg/kg). To illustrate trends towards lower body weights compared to the wildtype
condition, individual p values are indicated in (A). Survival of the two Sdhb"™ cohorts is
significantly different to Sdhb""™ genotypes, but not between Sdhb"" Hras"'™ and
Sdhbﬂ/ﬂ, HraSWt/LSLGlZV.

In line with reduced weight gains from transgene induction to censoring after one
additional year in young, healthy adult mice (Figure 41), at the current stage of
analysis, absolute organ weights of livers and both kidneys determined at
censoring do not show significant differences between the genotypes, whereas
increases in organ-to-body weight ratios rather reflect body weight reductions
(Figure 42). In sharp contrast, the mass of Sdhb//fl, Hraswt/L5L612V spleens increased
to almost twofold of other genotypes on average. Due to their very low mass,
weights of individual adrenals are very difficult to accurately determine and have
to be judged with great care, but current data imply increases due to Sdhb///! and
Hraswt/15L612V- recombination as well. Scheduled histopathological tissue
examinations of “medium” dose cohorts will thus devote particular attention to

spleens and adrenals.
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Figure 42: Selected organ weights of RosaCreER™" mice one year after “medium”
dosetransgene induction plotted as absolute (left) values and relative to body weight
(right). (A) Liver, (B) spleen, (C), kidneys, (D), adrenals. Sums of masses of both kidneys
and adrenals have been plotted in (C) and (D).
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5.3 Discussion

The initial approach to the RosaCreER™* model resulted in progressive,
detrimental cachexia selectively in SdhbV/l animals. Weight loss in
some Sdhb/Ufl| Hraswt/LSLG12V animals appeared to be delayed; differences in
survival between the two genetic Sdhb™/f groups did however not reach statistical
significance (Figure 31), arguing against a substantial protective effect of Hras®'?V
in this setting. Disappointingly, we could not detect any phenotypic evidence of
Sdhb haplo-insufficiency or tumour predisposition in the Sdhb*!/ setting even in
the presence of activated Hras-¢"?Y under monitoring for up to 18 months after

transgene induction.

Together with the lack of histologically detectable pathologies in peripheral
organs, these observations strongly argue for systemic succinate accumulation
itself, but not cellular dysfunction as a result of SDH inactivation as the major
mediator of cachexia in RosaCreER™*, Sdhb™/f mice. This interpretation would be
in line with the recently described function of succinate as an uncoupler of
respiration in brown adipose tissue in mice (32). It is also interesting to note that
in response to all three different transgene induction regimens tested, SDHB-
proficient RosaCreER™*, Sdhb/fl, Hras"t/L5L612V animals gained much less weight
than Hras wildtype controls and that our models to a certain extent thus
recapitulates a central feature of patients carrying germline mutations in the
HRAS gene (72). Despite several cervical (most likely salivary gland) tumours as
typical Hras-associated cancer entities (Figure 2), virtually all
RosaCreER™*, Hras"/15L612V animals showed an altered stomach morphology with
thickening of the mucosa and macroscopic size increase of the organ. This
phenotype still needs to be pathologically defined and could be explained by
studies that have detected Hras mutations in 4% of stomach cancer cases (and

>10% RAS gene mutations altogether) in large patient cohorts (114).

Progressive succinate increases in urines of RosaCreER™**, Sdhb/V/ mice and higher
levels of this metabolite in some, but not all peripheral organs also provide
evidence for varying degrees of successful recombination of both Sdhb/ alleles
after “high” dose transgene induction. Besides site-specific efficacy of genetic

recombination, SDHB protein loss in peripheral Sdhb"/f tissues is most likely also
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determined by the rates of proliferation and mitochondrial protein turnover in

different organs, since these processes require translation of new SDHB protein.

Despite the very low number of biological replicates per genotype analysed in
metabolomics studies in this model, these experiments depict a consistent picture
of much more pronounced succinate accumulation than aspartate depletion, with
the exception of skeletal muscles showing significantly decreased aspartate
abundancies despite succinate levels close to the wildtype condition. As muscle
wasting is a common clinical challenge in patients with advanced cancer, studying
the influence of succinate (and signalling via GPR91) on muscle metabolism could

be a promising future area of investigation.

