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Abstract

Strong sexual dimorphism exists in many kidney diseases, progression to End-Stage Kidney
Disease and renal graft functions. However, molecular mechanisms remain poorly understood.
Podocytes are the most important cell-type of the glomerulus regulating integrity and function of
the glomerular filtration barrier. Sex differences in their molecular components and functional
stress responses might be crucial for these clinically relevant sex differences. Therefore, these
cells were chosen as targets for the following study investigating intrinsic sexual dimorphism on
genomic and proteomic levels and sex-specific differences in response to mTOR inhibition by
rapamycin in an in vivo stress model in mice. Metabolomic studies of renal cortex tissues from
the same experimental groups were included to investigate the functional consequences of sexual
dimorphic molecular signatures.

Male and female ROSAMT/mG-NHPS2(podocin)Cre mice with GFP-expression restricted to
podocytes were treated with rapamycin or vehicle for three weeks. Renal functional parameters
were monitored using metabolic cages prior to sacrifice. The genetic mouse model allowed
isolation of highly pure podocytes by sequential perfusion of kidneys and fluorescence activated
cell sorting after tissue digestion. Kidneys were perfused for subsequent podocyte isolations for
sequencing and proteomics or directly snap frozen for histology and metabolomics. gRT-PCR,
western blots and immunohistological stainings were performed for validation of omics studies
and further molecular characterizations.

Although kidney function and morphology remained normal in all experimental groups, RNA
sequencing revealed strong intrinsic sex-differences with more than 1700 mRNA transcripts
significantly sex-differently expressed. Furthermore, stress responses due to mTOR inhibition
displayed sexual dimorphism in transcriptomes and metabolomes and signaling differences as
assessed by western blots. Gene set enrichment analyses of sequencing data pointed to sex-
differences in enriched GOs related to transcription, cytoskeleton and focal adhesion in male and
mitochondria and translation in female podocytes. Proteomics displayed in addition to significant
enrichment in mitochondrial proteins increased abundance of basal cell proteins in females.
Rapamycin treatment abolished significant sex differences, yet rather due to increased changes in
male podocytes whereas the female transcriptome remained more stable towards treatment-
induced changes. Metabolomics further supported this finding that females appeared to be less
sensitive towards mTOR inhibition by showing less accumulation of amino acid pool and

glycolysis metabolites after rapamycin.



In conclusion, for the first-time podocyte-specific sexual dimorphism in gene regulation and
protein expression patterns were identified together with sex-different metabolic changes in stress

responses, which might contribute significantly to sex differences in renal disease susceptibilities

and progression.
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Abstrakt

Viele Nierenerkrankungen, die zeitliche Entwicklung hin zum terminalen Nierenversagen, sowie
die Funktion von Nierentransplantaten weisen einen starken sexuellen Dimorphismus auf. Die
zugrundeliegenden molekularen Mechanismen sind jedoch weiterhin nur unzureichend erforscht.
Podozyten sind die wichtigsten glomeruléren Zellen, die die Integritdt und Funktion des
glomerulédren Filters regulieren. Geschlechterunterschiede in ihren molekularen Komponenten
und funktionellen Stressantworten kénnten dafir eine entscheidende Rolle spielen. Daher wurden
diese Zellen in der folgenden Arbeit ausgewahlt, um intrinsische Geschlechterunterschiede auf
Genom- und Proteomebene, sowie sex-spezifische Unterschiede in der Stressantwort durch
mTOR-Signalweghemmung mittels Rapamyzin in einem in vivo Mausmodell zu untersuchen. Um
Auswirkungen auf den Metabolismus zu adressieren, wurden die Studien durch Metabolomics

von Nierenkortexgewebe der gleichen experimentellen Gruppen erganzt.

Ménnliche und weibliche ROSAMT/mG-NHPS2(podocin)Cre-Méause mit spezifischer GFP-
Expression auf Podozyten wurden 3 Wochen mit Rapamyzin oder Vehikel behandelt.
Metabolische Kafige ermoglichten eine genaue Bestimmung der Nierenfunktionsparameter.
Aufgrund des genetischen Mausmodells konnten spezifisch reine Podozytenfraktionen nach
Nierenperfusion, Verdauungsschritten und fluoreszenzaktiviertem Zellsortieren isoliert werden.
Diese wurden fur Sequenzierungen und Proteomics verwendet. Weitere Nieren wurden fur
histologische Analysen und Metabolomics direkt schockgefroren.gRT-PCR, Westernblots and
immunohistologische Farbungen wurden zur Validierung der Omicsstudien und flir weitere

molekulare Charakterisierungen eingesetzt.

Trotz normaler Nierenfunktion und Nierenmorphologie bei allen experimentellen Gruppen fanden
sich bei der RNA-Sequenzierung hochsignifikante Geschlechterunterschiede bei mehr als 1700
MRNA-Transkripten. Veradnderungen induziert durch die Stressantwort auf mTOR-Hemmung
wiesen ebenso sexuellen Dimorphismus im Transkriptom und Metabolom auf, sowie
Signalwegsunterschiede, wie mithilfe von Westernblots gezeigt werden konnte. Gengruppen-
Enrichment Analysen deuteten auf Geschlechterunterschiede in angereicherten Genontologien fiir
Transkription, Zytoskelett und Fokale Adhasionen in méannlichen und mitochondrialer Proteine
und Translation in weiblichen Podozyten hin. Proteomics wies zuséatzlich zu mitochondrialen
Proteinen eine Anreicherung von basalen Zellproteinen bei weiblichen Podozyten auf. Rapamyzin
beseitigte die signifikanten Geschlechterunterschiede, allerdings eher aufgrund erhohter

Verénderungen bei mannlichen Podozyten bei insgesamt stabilerem weiblichen Transkriptom.
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Metabolomics bestatigte dieses sex-differente Verhalten in Bezug auf Rapamyzinbehandlung.
Weibliche Podozyten erschienen stressresistenter und zeigten eine geringere Akkumulation im

Aminosaurenpool und von Metaboliten der Glykolyse als ménnliche Podozyten.

Zusammenfassend konnte in dieser Arbeit erstmals gezeigt werden, dass Podozyten signifikante
Unterschiede in der Genregulation und Proteinexpression aufweisen zusammen mit
geschlechtsspezifischen metabolischen  Stressanpassungen, was entscheidend zu den
Geschlechterunterschieden der Entwicklung von Nierenerkrankungen und deren Progress

beitragen konnte.
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1. Introduction

There is increasing evidence that ,,cell sex matters® (1). This has been documented in numerous
physiological processes and specific immune responses, disease prevalence, treatments and
clinical outcomes in renal neurodegenerative, cardiovascular diseases, cancers, responses to
immunotherapeutic agents and transplantation (2-7) . Further research on sex-specific cellular
responses has the great potential to design better prevention or treatment strategies in a wide

variety of diseases in today's era of personalized medicine.
1.1 Sex-specific differences in kidney diseases

Beside the brain and the liver, the kidneys display a high degree of sexual dimorphism concerning
disease incidence, prevalence and clinical progression. In general, more pre-dialytic men progress
faster to end stage renal disease (ESRD) compared to women (Figure 1) and have a higher
mortality (8) with polycystic kidney disease (PKD), membranous nephropathy, immunoglobulin
A nephropathy, focal segmental glomerulosclerosis (FSGS) and chronic renal disease (CKD) of
unknown etiology (2, 9). In addition, male sex is associated with increased ischemia-reperfusion
injury and delayed recovery as well as higher susceptibility for nephrotoxin—induced renal injury
(10, 11). In contrast, females have a higher prevalence for systemic lupus erythematosus and
allograft failure compared to men (7) The sex of the donor organ can lower the risk of allograft
failure in women, with female kidneys being more favorable (8). Conflicting data exist regarding
diabetic nephropathy (DN) (2, 9, 12).
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Figure 1. Gender differences in
the incidence of ESRD.
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The exact mechanisms underlying these differences are still unclear, yet, many factors have been
suggested such as sex hormones with protective effects of estrogen and its influences on cellular
metabolism as nitric oxygen metabolism and oxidative stress the impact of comorbidities and life
style, renal mass or nephron number, systemic or glomerular hemodynamics, cardiovascular

diseases and hypertension as a leading cause of CKD (2, 8, 9, 12).



One of the first studies on cellular and molecular sex differences in the kidney has been reported
by Yabuki et al. in 1999, demonstrating that proximal tubular epithelium exhibited sexual
dimorphism in the structure of the brush border in mouse kidneys (14). Recently, sex differences
have been described in renal proximal tubular cell transporters and electrolyte homeostasis (15-
17). Still, only few studies have been published investigating the underlying molecular differences

between both sexes in the whole kidney and not in isolated cells (18-20).

1.2 Glomerular filtration barrier, podocytes and proteinuria

One major function of the kidneys is the filtration of blood, removal of waste and maintenance of
water and electrolyte homeostasis. The ultrafiltration of plasma in the kidney occurs through the
capillary wall of the glomerulus which enables the flux of water, cationic molecules, electrolytes
and small solutes while retaining plasma proteins and macromolecules based on size and charge
selectivity. The filtration barrier in the glomerulus (GFB) is composed of three layers: (i) the
fenestrated endothelial cells (ii) glomerular basement membrane (GBM) and (iii) the podocytes
(21, 22). Figure 2 illustrates the components of the filtration barrier.
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Figure 2. Glomerular filtration barrier.v (A)

Schematic view of the GFB with its three components:

Messangial
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endothelium, GBM and podocyte foot processes
(reproduced with permission, Copyright Elsevier (23).
(B,C) electron microscope images showing a podocyte
cell body which is connected to the capillary wall by

its foot processes and the three layers of the GBM (24).

The fenestrated endothelial cells are mainly composed of glycocalyx (proteoglycans and
sialoproteins) which impede the leakage of free albumin and other proteins. Any change in the

amount or composition would affect their function. Vascular endothelial growth factor (VEGF) is



considered as a major molecule in the cross-talk between endothelial cells and podocytes, and has

been linked to proteinuria in many glomerular diseases (22, 25).

Podocytes are attached to the outer membrane of the GBM, which components are synthesized by
the glomerular endothelial cells and the podocytes. The essential components are type IV collagen,
laminin, proteoglycan-agrin and nidogens (22, 26). The net negative charge of the GBM is a
crucial component of the glomerular capillary wall filtration barrier to plasma albumin which is
also negatively charged and repelled by the GBM (26). The podocytes are terminally differentiated
epithelial cells. They consist of three morphologically and functionally different segments: cell
body, major processes and foot processes (FP). Interdigitating slit diaphragm (SD) proteins
connect podocytes to each other and constitute a critical layer of the GFB (27). The FP are in
contact with three different membranes, the glomerular basal membrane, SD proteins and the
apical membrane through different proteins, linkers and by microtubules and microfilaments with
actin filaments (22, 26, 28). (Figure 3)
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Figure 3. Structure and molecular components of podocytes. (adapted from Michaud J.L and

C.R Kenndy, Clin Sci (Lond), reproduced with permission, Copyright Portland Press (29).

Podocytes are anchored to the outer membrane of the GBM via multiple receptors and

transmembrane proteins, including Syndecan1/4 (30), aff dystroglycan (encoded by DAG1), a3p1



integrin and tetraspanin CD151. Paxillin, vinculin and talin also connect FBs to the GBM through
a3pB1 integrin complex at the focal adhesion (22, 30). Integrin-linked kinase (ILK) acts as
anchoring protein with integrins at the focal adhesion binding to a-actinin-4 (ACTN4) (30) (Figure
3).

Many proteins are well-known podocyte markers and play a critical role in podocyte function,
such as transmembrane proteins nephrin (NPHS1), Neph1l, fat-1, P-cadherins and catenins. The
intracellular domain of nephrin has been shown to associate with the actin cytoskeleton and to
link with adapter proteins such as CD2-associated protein (CD2AP), Nck proteins (22, 26, 30)
and ZO-1 (24). In addition to the regulation of the actin cytoskeleton nephrin can induce
antiapoptotic signaling (31).

Another SD-associated protein is podocin (NPHS2) which is exclusively expressed in podocytes,
localizes at the insertion site of the SD and plays a major role as mechano-sensor, maintenance of
the actin cytoskeleton, nephrin-anchor and nephrin-NEH1 induced signaling (22, 27, 30). Podocin
expression is regulated by the transcription factor LMX1B (30).

Podocytes™ proper function, morphology and structural integrity are highly dependent on the
cytoskeletal architecture. Podocytes contain (i) longitudinal actin microfilaments and the
meshwork of actin filaments as actin, a-actinin-4 and myosin (ii) Vimentin-rich intermediate
filaments and (iii) microtubules as a-tubulin and B-tubulin. The function of the cytoskeleton is
regulated through the small GTPases mainly RhoA, Racl and Cdc42 (30, 32) and Rhophilin-
1(33).

a-actinin-4 is enriched in FP, crosslinks actin filaments and acts as scaffold of protein complexes.
a-actinin-4 is regulated by synaptopodin, a proline-rich-actin associated proteins, a key organizer
for the actin cytoskeleton (30) and an upstream regulator of RhoA (32).

Other actin-associated proteins involve TRPC6, cortactin, cofilin (32) myosin (myosin Il and 1E,
Hsp27, palladin, ZO-1, podocalyxin (an anionic glycocalyx transmembrane protein covering the
podocyte surface, and linking to the actin cytoskeleton through ezrin and inverted formin 2 (IFN2)
(34) and the podocyte foot processes proteins Schipl and Pdlim2 (35, 36). Recently, SRGAP2a
which colocalizes with synaptopodin, has been attributed an important role in podocyte structure
and motility. Knockdown causes suppressed podocyte motility through inactivation of RhoA and
Cdc42 but not Racl (37).

The importance of the podocyte in the development of proteinuria has been emerged from the
discoveries of many mutations in genes encoding podocyte proteins or GBM such as podocin,
nephrin, collagen, ACTN4 and others (21, 22, 25, 27, 30).



1.3 Podocyte homeostasis and injury

Whereas genetic studies have contributed essentially to the understanding of podocyte biology
and function, genetic defects account for only a minority of glomerular diseases. Podocyte
structure and function are determined and maintained through a complex interaction between
different proteins, organization of the actin and microtubule cytoskeleton, and factors and
signaling pathways between the GBM, FP and SD.

Due to their unique structure, components and interaction with other glomerulus cells, podocytes
are sensitive to toxins, antibodies, mechanical and oxidative stress, immune-complexes, cytokines
and complement activation which occurs in many glomerular diseases, (24, 38), high levels of
TGF-B (24), hyperglycemia, dyslipidemia (39) and many other factors. Any physiological or
pathological interference or changes in podocytes intracellular junctions, SD structure and
complexes, GBM structure and the podocyte-GBM interaction, dysfunction of the actin
cytoskeleton, apical membrane domain or associated proteins, disturbances in the transcriptional
regulation, pathways and factors regulating podocyte function, can contribute to the pathogenesis
of podocytes, podocytopenia and proteinuria (40, 41).

Mitochondrial dysfunction or genetic mutation also has been associated with podocyopathies,
examples are; Mpvl7, GRP78, PGC-1la genes (42-46). Other intracellular events which are
involved in the progression of podocyte injury and glomerular diseases include endoplasmic
reticulum (ER) stress, production of ROS and proteases, all influencing homeostasis and causing
podocyte injury,

Heat shock proteins (HSPs) mediate a diverse range of cellular functions, prominently including
folding and regulatory processes of cellular repair and are also regulated by ROS. Hsp90,
Hsp25/27, Hsp70 are one of the main regulated chaperone-like proteins in podocytes injury, as
well as Hsp27 which is involved in actin cytoskeletal regulation (47). Moreover, HSPB1 has been
found to be expressed in podocytes and controls a wide range of biological activities, including
actin stabilization and protection from stress and apoptosis. It is upregulated in ER stress as a
protective mechanism (48).

Additionally, the unfolded protein response (UPR) is part of the proteostasis and has been reported
to affect pathogenesis in CKD and podocytes (42). In the ER the pathway is activated to restore
ER homeostasis (till certain limit) through the action of inositol-requiring protein 1 (IRE1),
activating transcription factor 6 (ATF6) and PKR-like ER kinase (PERK), transmembrane

sensors, which are usually bound to the ER chaperon GRP78. During stress GRP78 dissociates,



binds to the unfolded proteins, releases the transducers and causes a sequence of transcriptional
factor changes and upregulation of XBP1, ATF4, READ and CHOP. However, excessive
activation induces apoptosis of the cells.

The majority of intracellular proteins are degraded by the ubiquitin-proteasome system (UPS)
which consists of enzymes, which ubiquitinate or deubiquitinate target proteins, and the 26S
proteasome system. It has been recently shown that the UPS system is upregulated by persistent

glomerular injury in such as minimal change disease, FSGS, and DN(49).

Finally, miRNA play a role in podocyte homeostasis and podocytopathies. Dicer is the enzyme
responsible for miRNA generation. In dicer-mutation specific to podocyte mouse model mice
developed proteinuria 4 to 5 weeks after birth and died several weeks later showing structural
glomerular defects (50).

1.4 Podocyte stress responses

Podocytes are able to adapt to stressful conditions in order to maintain their function upon
encountering different stimuli. As part of their adaptation response, they hypertrophy and alter
their molecular composition by up-regulation of many proteins such as metallothionein,
intermediate filaments and by reorganization of FP structures. These early events occur without
visible changes in morphology or function. However, when podocytes exceed their intrinsic
capacity to encounter prolonged and/or severe injury foot process effacement, detachment, and
cell death (through apoptosis or necrosis) occur finally leading to podocyte loss. In addition,
cytoskeleton disorganization and endothelial cell responses with activation of the coagulation
cascade, chemokine receptor expression, adhesion molecule abnormalities and lipid peroxidation

occur (38), the GFB is no longer intact and proteinuria occurs (21, 25).

Subsequent anatomic events resulting from podocyte injury include mesangial expansion, the
appearance of denuded areas of the GBM, synechia formation (adhesion to Bowman’s capsule),
focal and global glomerulosclerosis further contributing to interstitial injury and fibrosis. It has
been postulated that these changes start with more than 20 % of podocyte loss (28) and ultimately

lead to glomerulosclerosis and end-stage renal failure (40).



1.5 mTOR and its role in podocytes and the kidney

According to current knowledge, the mechanistic target of rapamycin (mTOR) signaling network
emerges as a key pathway controlling renal epithelial cells and regulating a variety of renal
epithelial processes ranging from podocyte size control, regenerative capacity of proximal tubular
cells in acute kidney injury, water and salt transport balance in the collecting ducts , as well as
regulating endocytosis and nutrient transport in proximal tubular cells and renal immune cells and

vascular endothelial cell homeostasis (51-54).

MTOR is a 289-kDa serine/threonine kinase, a member of the phosphatidylinositol 3-kinase-
related kinase (PIKK) family of protein kinases (PI3K-related kinase) that forms the catalytic
subunit of two structurally and functionally distinct complexes, mTOR complex 1 (mTORC1) and
2 (mTORC?2) (55-59). In mTORC1, mTOR is associated with regulatory-associated protein of
MTOR (raptor) - which is fundamental for the assembly and stability and acts as a scaffold and
recruitment for specific mTORC1 substrates such as S6K1 and 4EBP1. mTORC?2 is defined by
the rapamycin insensitive component rictor, mSIN (mammalian stress-activated protein kinase
interaction protein 1) and Protor-1/2. Like raptor within mTORCL, rictor acts as a scaffold protein
and facilitates both, the assembly of mMTORC2 and the interaction of mMTORC?2 with its substrates
AKT, PKC, SGK1 and regulators. mTORC1 and mTORC2 have different sensitivities to
rapamycin and are implicated in divergent physiological functions such as glucose homeostasis,
immune responses, cardiac homeostasis, aging and health span, muscle mass and function,
immune function, adipocyte function and lipid metabolism, and pathological conditions such as
cancer, cardiac and kidney diseases, obesity, type 2 diabetes, epilepsy, chronic neurodegenerative
disorders (56, 57, 59-64) . Figure 4 gives an overview of the signaling of the two mTOR

complexes and the various cellular functions.
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Figure 4. mTOR signaling pathway. mTORC1 controls protein synthesis mainly via S6K,

mitochondrial biogenesis via PGC1a and autophagy, while mTORC2 regulates cell survival and
actin cytoskeleton. Reproduced with permission, Copyright Elsevier (59).

The development of different transgenic mouse models gave insight into the importance of the
mTOR pathway in the podocyte and kidney physiology and pathology, either by the activation or
inhibition of MTORC1 and mTORC2 activity (65, 66) and has proven the necessity of balanced
MTORC activities to maintain podocyte homeostasis (65, 67, 68).
Extensive evidence has indicated the importance of mTOR signaling pathway in both control of
podocyte function and in podocyte injury (69) and any alteration in mTOR activity can lead to
different changes including glomerular basement membrane thickness, podocyte loss, mesangial
expansion, glomerular hypertrophy, cyst formation and albuminuria, as resulted in many kidney

disease such as DN, PKD, inherited hamartoma syndromes (55) and such changes could be

Sodium
transport




delayed and/or reversed by mTORC1 inhibition with rapamycin or everolimus as in FSGS and

membranous nephropathy, minimal change and other glomerular diseases (67, 68).

The fundamental impact of mTORCs in the kidney has been further underlined by the study of
Gadel et al., in which a double knockout of raptor and rictor resulted in dramatic renal failure and
rapid death. Raptor knockout at early stage caused more podocyte injury and progressive
glomerulosclerosis and foot process broadening and effacement compared to mTORC?2 ablation
(65). Yet not only loss of mTOR signaling is detrimental for the kidney, but also increased
activation of the mTORCs. High mTORC1 activity has been shown to cause a mis-localization of
nephrin (66), suppress autophagy and induce endoplasmic reticulum ER stress (55, 67).
Furthermore, increased mTORCL1 activity caused irreversible structural changes and podocyte
hypertrophy in early stages of DN (70). In such contexts of experimental DN (66) and nutritional

overload (71), mTOR inhibition has been found to protect against podocyte damage.

mMTOR is also involved in epithelial-to-mesenchymal transition (EMT). Several studies have
shown that rapamycin inhibits EMT in animal models with different forms of CKD (72) by
inhibition of Rheb/mTORC1 signaling that has been found to be activated in myofibroblasts,
activated kidney fibroblasts and interstitial fibrosis (73). Inhibition of mTOR by rapamycin in
CKD has furthermore been shown to ameliorate the glomerular changes, the interstitial
inflammation, fibrosis, and loss of renal function associated with CKD and moreover, a reduction
in glomerular hypertrophy, decreased expression of proinflammatory and profibrotic cytokines,

less infiltration of the interstitium by inflammatory cells, and renal fibrosis (72).

Additional in vitro data have shown the involvement of mTORC2 in renal tubular Na* balance
regulation (74). Numerous studies point towards an essential role for mTORC2-AKT signalling
for podocyte function, organization and maintenance (75-77). Canaud et al. showed that AKT2 -
an isoform expressed mainly in podocytes - is essential for podocyte protection and survival and
the reduction of AKT2 levels caused foot process effacement in the mouse model. mTOR
inhibition by rapamycin decreased AKT2 phosphorylation leading to albuminuria in kidney
transplant patients which was accompanied with increased glomerular apoptosis (75), reviewed in
(70). In another study, AKT2 was found to control deptor downregulation by TGFp 1 leading to

podocyte hypertrophy and matrix protein accumulation (76).



MTORC2 controls proliferation and survival primarily by activation of several members of the
AGC subfamily of kinases including protein kinase C (PKC) a, PKC3, PKCy, PKCe which
regulate various aspects of cytoskeletal remodeling, cell migration (57, 58, 78) and cell polarity
(79) by the activation of Rho and Racl, two G proteins and major regulators of the cytoskeleton.
PKC_ also phosphorylates paxillin and induces its localization to focal adhesions (78, 79).
MTORCS2 is responsible for the activation of serum and glucocorticoid-induced protein kinase 1
(SGK1), a kinase which controls ion transport and stimulates sodium reabsorption in the distal
nephron by increasing the activity of the aldosterone- regulated epithelial sodium channel (ENaC)
(58, 78, 79).

1.6 Rapamycin - mechanism of action, clinical use and adverse effects

In 1999, rapamycin was the first pharmacological agent of mTORCL inhibitors to be approved by
the FDA to prevent graft rejection in kidney transplant patients. Since then, it has been widely used
as immunosuppressant after transplantation. Other rapamycin analogs have been approved later,
including temsirolimus for advanced renal cell carcinoma, everolimus for the prevention of solid
organ transplant rejection and treatment of breast, renal and neuroendocrine tumors. (80)
zotarolimus and ridaforolimus (57). In addition to its use as an immunosuppressant, rapamycin is
employed in drug eluting stents in coronary artery diseases, graft versus host disease, rheumatoid
arthritis, and several neurological disorders (57).