Transgene induction resulted in fatal short-term toxicity in all (n=7)
RosaCreER™? HrastSL612V/LSLG12V animals even with the lowest of the three tamoxifen
concentrations and irrespective of Sdhb status due to poor general body condition
skin proliferation. Therefore, these genotypes are not discussed in detail in this
thesis. Together with the SDHB loss-imposed upper threshold for transgene
induction intensity, limits for studying the effect of Sdhb deletions and Hrasts6'2V
in the RosaCreER™ model only permitted long-term analyses with tamoxifen doses
presumably resulting in low recombination efficacy for two Sdhb/ alleles in the

same genome (30 and 50 mg/kg body weight).

The more severe occurrence of skin tumours in
RosaCreER™%, Sdhb/Vfl Hras"t/LSLG12V than RosaCreERT?*, Sdhb"t/wt Hraswt/LsLG1zv
animals (again without evidence for Sdhb haplo-insufficiency) constitutes the
major finding of our long-term observation in this model. The papillomatous
neoplasias typically occurred at sites of higher mechanical exposure and were
quantitatively (bigger papillomas at typical sites) as well as qualitatively (i.e.
occurring at sites that were never involved in Sdhb*t"t animals, namely ear and
tail) increased in the Sdhb/ /1! condition. Non-melanoma skin tumours are not part
of the typical SDH-deficient cancer spectrum, but amongst the classical HRAS-
associated tumour types in humans (Figure 2) (75, 114). | find it extremely exciting
that, conversely to our KspCre-driven renal cell carcinoma model, loss of Sdhb or
its metabolic consequences here support development of Hras-dependent
tumourigenesis. The first question to address before committing to further in-

depth mechanistic studies of this interaction would from my point of view be if
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the observation in our RosaCreER™>* model has relevance to human disease. Until
submission of my thesis, | could not identify any publically available non-
melanoma skin cancer data sets of suitable quality to screen for mutations and
copy number alterations in SDH genes in this tumour type. An alternative future
approach could be to test SDHB protein expression in Hras-mutated versus non-

mutated skin cancer samples.

In general, several mechanisms can be hypothesised as underlying an oncogenic
interaction between Hras activation in the skin and a certain degree of systemic
and/local Sdhb deletion: The first obvious thing to analyse (besides classical
intracellular actions of the onco-metabolite succinate, please refer to section 1.5)
would be auto-/para- or endocrine signalling of succinate through its receptor
Gpr91. Of note, the skin is one of the organs with detectable GPR91 expression
and downstream effectors of this receptor include typical targets of HRAS (26,
30). Another potential candidate metabolite that can induce a growth-stimulation
response via downstream effectors of Hras and that is secreted by highly glycolytic
SDH-deficient cells could be lactate (if found elevated in Sdhb//f skins) (66, 115).

An important technical limitation of my work in the RosaCreER™?* system results
from the biological independence of recombination events for different individual
conditional alleles (i.e. they do not necessarily have to occur at similar
frequencies or in identical cells at the same time) especially in the context of an
only temporary nuclear Cre activity in RosaCreER™* models (88). In contrast to
Hras"t/LsL612v and RfpYt/LSt | two alleles need to be recombined in Sdhb™/flgenomes
to generate a phenotypic difference which could result in much lower tissue
fractions of fully Sdhb- compared to Hras- or Rfp-recombined cells. The finding of
only partial RFP reactivity in skin tumours that formed in
RosaCreER™*, SAhb//fl, HrasWt/t5L612V animals (exemplified in Figure 43)
underscores this concern and would also be in line with additional clonal selection

of selectively recombined cells in these neoplasias.
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Figure 43: (A) Macroscopic morphology, (B) H&E overview and (C) RFP reactivity in
atail tumour of a RosaCreER™*, Sdhb™", Hras"/-S-¢12V mouse at clinical endpoint (152
days after “high” dose transgene induction).

5.4 Summary

In chapter 5, | have discussed our investigations of a RosaCreER™-driven model
that carries conditional Sdhb (Sdhbf!) and Hras®'2V (Hras"t/15L612V) alleles. Our
initial Cre activation strategy resulted in selective weight loss in Sdhb/f! cohorts
that was paralleled by succinate accumulation and a trend towards aspartate
depletion in whole blood, urine and several peripheral tissues. With the exception
of progressive cachexia, no macroscopic or histological organ pathology has been
identified in these mice yet. Based on recent work by other researchers (32), our
current hypothesis to explain these observations thus suggests succinate itself to

mediate this type of short-term toxicity.

With transgene induction schemes of lower intensity and long-term tolerability to
the host, survival of cohorts was not significantly altered by Sdhb status in this
model. However, in the Hras"t/SLG12V. background, compared to
RosaCreER™%*, Sdhb"t’*t animals, RosaCreER™*, Sdhb™/' mice developed a higher
severity of skin tumours, a classical Hras-associated pathology in humans and mice
(81, 114). Validation of this result by a topical skin carcinogenesis experiment in
our RosaCreER™ model is ongoing. In addition, increased masses of spleens and
adrenals in RosaCreER™*, Sdhb™/fl, Hras"t/L5L612V sybjected to a transgene
induction level of maximum long-term tolerability warrant further histological and

metabolic studies of these organs.
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6 Conclusions, limitations and future directions

6.1 Conclusions and limitations

The work that is presented in this thesis has been conducted in two conceptually
very different genetically engineered mouse models: KspCre*, Sdhb™/fl, Hras-s:612v
animals delete Sdhb (exon 3) and activate an oncogenic Hras mutation in distal
tubular epithelial cells from an early stage of development due to constitutively
expressed Cre activity. In contrast, Cre can only temporarily act on the genome
of some healthy, adult RosaCreER™*, SdhbV'1!, HrastL612V cells to an extent that
varies depending on transgene induction scheme as well as target gene and tissue-

specific factors (please refer to section 2.1.1.2.)

Interestingly, both mouse models hint towards phenotype-augmenting
interactions between the two genetic events under investigation: In our KspCre*
model of SDH-deficient RCC, the additional presence of Hras-te'?V alleles
accelerates and aggravates cystic kidney degeneration as a clearly Sdhb loss-
initiated pathology. In turn, Hras®'?V-triggered papillomatous skin tumours in
RosaCreER™*, HrasSt6'2V mice reach higher severities as a result of SDH
inactivation in conditions that do not cause clinical symptoms due to Sdhb loss
alone. These data still need to be functionally elucidated as discussed in section
6.2.

A major disappointment during my work results from the lack of macroscopic,
specifically Sdhb loss-related tumour formation in our models. Besides the need
for other genetic events than Hras®'?V activation to enable tumourigenesis in
kidneys of Cre-exposed Sdhb™/fl mice, the early onset of strong Cre activity in
distal renal tubules (or the resulting succinate accumulation) of KspCre* mice
might lead to renal failure before macroscopic tumours can develop. In the
RosaCreER"?* system, the recombination efficacy of both Sdhb alleles in identical
cells must be very low as no detectable organ changes result under experimental
conditions with long-term tolerability to the host. Alternative strategies to
facilitate efficient Cre activity on kidney cells without causing toxicity to other
organs could potentially include kidney-specific viral Cre constructs or a
KspCreER™ system that has already been successfully applied to establish a model
of clear cell-type RCC (112).
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In none of our models, we could clearly attribute pathological alterations to the
Sdhb*t/fl_genotype. Even though SDHB protein expression in distal tubules of
Ksp Cre* Sdhb"t/fl Hras"t/¥t mice is quantitatively reduced in comparison to the
wildtype condition (Figure 11), corresponding kidneys do not show histological or
substantial metabolic differences. This is particularly disappointing as association
of oncogenic HRAS mutations with genetic losses at the human SDHB locus in
Pheo/PGL occurs in cases with shallow, but not bi-allelic SDHB deletions (50).
However, until now, only biological specimens of young mice have been compared
against each other and slight metabolic changes might only become apparent at
later stages of observation. Therefore, it would be interesting to metabolically
profile KspCre*, Sdhb"*// against KspCre*, Sdhb"t/*t kidneys and urines at old age.