Upon entering the cell, rapamycin interacts with a 12 kDa protein named FK506-binding protein
(FKBP) 12. The resulting FKBP12-rapamycin (FRB) complex inhibits mTORC1 signaling by
interfering with the association of mMTOR and Raptor and subsequently down-regulates mMTORC1
activity (57, 80). However, not all downstream targets are inhibited, such as 4E-BP1 and ULK1,

which are involved in protein translation and autophagy (57).

Free rapamycin is capable of binding to and inhibiting mTORCL1, but the affinity of this interaction
is increased by approximately three orders of magnitude in the presence of FKBP12. Hence, the
FKBP12-rapalog complex functions as an allosteric inhibitor of the mTOR catalytic domain,
which may explain observations that this complex is a potent but partial antagonist of mMTORC1-
dependent responses in mammalian cells (81).

In contrast, the FRB domain of mTOR within mTORC2 is not exposed, so that mMTORC2 cannot
be inhibited by rapamycin binding comparably to mTORCL. Yet, prolonged rapamycin exposure
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can lead to decreased mTOR expression, thereby reducing the formation of mTORC2 with
decreased activation of AKT (57, 79, 82).

In 2003, rapamycin was reported for the first time to cause proteinuria in renal transplant recipients
after conversion from calcineurin inhibitors to rapamycin (83). Since then, multiple studies have
documented proteinuria after liver, kidney, pancreatic and heart transplantation (84-87). In
addition to low molecular weight proteinuria, it has been reported that patients may develop
phosphaturia, hypokalemia and reduced megalin expression under sirolimus (SRL) therapy. Yet,
there is evidence that not all transplanted patients who converted to an SRL-based regimen

experienced worsening of kidney function, some reported no change or even improved function.

The role of rapamycin in podocyte integrity and function has been further investigated in both
animal models and human podocyte cells. In human podocytes, prolonged rapamycin treatment
(120 hours) caused a reduction of several mTOR signaling pathway components and decreased
expression of slit diaphragm proteins including nephrin, TRPC6 and Nck. Functionally,
rapamycin impaired the migration and adhesion of podocytes with a slight increase in apoptosis
(88). However, shorter rapamycin treatment for 48 hours, led to only reduced WTL,
phosphorylated AKT and VEGF (which control podocin/CD2AP interaction) levels (89). High
doses of SRL induced a permanent alteration of the SD and the cytoskeleton with a reduction in
nephrin, podocin, CD2ap, and derangement of stress fibers (90). The reduction in podocyte
nephrin expression was not related to the extent of proteinuria in transplanted patients (91). In
addition, a study in C57BI/6 mice showed that the reduction in podocyte-related proteins (WT1,
synaptopodin, nephrin, Cd2AP and podocin) and fibrosis-related TGF beta was not enough to
induce proteinuria after rapamycin treatment for 24 days with 3 different doses (92).

So far, the impact of sex on the highly variable levels of proteinuria development in transplant

patients has not been investigated yet.
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1.7 Scope of the thesis, hypothesis and objectives

Despite recent advances in our understanding of podocyte biology, sexual dimorphism of
podocytes has never been investigated in physiological or disease models and the progression to
CKD, as well as responses to treatments and adverse effects remain elusive. Several groups
worldwide have been focusing on the mechanism by which mTOR influence podocyte
homeostasis and pathological response resulting in podocyte FP effacement and proteinuria, still
there is lack of research including sex as a variable and the examination of underlying cause in
research designs and reporting. In addition, many studies are conducted on males or mixed sexes
without always indicating the sex or the failure to include adequate numbers of males and females

to allow for sex- and gender-based analyses.

A large body of evidence demonstrates sex differences in protein filtration in a large variety of
kidney diseases and ischemic injury (20, 93, 94). However why some kidney transplant patients
treated with mTOR inhibitors develop proteinuria and the majority of recipients of other solid
organs improve their kidney function remains a conundrum. Sexual dimorphism of podocyte
genes and protein expressions might contribute to understand these differences in addition to sex-
specific glomerular disease susceptibilities and clinical courses.

Aim of this thesis was therefore to test the hypothesis that podocytes have sexual dimorphic gene
expression which further leads to different stress responses towards mTOR inhibition, thereby
influencing transcriptional regulation and cellular homeostasis of podocytes in a sex-specific
manner.

To address this question, a genetic mouse model, ROSAMT/mG-NHPS2(podocin) Cre mice with
membrane targeted GFP restricted to podocytes, was used which allowed specific isolation and
molecular analyses of podocytes by FACS sorting from male and female mice. As a stress model,

MTOR inhibition with rapamycin was induced in vivo for three weeks prior to analyses.

The study had the following objectives:
1. to investigate intrinsic sexual dimorphism on genomic and protein levels of podocytes from

vehicle treated male and female mice by RNA sequencing (RNA-seq) and proteomics
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2. to study sexual dimorphic responses to mTOR inhibition on transcriptional regulation and
podocyte homeostasis in podocytes from male and female mice after 3 weeks of rapamycin

treatment

3. to study mTOR-related signaling pathway activations and functional consequences of the stress
response induced by mTOR inhibition in renal cortex tissue from male and female mice by

western blots and immunohistochemistry

4. to identify sex-specific responses to stress in energy-providing metabolic pathways from renal

cortex tissue from male and female vehicle and rapamycin-treated mice by metabolomics.

Understanding the sex-specific transcriptional, translational and metabolic regulation of decisive
key factors for podocyte homeostasis and stress responses could provide a deeper knowledge for
tailoring targeted-individualized mTOR inhibitor therapies and glomerular diseases at the

podocyte molecular level.
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2. MATERIAL AND METHODS
2.1 Materials

2.1.1 Chemical substances, buffer and gel recipes and kits

Table 1. Chemicals and Solutions
Acrylamide (37.5:1) Rotiphorese® Gel 30
Agarose

Albumin Fraction V, BSA

Ammonium persulfate (APS)

BICIN

Bis-Tris

Diethylpyro-carbonate (DEPC)

Dimethyl sulphoxide (DMSO)

dNTPs

dNTP Mix

Dithiothreitol (DTT)

Dulbecco’s Phosphate Buffered Saline (PBS)
Ethylenediamintetra-acetic acid (EDTA)
Ethanol 99.8%

Glycerin

R-Glycerophosphate disodium salt hydrate
Hydrochloric acid (37%o)

Isol-RNA Lysis Reagent

Methanol

MOPS

M-MuLV Reverse Transcriptase

Nonfat dried milk powder

NaF (Sodium Fluoride)
N-lauroyl-Sarkosine
3-(N-morpholino)-propanesulfonic acid (MOPS)
2-Propanol

Protease Inhibitor Tablets, Complete Mini

Manufacturer
Carl Roth
Serva

Carl Roth
Sigma-Aldrich
Carl Roth
AppliChem
Sigma-Aldrich
Sigma-Aldrich
Promega
Applied Biosystems
Sigma-Aldrich
Biochrom
Carl Roth

Carl Roth

Carl Roth
AppliChem
Carl Roth
5Prime

Carl Roth
AppliChem
BioLabs
AppliChem
AppliChem
Sigma-Aldrich
AppliChem
Carl Roth
Roche Applied Science
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Ponceau S

RNase Inhibitor
Sodium azide

Sodium chloride
Sodium hydroxide
Sodium pyrophosphate

Sodium dodecyl sulfate (SDS) Pellets

SuperSignal West Pico
SuperSignal West Dura
WesternBright Sirius

Tetramethylethylendiamin (TEMED)

Tris

Tween®20
Tris-HCI

Triton X-100
Trizol

Xylol
Paraformaldyde

Coomasee stain

3-Amino-9-Ethylcarbazole AEC chromogen

O.C.T compound
SYBER green

Table 2. Buffer recipes
Buffer

Blocking buffer

BICIN transfer buffer 1x

Gel buffer 3.5x, pH 6.5-6.8

Reagent

Carl Roth

Applied Biosystems

Sigma-Aldrich
Carl Roth
Sigma-Aldrich
AppliChem
Carl Roth

Thermo Scientific

Thermo Scientific

Advansta
Sigma-Aldrich
Carl Roth

Carl Roth
Sigma-Aldrich
Sigma
Invitrogen
Sigma-Aldrich
Bio-rad
Bio-rad
Agilant
Tissue-Tek
Sigma-Aldrich

Nonfat dried milk powder

ad 1x TBS-T
BICIN
Bis-Tris
EDTA, pH 8.0
Ethanol
Bis-Tris

Final Conc.

5% m/v

25 mM

25 mM

1 mM
10-15% v/v
1.25M
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Glycin stripping buffer, pH 2.0

Laemmli buffer 5x

MOPS running buffer 1x, pH 7.7

PBS ( Ca*- /Mg?** -free), pH 7.3

TBE buffer 1x, pH 8.0

TBS-T buffer 1x, pH 7.6-8.0

TE buffer 1x pH.9

RIPA lysis buffer

Citrate buffer pH 6

Glycin

SDS

Tris-HCI, pH 7.5
DTT

Glycerol

SDS
Bromphenol blue
MOPS

Tris

EDTA, pH 8.0
SDS

NaCl

KCI

NaxHPO4
KH>POq4

Tris

Boric acid
EDTA

Tris

NaCl

Tween 20
Tris-base

EDTA

Tween 20
Tris-HCI, pH 8.0
SDS
B-Glycerolphosphat
NaF

NasVO4

Sodium pyrophosphate
Citric acid (anhydrous)

Tween 20

25 mM
1% m/v
250 mM
500 mM
30% v/v
5% miv
0.25% m/v
50 mM
50 mM
1mM
0.1% m/v
137 mM
2.7 mM
9 mM
2.3 mM
89 mM
89 mM
2mM

50 mM
150 mM
0.1% viv
10 mM
1mM
0.05%v/v

10%v/v
10%v/v
10%v/v
5%v/v
40%v/v
10mM
0.05%v/v
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HBSS 10X pH 7.4 KCI 5.4mM

NaHPO4 x 7H20 0.3mM
KH2PO4 0.4mM
NaHCOs3 4.2mM
NaCl 137mM
D-Glucose 5.6mM
CaCl2x 2H20 1.3mM
MgCl, x 6H20 0.5mM
MgSOax 7H20 0.6mM

PFA 4% HCI (1M) 0.1mM
NaOH (1 M) 0.1mM
Paraformaldehyde powder 4%viv
PBS pH.7.4

Table 3. MOPS-BICIN gel formulation

Running gel 8.5% 10% 12.5% 15% Stacking gel 6%
H20 3.63 3.19 2.53 1.76 1.25
30% AA mix 2.53 2.97 3.63 4.4 500
3.5X gel buffer 2.53 2.53 2.53 2.53 750
10% APS 110 110 110 110 37.5
TEMED 11 11 11 11 6.25

30% AA mix: De-gased 30-acrylamid-stock-solution with 0.8% Bis-acrylamid (37.5:1)

Table 4. Kits Manufacturer
DC™ Protein Assay Bio-Rad
FastStart Universal SYBR Green Master (Rox) Roche
TaKaRa kit Takara bio
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2.1.2 Primers

Table 5. Primers used for g°PCR

Sequences Gene
Arhgap32
Bhlhe40

Cdi151

Cox7a2

Ctsl

Daam2

Hdgf

Podocin (Nphs2)
RPI13

Slc6a6

Tjpl

Ywhaz

2.1.3 Antibodies

Forward primer (5°3”)
TCCGACCTAGAAGACCCAGA
TATCTCATCCCACCATCGGC
TACCTAGCCACGGCCTACAT
GACCATCAGCACCACTTCAC
TGTAGCAGCAAGAACCTCGA
AAGCTGCCAAAGTCAACCTG
ACTCCCCTAAACGTCCCAAG
GTGTCCAAAGCCATCCAGTT
CCCTCCACCCTATGACAAG
AAAATGGTGGAGGTGCGTTC
CAACAGGTACAGGCCAGAGG
TCTGGCCCTCAACTTCTCTG

Table 6. Antibodies used for immunohistochemistry

Antibodies

Collagen type 1
WT1

Phalloidin-iFluor 647

origin  Dilution Manufacturer

Rabbit 1:200 Abcam 34710

Rabbit 1:100 Abcam 89901
1:100 Abcam176759

Reverse primer (5’ 3”)
AGTCAACATCCTCAGCCGAA
GCCAAAGGAGAAGGGAGTCT
GCAATGATCTCCAGGAGGAA
CTTCTTGGGAAATGCAGCCA
TGTCCCGGTCTTTGGCTATT
TCCTGCTCTCCGAAATGTGT
TCTCATGATCTCTGACGCCC
GGAAGCTGAGGCACAAAGAC
TTCTCCTCCAGAGTGGCTGT
ACACAATGACGATGGATGCG
CAGAGGAGGGACAACTGCAG
CCTGCTTCTGCTTCATCTCC
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Table 7. Antibodies used for western blotting
Antibodies

Phospho-P70 Thr389

P70

Phospho-mTOR Ser2448
mTOR

P62 (SQSTML1)
Phospho-4EBP1 Ser65
4EBP1

Rictor

Raptor

Phospho-AKT Ser473
Phospho-AKT Thr308
AKT

LC3B
Phospho-ERK1/2(pp42/44)
ERK(p42/44 MAPK)
Phospho-AMPK a1/2 (Thr 172)
AMPK

Anti-GAPDH, monoclonal
Wilms Tumor -1 (WT1)
Integrin 1
Phospho-paxillin Tyr118
Phospho -myocin light chain-2 Ser19
Talin-1

Vimentin

Collagen IV

Podocin

Claudin-1

B—actin

a-tubulin

Laminin (32

origin
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
mouse
rabbit

mouse
rabbit

mouse
rabbit

rabbit

mouse
mouse
mouse

mouse

Dilution Manufacturer

1:1000
1:3000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:600

1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:500

1:1000
1:5000
1:750

1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:750

1:1000
1:5000
1:6000
1:1000

RD AF8963

RD AF8962

Cell signaling 5536
Cell signaling 2972
Cell signaling

Cell signaling 9451
Cell signaling 9452S
Cell signaling 9476
Cell signaling 2280
Cell signaling 4060S
Cell signaling 2965S
Cell signaling 9272
Novus NB100-2220
Cell signaling 9106
Cell signaling 9102
Santa cruz 33524
Santa cruz 2532
Hytest 5G4

Abcam 89901

BD bioscience 610467
Cell signaling 2541
Cell signaling 3675
Abcam 71333

Santa cruz (E-5) 373717
Abcam 6586
Abcam50339

Santa cruz (A-9)166338
Sigma A5441
SigmaT9026

Santa cruz (C4) 59980
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a-Actinin 4 (ACTN4)
Nephrin

CcoQ2
OXPHOS
Synaptopodin
ATP5b

Z0-1

SDHB

UQCRC2
Rho-GTPases kit
Caspase3

Bcl2

Collagen IV
PRAS40

Secondary antibodies

Rabbit
Rabbit
Rabbit
Rabbit
mouse
mouse
Rabbit
mouse
mouse
Rabbit
Rabbit
mouse
rabbit

Rabbit

Peroxidase-conjugated AffiniPure Donkey Anti-Mouse 1gG

Peroxidase-conjugated AffiniPure Donkey Anti-Rabbit 1gG

2.1.4 Equipment
Equipment

Applied Biosystems® StepOnePlus Real-Time PCR System

Shandon Excelsior ES® A78410120 issue 3

Microtome HM 355 S

Cryostar NX70 387928 issue7

Gel documentation system, Syngene G:BOX Chemi XRQ

UV-transilluminator Gene Flash

HistoStar ™ A810101000

fluorescence microscope

1:1000  Abcam 59468
1:1000  Abcam 58968
1:1000  Abcam 89706

- Abcam 110413
1:1000  Santa cruz (D-9) 515842
1:1000  Santa cruz (E-1)- 55597
1:1000 Invitrogen 61-7300
1:1000  Santa cruz (G-10) 271548
1:1000  Santa cruz 390378
1:1000  Cell signaling kit 9968
1:1000  Cell Signaling 9665
1:1000  Santa cruz (C-2) 7387
1:1000  Abcam6586
1:1000  Cell signaling 2691

1:20000 Dianova
1:15000 Dianova

Manufacturer

Thermo Fisher Scientific

Thermo Fisher Scientific

Microm- Thermo Fisher Scientific
Thermo Fisher Scientific

VWR

SYNGENE

Thermo Fisher Scientific

Zeiss
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2.2 Methods

2.2.1 Animal model and genotyping

12-18 weeks old male and female homozygous ROSAMT/mG-NHPS2 (podocin) Cre mice - a cell
membrane-targeted carrying double fluorescent and expressing Cre recombinase under the
NPHS2 (podocin) promoter - were a generous gift of T.B. Huber (University of Freiburg,
Germany) and were used in this project. This genetic modification allows specific separation of
green fluorescent protein (GFP)-positive podocytes from the GFP-negative non-podocyte
glomerular fraction by fluorescence-activated cell sorting (FACS) (95). Breeding was performed
according to standard procedures. All animals were kept under specific pathogen free (SPF)
environment with a standard 12:12 h light-dark cycle and had ad libitum access to water and
standard chow throughout the entire experiments. All animal experiments were conducted in
accordance to the animal welfare guidelines of the Charité Universitdtsmedizin Berlin and were
approved by the local authorities (LaGeSo, G0241/15 Berlin, Germany).

For genotyping, genomic DNA was extracted from tail biopsies (< 3 millimeter (mm)) for Cre-
genotypic confirmation. Biopsies were boiled at 95 °C for 8 minutes in a 20 uL mixture volume
of 20 ul F-132 extraction buffer and 0,25 pl DNA release additive (1X). Samples were cooled

down and centrifuged for few seconds before storage at 4° C for genotyping.

DNA  was amplified with Cre- specific primers (Forward primer:
CGTACTGACGGTGGGAGAA, Reverse primer: CCCGGCAAAACAGGTAGTT) for
polymerase chain reactions (PCR)-based genotyping using TaKaRa kit according to manufacturer
protocol, with annealing at 57° C for 1.20 minutes. Additionally, mice were tested for mT/mG,
DNA was amplified with  Tomato  specific  primers  (Forward  primer:
CTCTGCTGCCTCCTGGCTTCT), (reverse -wild type CGAGGCGGATCACAAGCAATA,
reverse -mutant type TCAATGGGCGGGGGTCGTT). The PCR products were separated in 1%
agarose gel in TBE buffer at 85 voltage (V) for 45 min and visualized under UV light after staining
with GelRedTM (Biotium). (Figure 5)
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Figure 5. Representative agarose gel for the genotyping for Tomato and Cre recombinase
PCR. (A) a DNA size marker was applied to the first lane, PCR product of 330 bp long fragment
(2,4) indicates Tomato wild type and product of 250bp (lane 7) indicate mutant for Tomato, only
mutant mice were used for further breeding. (B) presence of the PCR product of 166 bp long
fragment (lane 2-5,8) indicate Cre positive ROSAMT/mG-NHPS2 and were used for further
podocyte isolation. Mice tested negative for Cre recombinase were used for staining, protein

analysis and metabolomics.

2.2.2 Experimental design
Mice were divided into four experimental groups:

1. Male ROSAMT/mG-NHPS2 Cre mice with vehicle treatment

2. Male ROSAMT/mG-NHPS2 Cre mice with rapamycin treatment

3. Female ROSAMT/mG-NHPS2 Cre mice with vehicle treatment

4. Female ROSAMT/mG-NHPS2 Cre mice with rapamycin treatment
Rapamycin was injected into the peritoneal cavity at a concentration of 1.5 mg/kg body weight or
vehicle (DMSQ) every third day during the experimental period of 3 weeks. Effective drug
delivery was confirmed by measuring trough level from EDTA blood samples 24h after the last
injection (trough concentration 19 -25 ng/ml)). One day before the end of the 3 weeks of treatment,
all mice were transferred into metabolic cages for urine collection for 24 h. Then, mice were either
perfused and treated as described below for podocyte isolation or directly sacrificed by
exsanguination after sedation by intra-peritoneal ketamine injection (10mg/kg). Blood, urine, and

kidney tissue samples were collected. (Figure 6)
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Figure 6. Schematic presentation of the experimental design.

Renal tissues designated for histology or western blot were washed with normal saline (0.9%
NaCl), cut into four pieces, and then were either immediately (i) fixed in 4% paraformaldehyde
for paraffin embedding (ii) embedded in O.C.T for cyro-sectioning or (iii) snap frozen in liquid
nitrogen and stored at —80°C for subsequent mRNA or protein extraction. Table 8 indicates the

number of mice used per experimental group to allow the use of diverse analytical methods.

Table 8. Number of mice from different experimental groups analyzed by indicated methods

Experiment male vehicle  male rapamycin female vehicle female rapamycin
RNA-seq 5-10 5-10 4-10 5-10
Proteomics 6 6 6 6
Histology 6-8 6-8 6-8 6-8

IHC, IF 6 6 6 6

gPCR, Western blot 10 10 10 10
Metabolomics 6-10 6-10 6-10 6-10
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2.2.3 Glomeruli and podocyte isolation

To obtain pure podocyte fractions for later molecular analyses, a specific method had been
recently established in the lab. Renal perfusion and digestion steps were performed by two
postdocs of Dragun’s lab. FACS sorting and analyses were part of this thesis work.

Glomerular Podocyte

isolation isolation
—>» —>

Y

S

Proteomics
‘ Poly-A
° 10" 10° 103RNASeq

FITC log

+ Validation by qPCR

Figure 7. Scheme for podocyte cell isolation technique. Podocyte isolation was performed

according to Boerries et al., reproduced with permission, Copyright Elsevier (95).

To separate GFP-expressing (GFP+) podocytes from GFP-negative (GFP-) glomerular cells, a
BioRad S3 cell sorter (Biorad) with a Laser excitation at 488nm was used. Only viable cells were
sorted (laser excitation 380 nm) and green GFP+ podocyte fractions were directly frozen on dry
ice and stored at -80°C for further RNA sequencing and proteomics. Continuous methodological
optimization allowed for 92-98% purity and a yield of approximately 117.000 - 450.000 podocytes
per mouse. Table 9 summarizes average number of podocytes isolated used for RNA-seq and

proteomics.

Table 9. Number of podocyte cells sorted per experimental group used for RNA/ proteomics

Sex (n) Treatment Average number of podocyte cells isolated
Male (6) rapamycin 371,153.8

Male (8) vehicle 339,805.3

Female (6) rapamycin 250,310.5

Female (8) vehicle 224,958
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Flow cytometric analysis and FACS sorting from glomerular single cell suspension were
performed using BioRad S3 Cell Sorter. Cell size and granularity was measured in forward (FSC)
and side-scatter (SSC) [left] with subsequent analysis of Tomato (R2) [middle] and GFP (R1)
positive cells [right] (Figure 8).

[Single cell suspension from mice ][Tomato + renal tubular cells ][GFP + podocytes

FL1 Area Log
FL1 Area Log
FL1 Area Log

10° v rrm—rr v fr—rvym,
0

10 100 100 100 10f 10 100 10° 10 10°
FL2 Area Log FL2 Area Log FL2 Area Log
~ ) Statistics ~ | Statistics ~ ) Statistics
Label Count % of Total % of Plot Label Count % of Total % of Plot Label Count % of Total % of Plot
Total 1167252 100.00 % 100.00 % Total 9164 100.00 % 100.00 % Total 382 100.00 % 100.00 %
R2 355227 30.43% 30.43% R2 7940 86.64% 86.64 % R2 5 1.31% 1.31%
R1 149799 1283% 12.83% R1 13 0.14 % 0.149 % R1 315 82,46% B82.46%

[ Renal tubular cells / podocytes with a ratio of 1:3 with a purity of more than 80%

Figure 8: Representative results from FACS cell sorting. podocyte cell sorting showed a

good separation on FI1 with separation ratio of 1:3 from other glomerular cells.

2.2.4 Assessment of renal function

Prior to animal sacrifice, blood was drawn, coagulated and centrifuged at 5,000 x g for 10 min to
collect serum. 24 h urine samples from the metabolic cages were centrifuged at 5,000 x g for 10
min, supernatant was collected and stored at -80C° for further analysis.

Serum creatinine, urea, sodium, glucose, osmolality, albumin and total protein in serum and urine
were determined at Labor Berlin (Charité Campus Virchow-Klinikum, Berlin, Germany).

To determine albuminuria, urinary protein samples were separated by BICIN-MOPS
electrophoresis together with BSA standards ranking from 0.25 - 1pg. Protein detection was

performed using coomassie blue staining according to manufacturer protocol (Bio-Rad).
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2.2.5 Histology

2.2.5.1 Embedding and sectioning

Paraformaldehyde-fixed kidney specimen were immersed in paraffin using a standard protocol for
tissue embedding. Kidney tissues were fixed overnight with 4% PFA and stored in 70% ethanol
for further preparative steps. Tissues were dehydrated through an ascending series of graded
alcohol concentrations (50,70, 80, 96 and 100 %) to displace the water, placed in xylol using
Shandon Excelsior ES® A78410120 issue 3 (Thermo scientific, Germany). The next day, the
samples were heated and infiltrated with liquid paraffin 62 °C using Thermo scientific HistoStar
™ A810101000 issue 2 (Thermo scientific), and stored at 4C°. Paraffin-blocks were cut into 4
um-thick sections with a microtome (Thermo Fisher), transferred to microscope slides and dried
over night at room temperature. For cryo-sections, kidneys were directly embedded in Tissue-Tek
O.C.T. (Sakura, Japan) after harvesting and cut into 4-6 um sections using Thermo scientific
Cryostar NX70 387928 issue7 (Thermo scientific), slides were dried and stored at - 80 °C for

further staining.

2.2.5.2 Staining using paraffin-embedded renal tissue sections

Paraffin-embedded renal tissue sections were deparaffinized and rehydrated through Roti-clear
(3%10 min), 100% ethanol, 96%, 80%, 70%, and 50% ethanol and distilled water (each 1x5 min).
Then, specific stainings were performed as summarized in table 10.

2.2.5.3 Immunofluorescent actin staining, microscopic analysis and quantification

4 um thick renal sections were defrosted and pre-washed with PBS-Triton 0.3% for 15 min at RT.
To block endogenous peroxidases, sections were immersed in 0.3% H20; for 10 min, washed
three times, then incubated with Phallodin 647 (1:100, Abcam176759) for two hours at RT
prepared in BPS as manufacturer protocol. After washing three times with PBS for 5 min, nuclear
counterstaining was performed with DAPI for 15min and then slides were mounted with Aqua
polymount mounting medium. Images of actin filaments were evaluated in at least 20 glomeruli
each mouse FoV at 200x magnification under a fluorescence microscope at Ex/Em = 650/665 nm
(Zeiss, Jena, Germany). The quantification of positive signals was evaluated as intensity of

positive area per glomerulus.
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Table 10. Summary of staining performed using paraffin-embedded staining

Staining

Summarized method after deparaffination

Periodic acid-Schiff (PAS)
staining
Demonstrate the thickness of

glomerular basement membrane

1- Immersion in 0.5% periodic acid solution for 5 min,

2- Schiff’s reagent for 30 min at room temperature

3- Mayer’s hematoxylin for 1min and rinsing with tap water
for few minutes,

4- Dehydration in an ascending ethanol series and15 minutes
in Roti-Clear,

5- Mounting with Entellan® a xylene-based mounting

medium.

Picro-Sirius Red staining
visualization of collagen | and
I1 fibers (fibrosis)

1- Immersion in 0.5% Picro-Sirius Red Solution for 60 min at
room temperature

2- Rinsing quickly in two changes of 0.005% Acetic acid
solution

3- Rinsing and dehydrate in absolute alcohol and for 15
minutes in xylene

4- Mounting with Entellan®.

Immunohistochemistry staining

WT1 staining

1- Antigen Retrieval using Tris-EDTA buffer pH.9 (TE) for 40

min at 95°C using water bath

2- Blocking of endogenous peroxidase by 0.3 % H202 for 20

min,

3- Blocking with 5% goat serum solution in TBS-T buffer for

30 min at room temperature

4- Incubation with WT1 antibody (1:300) at 4°C overnight.

5- Incubation with the anti-Rabbit 1:1000 secondary antibody
for 60 min at room temperature.

6- Visualization was performed using AEC (Agilant) for 30
minutes for WT1

7- Counterstained with Hematoxylin for 90 seconds

8- Mounting with Aqua polymount agqueous mounting

medium.
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9- Control sections were subjected to secondary antibody only

(blank).

10- Images were evaluated in at least 50 Glomeruli each mouse

FoV at 200x magnification under a fluorescence

microscope (Zeiss, Jena, Germany).

Collagen I staining

7-

Antigen retrieval with high-temperature Citrate buffer
pH.6.

Incubated in 1% hydrogen peroxide

5% goat serum blocking for 60 min;

Incubated with primary antibodies Collagen | 1:100
(abcam34710) overnight at 4°C overnight.

Incubation with the anti-Rabbit 1:1000 secondary
antibody for 60 min at room temperature.

Visualization by incubation with the AEC chromogen for
10 minutes,

Counter stained with Hematoxylin and further mounted

with Agua polymount aqueous mounting medium.

Images of Collagen I were evaluated in at least 30 Glomeruli

each mouse FoV at 200x magnification under a fluorescence

microscope (Zeiss, Jena, Germany).

All analysis for positive signal was done using image J software

2.2.6 Gene expression analysis

2.2.6.1 Total RNA extraction, measurement and RNA-seq

Total podocyte specific RNA was purified from podocyte isolations of 5 female vehicle-treated,

6 rapamycin-treated animals and each 5-male vehicle/rapamycin-treated animals by transfer of

Trizol-Ethanol lysed samples to Zymo-Spin IC Column, and used for RNA sequencing. RNA

extraction yielded intact high-quality material with a mean RNA integrity number (RIN) of 9.2 +

0.47 (Figure 9).
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Figure 9: RNA quality control. Bioanalyzer run indicating valid 18S / 28S ratio and RNA
Integrity Number (RIN) using Agilent 2100 bioanalyzer RNA testing.

Sequencing reads were mapped to mm10_GRCm38.p4 using STAR 2.5.0b, intersected with
Ensembl GRCm38_mm10 gene models using GenomicRanges (96) and counted with the
Bioconductor package Rsubread (97). Further analysis was done using DESeq2 (98). Expression
changes of transcripts were called significant if the adjusted p-value was lower than 0.05. The
principal component analysis (PCA) was done on regularized log transformed read counts.
Subsequent library preparation and RNA sequencing was performed in collaboration with Prof.
Rajewsky, MDC Berlin and was performed by Dr.rer.nat Siinkel, Christin. Briefly, after
generating cDNA libraries from Poly-A selected MRNA (NEB Next Ultra 1l Directional RNA
Library Prep Kit) the obtained DNA was validated with the Agilent TapeStation platform
(TapeStation D1000 HS — Kit) and deep RNA sequencing (2x75 per lane) was carried out on a
Illumina Hiseq4000 system. Sequencing performance provided 36-46 million paired-end reads
per sample detecting 84% of all transcripts uniquely mapping sequences aligned to only one single
gene within the genome. Further statistical analyses and comparisons to other databases of DE
genes were performed by Eric Blanc, BIH Bioinformatics Core Unit, Charité —
Universitatsmedizin Berlin. Further detailed gene set enrichment analyses were subject of thesis
work and performed by Ola Al Diab using PANTHER database (99, 100), GSEA software (45,
101) and Enrichr (102-104). Heatmaps were developed using Heatmapper (105).
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2.2.6.2 Quantitative real time PCR (qRT-PCR)

For RNA-seq results validation, total RNA was extracted from isolated podocyte using Qiazol
(Qiagen) according to the manufacturer’s protocol. RNA pellets were dissolved in 0.1% DEPC
water and the concentration was measured by NanoDrop® Spectrophotometer.

For cDNA generation, 1,000 ng of total RNA was reverse-transcribed to cDNA by M MuLV
Reverse Transcriptase using Oligo dT primer, according to the manufacturer’s recommendations.
Specific oligonucleotide primers were designed using the database of the National Center for
Biotechnology Information (NCBI). The generation of the primers was in advance using the

Primer3 software (http://primer3.sourceforge.net/releases.php) and the quantitative real time

PCR was conducted on a ABI® StepOnePlus Real Time PCR system (Applied Biosystems, Foster
City, CA, USA) using SYBER GREEN. Each amplification reaction was performed in duplicate
and Hdgf and Ywhaz was used for normalization. The primer sequences are listed in Table 5 and

were synthesized by Biolegio, Netherlands.

2.2.7 Protein isolation and western blot analysis

Stored cortex-renal tissues were snap-frozen in liquid nitrogen and immersed into ice-cold
cryotubes containing grinding matrix (Lysing Matrix D Bulk, white beads) and gold ceramic
sphere beads (gold bead, PEQLAB) containing RIPA lysis buffer containing protease and
phosphatase inhibitors. The homogenization was carried out using mechanical tissue disruptor
(MP Biomedical FastPrep 24 Tissue Homogenizer) twice for 20 sec. Samples were centrifuged
for few seconds and incubated with the addition of 1:100 of 10% SDS solution on ice for 20 min,
then vortexed and incubated on ice for more 10 minutes. Samples were centrifuged next at
14,000xg, 4 °C for 20 minutes. Protein concentrations were determined by using the BioRad DC
™ (BioRad, Danmark) protein assay in triplicates.

Protein lysates (60 pg of protein per lane) were dissolved in Laemmli buffer, denatured at 95 °C
for 5 min and stored in -20° C until use. Samples were applied on 8, 10, 12 and 15% BICIN gel
(Table 2) with a protein marker (Protein Marker V1) as a ladder, and run with MOPS buffer at a
start with a voltage of 80 V for 30 min and further separation was achieved at 130 V.

Proteins were transferred to ethanol-activated PVDF membranes (GE Healthcare, Amersham,
UK) within BICIN buffer in a transfer chamber (biorad Germany) at 1 A for 2 h. Blocking was
carried out using 5% non-fat milk in TBST for 1 h followed by incubating with primary antibodies
of interest (Table 7) overnight at 4°C. Thereafter, the membranes were washed three times with

TBST and then incubated with a secondary antibody for 1 h at RT. Bands were visualized with an

30


http://primer3.sourceforge.net/releases.php

enhanced chemiluminescence system according to the manufacturer's instructions. The
development procedure was supported with the digital image system of Syngene G:BOX Chemi
XRQ , VWR machine. If further antigen detection was required, membranes were incubated in
stripping buffer for 30 minutes at 52°C. After further washing cycles and a blocking step, the

membranes were reused for subsequent antibody probes.

2.2.8 Proteomics

Proteomics was performed in collaboration with Dr. med. Markus Rinschen in NephroLab,
Cologne. In brief, proteins were extracted from snap frozen podocytes, digested and analyzed on
a QExactive Plus mass spectrometer coupled to a nanoL.C proxeon device using a 1h gradient as
described previously (106) . Detailed gene set enrichment analyses were subject of thesis work
and performed by Ola Al Diab using Enrichr.

2.2.9 Metabolomics

Metabolomics was performed in collaboration with Prof. Kirwan lab, MDC Berlin, tissue
extraction and analysis was performed by Dr.rer.nat Raphaela Fritsche. In summary, for tissue
extraction 50 mg of cortex-enriched renal tissue was used from 6 cortex-enriched kidney tissue
for each experimental group. The tissue was lysed by addition of 1 mL/50 mg tissue
MeOH:CHCI3:Aqua (5:2:1, v/v/v) mixture. Polar samples were extracted using Precellys 24
Tissue Lyser (Peqlab) combined with an N2 cooling unit (Cryolys). Part of samples were pooled
after extraction and used as a quality control sample to test the technical variability of the
instrument. They were prepared alongside the samples in the same way.

Metabolite analysis was performed on a Pegasus 4D GCxGC TOFMS-System (LECO
Corporation, St. Joseph, MN, USA) complemented with an auto-sampler (Gerstel MPS DualHead
with CAS4 injector, Mlhlheim an der Ruhr, Germany). Gas chromatographic separation was
performed on an Agilent 7890 (Agilent Technologies, Santa Clara, CA, USA), equipped with a
VF-5 ms column (Agilent Technologies, Santa Clara, CA, USA) of 30 m length, 250 um inner
diameter, and 0.25 pm film thickness. Helium was used as the carrier gas with a flow rate of 1.2
mL/min. The spectra were recorded in a mass range of 60 to 600 m/z with 10 spectra/sec. The
GC-MS chromatograms were processed with the ChromaTOF software (LECO Corporation, St.
Joseph, MN, USA) including baseline assessment, peak picking and computation of the area and
height of peaks without a calibration by using an in-house created reference and library containing
the top 3 masses by intensity for 45 metabolites related to the central carbon metabolism. Data

were exported to the software tool MetMax (http://gmd.mpimp-golm.mpg.de/apps/metmax) and
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merged by an in-house written R script. The metabolites were considered valid when they
appeared in minimum of n=3 biological replicates. Data were normalized to cinnamic acid
(internal standard). Relative quantities were used. The quality control samples were analyzed
separately. Glutamine and glutamic acid were removed for data analysis since there are known
conversion problems. Data were analyzed to confirm correct metabolite annotation and for outliers

(https://www.graphpad.com/quickcalcs/Grubbsl.cfm). Sixteen statistically significant (p<0.05)

outliers were removed. Wilcoxon rank sum test (p < 0.05) was used for statistics between the
different conditions. The ratios between females and males or rapamycin and control were

calculated and for better visualization the log2 from the ratio was generated.

2.2.10 Statistics

Statistical analysis of quantifications of western blots and stainings, as well as for physiological
data and qRT-PCR were performed by Ola Al Diab using Graphpad Prism™ software version
7.0 (USA). Data are represented as mean + standard error (SE). n represents the number of
biological replicates. All data were tested for significance using Kruskal Wallis and Mann-
Whitney test, where applicable and unless otherwise specified, and only results with P<0.05 were
considered statistically significant.

Bioinformatics analysis for RNA sequencing data was performed by Dr Eric Blanc
from the Core Unit Bioinformatics CUBI in Berlin Institute of Health (BIH)/ Charité —
Universitdtsmedizin Berlin using Bioconductor package DESeq2. Bioinformatics analysis for
proteomics was done by Dr. Markus Rinschen, Medizinische Klinik und Poliklinik,
Universitatsklinikum Hamburg-Eppendorf.

Statistical analysis for comparison of metabolites between experimental groups was performed by
Dr.rer.nat Raphaela Fritsche, BIH Metabolomics Core Unit, using Wilcoxon rank sum test.

Gene set enrichment analysis for RNA sequencing and proteomics was performed by Ola Al Diab
using GSEA software, Enrichr and Panther database. Only results with P<0.05 were considered

statistically significant.
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3. Results

3.1 Functional effects of mTOR inhibition in male and female mice

mTOR is a master regulator of growth and metabolism and serves as an integrator for diverse
cellular stresses (107) Clinically, mTOR inhibitors are frequently used as immunosuppressants
and in oncology due to their antiproliferative effects. Yet, their use has been implicated in
increased serum glucose levels, insulin resistance and variable deteriorations of kidney function
in both, patients and animal models (55, 60).

It was therefore first of all important to thoroughly characterize metabolic parameters and renal
function of all male and female mice after three weeks of rapamycin treatment which was
administered in a dosage reaching comparable to clinically used serum trough levels of 19-25
ng/ml, vehicle (DMSO) treated mice served as controls.

Table 11 summarizes the physiological parameters measured including serum analyses and urine
parameters obtained by metabolic cages at the end of the three-week treatment period. All
physiological parameters including kidney function and urine analysis did not show any
significant changes comparing sex and treatment by multi-group analyses with Kruskal-Wallis
test except for body weight and urine creatinine (Table 11). Rapamycin treatment led to non-
significant reduction in body weight of 1.5% in male mice with no change in females. Vice versa,
male mice maintained their kidney weights whereas female rapamycin treated mice displayed
significantly lighter right kidneys compared to vehicle treated female mice (110.75 + 12.47 vs.
45.5 + 14.9, p<0.05). Mice of all groups maintained normal activities without any signs of health
problems.

Glucose, serum electrolytes and kidney functional parameters remained within normal range
during the three weeks of rapamycin treatment in all experimental groups indicating no clinically
relevant compromise of kidney function in response to rapamycin treatment in either sex during
the experimental period. However, even if not reaching statistical significance in Kruskal-Wallis
testing comparing all experimental groups, there were obvious intra-sexual changes in glucose
excretion by rapamycin treatment suggesting sex-specific drug effects on glucose metabolism
and/or renal tubular glucose reabsorption mechanisms. Though, it should be added, that only two
male and two female mice in rapamycin treated groups showed a higher level of glucose in the
urine (as an outliers, performed by ROUT test), and the remaining had comparable range to vehicle
groups with an average level of 21.09+6.07 and 31.0+18.78 mg/dl in males and females,
respectively (Figure 10A). In addition, serum glucose concentration increased by 15 % in females

in response to rapamycin treatment whereas it remained constant in male mice. Despite of the fact
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that other functional parameters of the mice which showed higher glucose levels in serum and

urine were within normal ranges, they were not included in further RNA sequencing or

proteomics.

Table 11: Clinical and physiological parameters of experimental study groups

Parameters male vehicle  male female vehicle
(n=9) rapamycin (n=8)
(n=8)
Body weight (g) - day 1 28,15+3.8 28,27+2.98 24,69+3.61
Body weight (g) - day 21 27.7+£3.68 27.3£3.23 23.92+2.28
Body weight loss (%0) 15 3.2 2.15
Right kidney weight (mg)  181,98+33.37 177,16+39.24 145,5+14.9
male vehicle male rapamycin female vehicle
(n=6) (n=11) (n=7)
Serum parameters
Creatinine (mg/dl) 0,23+0,05 0,22+0,04 0,22+0,04
Urea (mg/l) 74,67+20,62 74,27+21,64 58,43+13,6
Na* (mmol/l) 156,545,17 153,36+2,84 153,63+2,13
Glucose (mg/dI) 171432,34 171,3+61,01 124,71+40,75
Osmolality (mosmol/kg) 346,17+11,97 343,4519,64 330,5+5,19
Urine parameters
24-hour urine volume (ml) 1,82+0.83 1,6+1.04 1,4240.74
Creatinine (mg/dl) 17,07+7,21 19,86+3,16 17,07+7,21
Urea (g/l) 43,8+13,24 41,4245,23 43,8+13,24
Na* (mmol/l) 85,11+17,81 81,09+13,96 85,11+17,81
Glucose (mg/dl) 19.345.5 38,95+42,02 23,87+14,91
Osmolality (mosmol/kg 1218,22+364,12 1205,45+155,93 1218,22+364,12
Total Protein (mg/l) 2934+290.5 2084,91+963 534+443,38
Albumin (mg/l) 5.33+21,21 4+1,15 22+21,218
Albumin/Crea ratio (mg/g) 21,5+7,42 18,71+4,45 22,5%7,42

female rapamycin

(n=8)

23,21+3.47
22.6%2.55

211
110,75+12.47

female rapamycin
(n=9)

0,21+0,03
67,22+12,79

153,1+5,23
143,57+39,09
345,11+9,75

1,59+0.99
14,35+2,65
40,95+4,82

77+15,95
70,38+88,55

1156,4+106,15
228,2483,57
<3
21,245,17

8 one vehicle-treated female showed mild microalbuminuria, and when removed, Albumin measurement was

3.8+0.6 mg/l. Mice were weight every third day on the injection day. Calculation was based on day 1 and day 21

p value

0.027
0.008

0.006

0.902
0.335
0.395
0.286
0.086

0.817
0.021
0.936
0.153
0.434
0.904
<0.0001
0.534
0.714

prior to sacrifice. The percentage of body weight (BW) loss was calculated by the ratio of BW on day 21 / BW on

day 1 x100. Only right kidneys could be weighed as left kidneys were in situ perfused with HBSS and PFA for
histology. Kruskal-Wallis test was used to compare the four experimental groups. Data is represented as mean +

standard deviation.

The urine specimens were obtained from spot urine samples and 24-hour urine collection to

measure total protein excretion and to determine albumin to creatinine ratio to evaluate the kidney

function. In addition to the urine analyses by the Charité and Vivantes laboratory Labor Berlin

(Table 11, Figure 10C), SDS-PAGE and Coomassie stains of random urinary samples from 24-

hour urine collections were performed. Bovine albumin standards ranking from 0.25 - 1ug were

co-applied to allow quantification. The Coomassie stain revealed the absence of microalbuminuria

except for one vehicle treated female mouse with an albumin concentration of 37 mg/L (as
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determined by turbidimetry) which is just slightly above the lower limit for microalbuminuria of
30 mg/L and was excluded from further transcriptomic, proteomics and metabolomics analysis.
Otherwise, almost no albumin (4-7mg/L) could be detected in the urine of all animals tested (n=5
per group). Total protein excretion was higher in male mice compared to females due to higher
expression and excretion of major urinary proteins (MUPS) in male mice. There was no effect of
rapamycin on total urine excretion as well as on albumin to creatinine ratio in both sexes in males,
yet as determined by Mann-Whitney test, treatment effect in females showed significant decreased
total protein excretion in females. (Figure 10 B, C, D).
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Figure 10. Urinary parameters, glucose, albumin and total protein excretion

(A) Urine glucose increased non-significantly in response to rapamycin in both sexes, yet to a
higher level in females. (B) Urinary albumin was determined using SDS-PAGE gels. Except for
one sample from a vehicle treated female mouse, no microalbuminuria could be observed in all
groups (upper band). Lower bands correspond to the excretion of MUPs which was expectedly
higher in male mice. (C) Total protein in the urine was significantly higher in male mice
compared to females independently from treatment due to higher male expression and secretion
of MUPs. Rapamycin did alter protein excretion only in female P<0.05, tested by Mann-Whitney
test. (D) Urinary albumin to creatinine ratio was comparable in male and female mice and was not

affected by treatment.
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3.2 Effect of mTOR inhibition on renal morphology

Paraffin embedded kidney sections were stained with PAS in order to investigate the effect of
mTOR inhibition on renal vascular and glomerular morphology. We observed gross normal renal
morphology in vehicle and rapamycin treated animals of both sexes. Focussing on the glomerular
compartment and podocytes, 50 randomly selected glomeruli per mouse (n=5 per group) were
evaluated. There were no arterial hyalinosis or fibrinoid necrosis. Furthermore, no obvious
abnormalities of glomerular mesangium or extracellular matrix expansion within the bowman’s
capsule could be observed indicating absence of adverse remodelling at this time point (Figure
11).
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Figure 11. Histological

morphology of glomeruli
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Female

n=>5 per group.

Tubulointerstitial fibrosis is a hallmark of progressive chronic kidney diseases. Treatment with
rapamycin has been shown to ameliorate interstitial inflammation and fibrosis (108) Sirius red
staining was performed to investigate the levels of fibrosis in both sexes and in response to
rapamycin treatment. 50 randomly selected glomeruli per mouse (n=3-4 per group) were
evaluated. Analysis revealed no significant fibrosis within both, the glomerular segment and in
the remaining renal tissue of rapamycin and vehicle treated animals of both sexes (less than 4 %
of glomerular area in all groups) (Figure 12). However, although not reaching significantly high
levels to cause obvious, clinically relevant fibrosis, female mice showed stronger Sirius red
staining when treated with rapamycin, whereas male mice showed decreased levels in response to
rapamycin treatment. To investigate this issue further, collagen I immunohistochemistry was

performed in paraffin embedded kidney sections. Collagen I deposition is a well-known marker
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for fibrosis in the kidney. Increased levels of collagen | indicate the formation of fibrotic tissue
and later scaring with disease progression. The analysis of 50 glomeruli per mouse (n=3 per group)
yielded a comparable result as the Sirius red staining with female mice having increased collagen-
I levels in the rapamycin treatment group and males showing reduced levels after rapamycin
compared to vehicle treated male mice. In summary, results of staining indicate that three weeks

of rapamycin treatment had no adverse effect on renal morphology or physiological kidney

function.
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Figure 12: Assessment of renal fibrosis levels by Sirius red staining and collagen
immunohistochemistry. (A) Representative staining with Picro Sirius red and quantification, n=4
mice per group except for female vehicle n=3 (B) and immunostainings for collagen I (n=3 per
group). kidney sections of vehicle and rapamycin treated male and female mice are shown, image
J showed increased Sirius positive signal after rapamycin treatment in females but not in males,

Kruskal-Wallis test was used.
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3.3 Effect of mTOR inhibition on mTOR protein expressions and signalling

Adequate rapamycin dosage to achieve trough levels comparable to clinically effective dosages

had been confirmed by serum samples during the treatment in both male, and female mice (see

3.1). To further characterize pharmacological effective mTOR inhibition in renal tissue itself,

especially in the absence of significant changes in kidney function and gross morphology,

expression of mMTOR complex proteins and activation levels were assessed in renal cortical tissues

by western blots. Due to the limited biological material of isolated podocytes, which were used

for deep RNA sequencing and qualitative proteomics, and to be able to assess signaling

independently from confounders of the isolation procedure of the podocytes by different digestion

steps and by FACS, protein lysates from snap frozen renal cortical tissues were taken for these

analyses.