The fact that both genetically engineered mouse models that | have discussed in
this thesis were generated in mixed genetic backgrounds has probably introduced
substantial biological variation into experimental results. Nevertheless, together
with sufficiently high mouse numbers in all experiments and litter mates of
different genotypes, the lack of pathologies in heterozygous animals for either
Sdhb! or HrastSt612V strongly argues against strain effects as a biological cause of

detected interactions between Sdhb loss and Hras activation.

Lastly, significant sex-specific metabolic (and transcriptional) differences
between the same genotype in our KspCre* model became only obvious towards
the end of this thesis project. Biological samples in untargeted metabolomic
investigations and the gene expression approach (please refer to section 6.2) are
not perfectly balanced in this aspect. On the other hand, any potential biomarker
or metabolic vulnerability of SDH-deficient tumours should ideally be valid for

both male and female individuals.

6.2 Ongoing work and future directions

In spite of limitations that | have discussed in this chapter, two important open
tasks hold potential to successfully complete the research that has been started

within this thesis project:

Firstly, two mouse models imply a collaborative interaction between Sdhb

deletion and activation of the oncogenic Hras®’?V mutation in the distal renal
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tubular system and the skin, but a mechanistic understanding of this collaboration
is still lacking. It is of course tempting to speculate about a metabolic synergy of
the two events, especially as targeted analyses in KspCre*, Sdhb*!*t kidneys show
a significantly higher aspartate content in the presence of HrasSLG12V/LSLG12V (gnd
as a trend with Hraswt/5t6712V as well, Figure 21). Ongoing analyses of the
untargeted kidney metabolomics data set (section 4.2.4) will help to address this
hypothesis. Quantitative, targeted metabolomics analysis (including a succinate
standard dilution curve) of (highly diluted) specimens derived from the KspCre*
model will help to clarify if the current observation of similar succinate urine and
kidney tissue levels in all Sdhb™//t cohorts despite substantial differences in
phenotypic severity is caused by saturation of the detection system or a biological

reality.

To address a potential Sdhb loss-Hras®'?V interaction on a transcriptional level in
an unbiased way, | have recently subjected a set of whole KspCre* kidneys to RNA
sequencing (Figure 44). In order to reach biologically meaningful conclusions from
the resulting data, it is crucial to consider that they have been generated from
whole organ extracts. More specifically, detection of different transcript levels
can correspond to either altered expression in a defined compound of kidney
tissue or changes in relative abundance of this structure. In the KspCre model for
example, in contrast to expectations towards SDH-deficient tissues (66), the Pcx
gene transcript (encoding pyruvate carboxylase) is detected at lower levels in
Sdhb™/fl than in Sdhb**t samples. This could be explained by reduced expression
in distal tubular cells due to Sdhb loss, but alternatively by an expansion of distal
relative to proximal tubular and interstitial structures and generally lower Pcx
expression in distal tubular cells, but without transcriptional changes in each

compartment of these kidneys occurring due to alteration of Sdhb.
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Figure 44: Overview of RNA sequencing data obtained from KspCre* kidneys at
young age. (A) First Principal component analysis. (B) Transcript levels (variance
stabilising transformed values) of citrate synthase (Cs, left) Sdhb (centre) and Pcx
(right). Of note, PC1 separates Sdhb"" from Sdhb"* samples and further sub-stratifies
Sdhb™ (but not Sdhb"™) kidneys according to Hras status. PC2 reflects sex-specific
transcriptional differences. PC3 does not improve separation between genetic groups (not
shown). F, female; M, male.