3.3.1 Sexual dimorphism of mMTOR complex protein expressions in vehicle and

rapamycin treated mice

Interestingly, the expression of mMTOR, raptor and rictor showed high sexual dimorphism. These

proteins were higher in female compared to male irrespective of treatment and reached highly

significant differences for raptor and rictor (0.01 > p-value <<0.05 between vehicle groups).

Treatment with rapamycin however did not change mTOR complex protein expressions in each

sex. PRAS40 expression, an important component, substrate and regulator of mMTORC1(109) did

not show any sex or treatment differences. (Figure 13).
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Figure 13. Expression of mTOR complex proteins. (A) Protein lysates of renal cortex tissues
from 4 different mice per group were prepared and subjected to gel electrophoresis. Specific
antibodies against mTOR, raptor, rictor and PRAS40 were used to detect their protein expressions
in male and female vehicle and rapamycin treated groups. (B) Densitometric quantification
showed a higher level of mTOR complex proteins in females compared to males. GAPDH was
used as loading control. Kruskal-Wallis test was used and results are expressed as mean +/- SEM,
*p<<0.05, **p<<0.01.

3.3.2 Effect of rapamycin on mTORC1 signaling in male and female mice

It is well known that mTORCL1 phosphorylates two well characterized downstream targets, S6K1
(p70S6k) and 4E-BP1 (elF-4E binding protein) (110) , whereas 4E-BP1 has been reported to be
rapamycin insensitive (111). As p70SK phosphorylation at Thr389 indicates mTORC1 activation
levels it was predominantly used to investigate the effect of rapamycin in male and female mice.
In both sexes, MTORC1 activity decreased to less than half in response to rapamycin treatment
compared to vehicle with highly significant reduction in females (p<0.05). As expected, the other
mTORC1 downstream kinase 4-EBP1 was not largely affected by treatment (Figure 14). Also, the
level of p-p70S6K™ 38 and basal p70S6k showed sex differences at baseline (according to

western blots from male and female samples run side by side on the same gel, data not shown).
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Figure 14. mTORCI1 signaling pathway activation. (A) Representative western blots are shown
for p-p70SK™"3& (left panels) and p-4EPB15 (right panels) downstream targets of mTORC1
from renal cortex tissue lysates of vehicle female and male mice (n=6 for each sex for p-
p70SK™38% n=4 for p-4EPB15'® ) and rapamycin treated male and female mice (n=7 for each
sex for p-p70SK™3& n=4 for p-4EPB1%¢%%). GAPDH was used as loading control. (B)
Quantitative analyses were performed by Kruskal-Wallis test, normalized to GAPDH and are

shown as mean +/- SEM, * 0.01> p-value<<0.05.

3.3.3 Effect of rapamycin on mTORC2 regulation in male and female mice

MTOR phosphorylation at Ser2481 is commonly used as a marker of intact mTORC2 and its
activity (112). Significantly increased phosphorylation of mTOR at Ser2481 was found in female
vehicle and rapamycin treated mice compared to male mice. The increased mTORC?2 activation
in female mice was also confirmed by the assessment of mTORC2 effector protein kinase B
(AKT) phosphorylation at Ser471 which showed higher levels in female mice compared to male
mice already under baseline conditions with almost three times higher phosphorylation levels
(p<0.05). Rapamycin treatment decreased AKT phosphorylation at Ser471, whereas it slightly
increased in male. Furthermore, PDK-1 dependent and mTORC2 - independent AKT
phosphorylation at Thr308, which contributes to full activation of AKT kinase, was also
significantly higher in female vehicle compared to male vehicle mice and remained high in

females in response to rapamycin treatment whereas it increased in males about three-fold with
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rapamycin treatment. AKT protein itself was about equally expressed in male and female

independent of treatment (Figure 15).
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Figure 15. mTORC2 signaling pathway activation. (A) Representative western blots are shown
for p-mTOR-52%8! and mTORC2 downstream target p-AKTS™™! and p-AKT™"3% (n=4 for each

group). GAPDH was used as loading control. (B) Quantitative analyses were performed of

phosphospecific bands normalized to GAPDH and Kruskal-Wallis test was applied. Results are

expressed as mean +/- SEM, *p<<0.05, **p<<0.01.

To summarize, mMTOR complex proteins mTOR, raptor and rictor show higher expression levels

in female compared to male mice. Rapamycin caused a decrease of mMTORC1 in both, male and

female mice, whereas there was a tendency to increased mTORC2 in males compared to decreased

MTORC2 activation in females in response to rapamycin.
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3.3.4 Effect of rapamycin on energy sensor AMPK and stress kinase activation
ERKZ1/2 in male and female mice

The serine/threonine protein kinase AMPK regulates energy metabolism and is considered as main
sensor of cellular energy status. When AMP: ATP / ADP:ATP ratio increases under energy stress,
AMPK is activated by phosphorylation at Thrl72 and restores energy balance by promoting
catabolic processes that generate ATP and by inhibiting protein synthesis. AMPK potently
promotes autophagy through activation of ULK1 and inhibition of mTORC1 activity via
phosphorylation of Tsc2 and phosphorylation and inhibition of raptor, thereby decreasing protein
synthesis. Moreover, activation of AMPK promotes glucose uptake by phosphorylating TBC1D1
(TBC domain family, member 1) and TXNIP (thioredoxin-interacting protein), which control the
translocation and cell-surface levels of glucose transporters GLUT4 and GLUT1 and improves

glycolysis (113).

In this study, rapamycin treatment led to a significantly decreased p-AMPK at Thr172 only in
female but not in male renal cortices, indicating an overall better balanced energy status in females
in response to rapamycin compared to males (Figure 16). However, stress kinase ERK1/2, a
multifunctional serine/threonine kinase that is able to phosphorylate numerous substrates,
including protein kinases, signal effectors, receptors, cellular scaffold proteins and nuclear
transcriptional regulators unexpectedly showed a reduction in response to rapamycin in both, male
and females with higher baseline level in females compared to males.
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Figure 16. Expression and activation of AMPK and ERK1/2 in renal cortex tissue in all

experimental groups. (A) p-AMPK and p-ERK1/2 showed significantly higher levels in female

vehicle compared to male. Rapamycin treatment reduced p-AMPK only in females, p-ERK1/2 in

both sexes (n=4 for each group). (B) Quantification of western blots using image J. Kruskal—

Wallis test was used and results are expressed as mean +/- SEM, *p<<0.05, **p<<0.01.
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3.4 Sexual dimorphism of podocyte transcriptome and transcriptional stress

responses to mTOR inhibition with rapamycin
3.4.1 Overview of RNA sequencing dataset

After thorough phenotyping of male and female mice treated with vehicle or rapamycin for 3
weeks with regard to kidney morphological and functional sex differences, podocytes were
isolated to investigate potential sexual dimorphic podocyte specific transcriptomes and
transcriptional stress responses to mTOR inhibition. RNA was extracted from snap frozen
specimen of freshly isolated podocytes and polyA-mRNA was prepared from five biological
replicates of each group. One biological replicate of the male and female vehicle groups had to be
excluded from further sequencing due to low RNA quality and abnormal kidney function test.
Sequencing performance provided 36-46 million paired end reads per sample detecting 84% of all

transcripts uniquely mapping sequences aligned to only one single gene within the genome.

There was high conformity between podocyte specific transcripts of own data with different
podocyte specific RNA-seq datasets reported in the literature (95, 114-116) proving validity of

the podocyte isolation method and subsequent preparative steps for sequencing (Figure 17).
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Figure 17. Podocyte-specific
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The principal component analysis (PCA) of transformed sequencing data indicated a clear

separation of male and female transcriptomes in the first principal component that explained 26%

44



of all variability and a second component with 12% variability. Furthermore, male and female
transcriptomes showed separate clustering under baseline (vehicle treatment) indicating intrinsic
sex-differences in the podocyte-specific transcriptome. Remarkably, these differences in podocyte
gene expression decreased significantly between male and female mice by rapamycin treatment
(Figure 18). The comparison between samples was based on expression levels using the variance-

stabilization algorithm implemented in DESeq?2.
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Figure 18. Principal component analysis

The top 500 most varying genes (variance-stabilized expression values, without taking
experimental design into account) were used for the PCA. Results revealed sex-dependent
separation of transcriptomes between male and female vehicle mice (blue / green dots) and

sexually dimorphic changes in response to rapamycin treatment (blue / green triangles).

In order to compare the gene transcription of podocytes from different groups mean normalized

expression was calculated using single sequencing read numbers for each gene. Differences
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between gene transcript counts were calculated as log2-fold change (Log2FC) and adjusted p-
values (adj. p-value) below p < 0.05 were considered statistically different. With these conditions,
1768 genes were detected to be significantly differentially expressed (DE) between male and
female podocytes under baseline (vehicle treatment) (xIsx-gene lists in Appendix, Table 1). Of
them, 942 genes (53.28%) were upregulated in female podocytes (437 genes with p<0.01) and
826 genes (46.72%) were upregulated in male podocytes (353 genes p<0.01) (Figure 19 A).
Interestingly, only 53 genes were regulated between male and female podocytes after rapamycin
with p < 0.05 (Figure 19 B, gene list in Appendix, Table 2). Moreover, a functional interaction
analysis was done on the interaction of treatment effect between male and female mice, which
revealed that only few genes were significantly differentially expressed between male and female
podocytes (Figure 19 C).

The previously relatively high number of sexually dimorphic genes was dramatically reduced to
only 32 DE genes in the functional interaction analysis. Yet, most of these genes were regulated
in males and related to metabolic process, endocytosis and regulation of cytoskeletal function.
Female podocytes only significantly regulated three genes: Ptgds, Dip2b and Ankrd33b with p
adj. value < 0.05 (xlIsx-gene lists in Appendix, Table 3).
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Figure 19: Sex- and treatment-specific transcriptional differences. Scatter blots showing
distribution of gene copy numbers of podocytes as normalized counts per transcript versus
Log2FC males/female of (A) vehicle and (B) rapamycin treated (C) Results of functional
interaction analysis of treatment effect in each sex. Colours indicate significance levels (red: p <

0.01, orange: 0.01 < p < 0.05, grey: non-significantly DE).
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Whereas vehicle comparison revealed a high number of sexually dimorphic mitochondrial,
ribosomal and others genes (further details see below), rapamycin treated male and female mice
displayed no significantly differentially expressed mitochondrial genes or genes coding for
ribosomal proteins. Most genes that were significantly different in rapamycin treated showed
already sexually dimorphic expression under vehicle conditions (except for Ggts, H1f2, Hiplr,
Stat6, Sgk3, Sesn3 being only DE in podocytes of rapamycin treated male and female mice)

(Figure 20, xlIsx-gene list in Appendix, Table 2).
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Figure 20. Venn diagram
demonstrating overlap of
sexually dimorphic genes and
DE genes in response to
rapamycin treatment in each

Sex.

To rule out any confounder that may have contributed to the number of sex-differentially
expressed genes under baseline, the dataset was first compared to normalized expression for
different glomerular cell type marker genes (16 cell types) (117). DE genes were not
related/overexpressed in other cell types but only to podocytes, confirming the high purity of
podocyte isolation and ruling out contamination by other cell types of the glomeruli as a reason
for the high number of sexually dimorphic genes (data not shown). Next, the localization of the
DE genes on specific chromosomes was investigated. As shown in Figure 21 genes on the X
chromosome were not more differentially expressed than genes on autosomes for all experimental
groups. Interestingly, mitochondrial genes clustered strongly for sex, but not for treatment (Figure
21 B).

48


file:///C:/Users/Ola/AppData/Local/Temp/redir.aspx
file:///C:/Users/Ola/AppData/Local/Temp/redir.aspx
file:///C:/Users/Ola/AppData/Local/Temp/redir.aspx
file:///C:/Users/Ola/AppData/Local/Temp/redir.aspx
file:///C:/Users/Ola/AppData/Local/Temp/redir.aspx

log10(P value)

0.0+

-254

-5.04

~7.54

-10.04

il
L 1F

—{F

il

B

S ]

o & s

1

T
res_f

T
res_m

Dataset

raj)a vehic

f_rapa_316
f_rapa_336
f_vehicle_324
f_rapa_315
f_rapa_326
f_rapa_323
f_rapa_322
f_vehicle_339
f_vehicle_334
f_vehicle_340
m_rapa_319
m_vehicle_313
m_vehicle_308
m_rapa_252
m_vehicle_317
m_rapa_233
m_rapa_347
m_rapa_312

m_vehicle_344

Chromosome

$ other
B x
=

Im

9.5
9

8.5

I

Figure 21. Sexual
dimorphism does not
relate to sex
chromosomes. (A) Dot

blot showing the significant
differences of p-value for
all podocyte genes. Blue
and green dots visualize sex
chromosomal genes , and

dots visualize

(B)

heatmap of the average

red
autosomal  genes,

normalized expression by

sample and by

chromosome.

49



3.4.2 Gene set enrichment analyses of significant sexually dimorphic and treatment-

related differentially expressed genes
3.4.2.1 Gene set enrichment analyses of significant sexually dimorphic genes

In 2004, Rinn et al. firstly described sex differences in gene expressions in the kidney (19). Several
further studies followed, not only showing intrinsic sex differences, but also different responses
to injury (18, 20, 115, 118-120). Overrepresented gene ontology (GO) terms in murine kidneys
included e.g. major metabolic processes (20). Gene ontology analyses of the top 100 DE genes (p
value<0.01 and RPKB>4Kb) of podocytes from vehicle mice of this thesis study showed
enrichment in mitochondrial genes, translation/ribosomal, metabolic and cellular junction/focal
adhesion related genes (heatmap for top 100 DE genes is in Appendix, Figure 1). To further
investigate which GO terms were significantly enriched in sexually dimorphic genes in podocytes
from vehicle and rapamycin-treated mice, GO term enrichment analyses were performed, mainly
by Panther database version 16.0 for GO-slim (released 12.2020) and GO ontology (released
02.2021) and Enrichr enrichment analysis tool for Kyoto Encyclopedia of Genes and Genomes
(KEGG), Wiki pathways and molecular signature (mSig)-Hallmark enrichment. Figure 22
summarizes categories of protein classes for all intrinsically sexually dimorphic genes.
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Figure 22. Panther Protein Class categorization of the intrinsically significant sexually
dimorphic podocyte genes. 1768 podocyte genes significantly differentially expressed between
male and female vehicle treated mice were analyzed using Panther database for GO term “protein

class”. See colour legend beside for detailed specification of categories.
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Next, GOs were extracted from Panther GO-Slim for sex-DE genes with p-value<0.05 and
FDR<0.1 and gene number >4. Interestingly, functional annonation of these 1768 DE genes
showed that male and female podocytes had sexually dimorphic genes that were enriched in
distinct GOs and pathways. Males had higher expression of genes related to “transcription” and
“gene expression”, “kinase activity and signal transduction”, “cytoskeleton and small GTPases
regulating activity” (Figure 23A). Females had higher expression levels of genes related to
“mitochondrial-oxidation phosphorylation”, “translational initiation factors” and “ribosome”,
“protein metabolic process”, “protein modifying activity” including proteolysis, glycosylation and
protein folding (Figure 23C). In addition, Enrichr was used to extract enriched KEGG, Wiki
pathways and mSig-hallmark. In males, pathways involved in “regulating actin cytoskeleton”,
“integrin-mediated cell adhesion”, “hypoxia”, “apoptosis”, “inflammation-related”, “PI3K-AKT,
mTOR, MAPK, VEGF signaling pathways” were enriched (Figure 23B). In contrast, females
showed pathways enrichment in “oxidation phosphorylation”, “ribosome”, “endocytosis”,

“protein export”, “TCA cycle” and “peroxisome” (Figure 23D).
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Figure 23. Gene ontology enrichment analyses of sexually dimorphic genes which were
intrinsically overexpressed either in males or in females. Male and female podocytes showed
826 and 942 overexpressed genes, respectively. (A and B) Significantly enriched GO terms and
pathways for significantly DE genes of podocytes from male and (C and D) female vehicle treated
mice; all GO terms were statistically enriched, p value<0.05 and FDR<0.1. GO terms in (A and
C) were extracted from panther GO-slim. B and C for pathways analysis and hallmark were

extracted from Enrichr.

3.4.2.2 Gene set enrichment analyses of treatment-related differentially expressed genes

Next, treatment-related significantly DE genes were subjected to GO enrichment analyses. In male
podocytes, rapamycin significantly altered the expression of 132 genes compared to vehicle (63
genes upregulated and 69 genes were downregulated) with p<0.05 (54 genes with p<0.01) (Figure
19B, xIx list in Appendix, Table 4). Functional annotation by panther GO and Enrichr online
database of these genes resulted in only few significantly regulated GOs (p-value and FDR
value<0.05) with gene number >4). Only “regulation of transcription, DNA-templated” was
significantly upregulated after rapamycin. In contrast, “MAPK signaling pathway” was
downregulated (Figure 24). None of the regulated genes were related to mTOR pathways neither

podocyte-specific genes except for seven cytoskeletal proteins related/binding/activity genes
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(Gas7, Pdlim2, Mrtfb, Abll, Macol, Daam2 and Hiplr, all of them significantly upregulated in
response to treatment in male podocytes). As already described, female podocytes only
significantly regulated three genes in response to rapamycin: Ptgds, Dip2b and Ankrd33b with p
adj. value < 0.05.
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3.4.2.3 Sexually dimorphic responses to rapamycin in functionally relevant gene subgroups
To investigate the rapamycin-induced expression changes of sexually dimorphic genes in both
sexes in more detail, Log2FC in each sex were compared for specific subgroups of intrinsically
sexually dimorphic genes which are known to be of high importance for podocyte homeostasis.
Wilcoxon ranked sum test was performed to identify significantly sex-different response patterns.
Results for specific terms are summarized in Figure 25A. Interestingly, females significantly
upregulated sexually dimorphic genes of the terms “organization & regulation of cytoskeleton”,
and “transcription factors” and deregulated genes of “mTOR signaling”, “protein anabolic and
catabolic process”, “oxidative phosphorylation”, “endocytosis”, “exosome & exocytosis”. In
contrast, male upregulated genes related to “mTOR signaling”, “protein anabolic and catabolic

2 ¢

process”,

b 1Y 99 ¢

oxidative phosphorylation”, “endocytosis”, “exosome & exocytosis” and deregulated
“organization & regulation of cytoskeleton” and “transcription factors” as stress response induced
by rapamycin treatment. Cluster analysis and presentation as heatmap of the z-scores of the
average transcript number for these GOs of interest confirmed strong intrinsic sexual dimorphism
and distinct responses to rapamycin, yet showed less strong clustering for treatment responses
(Figure 25B).
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Figure 25. Sexual dimorphism in responses to rapamycin in functionally relevant subgroups
of sexually dimorphic genes. Rapamycin led to a number of significantly opposed gene
expression alterations comparing male and female podocytes by (A) individual Log2FC for
specific gene GO subgroups displayed in whisker plots (n = number of genes within specific term,
significance levels * p<0.05, ** p<0.01, *** p<0.001 as determined by Wilcoxon ranked sum
test), and as displayed in (B) heatmap of z-score of the average transcript number of all genes

related to the GO term of interest.

3.4.3 Gene set enrichment analysis (GSEA) of whole transcriptome

Taking into account the whole male and female transcriptome of vehicle and rapamycin groups,
gene set enrichment analysis (GSEA) resulted in comparable major GOs which had already been
identified investigating only the intrinsic sexually dimorphic podocyte transcriptome (Table 12
summarizing the major hits from KEGG pathway analysis of sexually dimorphic genes using
enrichr). GSEA analysis was performed with GSEA software using molecular signature database
(mSigDB 7.2 released Sep.2020) (45, 101). The complete list of significantly enriched GOs for
the different comparisons between male and female vehicle and rapamycin groups can be found

in Appendix, Table 5, more detailed descriptions follow in the next chapter.

56



Table 12: Major hits of KEGG pathway analysis of significant sexually dimorphic genes.

KEGG pathway term

Ribosome

Oxidative phosphorylation

Protein processing in endoplasmic reticulum
FoxO signaling pathway

Proteasome

HIF-1 signaling pathway

ErbB signaling pathway

Circadian rhythm

Aldosterone-regulated sodium reabsorption
mTOR signaling pathway

Endocytosis

Citrate cycle (TCA cycle)

Ubiquitin mediated proteolysis

Protein export

PI3K-AKT signaling pathway

AGE-RAGE signaling pathway in diabetic complications
Whnt signaling pathway

N-Glycan biosynthesis

Adherens junction

Focal adhesion

TNF signaling pathway

Regulation of actin cytoskeleton

Apoptosis

AMPK signaling pathway

Autophagy

Ras signaling pathway

count
84
69
41
33
17
25
21
11
12
29
43
9
23
8
48
18
25
11
14
29
18
30
21
19
19
30

p-value
2.61E-43
2.86E-37
5.47E-10
3.02E-08
1.67E-07
2.99E-06
9.45E-06
2.81E-05
6.75E-05
7.62E-05
1.03E-04
0.00139
0.00225
0.00228
0.00230
0.00309
0.00365
0.00370
0.00382
0.00518
0.00776
0.00952
0.01243
0.01489
0.02022
0.02386

FDR
7.52E-41
4.12E-35
1.97E-08
9.68E-07
4.36E-06
6.63E-05
1.94E-04
5.40E-04

0.00114

0.00121

0.00156

0.01481

0.02077

0.02077

0.02077

0.02623

0.02963

0.02963

0.02980

0.03930

0.05457

0.06097

0.07022

0.07800

0.09705

0.10907

Enrichment factor
10.52
11.34
3.52
3.48
6.09
3.29
3.46
6.00
4.78
241
1.98
4.05
2.08
4,14

1.62
2.25
1.92
2.92
2.50
1.77
2.03
1.66
181
1.84
1.77
1.53
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3.4.4 Transcriptional differences in selected GO terms which appeared significantly

enriched in GSEA of the whole transcriptome

3.4.4.1 GOs including genes relevant for podocyte proteostasis

“Ribosome”, “Protein processing in ER”, “Proteasome”, and “Ubiquitin-mediated proteolysis”

appeared under the strongest significantly enriched GO’s (Table 12, Appendix, Table5).

A heatmap was prepared showing the significantly differently expressed ribosomal genes and

genes involved in translation and ribosome biogenesis (Figure 26A). Interestingly, 73

ribosomal genes coding for 2/3 of all known
ribosomal proteins, 26 mitochondrial ribosomal
proteins, 4 aminoacyl-tRNA synthase (Fars,
Nars, Sars and Mars), 19 initiation and 6
elongation  factors  were intrinsically
significantly higher expressed in female
podocytes. Only 4 initiation factors (Agol,
Ago2, Ago3, Gufl) had a higher intrinsic
transcript level in male podocytes.

After rapamycin treatment, this striking sexual
dimorphism was abrogated by an increased
interindividual variability in ribosomal gene
expression in both sexes. Except for Rrp36 and
Rrp7a, male ribosomal proteins generally
showed a higher expression in rapamycin
treated males compared to vehicle males
whereas females only responded with
neglectable changes, except for moderate
downregulations of Rpl22I11, Mrpl21 and
Rpl36al.

o

3 0 3
Row Z-Score

e |

|
==

Wmn'

male
vehicle rapamycin

L1 A e

female
vehicle

-
-
.

rapamycin

S vrpias
Rpl2211
Mrpl21
Mrpl30
Mrpl55
Mrpl20
Eif3d
Eir2s1
Mrpl24
Mrpl35
Mrpl12
Mrps25
Eif5a
Eif3h
Eit6
Eif3m
Rps17
Rpl28
Rps2
Rpli0a
Rpl6
Rps8
Rpl31
Rpsi11
Mrpl13
Mrpl2

| Mrpl37

B mMrpizs
Rps28
Rps20
Rps26
Rps23
Rps27
Rpl41
Rps21
Rpsiz
Rps24
Rpl37a
Rpsi15a
Rpl27a
Rpl17
Rpsi15
Rplg
Rps18
Rps25
Rps9
Rpl8
Rpl7
Rps3
Rpsi13
Rpl3s
Eefib2
Mrps14
Rpl23
Eeftat
Eif3e
Mrpl48
Eif4h
Rpl37rt

Elongation and initiation factors showed comparable opposite responses to rapamycin in each sex,

with males upregulating genes, e.g. Eeflb2 and Eif3m, and females mostly keeping their

expression levels or mildly downregulating, e.g. Eefl, akmt2, Eif2s2, Eif2b3 and Eif3l. (Figure

26)
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Figure 26: Heatmap of significant sexually dimorphic ribosomal genes, translational factors
and genes involved in ribosome biogenesis of podocytes from all experimental groups. (A)
Heatmap represents gene expression data of genes coding for ribosomal proteins and translation
factors which were significantly higher expressed in female vehicle podocytes compared to male
with p value <0.05. Heatmap were developed using Heatmapper (B/C) GSEA enrichment plots

for treatment effects (rapamycin vs. vehicle) in each sex.
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Post-translational modifications (PTMs) including phosphorylation, glycosylation,
ubiquitination and proteolysis, change the functional diversity of the proteome by
addition of functional groups or proteins, proteolytic cleavage of regulatory subunits, or
degradation of entire proteins, regulating cellular activity, localization of proteins and
modulating protein-protein interactions and stability. Interestingly, 11.2% of all intrinsically
sexually dimorphic genes were related to PTMs

(18 protein folding, 13 glycosylation, 30 ubiquitin-

male female
vehicle rapamycin vehicle rapamycin

ligase and 24 proteosome-mediated ubiquitination
related genes). Only 13 genes were differently

regulated after rapamycin treatment only in

DEE 00

2382
EER]
3

g

males (Figure 27A, Figure 23).
It is well-known that intracellular protease activity
is crucial for podocyte homeostasis (121, 122)

Panther analysis identified 59 intrinsically

T
]

co
ga
4]
Q
=]

significantly differently expressed genes with

I
I
i
}

protease activities (PC00190) (metalloproteases,

serine, cysteine and aspartic proteases) and 13

R
e

genes with  proteases inhibitor activity
(PC00191), e.g. Serpinhl, Serpinb9, Serpinb6a and

1L 1]
1

>
4
g
2
3
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mmﬁmﬁﬁmmmmﬁﬂmmmmm%%m &
_ L
|
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|
Himi N
11

Rarresl. Out of these protease genes, 35 were . = -
overexpressed in female podocytes (under them : ‘
Cathepsin L (Ctsl), cathespsin C (Ctsc), plat, and !
MMP23) compared to 22 genes in males. In - |f "’
addition, 16 proteasome subunits related genes | =l — m
were sex-differently expressed with significant r: It = m
enrichment in females (enrichment factor 7.2, p - = ;_ °
value 0.0003 with Log2FCO0.25-0.8). A strong || 0=
sexual dimorphism was further observed in = = === s

response to rapamycin for genes related to protein folding and proteosome but not for
glycosylation and ubiquitination. Yet, male downregulated Usp2, Mmp2, Serpinel and many
glycosylation-related genes to more than half. On the other hand, female transcriptome remained
rather unchanged in response to rapamycin treatment (more than 70% of all DE genes). Those
few, including Ctsl, Capnl2, Usp54, Clpp, Serpinb6a and Rnf144b/150 (which affect BAX
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protolysis and protect from cell death), were upregulated only in females in response to rapamycin.
(Figure 27)

male rapamycin vs.male vehicle female rapamycin vs.female vehicle
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Figure 27: Sexual dimorphism of PTM-related genes. (A) enrichment analysis of protein
folding- and proteasome-related genes show-significantly different regulation between sexes by
rapamycin treatment. (B) Heatmap of all significantly DE genes between vehicles related to GO

protease, folding proteins, ubiquitination, proteosome and glycosylation (adj. p-value<0.05).
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3.4.4.2. GO’s including genes relevant for podocyte energy homeostasis and metabolism
Another major significantly regulated GO term in all different experimental groups was “oxidative
phosphorylation” (Table 12, Appendix Table 5).

Mitochondria are essential organelles which play a major role in energy homeostasis through
oxidative phosphorylation. 76 transcripts encoding for mitochondrial proteins of the oxidative
phosphorylation system were identified to be significantly (adj. p-value < 0.05)

DE between male and female podocytes

A male female
under basal condition (vehicle control), vehicle rapamycin  vehicle rapamycin

under them 54 highly significantly -p: |: - frain
I Atp2bi
. . . I N Atpda
different with adj. p-value < 0.01. Except BB , Apoa1
Atp5cl
for three genes (Atp8bl, Atplla and - 1 - = b
Atp5g1
. . .- [ Atp5g2
Atp2bl), all of the highly significant sexual F QEEgES
| - Atp5j
dimorphic mitochondrial genes were i i
) ) _— o Ango
higher expressed in female podocytes N | priciye
= -
compared to males and annotated for genes - J ! Cortd
1 Cox20
of all five mitochondrial membrane -_-l ﬁ &s
- . 1 Cg;ﬁrcﬂ
complexes (enrichment factor 7.19, adj. p- — &
. q Cox7b
value <0.000001). Rapamycin treatment _1- N Egif:L
1 MNdufal2
elicited again opposite changes in male N - - o
1 Ndufad
- . . | MNdufas
and female mitochondrial gene expression Nauta
Ndufa9
levels while male responded mainly with . , Naurb10
r Mdufb11
. 1 Ndufb2
upregulation of these genes to 1.2- up to 2- - ! - EEEEZ
- l o
fold and females only showed slight .- ] Bl s
Ndufb9
. . ! Ndufc2
expressional changes (Figure 25 and 28A, .— Naus!
| Ndufs3
B). - = |
. . . Ndufs7
As many well-known mitochondrial - I' oo Nulae
Ndufv3
. . . . Ugerio
genetic diseases are associated with — — . e
1 Ugerel
R 1 Ugerc2
nephrotic syndrome and H .. e
| Uqerg
. . . B - ) o
podocytopathies  (46), mitochondrial i - - L
. . - —_ M7
related genes with known mutations ! - - - Goaz |
1 ! Ppargcia
. . . 1 : ] Ppara
causing nephrotic diseases were analyzed. - _5: -
II . || 1 Egsq‘ﬁ?%:*é-
Only Coqgl0 and Ppargclb showed - - Coase

significant sex differences at baseline and sexual dimorphic responses to rapamycin were observed
for Coq6, Coql0b, Ppargclb and Pdss2 (Figure 28C).
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Figure 28. Sexually dimorphic response of mitochondrial genes coding for proteins of the
oxidative phosphorylation system (A) Gene expression data of the normalized transcript
numbers of the 79 mitochondrial specific transcripts which are significantly higher expressed in
female vehicle podocytes compared to male podocytes (B)Heatmap of expression levels of
nephrotic-disease-related mitochondrial genes in all experimental groups. (C) Enrichment plots
of oxidative phosphorylation genes of male and female podocytes showing opposite treatment
responses in both sexes.

Previous publications have demonstrated that mTOR inhibition is associated with hyperglycemia
in 10-50% of patients (123). In this study, gene enrichment analyses on sexually dimorphic genes

pointed to a significant overexpression of glycolysis/TCA genes in females (enrichment factor of
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2, adj.p-value 0.009) (Figure 23). Overall, RNA-seq (GSEA analysis; KEGG pathway) showed

that rapamycin significantly downregulated glycolytic genes in females (p<0.02) and non-

significantly in males, yet, many genes involved in glycolysis which are significantly differently

expressed between vehicles and more specifically those of rate limiting steps were upregulated in

males but not in females podocyte. (Figure 29)
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Figure 29. Gene expression
changes of glycolysis and TCA
cycle genes in male and female
podocytes in  response to
rapamycin. (A) Enrichment plots
point to decreased glucose
synthesis and metabolism in female
after rapamycin, while
glucometabolic  processes were
increased in male. (B) Heatmap
displaying the Log2FC  of
glycolytic, TCA and PPP genes
between all experimental groups.
Males had intrinsically decreased
expression levels of most enzymes
involved in glycolysis and TCA
cycle compared to female
podocytes. Response to rapamycin
were sexually dimorphic, such as
females maintained or reduced
many gene expressions while males
upregulated  their  expression
(second and third lane). * Indicates
significantly DE genes (p<0.05).

GLUT3/5/8/9, part of the known 14 GLUTS, which are relevant for the glucose uptake in cells,
showed a remarkable decrease after rapamycin in both male and female podocytes, whereas
GLUT 1 and GLUT12 remained largely unaffected by treatment. In contrast, GLUT2 showed a
sexual dimorphic response to rapamycin, such as male dramatically downregulated GLUT2 (80%

reduction compared to vehicle) and female upregulated to 1.5 times their gene expression in

Genes coding for enzymes involved in the pentose phosphate pathway PPP (Taldo 1, pgd, and

Tkt) were higher expressed in female podocytes compared to males at baseline and decreased in
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response to rapamycin in females, whereas males maintained/slightly increased their expression
levels.

Finally, three genes related to carbohydrate metabolism (St6galnac6, Idnk and B3gat3) were
found to be significantly differently regulated between male and female podocytes with sexually
dimorphic response to rapamycin. The entire carbohydrate biosynthetic process appearing in the
enrichment plots in Figure 29A showed an increased expression in only males upon rapamycin

treatment.

In contrast to these energy-producing and anabolic processes, catabolism by autophagy also plays
a major role in podocyte homeostasis (124). It appeared as a relevant GO when categorizing
intrinsically sexually dimorphic genes. Ambral and Rblccl, components that bind to ULK
complex through the initiation of autophagy, showed intrinsically significantly higher expression
in male podocytes. Sexual dimorphism in response to rapamycin was also observed, such as only
females upregulated most autophagy-related gene expressions. Atgs involved in phagophore and
sequestration steps, were slightly higher expressed in females, yet responses to rapamycin varied
between different Atgs. Mapllc3a/b, Sqdtm1 receptor, and VAMPS, involved in autophagosome
formation and lysosome fusion, displayed sex-different reaction to rapamycin with

downregulation in females and upregulation in males.

Interestingly, many kinases and TFs, such as Tfeb, Atf4 and Atf6, which regulate autophagy were
also significantly sexually dimorphically expressed. Xpbl is also among the differentially
regulated genes at baseline and was upregulated in males and downregulated in females after
rapamycin. Xpbl functions as a stress-inducible potent transcriptional activator during
endoplasmic reticulum (ER) stress by inducing UPR target genes via binding to the UPR element
(UPRE). Also, it improves glucose homeostasis in ER stress through both, binding and
proteasome-induced degradation of the transcription factor FOXOL1, resulting in suppression of

gluconeogenic genes expression and in a reduction of blood glucose levels (125).

3.4.4.3 Other GO’s including genes relevant for adaptation processes in response to stress
Antioxidative capacity is another important prerequisite for the cell’s homeostasis under stress
conditions. Female podocytes displayed enrichment for the “Reactive Oxygen Species Pathway

pathway” at baseline compared to male (Figure 23). Twenty genes related to antioxidants, redox
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genes, glutathione proteins, peroxiredoxin (Prdx), thioredoxin and genes coding for

peroxisome related proteins showed mainly intrinsically significant higher expression in female

podocytes. Most peroxisome genes decreased in females in response to rapamycin whereas males

upregulated some, such as Pex2, Pex3 and others down, such as Pex11 and Pex26. (Figure 30)
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Figure 30. Redox genes show sexual dimorphic expression levels at baseline and with

rapamycin. (A) Heatmap illustrating average transcript numbers of redox genes. (B) Enrichment

plots for genes related to KEGG peroxisome. * indicates significantly DE genes (p-value <0.05).
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Pro- and anti-apoptotic mechanisms further regulate cell fates under stress conditions.
Remarkably, female podocytes had higher levels of most pro-apoptotic genes and positive
regulators for apoptosis such as Bakl, Bcll0, Bax, Cycs and P62 compared to males.
Respectively, the opposite could be observed for the anti-apoptotic genes, where male
podocytes showed significantly higher expression (e.g. Bcl211, Bcl6, Bcl9, Bcl3 and isoforms,
p<0.01).

GSEA showed that rapamycin caused an overall upregulation of apoptotic pathway in females
and downregulation in males (figure 31). All identified caspases showed no sex-differences at
baseline. Most of them were downregulated in males (Log2FC of -0.5 to -0.3) in response to
rapamycin treatment, but not in females. Diablo gene increased in response to rapamycin in males
which could explain the upregulation of cytochrome c/Apaf-1 but not Casp9 genes.

male vehicle vs female vehicle

. Errichment plot: KEGAROFTOSE Figure 31.  Apoptotic genes respond
@Zj: differently to rapamycin in male and female
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Intrinsic sexual dimorphism and sexual dimorphic stress responses to rapamycin treatment were
also observed in cell survival signaling pathways, such as the PI3BK/AKT pathway, tyrosine
kinases and sphingolipid signaling. In total, 48 PI3K/AKT pathway related genes were
intrinsically sex-differently expressed, such as GSK3f, most of them less in females. Females
responded to rapamycin rather with enrichment of signalling genes, whereas males mainly showed
de-enrichments (Figure 32A, GSEA analysis, Appendix, Table 5).

Additionally, tyrosine kinases and phosphatases are highly enriched in podocyte (106). Four
tyrosine kinases receptors genes (part of the ErBB signaling pathway), Tyro3, Axl, Rorl and Abl1l
and ten phosphatase kinases (Ppplca, Ppp2ca, Ptpa, Ssu72, llkap, Ptp4a2, Ptpn23, Ptpn3 and
Ptprd) were found to be intrinsically significantly overexpressed in male podocytes (p-
value<0.05, log2FC 0.4 to 0.7 male/female). Tyrosine kinase receptors interact with AKT and
MAPK pathways, regulate proliferation, cell migration and adhesion, apoptosis, etc. In response
to rapamycin, male podocytes downregulated many of these genes and females mainly
upregulated these kinase genes. For example, Phlpp2 is a protein phosphatase responsible for the
regulation of AKT/Pkc signaling pathway and dephosphorylates AKT specifically at Ser473
(126). Rapamycin caused downregulation of Phlpp2 expression in males and was maintained in
females after rapamycin. that could strongly explain the increased phosphorylation of AKT at 473
observed in males but not females. Other well recognized kinases which play a role in podocyte
homeostasis and show sexual dimorphic response to rapamycin are Aakl1, Sphk2 and Cerk. Aakl
regulates clathrin-mediated endocytosis which was downregulated by 40% only in males (Figure
32B).

Sphingolipids are important as structural components of cells as well as signaling molecules.
Beyond regulating different cellular processes such as apoptosis, cell proliferation, cell migration
and inflammation, they play a role in the synthesis of ceramides which are important for podocyte
homeostasis (127). Sphk2 (Sphingosine kinase 2) and Cerk (Ceramide kinase) were found to be
sexually significantly differently regulated at baseline and after rapamycin. Both were
overexpressed in female podocytes with almost twice higher expression compared to males
(log2FC of 1.01 female/male vehicle). In response to rapamycin, males upregulated both genes,

significantly for Sphk2, while females slightly downregulated both genes (Figure 32B).
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B Figure 32. Gene expression changes
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Finally, many transcription factors (TF) showed significant intrinsic sexual dimorphism, as
identified by the GO’s “DNA-templated transcription” and “transcriptional factors” (Figure 23).
104 genes related to “DNA-binding transcription factor” (PC00218)

and 13 genes of “transcription cofactor” (PC00217) showed intrinsic and treatment-related sexual
dimorphism (p-value <0.05). Only 11 genes were belonged to general transcription factors which
are necessary to initiate transcription (Eloc, Elob, Med12, Med28, Med29, Med31, Supt49, Tceal9,
Tcergl, Taf46, Taf4, Tafl0 and Didol). Furthermore, more than 80% of these genes had higher
expression in male podocytes, such as Arntl, Osr2, Nfil3, Foxs1, Naca, Emx1, Smad6, Jund, Thra,
Atf5 and Tle5. The heatmap in Figure 34 illustrates all intrinsically significantly DE TFs genes
and the expressional changes by treatment. 26 zinc finger protein transcriptional factors were
higher expressed in males, as well as eight circadian genes, under them Perl, Per2, Per3.

Statistical analysis of treatment effects to transcription factor expression levels in each sex resulted
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in significant downregulation of intrinsically sexually dimorphic transcription factors in male
compared to females, with only 8 significantly downregulated genes. (Figure 25A). Mlixip, a TF
that regulate glycolytic genes target, was intrinsically highly expressed in female podocytes,
further increased in response to rapamycin, whereas it was then downregulated in males. TcF4,

which regulate B-catenin and the actin cytoskeleton reacted comparably. (Figure 33)
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3.4.4.4 GO’s including genes relevant for podocyte structure and cell-cell interactions

The foot process is the most characteristic structure of podocytes. A specialized junction between
FPs the SD and between podocytes and the GBM through focal adhesion (FA) are crucial for
maintaining integrity of the glomerular filtration barrier (128). Main components of FA and GBM
are Itgb1/a3, 11k, Vinculin, Talin, Collagen IV (Col4a3-5), laminin 2, Syndecan2/4 and Agrin
(129). Important sexual dimorphic responses to rapamycin treatment were observed in genes
related to “cell adhesion molecules”, “regulation of cytoskeleton, “focal adhesion” and “ECM-
receptor interaction” (Table 4, Figure 25, Figure 34A).

Totally, 29 and 14 FA genes were found to be significantly differentially expressed between male
and female podocytes with many of them higher expressed in males, such as Col406, vinculin,
talinl and paxillin (/tgf5, Col4as5, Itga3/p1, syndecand, agrin, nidogenl and Pavra being
intrinsically higher expressed in females) (Figure 35). Rapamycin treatment changes of the
significantly DE cytoskeleton-related genes were significantly opposite in male and female
podocytes whereas male mainly reduced expressions and females upregulated them (Figure
34B/C).

A male vehicle vs female vehicle
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C female rapamycin vs female vehicle
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Figure 34: GSEA analysis of GOs related to focal adhesion, regulation of cytoskeleton
different expression at baseline and after rapamycin. (A) At baseline, male podocytes
overexpressed all GOs related to cell junction and regulation of cytoskeleton. Responses to

rapamycin treatment in either (B) male or (C) female podocytes.

The SD plays a major role in podocyte function and morphology. Nephrin (Nphsl), podocin
(Nphs2), Tjp1, Nckl, and Nephl are among the main proteins regulating the SD function, many
of their genes were identified as intrinsically sexually dimorphic such as Tjp1(ZO1) and Nphs2
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and displaying sex-different treatment responses to rapamycin. however, others genes, such as
Fatl, Nephl/2 were upregulated in both sexes. (Figure 35).

Other podocyte structural proteins including focal adhesion proteins-related genes and
proteins related genes important for podocyte homeostasis such as Cd151, Nphs2, Clic3, Cdknlc,
Inverted formin-2 (Inf2), Itgb5, Cadherins and Claudins were among the significantly intrinsically
sexually dimorphic genes and shows different response to rapamycin (to different levels). Many
focal adhesion molecules-genes showed non-significantly higher basal levels in males, while
females have higher level of ECM levels such as Col4a3, Lamf2. After rapamycin, male
podocytes regulated the expression of many genes such as CD151 and Neph2, whereas females

mostly maintained their expression. (Figure 35)
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Cytoskeletal and actin binding proteins further contribute significantly to maintenance of
podocyte structure and proper function. Male podocytes had higher levels of ACTN1, Afapl,
Arhgap32/21, Tpm, Plectin, many Wipf subunits, Pdlim subunits, many Septin subunits which are

involved in actin organization and actin filament binding. In contrast, females intrinsically had
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higher levels of ACTN4, Gesolin, Arp2/3 complexes (Arpc, Actr), different Dynactin subunits
and many more proteins involved in cytoskeletal proteins ubiquitination and endocytosis, such
as Hiprl and Daam2 (Appendix, Table 1).

In addition, Rho GTPases are well known regulators for cytoskeletal proteins, and genetic
mutation in some Rho GTPases cause podocytopathies and nephrotic syndrome. Regulation of
cytoskeleton GO term was significantly regulated at baseline. Panther analysis identified 9 genes
directly regulating the cytoskeleton which were expressed differently between sexes such as
Arpc4, Cdc42, Rhod, Tubb2b and Arhgefl. Few genes showed strong sexual dimorphic responses
to rapamycin such as for Profilin2, Svil, an important FA binding modulator, and Capg, an actin
filament binding proteins. Females upregulated most of these genes, and male downregulated
them (Figure 28, Figure 36) as observed for Tropomodulin, Septins, Phactr4, Actnl and Homer1,
which had significantly higher level in males at baseline (xIsx gene list in Appendix, Table 1).
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Figure 36. GSEA analysis of
GOs
cytoskeleton

related to podocyte-
specific  genes.
Sexual dimorphic responses to
rapamycin were observed in
GOs related to the actin-cyto-
skeleton and regulation by

small GTPases.

The endocytic process is fundamental for the development and maintenance of the GFB. It serves
as a gateway for the internalization and recovery of plasma membrane components and
transmembrane receptors (130). The importance of endocytosis has been emerged by the
observation of abundant endocytic vesicles in glomerular cross sections by EM and the fact that

endocytosis regulates many podocyte protein functions, such as nephrin and cytoskeletal proteins.
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Endocytosis is often categorized into clathrin-dependent (CME) and clathrin-independent
pathway, still functional biological relevance has not been well defined so far (130, 131).

CME occurs in phosphatidylinositol-4,5-bisphosphate [P1(4,5)P2]-enriched regions of the plasma
membrane, where clathrin adaptor proteins, such as dynamin, synaptojanin 1, endophilin,
auxillin/GAK and hsc70 in addition to proteins of the non-clathrin pathway, such as caveolin 1
(Cavl), Arf6, flotillin-1, and clathrin-independent carrier (Clic) are recruited. GO enrichment
analysis of DE genes between vehicle pointed out that genes related to the term “endocytosis” (59
genes) were significantly enriched and sex-DE (enrichment factor 1.5, p-value 0.005) and 13

genes responded to rapamycin in males only (p-value 0.01). (Figure 37)
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Figure 37. KEGG graph for endocytosis. Intrinsically significantly DE genes higher expressed

in females are labelled with red stars and blue stars for higher expression in males.

Most DE genes were related to “membrane traffic protein” (PC00150) were already
significantly differently expressed under baseline between male and female podocytes, under them
28 genes with higher expression in females, such as Chmp3/4/6 — important for endosomal sorting

and multivesicular bodies (MVBs) formation. Stonin - Stonl/2- are important endocytosis genes
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regulating FA assembly showed both intrinsic and treatment-related sexual dimorphism after
rapamycin (more than 30% higher expressed intrinsically in males, downregulated in males and
upregulated in females after rapamycin). Additionally, Clathrin Clta/b was higher expressed in
females at baseline, and rapamycin caused upregulation in males and without changes in females.
Furthermore, different Rab genes, e.g. Rablb/3b, Rab8, Rabll, were intrinsically higher
expressed in female podocytes. Different isoforms of Rab - Ras superfamily of GTPases control

endocytic vesicle trafficking from the endoplasmic reticulum to the Golgi apparatus. (Figure 38).
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Figure 38. Sexual dimorphism in podocyte endocytic genes (A) Heatmap of the DE genes
related to endocytosis show higher intrinsic expression in females. Rapamycin did not
significantly alter the expression of many genes (B) GSEA of 166 endocytic genes enrichment

plot shows sex-different response to rapamycin.
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3.4.4.5 Sex- and treatment-specific transcriptional differences in genes coding for mTOR-
signaling related proteins

As mTOR inhibition was used as a stress model, it was of specific interest whether components
of the mTOR-signalling pathway were sexually dimorphically expressed or differently affected
by treatment in each sex. 13 genes encoding for mTOR components and related proteins, such as
rictor, and the negative regulators of mTOR, Tsc1, were significantly lower expressed in female
vehicle podocytes AKT1s1(PRAS40) was also significantly differently expressed between both
vehicle with higher expression in females. After rapamycin treatment, gene expressions increased
in females for Tsc1 and decreased in males compared to vehicle, indicating sexual dimorphism in
response to rapamycin. Even though rictor showed 40% higher expression in males compared to
females at baseline, no differences and alteration in expression was observed in rictor in both male
and female podocytes after rapamycin, and males maintained their higher expression compared to
females.