Together with similar mRNA expression values for the mitochondrial marker
transcript citrate synthase (encoded by the Cs gene) in all genotypes, significantly
lower Sdhb transcript levels in Sdhb™/fl, Hras"*wt and Sdhb/ 1!, Hras"t/LSLG12V whole
kidney extracts compared to Sdhb"“!“t controls underscore profound global
transcriptional differences depending on SDHB status. As any functional validation
attempts, an in-depth analysis of this data set will have to be completed after
final submission of my thesis. | find it still worthwhile mentioning here that a first
pathway enrichment analysis comparing Sdhb/ 7\, Hras"t/¥t to Sdhb"t/%t, Hras"t/vt

cases has pointed towards induction of Mitogen-activated protein kinase (MAPK)
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signalling by the mere loss of Sdhb (Figure 45A). Importantly, a classical gene set
enrichment analysis also confirmed higher transcriptional MAPK kinase pathway
activity in the SdhbVfl, Hraswt/tSL612V group compared to Sdhb"t/¥t, Hraswt/LsLG12v
kidneys (Figure 45B), arguing for transcriptionally higher MAPK pathway levels in
SDH-deficient distal tubular cells even when compared against SDH-proficient
specimens in the presence of oncogenic Hras. | am very excited by this preliminary
finding (that still needs further experimental investigation) as it points towards a
common biological downstream effect of Hras mutation and Sdhb deletion and
might thereby explain the observed interaction between the two genetic events

in our RCC model.
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Figure 45: Transcriptional induction of MAPK (Mitogen-activated protein kinase)
signalling pathway in KspCre*, Sdhb™"" kidneys. (A) Pathway enrichment analyses for
KEGG (Kyoto Encyclopedia of Genes and Genomes) terms comparing Sdhb"" Hras""
kidneys to Sdhb™, Hras""*" controls. (B) Gene set enrichment for the KEGG term “MAPK
signalling” in Sdhb"", Hras""'StC12V rejative to Sdhb"""™, Hras""-StC12V kidneys. All analyses
were performed by Jonatan Fernandez-Garcia at the Technion, Haifa, Israel.

A comprehensive interpretation of the three untargeted metabolomics
experiments conducted in the kidney-specific Sdhb knockout model (chapter 4)
constitutes the second line of analyses that still have to be undertaken.
Development of experimental workflows and methodology at the CRUK Beatson
Institute has been an elaborate and ongoing learning process over the last years
with reliable assignment of metabolite identities to compounds of interest, a
limiting step that is typically encountered in untargeted metabolomics approaches

(116), remaining a challenge. The concordance of Sdhb loss-related alterations
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(such as succinate accumulation and aspartate depletion) with metabolic changes
that are caused by progressive excretory renal insufficiency (e.g. increased local
and systemic creatinine abundancies) in the KspCre*-based genetically engineered
mouse model introduces an additional, biological confounder. However, validation
of potential “hit” candidates by longitudinal analyses for individual KspCre* mice
and in other biological settings such as the RosaCreER™ model (for both of which
an extensive number of specimens has been acquired already) will hopefully allow

a metabolic separation of Sdhb deficiency from renal failure.

Moreover, after ethics approval of our research application to the National GIST
Biobank, we have recently obtained a set of 32 fresh-frozen gastrointestinal
stroma tumour (GIST) tissue samples. 10 of these cases had been identified as
“SDH-deficient” by (molecular) pathological evaluation, whilst all remaining 22
specimens carried mutation in the cKIT or PDGFR« genes, i.e. one of the two most
frequent driver mutations in GIST (117). This independent set of samples has given
us the option to test our mouse model-derived metabolic results for transferability

to a different SDH loss-related cancer entity in humans.