Furthermore, Tsc2 showed non-significantly higher expression in males at baseline compared to
female, and also showed sexual differences in response to rapamycin as was seen for Tscl but to
less extent. Additionally, while other genes encoding mTOR components (nTOR, Dptor, Rheb,
Raptor and MIst8) showed comparable expression at baseline, they showed non-significantly

sexual dimorphism in response to rapamycin.

Regulator complex protein LAMTOR1/2/3/4/5 and the Ras-related GTP-binding protein a/b/c/d
which are involved in the cellular response to amino acid sensing and regulation of the mTORC1
signaling were analyzed. LAMTOR1/2/4/5 were significantly DE between vehicles with higher
expression in females (Log2FC 0.33-0.6). Moreover, sexual dimorphism in response to rapamycin
was observed, female podocytes maintained or decreased slightly the expression of the previously

mentioned genes, while male podocytes upregulated these genes.

Interestingly, several FK506- and rapamycin-binding proteins (FKBPs) were significantly higher
expressed in female vehicle treated group compared to male, even though Fkbps ae inhibited by
rapamycin, response to rapamycin showed sexual dimorphic response for most quantified Fkbps
with female downregulating the expression of most Fkbps genes but not males. Intrinsically DE
MTOR-related genes were analyzed for rapamycin effect in each sex and showed significant DE
with opposite changes (males upregulated most of the genes, whereas females downregulated

expression levels in response to rapamycin) (Figure 25). GSEA showed that mMTORCL1 pathway
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was de-enriched in both, male and female podocytes, yet to a
higher degree in females (Figure 39).

Sesn3, a leucine sensor, which negatively regulates the
mTORC1 signaling pathway was significantly sex-DE
intrinsically and showed sexual dimorphic responses to
rapamycin (male significantly downregulated the expression of
Ses3 to half. Sesnl and Sesn2 also showed higher expression in
males and both were also downregulated primarily in male

podocytes after rapamycin treatment.

AKT Kkinases, regulate many processes including metabolism,
proliferation, cell survival, glucose uptake and angiogenesis
and are also involved in activating mTORC1 signaling. Other
than AKT1, AKT2 isoform, known to be highly expressed in
podocytes (75) was significantly upregulated in female
podocytes.

Rapamycin non-significantly altered gene expression in both
isoforms, with a slight increase in males and slight reduction in
females. Akt3, another isoform of AKT was only moderately
expressed in podocytes with significantly higher expression
level in males (p-value <0.004). The sex-difference was
abrogated after rapamycin treatment due to reduction of levels
in males. The role of AKT3 is yet not clear in podocytes and it

appears to be predominantly expressed in brain.

male rapamycin vs male vehicle
Enrichment plot: HALLMARK_MTORC1_SIGNALING
0.051
@ 0.00 el Ny -

o 005
S -0.104
& 0151
£ 0.201

-0.25 |

WMM\IIH LI

Zero cross a 6184

Enrichment sci

-0.30
-0.35

bR sa e

Ranked list metric (Signal2Noise)

| "VehM (negatively conelated)
O 2000 4000 6000 B000 10000 12000 14000 18000 18,000
Rank in Ordered Dataset

| Entichment profile — Hits

female rapamycin vs female vehicle
Enrichment plot: HALLMARK_MTORC1_SIGNALING
0.057

Ranking metric swresl

~ 0,00 PNy
L 005

v

50101

S
2 0159

LI WAL

Zero cross at 8701

Enrichmen
5 & b
S

[N ]
o8 ns

VehF" (negatively sonelated|

Ranked listmetric (Signal2Noise)
B 4 @ - owm

0 2000 4000 6000 8000 10000 12000 14000 16,000 18,000
Rank in Orderad Dataset

! punfils — b Ranking metric score: !

male rapamycin vs female rapamycin

Enrichment plot: HALLMARK_MTORC1_SIGNALING
015
& 010

& o051

v
£ ooof ~ P

& -0.051

Zers ermss =t 6706

A
"RapaF (negatively conelated)

Ranked list metric (Signal2Noise)

© 2000 4000 8000 BOO 10000 12000 14000 16,000 18,000
Rank in Ordered Dataset

[ Enrichment profile — Hits Ranking matric scores

Figure 39. Effect of rapamycin
on mMTOR pathway. Rapamycin
downregulated mTORCL1 pathway
and to higher level in females.
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3.4.5 Validation of gene expression levels for selected genes

gRT-PCR was performed with podocyte samples from mice used for RNA-seq together with
podocyte samples isolated from additional mice of the same experimental groups for sequencing
data validation. Podocyte genes were selected which were intrinsically sexually dimorphically
expressed, such as podocin (Nphs2), Slc6a6, Arhgap32 and Tjpl as well as genes representing
main sexual dimorphic GOs such as Bhlhe40, Rpl13 and Cox7a2 for transcription factors,
ribosomal and mitochondrial genes, respectively. These genes were chosen as some of them were
additionally significantly differently regulated in male after rapamycin treatment such as Daam2,
Cd151, Ctsl and Arhgap32. Other criteria for gene selection were transcript level expressions
higher than 1000, log2FC differences between at least 2 experimental groups of 0.5-2.0, and
biological relevance of the genes for kidney physiology or disease. All genes measured showed
significant differences between male and female vehicles with p value <0.05 consistent with RNA-
seq results. (Figure 40 A/B).
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Figure 40. Validation of differentially expressed genes (DEGs) between male and female
vehicle podocytes. (A) Graphical presentation of RNA-seq-derived Log2FC of for validation
selected intrinsically significantly sexually dimorphic podocyte genes. (B) gPCR results for the
same genes in male and female vehicle podocytes (n=4-8 in each group). Reference genes used
for normalization were Hdgf and Ywhaz genes. All genes were normalized to male vehicle, and
results are expressed as mean +/- SEM, Mann-Whitney test was used for statistical comparisons,

p value < 0.05.
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gPCR confirmation for the significantly regulated genes in response to rapamycin treatment was
only performed in males (rapamycin vs vehicle) as females mainly maintained their transcriptome
with no significantly regulated genes after rapamycin except for 3 genes that were not related to
podocyte homeostasis or structure. Bhlhe40 and Arhgap32 showed significant downregulation in
male after rapamycin and Daam2 and Ctsl were significantly upregulated consistent with RNA-
seq data. (Figure 41 A/B). Cd151 showed upregulation after rapamycin in gPCR, yet did not reach
significance as in RNA-seq data. The two in gPCR validation included genes without significances
in RNA-seq, Nphs2 and Rpl13, also showed non-significant differential expressions in gPCR
results. Despite female rapamycin did not show significant changes in transcriptome, additional
gPCRs were performed for the following genes Nphs2, Cd151, Ctsl and Bhlhe40 in podocytes
isolated from rapamycin-treated females. Comparably to RNA-seq, qPCR of these genes did not
show any significant differences between the podocytes from vehicle and rapamycin-treated

female mice (data not shown).
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group). qPCR data
confirming the significant up and downregulation of genes by rapamycin. Mann-Whitney test
was used, and results are expressed as mean +/- SEM. All genes showed significant differences
with p value<0.05 except for Cd151. Reference genes used for normalization were Hdgf and
Ywhaz. All genes were normalized to male vehicle, and results are expressed as mean +/- SEM,

Mann-Whitney test was used for statistical comparisons, p value < 0.05.
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3.5 Podocyte-specific proteomics and effect of mTOR inhibition on protein levels of

selected podocyte relevant structural and functional protein groups

To determine if the sexual dimorphism on the molecular identity of podocytes identified by RNA-
seq could also be detected on protein level, isolated podocytes from each three male and female
vehicle and rapamycin treated mice were subjected to mass spectrometry analysis in collaboration
with Markus Rinschen, University of Cologne. However, due to the limited number of isolated
podocytes per mouse and further technical problems, only proteomic results from vehicle groups
were available for pilot analyses. Label-free quantification (LFQ) and global statistical analysis
was performed by the collaboration partner, detailed analyses for subgroups and western blots
were subject of this thesis work.

3.5.1 Podocyte-specific proteomics revealed sexual dimorphism in vehicle control mice

In total, 3881 proteins could be identified in the podocytes isolated from vehicle mice. However,
only 2740 proteins were quantifiable in at least 3 samples. Podocytes did not cluster completely
by gender. From the 2740 quantified proteins, female podocytes had 1114 proteins (40.6% of total
proteins quantified) with more than 1.5 FC higher expression (Log2FC of 0.54) compared to male
podocytes (under them 587 proteins with > 2 FC higher expression). In contrast, male podocytes
showed only 405 proteins (14.8% from total proteins) with more than 1.5 FC higher (169 protein
higher than 2 FC higher expression) compared to female podocytes Table 6 appendix. Statistical
analysis identified 40 proteins significantly differently expressed between male and female

podocytes with p-value of < 0.05 (Figure 42).

Of these 40 proteins, 33 proteins were higher expressed in female compared to male podocytes
and were related to metabolism. Table 13 displays these significant sexually dimorphic podocyte
proteins and their functions. None of the significantly differently expressed protein was a

podocyte-specific protein, yet, many influence podocyte homeostasis.
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Figure 42: Volcano plot of significantly sex-DE expressed proteins. 40 proteins were

significantly DE between male and female podocytes (labelled red). Shown are fold change (log2)

values of LFQ male/LFQ female according to adjusted p-values (FDR) (-log10 scale) on Y-axis.

FDR cut off value was set to 0.05. Black dotted lines represent cut offs.
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Table 13. Overview of significantly DE sexually dimorphic proteins

Gene Log2FC male to femal

Molecular function

Mitochodrial proteins and Metabolic process

Slc12a4 0.8510
Adpgk 0.7194
G6pdx 0.5193
Ispd -0.2932
Fh -0.3388
Txnrdl -0.3534
Dadl 0.4015
Smek1 -0.4167
Hadhb -0.4219
Atp5al -0.6144
1dh3g -0.8240
Selenbp1/2 -0.9575
Ikbkg -0.9883
Acadll -1.1148
Gstk1 -1.2205
Ldhb -1.3750
Pgam2 -1.4312
Acssl -1.2654
Aldh1i1 -1.6407
Gimap4 -1.9378
Timm50 -1.9570
Slc2al2 -2.6074
Actin cytoskeletal related proteins
Acap2 -0.3353
Ctnnal -0.5722
Sorbs3 -1.3559
Ttn -1.8049
Col6al -2.2311
Itgal -2.5105
Trnaslational proteins

Mdnl 2.1485
Ube2n 0.8383
Rpl22 -0.2577
Culda -0.5078
Tra2b -0.6897
Gtpbp4 -1.2591
Srsf2 -2.3112
Rpl34 -2.8159
Endocytosis/protein trafficking
Lrp2 -1.4361
Trappcl3 -1.4436
Tbcld10a 1.7471
Tmem106b -2.2634

Contribute to cell volume homeostasis in single cells and involves in chloride and potassium homeostasis

Involved in the pathway glycolysis and catalyzes the phosphorylation of D-glucose to D-glucose 6-phosphate

This protein is involved in the first and the rate-limiting stepstep 1 of the pathway pentose phosphate pathway ( part of C
Catalyzes the formation of CDP-ribitol nucleotide sugar important for alpha-dystroglycan (DAG1)

Catalyzes the hydration of fumarate to L-malate in the tricarboxylic acid (TCA) cycle

Involved in the redox homeostasis

This protein is involved in the pathway protein glycosylation, which is part of Protein modification.

Regulatory subunit of serine/threonine-protein phosphatase 4. May regulate the activity of PPP4C at centrosomal microtut
This protein is involved in the pathway fatty acid beta-oxidation

Part of the electron transport complexes of the respiratory chain

Regulatory subunit involved in catalyzing the decarboxylation of isocitrate (ICT) into alpha-ketoglutarate in TCA cycle
Oxidative reducatse protein involved in the catalyzes of methanethiol

positive regulator for NF-kappaB-inducing kinase activity

Involved in the pathway fatty acid beta-oxidation, which is part of Lipid metabolism

Involved in glutathione metabolic process and cell differentaiaion

This protein is involved in step 1 of the subpathway that synthesizes (S)-lactate from pyruvate/lactate metabolomic proces:
Interconversion of 3- and 2-phosphoglycerate with 2,3-bisphosphoglycerate in Glycolysis pathway

Catalyzes the synthesis of acetyl-CoA from short-chain fatty acids and provides acetyl-CoA that

involved in folate metabolism and has aldehyde dehydrogenase (NAD+) activity

Immunity-Associated Nucleotide 1 Protein

Essential component of the TIM23 complex, mediating the translocation of transit peptide-containing proteins across the n
Insulin-independent facilitative glucose transporter

GTPase-activating protein for ADP ribosylation factor 6 (ARF6) which is important for actin filamnet based process and ¢
involve in actin filament network, and primary importance for cadherins cell-adhesion properties.

Promotes up-regulation of actin stress fiber formation.

important for the actin filament organization

Part of the ECM

Binding ECM to actin cytoskeleton

Nuclear chaperone required for maturation and nuclear export of pre-60S ribosome subunits
Ubiquitin-dependent protein catabolic process.

Ribosomal protein

Core component of multiple cullin-RING-based E3 ubiquitin-protein ligase complexes
Involved in the control of pre-mRNA splicing.

Involved in the biogenesis of the 60S ribosomal subunit.

Necessary for the splicing of pre-mRNA.

Ribosomal protein

Endocytic receptor involved in endocytosis , and in phagocytosis of apoptotic cells

May play a role in vesicular transport from endoplasmic reticulum to Golgi.

GTPase-activating protein for RAB27A, small GTPase which regulate homeostasis of late endocytic pathway and exocyto
Involved in dendrite morphogenesis and maintenance by regulating lysosomal trafficking via its interaction with MAP6

3.5.2 GO enrichment analysis of proteomics of vehicle control podocytes revealed that

females have an increased abundance of mitochondrial oxidative phosphorylation proteins

and basal cell proteins

Different databases considered for GO enrichment analysis showed that female podocytes had an

increased abundance of mitochondrial, specifically oxidative phosphorylation proteins which

were significantly higher expressed in female podocytes, as well as basal cell proteins. These

expression differences were concordant to the RNA-seq results. However, in contrast to higher

transcripts for genes related to translation in female podocytes, proteins involved in translation
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appeared to be higher in male podocytes, and cytoskeletal structure in females rather than males
(Figure 43).
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Figure 43. GO enrichment analysis revealed enrichment of cell part and mitochondrial
proteins in female podocytes (A) Female podocytes had an increased abundance for basal cell
proteins as well as oxidative phosphorylation proteins whereas male podocytes had an increased
abundance of ribosomal proteins using different databases (B) Female podocytes showed

significantly higher expression of total mitochondrial proteins compared to male podocytes.

Further GO terms-enrichment was performed using Enrichr functional annotation tool for proteins
with > 2FC DE between male and female podocytes (Figure 44). “Metabolic pathway”,
“endocytosis”, ‘“oxidation phosphorylation”, “carbon metabolism”, ‘“regulation of actin
cytoskeleton”, “focal adhesion” were from the top KEGG pathways found to be significantly

enriched in female podocytes compared to males.
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Figure 44. GO-term overexpressed in male and female podocyte protein vehicle groups with
FC>2. Enrichr analysis of proteins with sex-differential expression (FC>2). GO terms include
biological process (orange bars) and KEGG pathway (green bars) in 587 proteins in female

podocyte and 169 proteins in male.

5.3.3 Focus on sexual dimorphism in mitochondrial respiratory chain proteins and
metabolic proteins related to glycolysis, TCA cycle and pentose phosphate pathway

Further detailed analysis for this thesis work using Panther gene ontology revealed that 72 proteins
with “oxidative-reductase activity” (G0:0016491) were more than 2-fold higher expressed in
female podocytes compared to only 18 proteins in male podocytes from the same category.
Figure 44 gives an overview of the sex differentially expressed proteins related to oxidative
phosphorylation in the mitochondria. 51 enzymes involved in oxidative phosphorylation and
electron transport chain were found to be upregulated in female podocytes (Log2FC male/female

range -3.0 — -0.2) compared to only 4 of 58 identified proteins in male podocytes (Figure 45).
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Figure 45. Log2FC of LFQ values of male versus female podocyte proteins of the oxidative
chain. Heatmap of mean Log2FCs shows higher expression of most respiratory chain proteins in

female podocytes indicate by green colour. (*, significantly DE with p<0.05, **, with p<0.01).

Interestingly, panther gene ontology database identified differences and increased expression in
females at baseline of major enzymes involved in “glycolysis”, “TCA cycle” and “pentose
phosphate pathway” similar to what had been observed in the RNA-seq results (enrichment
factor 2, p-value<0.05). Four enzymes and one carrier were significantly overexpressed in female
podocytes (Fh, Idh3g, Idhb, pgam2 and the glucose transporter Slc2al2) and showed a Log2FC
male/female of -0.3 to -2.0, of these both Idh3g and Slc2al12 were also significantly overexpressed
as well on the transcriptional level in female podocyte, represented in figure 46.

Other enzymes showed higher expression in female podocytes are the rate-limiting enzymes of
the glycolysis pathway, such as mdh1/2, Suclgl, ogdh, Aco2, Sdhc and two enzymes in PPP
Taldol, Gpi which showed 1.2 to 6 times higher expression in female podocytes compared to

male podocytes.
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3.5.4 Focus on sexual dimorphism in oxidative stress response proteins in podocytes

In the past few years, many studies have been focusing on the discovery of intrinsic antioxidants
that prevent damage and ameliorate and enhance recovery after podocyte injury. Oxidative stress
is one of the key pathogenic factors of many glomerular diseases (132).

As RNA-seq data clearly showed that female podocytes have higher intrinsic expression of many
heat shock protein genes, chaperones and genes involved in oxidation and ROS production, e.g.
MT-1 thioredoxine, glutathione Gpx1, SOD1 (Figure 30), it was of great interest whether different
expression levels could be also detected in the respective protein levels. Panther gene ontology
identified 13 oxidative stress response and HIF related proteins found to be differently expressed
between males and females, and concordant to RNA-seq, most peroxiredoxin and thioredoxin
related proteins were intrinsically higher expressed in females compared to males. Additionally,
all identified 18 glutathione-related proteins were overexpressed in females except for four related

proteins). Moreover, concordant to RNA-seq findings, female podocytes had higher levels of 80%
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of all quantified heat shock proteins compared to male podocytes, as well as other chaperone
which were significantly regulated on the transcriptional level

Recently, sirtuins have been associated with oxidative stress signaling and antioxidant defense in
the cell through different effectors to enhance cellular defense mechanisms (133). Proteomics
revealed Sirt2 protein to be intrinsically higher expressed in female compared to male podocytes

(Log2FC male to female of -0.83 / 80% more expression in female).

3.5.5 Focus on sexual dimorphism in proteins related to the post-translational modification
in podocytes

Protease activity is essential for physiological podocyte maintenance (122). Several studies
support the diverse capacity of ubiquitin proteases to affect the cytoskeletal and proteomic
composition of podocytes(121). The strong sexual differences identified in RNA-seq earlier in
ubiquitination and proteases activity genes between male and female podocytes were not
completely reflected by the protein level. Proteomics identified around 120 proteins related to
proteolysis and ubiquitination, but only Ube2n was significantly differently expressed between
sexes with p value <0.05. Nevertheless, Panther analysis identified a large number of differently
expressed proteins with proteases activity (PC00190), ubiquitinated genes (and 4 genes with
proteases inhibitor activity), with > 2 FC.

Calpain, a calcium-dependent cysteine protease, is a protease that cleaves talin, a cytoskeletal
protein important in regulation of cell-cell contacts. Three Calpain proteins were identified in this
analysis; calpain-1 and calpain-2 which were only slightly higher expressed in female podocytes
compared to male podocytes (1.3 FC).

Cathepsins, a further protease group, contribute to both, podocyte maintenance and response to
acute injury. Cathepsin D, an aspartic protease, which has been shown to be relevant for integrity
of slit diaphragm and prevention of proteinuria (134) was expressed equally between male and
female podocytes. Cathepsin L is a serine protease, which activity is increased in some kidney
diseases and is considered to have a destructive effect, could not be quantified in this proteomics.
Among the quantified proteins involved in ubiquitination were glutamyl aminopeptidase (Enpep),
carboxypeptidase Q (Cpq), neprilysin (Mme), pyroglutamyl peptidase 1 (Pgpepl), rhomboid-
related protein-3 (Rhbdl3), dipeptidyl peptidase 4 (Dpp4), serine protease HTRAL1 (Htral),
metalloproteinase domain-containing protein-10 (Adam10), carboxypeptidase D (Cpd), and
nardilysin (Nrd1). Most of them showed a higher expression in female podocytes compared to

male podocytes. The function of these proteins is generally well known, however a special role in
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podocytes has not been described yet (122). In summary, female podocytes displayed a higher
capacity of ubiquitination and proteases compared to males, still their role in modulating the ECM

composition requires further studies.

3.5.6 Focus on sexual dimorphism in podocyte-specific structural proteins and proteins
related to podocyte homeostasis and function.

Interestingly six of the significantly differently expressed proteins in this proteomics study were
related to the actin cytoskeletal or regulators of the actin filaments, including titin, vinexin, catenin
alpha 1, integrin alphal and collagen VI which are important for podocyte function.

First, podocyte-specific structural proteins were investigated in more detail. Interestingly, the
majority of podocyte-specific proteins, such as synaptopodin, podocalyxin and nephrin were
higher expressed in females, in addition to cell junction and focal adhesion molecules, such as
Z0-1, Magi-2, ACTN4, vimentin, Itgp5, Itgp1, focal adhesion kinases, such as Ik with 2.5 times
(log2FC 1.3) higher expression in female podocytes. Female podocytes showed abundant
expression of integrin-related proteins with 48 proteins involved in integrin signaling and only 4
being overexpressed in male podocytes, such as Talin-1/2. Proteomics further revealed higher
expression of ECM components in female podocytes, such as Col3a4, Col6, Laminin B2,
syndecan-4, dystroglycan (Figure 47A/B), as well as for proteins involved in exocytic/endocytic
pathway, such as clathrin light chain (data not shown).

In contrast to RNA-seq results, cytoskeletal proteins, binding and regulators were enriched in
female podocyte. 34 cytoskeletal proteins (PC:00085) and 9 adaptor proteins were highly
expressed in female podocytes with > 2 FC compared to only 5 in males, such as ACTN4 and
Vimentin. Furthermore, 11 proteins with Rho-GTPase activities regulating cytoskeletal function,
such as Coffilin1/2, Myo10, Rock1 and Rheb proteins were higher expressed in female podocytes,
also 6 upregulated Arp2/3 protein complexes. The Arp2/3 machinery is required for proper
podocyte process formation, adaptation and adhesion for regulation of the GFB (Figure 47C/D).
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Figure 47. Log2FC of LFQ values of male versus female podocyte proteins for podocyte-
specific and structural proteins. (A/B) Major structural podocyte proteins, focal adhesion
molecules and ECM proteins were higher expressed in female compared to male podocytes. (C/D)
cytoskeletal and binding proteins indicate by blue colour, red colour indicates higher expression
in male. (*, significantly DE with *p<0.05, **, with p<0.01, *** p<0.0001).

3.5.7 Sexual dimorphism in proteins involved in major cellular response and cell fate
pathways

In contrast to transcriptomics, proteomic analysis using Panther database showed that several
signalling pathway proteins were overexpressed in female podocytes compared to males of vehicle
groups with log2FC > 0.57 /FC >1.5 times. For example, different AMPK subunits and ERK1/2
were more than twice higher expressed in female podocytes, as well as AKT1 and AKT2.
Moreover, 22 additional protein kinases, tyrosine and phosphatase enriched kinases were sex-DE
with 1.2 -1.5 FC (data not shown).
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3.6 Integration of transcriptomics and proteomics data

As both transcriptomic and proteomic analyses relied on podocytes of mice treated under same
experimental settings, it was of special interest whether the transcriptomic sex differences were
translated into the proteome. Corresponding genes/proteins from transcriptomic and proteomic
datasets were overlaid and analyzed. Only 6 significantly sex-regulated transcripts were
significantly sex-DE on protein level. Nevertheless, the biological consequences of the protein
differentially expression with FC>1.5 were analyzed using Enrichr and major hits were similar
such as for the terms oxidation phosphorylation, glycolysis, proteasome, metabolic process were
among the common pathways concordantly enriched in both, proteomics and transcriptomics of
male and female podocytes. Others were enriched in an opposite manner, such as e.g. males
enriched proteins related to translational factors and ribosomal proteins, whereas females showed
a higher expression of cytoskeleton, focal adhesion and regulation of cytoskeleton-related

proteins. (Figure 48).
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Figure 48. Integration of transcriptomics and proteomics data. (A) Overlaying protein-
encoding transcripts with identified proteins from current proteomics (B) only 6 genes and their
corresponding proteins showed significant sex-DE in both RNA sequencing and proteomics.
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3.7 Analyses of selected protein expression levels in renal cortex tissues of all
experimental groups to investigate sexually dimorphic responses to rapamycin

treatment on protein level

Due to limited protein material to be obtained from isolated podocytes, kidney cortex sections of
female and male vehicle and rapamycin treated mice (each at least 4 mice/group) were
immunostained and subjected to tissue lysis and subsequent protein detection using immunoblots
with specific antibodies to validate proteomics data and to further study the effects of rapamycin

treatment on protein levels.

3.7.1 Sexual dimorphic responses to mTOR inhibition on expression of mitochondrial
oxidative proteins

Both, RNA-seq and proteomics had shown intrinsic sex-differences for podocyte-specific
expression at the mitochondrial and oxidative phosphorylation (respiratory chain) levels.

To confirm proteomics results concerning changes of OXPHOS complexes in mouse
mitochondria between vehicle groups and to investigate the responses to rapamycin, Western blots
were performed from cortex-renal tissue and the total OXPHOS rodent WB Antibody Cocktail

was used (Figure 49).
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Figure 49: Sexual dimorphic expression of mitochondrial proteins. Higher expression of
OXPHOS complex proteins was observed intrinsically in females and responses to rapamycin
were sexually dimorphic (A) Representative western blots are shown for OXPHOS complex and
COQ2 (n=4 for each experimental group) (B) Densitometric quantification showed a higher level
of mitochondrial proteins in females compared to males. GAPDH was used as loading control.

Kruskal-Wallis test was used and results are expressed as mean +/- SEM, *p<<0.05, **p<<0.01.

Increased expression of ATP5a and ATP5b (complex V) was confirmed by WB in female vehicle
with comparable FC of 1.3 in proteomics. MTCO1 and UQCRC2 (complex 1V) were not
quantified in proteomics, however, WB showed increase in females compared to male vehicles.
Proteomics detected several Cytochrome b-cl complex (UQCRC component) and all were

upregulated in female vehicle podocytes as well as for MTCO2 with log2FC more than 0.5.

Complex 1l core protein SDHB was not successfully quantifiable with cocktail OXPHOS
antibody, however use of another monoclonal AB showed concordantly to RNA and proteomics
results significantly higher expression in females. After rapamycin, levels remined the same or
decreased such as in SDHB that was decreased significantly in females, whereas MTCO1 and
UQCRC2 only increased in females. In male cortex tissues no major changes were detectable
between vehicle and rapamycin groups for these proteins.

The mitochondrial COQ2 enzyme functions in the biosynthesis of CoQ (ubiquinone), a redox
carrier in the mitochondrial respiratory chain and a lipid-soluble antioxidant, and is part of the
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coenzyme Q10 pathway which plays an essential role in oxidative phosphorylation working as
antioxidant. Mutations in this gene cause coenzyme Q10 deficiency and cause nephrotic syndrome
symptoms (135). WB analysis showed higher baseline of COQ2 in female mice, both males and

female enzyme levels were reduced after rapamycin treatment, to higher extent in females.

3.7.2 Sexual dimorphic responses to mTOR inhibition on podocyte-specific proteins
Nephrin and ZO-1 control the slit diaphragm integrity and function and work also as signaling
molecules (27). Podocin and synaptopodin importantly regulate actin cytoskeleton and function.
In proteomics, the majority of these podocyte-specific proteins were intrinsically higher expressed
in female podocytes. Selected proteins were now investigated for their expressional changes in
response to mTOR inhibition in renal cortex tissues.

Podocin appeared almost 3 times higher expressed in female compared to male renal cortex
tissues, which was contrary to expression levels in podocytes in proteomics. Yet LFQs in
proteomics showed high interindividual variability for podocin which might have led to the

discrepant results.

Yet, ZO-1 levels were highly expressed in female vehicle group compared to male as detected by
proteomics. After rapamycin, levels of podocin, nephrin, synaptopodin, claudin-1 and ZO-1
decreased in females whereas remained almost constant in males except for synaptopodin and
claudin-1 which also decreased in males. Another podocyte marker, WT1 could not be determined
in proteomics most probably due to low abundancy in the analyzed podocyte samples. WB
revealed that females had a two times higher intrinsic protein expression of WT1 compared to
males. In response to mTOR inhibition, levels slightly decreased in females and on the contrary
increased in males. (Figure 50A/B). It is well documented that defects of WT1 cause several types
of renal disease and nephrotic syndrome as Fraiser and Denys-Drash syndrome, and the reduction
in the number of podocytes correlates with the progression of renal diseases. Podocyte number is
usually measured by counting of positive signals for nuclear WT1 staining. For further
confirmation of surprising WB results, immunohistochemistry of WT1 was performed, and results
were quantified by counting all positive signals in all glomeruli of 6 mice per group. Female mice
had a higher podocyte number indicated by WT1 positive signal. After rapamycin, the number

increased in male and decreased in female. Also, it was visually noticed that the signal intensity
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of WT1 was much stronger in female compared to male in both, vehicle and rapamycin groups.

(Figure 50C/D).
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Figure 50: Sexual dimorphism in selected podocyte-specific proteins. (A) Western blots
showing a higher expression of WT1, Synaptopodin, nephrin, podocin, ZO-1 and Claudin-1 in
female vehicle (n= 4 for each experimental group). ZO-1 band was detected at 130 kDa, not as
expected 200 kDa, this could be due to post modification or isoform from ZO-1 (as manufacturer
info). (B) Relative protein levels as determined by densitometry of WBs, * p<0.05, ** P<0.01.
(C) Immunohistochemistry of WT1 in vehicle and rapamycin treated groups showed significantly
more nuclei stained positive for WT1 in females. Rapamycin increased WT1 staining in podocytes
in males, but not females, (D) Quantification of staining for WT1, renal cortex slide staining from

6 mice per group were analyzed.

3.7.3 Effect of rapamycin on cytoskeletal and focal adhesion proteins

The cytoskeleton is composed of three types of filaments, F-actin fibers, intermediate filaments
and microtubule filaments. One representative protein from each filament type was analyzed by
WB in podocyte-enriched cortex samples. ACTN4, Vimentin, and a-tubulin proteins were highly
enriched in podocytes, all three proteins were higher expressed in female vehicle group compared
to male consistent to podocyte-specific proteomics results, vimentin and a-tubulin protein levels

were reduced after rapamycin treatment mainly in females. (Figure 51)
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Figure 51. Sexual dimorphism in cytoskeletal filament proteins. (A) ACTN4 representing
actin filaments, a-tubulin representing microtubules and vimentin as candidate protein for
intermediate filaments were determined in renal cortex tissue sections of mice from all four
experimental groups. (n=4 per group) (B) Densitometric quantification showed a higher level of
cytoskeleton proteins in females compared to males. GAPDH was used as loading control.

Kruskal-Wallis test was used and results are expressed as mean +/- SEM, *p<<0.05, **p<<0.01.

Additionally, as Phalloidin staining is frequently used to analyze the actin cytoskeleton, this
staining was used to validate the proteomics results of female podocytes which showed higher
abundance of actin cytoskeletal proteins compared to male podocytes. Figure 52 displays
representative staining and quantification of the average intensity per glomerulus (70-80 glomeruli
per group were quantified). Rapamycin treatment led to reduced expression of actin fibers in both

Sexes.
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Figure 52. Cytoskeletal staining of renal cortex tissue sections from vehicle and rapamycin

Average intensity per glomerulus area

Female

treated male and female mice and quantification. (A) Representative fluorescent microscopy
images of phalloidin-649 staining of renal cortex tissue sections from vehicle and rapamycin
treated male and female mice. (B) Average fluorescent intensities were determined per glomerulus
and are shown in arbitrary units. Staining of four mice were analyzed per group, 70-80 glomeruli

were quantified per group.

Rho-GTPases influence podocyte cytoskeleton and function. Therefore, WB were performed for
RhoA, Racl and Cdc42 to investigate the cytoskeletal regulation after rapamycin treatment. Females
had higher intrinsic levels of RhoA and Racl proteins, and lower level of Cdc42 compared to
males which was concordant to proteomics with similar fold change differences. In response to
rapamycin treatment, females had significantly reduced Racl levels with almost no changes in
RhoA and Cdc42 expressions. However, males increased Cdc42 after rapamycin treatment with
slight, non-significant reductions in Racl and RhoA. (Figure 53)

It has been reported that Rho GTPases Racl and Cdc42 have divergent functions in podocyte
injury (136). Reduced levels of Cdc42 in podocytes result in congenital nephropathy and renal
failure. Furthermore, Cdc42 regulates podocyte apoptosis and protects against proteinuria (137) .
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The observed increase in Cdc42 in male rapamycin treated group might indicate a compensatory

response to rapamycin counteracting the stress induced by the drug.
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Figure 53. Expression of Rho-GTPases and sexual dimorphic responses to rapamycin
treatment in renal cortex tissue. (A) WB and densitometric analysis show higher intrinsic
expressions of RhoA, Cdc42 and Racl in females. Rapamycin significantly reduced Racl in
females and increased Cdc42 in males (n=4 per group) (B) Densitometric quantification showed
a higher level of GTPase proteins in females compared to males. GAPDH was used as loading

control. Kruskal-Wallis test was used and results are expressed as mean +/- SEM, *p<<0.05, **p

<0.014

FA and integrins connect the actin cytoskeleton to the GBM, laminin 2 and Collagen 1V a30405
(128). They are considered to be the major proteins in the GBM and serve as a scaffolding layer
for the podocytes. Laminin B2 and Col IV (a3a4a5) were intrinsically significantly higher
expressed in female compared to male. Levels reduced non-significantly in females after
rapamycin treatment. Mainly integrin o331 mediates cell adhesion to the extracellular matrix in

podocytes (129).
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Unfortunately, integrin a3 detection by WB was not successful, yet, Wb analysis of integrin 1
showed that females had 1.3 fold higher expression compared to males in vehicle group. In
proteomics 5 types of integrins o and B could be quantified and were more than 1.2 fold higher
expressed in female compared to male podocytes. Integrins are linked to the actin cytoskeleton
via many molecules, such as talin, vinculin, paxillin and integrin-linked kinase (ILK). Paxillin is
an adaptor protein and considered as a key component of integrin signaling. Proteomics had shown
more than three times higher intrinsic expression of paxillin in female podocytes. The tyrosine
phosphorylation is required for integrin-mediated cytoskeletal reorganization. WB in Figure 54
shows a higher intrinsic level of phosphorylated paxillin in females which was reduced to almost
half after rapamycin treatment, suggesting that male podocyte increase phosphorylation in face of
stress caused by rapamycin to increase integrity and adhesion between podocyte cytoskeleton with
ECM and integrin signaling.

Further key component of focal adhesion formation is myosin Il. Activation of myosin Il through
light chain phosphorylation allows myosin to bind to actin filaments (138). Proteomics detected
twelve myosin proteins, most of them were highly expressed in female vehicle compared to males,
such as Myolc, Myo9 and Myole. WB could be performed for phosphorylated myosin light
chain-2 and revealed higher activation levels in females and decrease after rapamycin treatment
in both sexes. (Figure 54)
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Figure 54. Expression and regulation of selected ECM and focal adhesion proteins in renal
cortex tissue of male and female vehicle and rapamycin treated mice. (A) WB and
densitometric analysis show higher intrinsic expressions of collagen IV, Lamininf2, Integrinp1,
phosphorylated Paxillin and Myosin light chain in females (n=3 per group for Collagen IV, n=4
per group for Laminin 2, Integrinf 1, Paxillin and myosin light chain). Laminin -2 was
detected at around 130-150 kDa molecular weight, possibly post-modification changes as
manufacturer info. (B) Densitometric quantification of WB, GAPDH was used as loading
control. Kruskal-Wallis test was used and results are expressed as mean +/- SEM, *p<<0.05,
**pn<<0.01.

3.7.4 Sexual dimorphism in autophagy and apoptosis marker protein expressions

RNA-seq had shown a higher transcriptional level of autophagic and apoptotic genes in podocytes.
Therefore, several marker proteins involved in autophagy and apoptosis were investigated for
possible sexual dimorphism on the translational level.

Autophagy is controlled by mTOR signalling and inhibition of mTORCL1 leads to induction of
autophagy. Measurements of p62 (Sqstm1) degradation and increase of LC3I1b, which is involved
in autophagosome formation, are established marker proteins to investigate autophagy. Females
had intrinsically higher levels of LC3Ilb which only in females further increased in response to
rapamycin together with slight reduction of p62 indicating induction of autophagy in response to
mTOR inhibition. Male did not change LC3I1b levels after rapamycin treatment yet displayed a
non-significant increase in p62 protein. (Figure 55)
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Figure 55. Marker protein expressions for autophagy and apoptosis in renal cortex tissue of
male and female vehicle and rapamycin treated mice. (A) Autophagy marker LC3llb was
significantly higher in female vehicle mice and further increased after rapamycin treatment in
female only. No cleaved caspase 3 could be detected indicating absence of apoptosis in all
experimental groups. Furthermore, p62 and BCL2 were significantly higher in female compared
to male vehicle group (n=4 per group for LC3B, P62 and Caspase-3, n=3 per group for BCI2) (B)
Quantification of WB using image J., Kraskal Wallis test was used* p < 0.05, ** p < 0.01, *** p
<0.001).

Concerning apoptosis, proteomics analysis had detected 12 apoptosis related proteins to be
upregulated in female, under them caspase-3, CytoC and Bagl, and only 3 proteins in male, under
them Cad, a caspase activated Dnase. In Wb of renal cortex tissues, caspase 3 increased in
response to rapamycin in females whereas levels remained largely unchanged in males. However,
increased caspase-3 was not indicative for increased apoptosis in females treated with rapamycin,
as the caspase-3 band was only detected at 35 kDa and not at lower bands which would have
indicated cleaved protein levels indicative for apoptosis, suggesting “healthy” glomerular
compartment in mice even after 3 weeks rapamycin treatment. In addition, the antiapoptotic
protein Bcl2 was quantified and showed significantly higher levels in female vehicle, with non-
significant changes after rapamycin in both sexes.
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3.8 Effect of mMTOR inhibition on renal cortex metabolism

RNA sequencing revealed an important sexual dimorphism in genes related to metabolism. To
determine whether this relevant finding translated into sex differences in renal metabolites, and to
get further insight into the effect of rapamycin on glycol-metabolic activity, seven kidney cortex
tissue specimen from male and female vehicle and rapamycin groups were prepared for GS/MS
which was performed in collaboration with BIH Metabolomics Facility lead by Jennifer Kirwan.
GS/MS measurements and statistical analyses were done by Dr. Raphaela Fritsche. Four samples
could not be analyzed due to injection failure, yet a minimum of at least 5 biological replicates
per group remained for further analyses.

In total, 104 metabolites were identified (Appendix, Table7). Metabolites were valid when they
appeared in a minimum of 3 biological replicates. 41 metabolites involved in central carbon
metabolism could be analyzed in detail. Biological variabilities were generally low in the four
experimental groups; however a slightly higher variance was detected in the sum of normalized

peak area in female mice treated with rapamycin (data not shown).

The main findings of the metabolite analyses were that independently of sex, most of the amino
acids (except for tryptophan, tyrosine and lysine) were significantly higher in rapamycin-treated
mice. This accumulation was more pronounced and significant in a higher number of single amino
acids in males compared to females suggesting that rapamycin might affect protein synthesis to a
higher extent in males compared to females (Figure 56). Among the amino acids, serine, threonine
and isoleucine showed the largest relative increased in intracellular pools that reached more than
70% increase. In this study, tryptophan, lysine and tyrosine were not accumulated, and the levels
were decreased largely in females. These amino acids are known to be metabolized and used for
Acetyl CoA synthesis - the first intermediate in TCA cycle- and might serve in females as a

compensation for the reduced TCA cycle.
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Figure 56. Accumulation of amino acids after rapamycin treatment. Rapamycin did not cause
a change in the amino acid ratio in both males and females. (A) Heatmaps of log2FC of the mean
of the normalized peak areas of amino acids in male and female renal cortex tissue in response to

rapamycin in each sex separately and male and female combined (rapamycin/vehicle) shows an
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accumulation of amino acid pool in both male and female after rapamycin treatment, more
significantly in males, blue indicates decreased level - white (no regulation) — red (increased),
p<0.05 are marked with * using Wilcoxon test on the normalized peak areas, dashed line
represents significance for amino acids after univariate scaling. n=7 biological replicates in each
group. (B) Bar plots representing FC differences between all experimental groups (normalized to

male vehicle).

Metabolomics further suggested that rapamycin-treated mice had reduced activations of most of
the glucose-related metabolic pathways. Glucose is taken by cells and metabolized via many
pathways, such as glycolysis, TCA cycle, glycerol and phosphate pentose pathway (PPP). The
key metabolites of the glycolysis, pentose phosphate pathway and TCA cycle were measured and
were decreased significantly in response to rapamycin in both male and female with stronger
reduction in females. Figure 57 shows the changes in the key metabolites in both sexes after
rapamycin relative to male vehicle (*p<0.05, Wilcoxon test on the normalized peak areas).

male female female/male
rapa/veh rapa/veh rapa/veh vehicle rapamycin

G6P
F6P
G3P
PEP
Pyruvic acid

NA

Lactic acid

Glyceric acid-3-phosphate == =
glycerol

DHAP

Citric acid

Fumaric acid
Glutaric acid-2 hydroxy
a-ketoglutarate ¥
Malic acid
Succinic acid

Ribose-5-phosphate i *

Ribulose-5-phosphate o PPP

Ribose

108

% Glycolysis

Glycerol

TCA cycle



5., Ribulose.5-phosphate 15, Ribose5phosphate l 257 Glucose-6-phosphate Frustose-G-phosphate
! 15
20
5 9 . . ®
5" 10 PENTOSE PHOSPHATE G6P g s o 10
5 «— 3 Y — 5 &
o 1.0 % PATHWA ) = 10 E“
E *os LDL 0.5 'El) 0.5
0.5, S u_:IL
0.0
0.0 0.0 ] male female e Tomale
Male Female Male Female F6P =
Glyceric acid -3-phosphate
15 Ribose / l 1.5 8W phosp
o0
S 10 / \ 2
5 2
5 Glycerol o o }D'Ds
Zos 1s .5 Diydroxy . DHAP GA3P =
w ’ 0.0
<+ l male Torriale Glycerol-3-phosphate
8 15 =
210
0.0 g & 10
Male Female 5 a 13BPG ™ =
= 210
508 § 05 l £
4 2 os
00 on 3PGA «— Avmo acms w
male female
l 0.0
Male em:
Lactic acid Pyruvie acid 2PGA 2.07 Phosphoenclpyruvic acid
1.5 20 — o 1.5
) > l g
g1 5 10
) 8 ) =
g PEP +— Awnosn B o
g g
%D 5. 05 oo
2 male female
B femal male Temale Lac+— Pyr — A DS
15 Citric acid
[ .
5
EA 1o
‘\ aCoA SYNTHESIS g
15, Malicacid OAA ,_R / £.s
{ ]
. Cit
g0 Mal 0.0
% Male Female
E 05 {‘ .,1 15,  e-ketoglutarate
A cveLs @
h [=]
00 2
WMale Female Fum aKG+—— 2HG g10
T
aric kel
’ \ / \. Lo
=3 [ ]
S 10 / Glu
2! Suc 08
z / N Ml Femal
S
Y08 GIn
15 Su id N

Male Female 3, 2-hydroxy-Glutaric acid

Fold change

Fold change

Male Female

Figure 57. Rapamycin effect on main metabolites of the central carbon metabolism. (A)
Scheme of rapamycin effect in each sex for glycolysis, TCA cycle and PPP pathway. (B) Heatmap
of log2FC of the mean of the normalized peak areas of glycolysis metabolites, TCA cycle and
pentose phosphate pathways in male and female renal cortex tissue in response to rapamycin in
each sex separately and male and female combined (rapamycin/vehicle) showing decreased
glycolytic metabolism in both male and female in response to rapamycin. Blue indicates decreased
level - white (no regulation) — red (increased), * p<0.05, ** p<0.01, ***p<0.001. Dashed line
represents significance for the group of glycolysis and TCA after univariate scaling, n=7

biological replicates in each group.
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Only three metabolites showed sexual dimorphic response to rapamycin: Glucose-6-phosphate
(G6P), phosphoenolpyruvate (PEP) and a-ketoglutarate. The relatively higher metabolite levels
in males compared to females could be explained by enhanced glycolytic metabolism in males to
compensate for ATP reduction caused by rapamycin. Interestingly, males had upregulated genes
for oxidation phosphorylation and glycolysis, whereas many enzyme expressions were maintained
or decreased in females, suggesting higher stress resistance in females. Since many amino acids
are metabolized and converted to metabolites entering glycolytic pathways in many steps, the
increase in amino acid pool in males could partially explain why males had relatively higher
metabolite levels compared to females. Concordant to RNA-seq and proteomics, metabolomics
showed that female mice had higher intrinsic levels of glycolytic metabolites and PPP (except

for succinate and citrate).

Nucleobases analyzed in this metabolomics study were adenosine, uracil, and cytosine. All of
them were reduced after rapamycin treatment in both, males and females without significant
differences. Nucleobase levels were reduced although amino acids, responsible for nucleobases
synthesis were accumulated after rapamycin. mTORC1 is involved in de novo synthesis of
nucleotides (139), and inhibition by rapamycin might have additionally prevented amino acid
conversion to pyrimidine/purine nucleobases. Nevertheless, adenosine showed a sexual dimorphic
response to rapamycin. Males reduced adenosine levels by 50% and females increased their level
by twice. (figure 58)
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Figure 58. Rapamycin effect on nucleobases metabolites. Heatmap of log2FC of the mean of
the normalized peak areas of the four nucleobases showing a decrease in nucleobase metabolism
in both, male and female, after rapamycin treatment, except for adenosine. Blue indicates
decreased level - white (no regulation) — red (increased), * p<0.05, Wilcoxon test on the

normalized peak areas.
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4. DISCUSSION

In 2001, the Institute of Medicine (IOM) published a report, indicating that “Sex matters” is an
important basic human variable that should be considered when designing and analyzing studies
in all health-related research. Still, many studies are only conducted with males or failed to report
the sex of animals (140). This thesis work about the sexual dimorphism of the molecular signature
of podocytes under physiological and stress conditions might contribute essentially to fill that lack

of scientific knowledge.

Sex differences in kidney function and renal diseases are well documented in animals and humans
with the incidence of ESRD being higher in males compared to females. Further, the mean age at
the start of dialysis is also higher in women compared to men (13). To this date, the exact
molecular mechanisms underlying these sex biases are largely unknown. Sex hormones and the
fact that 10-20 % of X chromosome genes escape silencing on the inactive X and cause an
increases of gene expression in females with different expressions in different organs could
explain this partially (141). A better understanding of the molecular cell compositions and
response patterns in male and female might help to develop sex-specific therapeutics in today’s
precision medicine to support intrinsic defense mechanisms and to limit or even reverse

pathologies.

One of the most important cell types of the kidney which determine progressive kidney diseases
are podocytes. Podocytes are terminally differentiated cells of the glomerulus and represent the
essential cell-type to maintain the integrity of the GFB. Recently, several papers have focused on
the molecular identity of podocytes. However, despite of the known sexual dimorphism of renal
diseases and clinical courses there is only one report including male and female podocytes for
transcriptomic analysis, yet focusing on podocyte aging processes rather than on sex-differences
(115).

This is the first study which investigated in detail the sex-specific molecular signature of
podocytes by deep transcriptomics and proteomics, accomplished with signaling studies and
metabolomics of renal cortex tissues from male and female mice under vehicle control conditions
and in a stress model using mTOR inhibition. In order to obtain highly pure podocyte fractions
for molecular analyses, a transgenic mouse line (NPHS2Cre*mT/mG mice) was used which
allowed highly efficient isolation of GFP-labelled podocytes by FACS sorting (95). Even though
no microalbuminuria, renal functional changes or histological pathologies could be detected in all

vehicle and rapamycin treated animals after 3 weeks of treatment, significant transcriptional
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changes of podocytes genes, proteins and metabolites were observed. Sex differences were most
prominent between vehicle groups, yet rapamycin treatment mostly abolished differences with a
shift of the male transcriptome towards female vehicle phenotype. Moreover, on proteome levels,
a high number of proteins involved in mitochondrial oxidative phosphorylation, metabolism and
glycolysis were significantly higher expressed in female podocytes with many of them showing
concordant expression with the transcriptome. Whereas females downregulated many podocyte
structural and functional related genes and proteins in response to rapamycin treatment, they
seemed less affected by consequences of mTOR inhibition on protein synthesis and other

metabolic changes as determined by metabolomics of podocyte-enriched renal cortex tissue.