Initially, all specimens were subjected to the identical untargeted metabolomics
approach as our KspCre* model-derived samples. A first unbiased data evaluation
(by principal component analysis) demonstrated a dramatic metabolic alteration
of samples that had been accidentally thawed during processing at the Biobank
irrespective of underlying genetic driver mutation (Figure 46A). Furthermore, two
of the SDH-deficient tumour tissues displayed an extremely fibrotic morphology
that prevented adequate cryogrinding and resulted in significant metabolic
deviations from other SDH-deficient cases. Based on these observations, thawed
and inadequately grinded samples were excluded from further analyses.
Comparing the eight representative SDH-deficient tumours against all adequately
handled SDH-proficient specimens demonstrated expected differences in both
succinate and aspartate abundancies (Figure 46B,C) between the groups, even
though three SDH-deficient samples only showed a modest degree of succinate
accumulation (Figure 46B). Similarly decreased aspartate abundancies in all SDH-
deficient tumours and a lack of correction of the succinate level difference by
repeating all analytical steps from extraction as well as applying an additional

internal normalisation step (constant sum approach, not shown) could argue for a
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biological difference within the SDH-deficient sample group. Nevertheless,
technical/pre-analytical problems cannot be excluded as potential reasons for this
observation and it will thus be interesting to correlate individual succinate
abundancies with underlying SDH subunit mutations and, if possible, to repeat the

metabolic analysis in an independent set of SDH-deficient GIST samples.
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Figure 46: Succinate accumulation and aspartate depletion are typical features of
human SDH-deficient GIST tissues. (A) PCA (PC1 and PC2, all detected and quality
control [QC]-corrected peak areas) of an untargeted metabolomics experiment in a set of
human GIST samples. Abundancies of succinate (B) and aspartate (C) as measured by LC-
MS in SDH-deficient and SDH-proficient (i.e. cKIT-mutated combined with PDGFRa-
mutated) tumours after exclusion of thawed (“T”) samples and two additional fibrotic tissue
samples. “**, p<0.05.
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So far, despite the varying degrees of succinate accumulation discussed above, all
eight sufficiently processed SDH-deficient GIST cases have been included in
subsequent attempts to recapitulate potential metabolic biomarker candidates
obtained in our KspCre+ model in this primary human tumour data set. Assuming
production of a biomarker by SDH-deficient (tumour) cells and consequently
increased abundancy in the body fluid of interest in young
KspCre*, Sdhb L, Hraswt/L5LG612V mice, a first analysis has resulted in five potential
biomarker candidates, amongst them, as expected, succinate (together with the
closely related metabolite succinic anhydride) (Table 16). Identities of candidates

A, B and E are subject to current investigations.

Molecular
Candidate Change kidneys | Change plasma | Change urine Change GIST weight RT
Hit no. |biomarker type |Sdhb™"/sdhb""!|sdhb™"/sdhb""!|Sdhb™"/Sdhb"" |SDH def./SDHwt| [g/mol] | [min] | Suggested identities

Purine?, (S)-3,4-

A plasma up up any up 120.04249 | 6.763 | Dihydroxybutyric acid?

B plasma up up any up 143.09459 | 7.292 DL-Stachydrine?

C urine up any up up 100.01616 [ 13.041 | Succinic anhydride?

D urine up any up up 118.02698 | 13.037 Succinate
AMPA?,

E urine up any up up 186.0641 | 5.273 | Pyroglutamylglycine?

Table 16: Potential plasma- and urine biomarkers of SDH deficiency. Expected change
patterns compared to SDH-proficient controls, molecular weight, retention times and
potential metabolite identities that have been suggested by automated annotation
algorithms  are  depicted. In addition to elevated abundancies in
KspCre®, Sdhb""'| Hras"t/*t6'2V kidneys as well as SDH-deficient GIST samples, increased
levels of a corresponding compound in KspCre®, Sdhb™"', Hras*t/*5t6'?V plasma or urine
samples compared to Sdhb*''** controls were expected for plasma/urine biomarker
candidates.

After correlation of individual succinate abundancies with SDH subunit mutations
in our GIST sample set as outlined above, future work will focus on comparisons
of mouse model-derived metabolomics results against alterations selectively
occurring in the group of five GIST samples that display highest succinate
accumulation, i.e. a typical metabolic profile of SDH-deficiency in order to

increase the number of biomarker candidates for future validation studies.
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