4.1 Mouse model and experimental design

4.1.1 Mouse model

Mice expressing GFP-positive podocytes and tomato-positive non-podocyte kidney cells
(NPHS2Cre*mT/mG) were used as they enabled highly specific isolation of podocytes by FACS
sorting. The podocyte isolation technique was adapted from Borries et al. 2013 which was superior
to previous reported isolation techniques yielding to an average of 500,000 podocyte per mouse
(95). In the current study, using the same mouse line, the average podocyte yield per mouse was
330,000, which was comparable to the previous cited study and corresponded to about one third
of all glomerular cells. It should be added that the age of the mice used in this study (12-18 weeks
old) was chosen to be comparable to 20 - 30 year-old human, representing healthy mature adults
prior to relevant changes caused by aging or disease development.

Different mouse strains are found to have different susceptibilities to various diseases. Mice used
in this study were on a C57BL/6 background. Unfortunately, C57BL/6 mice show sometimes
resistance to proteinuria in contrast to 129/Sv mice and considered sensitive to only certain renal
models (142). This might be a reason that in spite of strong molecular changes, rapamycin did not
lead to functional renal impairment during the 3 weeks of treatment even with rapamycin
concentrations reaching clinically significant trough levels which have been reported to cause
renal functional impairment in human. However, C57BL/6 strain is a good breeder and therefore
most commonly used to generate transgenic mice and its entire genome is published and can be
related. Further to that, several studies used C57BL/6 strain before to investigate podocytes,
proteinuria and various kidney diseases (95, 143).
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4.1.2 Choice for the use of mTOR inhibition to investigate sexual dimorphic stress responses
in podocytes

The mTOR signaling network represents a key pathway controlling renal epithelial cells and
regulating a variety of renal epithelial processes ranging from podocyte size control (51, 144).
More extensive evidence points to the importance of the mTOR signaling pathway in both, control
of physiological podocyte function and in podocyte injury and changes could be modulated by
MTORC1 inhibition (67, 68). Because of the strong relevance of mTOR activation in the
development of glomerular diseases, the aim of this study was to test the hypothesis if the response
to inhibition of mMTOR signaling by rapamycin occurs differently in male and female. In addition,
recent work from Dragun’s lab has shown sex-specific regulation of distinct mTOR complexes —
MTORC1 and mTORC2 in terminally differentiated cells, the cardiomyocytes (145, 146).
mMTORC2 was essential for female endogenous cardioprotection which was lost upon mTOR
inhibition with rapamycin whereas male mice displayed improved cardiac function in response to
rapamycin treatment. Like cardiomyocytes, podocytes are postmitotic cells with limited
regenerative capacity. Another reason not to work with a specific disease model, such as FSGS to
test for sexual dimorphic stress responses, was to exclude secondary effects.

The dose and frequency of rapamycin given in this study was based on previous work from
Dragun’s lab that ensured a therapeutic level of rapamycin trough concentration in the blood

comparable to humans.

4.1.3 Sample size

In designing animal and clinical experiments, selecting and calculating the appropriate number of
animals or patients is a decision to be taken with care, taking into consideration cost, precision
required, getting ethical approval from specialized authorities and the nature of the experiment, in
addition to the breeding efficacy to be able to detect small differences of treatment. It is known,
that increased number of mice or patients recruited increases sensitivity of results and detecting
even small real differences which means robust results.

In this work, more than 80 mice were used to reach the requirements for reliable results for the
different read-outs for all four experimental groups. Recently, the number of biological replicates
needed to ensure biological interpretation for RNA-seq result was studied by 11 statistical known
tools in RNA-seq. It was found that 12 biological replicates for each condition allowed the
identification of > 90% of the true significantly differentially expressed (SDE) genes for all fold
changes. Yet, it was recommended that a minimum of three to six replicates per condition should

be used and analyzed using edgeR (excat) or DESseq2 tools to detect SDE (147). In this thesis
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work 12 mice of each experimental group were used for podocytes isolation. Five to six
podocytes-biological replicates each were initially sent for RNA-seq. However, due to some
technical problem, only 4 mice vehicle treated could be further analyzed and 5 male rapamycin
treated mice, whereas a total of 6 female mice of both treatment groups could be included and
further analyzed by DESeq2.

Other RNA-seq studies, which have been published in high ranked journals, have been used the
same or less number of biological replicates (95, 115, 148) Yet, some podocyte RNA-seq studies
have done pooling of 4-5 biological replicates and further performed technical replicates (95, 106,
114, 115). Such pooling makes it impossible to assess the underlying variability of individuals in
an experiment and cannot produce a valid inference but could be acceptable if variation between
samples were tested in advance and found to be low. Considering the difficulty, precision in
isolation technique, time needed for isolation and with the before-known limited number of
podocytes isolated per mouse, the plan to use 6 mice each group was considered appropriate. For
proteomics however, due to low protein yield from single preparations, 6 biological replicates per
experimental group were not possible and finally only three samples per vehicle group could be
analyzed by mass spectrometry to yield a proteome unfortunately only without high deepness.
For metabolomics, use of at least 5 biological replicates is common and recommended for each
condition and preferably as many biological replicates as possible per treatment and control to
take into account usually high subject to subject variation. In the current study, 7 samples were
used per each experimental group leading to quantifiable results which all succeeded the required

quality checks.

4.1.4 Validation of RNA-seq and proteomics data

Validation for RNA-seq and proteomics was done by gPCR and western blot, four to eight
biological replicates were each used. For gPCR, firstly qPCR was performed for selected mRNAs
using cDNA prepared for RNA sequencing (library cDNA-podocyte RNA). However, quality of
cDNA for that much later than RNA-seq performed gPCRs was not good enough anymore that
this approach could not be followed further. Therefore, RNA was freshly extracted from podocyte
isolated cells which had been snap frozen directly after the end of the treatment period and used
further for RNA sequencing validation. In addition, validation of proteomics could also not be
done on podocyte isolated cell lysates due to the limited number of podocytes, but from glomeruli
enriched kidney tissue which were isolated from individual mice. To further evaluate proteomics
findings, immunohistochemical stainings were performed proving expression levels of several

important proteins to be concordant to proteomics results.
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4.2 Lack of physiological and morphological alterations in response to mTOR

inhibition with rapamycin in both sexes

mTOR inhibition may have diverse effects on GFR and urinary albumin excretion dependent on
kidney disease prevalence or other yet unknown factors. Rapamycin is more and more frequently
used as immunosuppressant in renal transplantation to avoid the nephrotoxic effects of calcineurin
inhibitors; some patients develop relevant proteinuria, others not (70, 149). In addition, whereas
rapamycin has been proven to be nephroprotective in some glomerular diseases in animals, some
patients contrarily respond with strong increase in proteinuria which even persists after withdrawal
of the drug (150, 151). Therefore, it was completely unknown how the mice would react to the
rapamycin treatment. Rapamycin was effective in reducing mTORCL1 activities in renal cortex
tissues in both, male and female mice. However, concerning the functional and morphological
effects in the kidneys no significant changes could be detected. VVehicle and rapamycin treated
mice maintained normal levels of serum creatinine and other physiological parameters during the
3 weeks of treatment. However, males showed a reduction in body weight of 1.5% compared to
male vehicle. This might have been related to a decrease in protein synthesis, as suggested by the
fact of downregulation of mMTORC1 activity as measured by decreased p-p70S6 and the observed
increase in amino acid pool detected in metabolomics in males after rapamycin treatment.

Previous publications have demonstrated that mTOR inhibition is associated with hyper-glycemia
in 10-50% of patients and that rapamycin can induce glucose intolerance by reducing secreted
insulin (123, 152). Furthermore it is known that mTOR regulates glucose uptake and GLUTL1 /4
expression, which allows insulin independent transmembrane transport of glucose (153, 154). The
findings of increased glucose levels in two males and females of the rapamycin group and the
accumulation of glycolytic metabolites together with decreased GLUT mRNA expression levels
after rapamycin in both sexes could be related to decreased uptake of glucose and the findings of
GSEA were rapamycin in both male and female podocyte downregulated carbohydrate transport
and glycolysis explain therefore higher excretion in the urine, though did not reach statistically
significant value, which maybe would have been occurred with longer rapamycin treatment.
Moreover, a correlation between decreased glucose renal tubular reabsorption with decreased
AKT?2 expression - which is required for the regulation of the Na*-linked glucose transporter
SGLT1-has been reported (155). On the transcriptomic and translational level, AKT2 expression
was decreased in females, in addition to reduced expression of p-AKT2 Ser473 and Thr308 after
rapamycin, treatment which might have influenced both GLUT expression and renal reabsorption

to a higher degree in females than in males.
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Renal structural changes were investigated by PAS staining, which showed a normal morphology
in controls and after rapamycin treatment. To obtain more information on changes at the
ultrastructural level of podocytes, two mice of each sex and treatment groups were perfused with
glutaraldehyde for samples preparation for electron microscopy in collaboration with Prof.
Bachmann’s group at Charité. Electron microscopic analyses showed normal podocyte structure
and foot processes, regular slit diaphragm and normal fenestrated endothelium in all groups.
However, female mice appeared to have more structural and microtubule components in renal
cortices compared to males under physiological condition (data not shown).

Rapamycin as an immunosuppressant agent modulates the immune system and decreases I1L-2 and
other cytokine receptor-dependent signal transduction mechanisms, through protein FK-binding
protein 12 binding. Importantly, GSEA analysis showed downregulation of many interleukins,
immune response signaling molecules and cytokines. Some displayed sexual dimorphism in
response to rapamycin, e.g. the GO “cytokine-cytokine interaction” (table 5 appendix). However,
no increased mMRNA transcripts or protein levels were detectable for pro-inflammatory molecules
such as IL-6, TNFa, TGFpB or MCP-1 before or after treatment. Furthermore histological analyses
did not show any lymphocyte recruitment or other signs of inflammation.

4.3 Sexual dimorphic expressions of mMTOR complex components, related signaling

molecules and responses to rapamycin treatment

A recent study of Prof. Dragun’s lab has reported sexual dimorphism in mTOR complex
components in cardiac tissue and dimorphic responses to rapamycin treatment on mTORCs
activation levels (145, 146). mTORC2 function as measured by p-AKTSer473 increased in males
after rapamycin treatment, whereas it significantly decreased in females, which was concordant
to the results obtained in podocytes in this study. Moreover, the downstream targets of mTORC1
p-p70s6 and p-AKT Ser473 showed higher levels in female compared to male hearts at baseline,
which was also consistent with the findings in podocytes.

Comparable results were reported in a study with brain lysates of old mice, where females
displayed a higher baseline expression of mTOR, p-mTOR, AKT and p-AKT (156) and a study
in brain hippocampus, where females showed 11-20% higher baseline levels of mMTOR, p-mTOR,
Raptor, AKT, p-AKT, p-p70s6 and p-4EBP1 and other kinases including AMPK and GSK3p

(157). In addition to these intrinsic sex differences, further sex differences in response to mTOR
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inhibition were reported in different tissues such as glioblastoma (158) microglial (159)
cardiomyocytes (145) and liver (160, 161).

In the current study, mTOR, p-mTOR and p-4EBP1 protein expressions were reduced in renal
cortex tissues with no sexual dimorphism after rapamycin treatment, still expressions remained
higher in females. Only AKT and phosphorylated Akt at Ser473 and Thr308 showed a sexual
dimorphism in response to rapamycin treatment, such as that males had increased levels of AKT
and p-AKT Ser473 and p-AKT Thr308. This could be a tissue specific effect. The fact of tissue
specific sexually dimorphic responses is supported by a study with caloric restriction which
mimics rapamycin inhibition and reduces PI3K/mTOR activity where opposite to S6
phosphorylation, pAkTSer473 increased in fasted males but not in females in liver, adipose tissue,
and heart (160).

To rule out different serum concentration levels in male and female mice responsible for the
observed signaling differences, steady-state rapamycin levels were measured biochemically by
LC/MS. LC/MS values of blood samples pointed to a trough concentration of 19-25 ng/ml and
were comparable in both sexes. Yet, these findings alone could not rule out a possible different
metabolism of the drug or permeability to reach the kidney tissue between males and females as
cause for the observed differences. Yet, functional monitoring of the phosphorylation status of the
main downstream target p70S6 in renal cortex tissues proved sufficient mTORC1 inhibition in

both sexes.

4.4 Intrinsic and treatment-related sexual dimorphism of podocyte genes and
proteins

4.4.1 Sexual dimorphic GO enrichments in podocyte genes and proteins

This is the first study which evaluated sex differences on gene and protein levels in isolated
podocytes. Years ago, whole kidney tissue has been investigated for possible sexual dimorphism
on the gene expression pattern in mouse and human. Only three papers could be found
investigating primarily the differences on the transcriptomic level between healthy male and
female (18-20). On the glomerular level, significantly regulated gene expression was detected, but
not to such an extent as within the current study. Si et. al reported only less than 30 genes related
to metabolism, translation and angiogenesis which were differently expressed between male and
female glomeruli. Transporters were also among the differently regulated genes as well as genes

related to steroid metabolism. Another study used rats of different ages and performed gene
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analysis by microarray. More than 400 genes related to metabolism, signaling, protein synthesis,
oxidative stress and cell death were sex-differently regulated in the young rats (age comparable to
this thesis study between 8-12 weeks). Interestingly, GO-functional analysis of differently
regulated genes showed different functional categories based on age (18). Another recent single-
cell study of renal cells showed strong clustering by sex for the proximal tubular region mainly
for transporters and metabolism (118). Concordant, to these studies, the current work showed an
enrichment and differently regulated genes on metabolism, translation, protein synthesis and
oxidative stress, though a larger number of genes were differently regulated on the podocyte level
compared to whole kidney tissue. Moreover, human kidney cortex tissue investigated in the frame
of the Genotype-Tissue Expression project, revealed sex-biased expression especially in
transcription factors. However, as samples were mixed healthy and diseased, it was not possible
to relate these data to this thesis study (120).

Transcriptomic changes during aging have additionally been investigated in male and female cells
of renin lineage and mouse podocytes (115, 148). In aged podocytes, yet sex-dependent
differences were rather attributed to small biological variations within the groups and no specific
pathway enrichments were reported (115). However, in cells of renin-lineage from 2 month-old
young mice, 79 out of 113 genes were significantly upregulated in females compared to males,

mostly related to metabolic process (148).

In this thesis study, 1768 significantly differentially expressed genes accounted for about 6.5% of
the total transcriptome. GO enrichment analyses showed that females were enriched in GO term
mitochondria and related process, translation, cell part including adaptor proteins in addition to
plasma and intracellular proteins (as endocytosis), proteolysis and glycolysis, all processes which
are fundamental for podocyte homeostasis. Enrichments in these GO terms were also observed in
the female podocyte proteome.

In contrast, male podocytes displayed increased levels of cytoskeletal, focal adhesions, cytokine
chemokine inflammatory response and immune system activation which are known to relate to
the pathophysiology and progression of CKD (162), in addition to GO terms related to kinase
activity, transcription, and apoptotic process. Furthermore, exosome and extra-cellular exocytosis
were among the differently expressed gene ontologies under baseline, and were significantly
differently regulated after rapamycin with significant upregulation in male podocytes. Exosomes
are known to mediate intercellular communication, regulate immune system and antigen
presentation (163). Upregulation of these gene sets mainly in male indicate that males might have

been functionally stronger affected by rapamycin treatment compared to females. However, in
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addition to ribosomal proteins, cytoskeletal proteins showed opposite enrichments for males and
females in the proteome, therefore these differences remained untranslated from the genome to
the proteome.

Interesting was the following observation, that the number of significantly sex-differently
expressed genes which were observed intrinsically, decreased dramatically between podocytes of
male and female rapamycin treated mice. Females showed much less changes in response to
rapamycin treatment compared to males which might indicate a higher stress resistance compared
to males and what became even more obvious when taking into account the results of
metabolomics which will be discussed later.

In the proteome study almost 3200 proteins could be identified, but only 2700 proteins were
quantifiable compared to around 7000 quantifiable proteins in a recent paper of Rinschen M (106).
The reason for that lower number of quantifiable proteins might be due to the low amount of
material and the limited number of mice analyzed, not allowing to perform deep analysis and
quantification as had been performed on the genomic level. Yet, Borries 2013, described only
1451 proteins in SILAC based proteomes and quantified only 991 based on LFQ values. Due to
high inter-individual variation of LFQ values of podocyte proteins of male vehicle group, the
mean and/or log2FC differences between male and female podocytes were considered for
functional analyses. Only 40 proteins showed significantly different expression between male and
female and in total, expression levels of around 70 % of the podocyte proteins were found to be
higher expressed in females with more than 1.5 fold change. Still, many of the GOs which showed
enrichment in the transcriptome, only displayed enrichment in the proteome, such as oxidative
phosphorylation, redox homeostasis, ubiquitination and apoptosis. Yet, overall correlation
between DE single genes and proteins was poor. Both RNA-seq and proteomics had been
performed with by the same method isolated podocytes, but from different mice. Therefore, inter-
individual variation, together with low number of replicates especially for the proteomics and the
differences in sequencing and proteomics death might have increased this lacking correlation.
However, earlier studies have also shown only poor correlation between transcriptomics and
proteomics (95, 164).

The analysis of GO terms enrichment and functional annotation was performed using three
databases, mainly Panther database for the GO-Slim, Enrichr for extracting KEGG, Wiki
pathways in addition to Hallmark gene ontology and GSEA software was used for gene
enrichment from the whole transcriptome. All these databases are well established, regularly

updated and provide a comprehensive set of functional annotation tools.
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4.4.2 Sexual dimorphism in major podocyte-specific genes and proteins relevant for
podocyte structure

Nephrin, Podocin and Nephl (Kirrel) are the major components in the slit diaphragm, which
ensure that essential proteins and macro-molecules are retained in the blood and not lost into the
urine. Its integrity depends on the cytoplasmic interaction with podocin. Loss of function of these
three proteins disrupts the slit diaphragm formation and causes proteinuria (27). Podocin is
important for nephrin recruitment and stabilization at the podocyte foot processes, enhances it
signaling, acts as mechano-sensor and links tight junction proteins to the actin cytoskeleton (165).
Nephrin works as a signaling molecule and is involved in podocyte polarity, cell survival,
membrane trafficking and actin organization (31). All these mentioned proteins are known for
their critical role in podocyte homeostasis, many mutations or loss of expression are known to
cause nephrotic syndrome and proteinuria (22, 25, 27, 28, 34, 38, 40, 41).

In this study, both RNA-seq and WB showed intrinsically higher levels of podocin in females
compared to males. Rapamycin treatment led to increased expressions in males suggesting higher
sensitivity of males to rapamycin concerning podocin gene expression. Transcripts for Tjp1, ltgh5
as well as CD151 were also significantly differ between female podocytes compared to males at
baseline. Only on protein levels, sexual dimorphic was observed for nephrin in response to
rapamycin, where male podocytes showed upregulation of nephrin tyrosine phosphorylation
compared to vehicle and downregulation in females. As rapamycin was given systematically via
intraperitoneal injection, glucose intolerance induced by nephrin downregulation on pancreatic
islet cells could be a possible explanation for the differences in higher accumulation of glycolytic
metabolites and glucosuria in females after rapamycin treatment, as reported before (166).
Rapamycin-induced downregulation of nephrin with decreased GLUT4 expression and trafficking
and glucokinase enzymes in females might have resulted in decreased glucose uptake in females,
while male upregulated both GLUT4 and glucokinase expression and enhanced glycolysis as
observed in the metabolomics study.

Another major podocyte-specific protein which showed sexual dimorphism at protein level was
WT1. WTL1 is a transcriptional factor developmentally regulated, but present throughout life. And
play a role in homeostasis of the mature glomeruli. it is well documented that defects of WT1
cause several types of renal diseases and nephrotic syndrome as Fraiser and Denys-Drash
syndrome. The WT1-dependent transcriptional network directs podocyte development and
maintenance by regulation of more than 200 podocytes-associated genes (114). WT1 is shown to
initiate nephrin transcription as a nuclear transcriptional factor through binding to the promotor

region of nephrin (167). It is also responsible for the induction of endogenous podocalyxin, one
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of the major structural membrane proteins of glomerular podocytes (168). Moreover, WT1 has
been related to influence the transcription of other proteins such as ACTN4, CD2ap, Col4a3, inf2,
podocin, Itga3, lamininf2, Myo9 and plcel (114) .

The present work here showed significant sexually dimorphic regulations of WT1 in response to
rapamycin. Rapamycin increased WT1 protein expression in male cortex tissues by 1.5 times
whereas it decreased in females. This increase in WT1 in males might have triggered the increased
transcription of genes regulated by WT1, such as nephrin (slightly), ACTN4, CD2ap, podocin,
col4a3 and lamininB2. Yet, on protein levels, only nephrin and Col4a3 increased concordantly to
the increased gene expressions in males in response to rapamycin. This might be also caused by
the fact that more than one transcriptional factors influences the podocyte protein, such as podocin
which is transcribed by WT1 and Lmxib. In contrast to this work, a recent study conducted in
male Sprague Dawley rats, showed that levels of nephrin and podocin which decreased after one
week of rapamycin treatment, were restored after 4 weeks of rapamycin administration on both
MRNA and protein levels (169). Whether same adaptation mechanisms would occur in mouse
podocytes remains to be tested.

Several other studies report on effects of rapamycin and everolimus on podocyte-specific proteins,
however without investigation of sex differences. WT1, SD proteins and other cytoskeletal related
proteins were mainly reduced by treatment (89, 90, 92) whereas apoptosis increased (88).
Everolimus furthermore regulated microtubular genes in podocyte, such asTUBB2B and DCDC2,
which are both involved in MT assembly and podocyte morphology (170).

In addition, endocytic genes and proteins were intrinsically differentially expressed in male and
female podocytes, including several vesicular transporters and non-clathrin endocytic pathway
proteins. It has been reported that the loss of key CME proteins, dynamin, synaptojanin 1 or
endophilin and class Il Pl 3-kinase C2 a (Pi3kc2a), result in proteinuria and foot process
effacement (130). This can be explained by the fact that many podocyte proteins are regulated by
endocytic proteins of clathrin dependent and independent pathway, mainly dynamin and
synaptojanin 1, slit-diaphragm proteins, Nephrin, ZO-1, actin regulatory proteins such as Arp2/3
, Myole, CD2AP, and Nck, cortactin, B1-integrins, focal adhesion kinase as well as free fatty acid
and albumin (130, 131). Still, little is known about sex differences in this aspect of podocyte
function. There is one report on microglia ( phagocytosis machine and one form of endocytosis)
which showed sexual dimorphism such as that males had more microglia in brain, whereas
females showed higher engulfment efficiency with additional sex differences upon inflammation,

stroke and aging (171). Sexual dimorphism observed in endocytic machinery, in addition to sexual
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dimorphism seen in PMTs and catabolism with or without rapamycin induced stress, might
partially explain the sexual dimorphism observed in podocyte structural protein differences.

The regular function of podocytes depends on their structural integrity and motility which is
mainly regulated by the cytoskeleton, focal adhesions, small GTPases and ECM interaction. As
for podocytes, cytoskeletal structure and viable function are important in brain. In a recent study,
sexual dimorphism has been reported in cytoskeletal genes and proteins in microglia mainly in
myosin related proteins with high expression in male (164). In this thesis study, male podocytes
showed intrinsically increased expressions of many cytoskeletal, focal adhesion, ECM proteins
on the transcriptional levels, yet, on protein level, females showed enrichment in the GOs
cytoskeleton, Rho GTPases, ECM and focal adhesion proteins, such as Actn4, vimentin, integrins
and Col3a4, which has been discussed before.

Rapamycin has been reported to inhibit F-actin reorganization by inhibition of the phosphorylation
of focal adhesion proteins, such as FAK and paxillin by raptor complex disruption and by
reduction of protein synthesis of RhoA, Racl and Cdc42 (172). These findings were only partly
concordant to this study where gene expressions of RhoA and Cdc42 decreased in both sexes in
response to rapamycin treatment, whereas protein levels did not change significantly in both sexes
except for Racl in females. Additionally, GSEA analysis showed a pattern of downregulation in
cytoskeletal gene expression in both male and female Interestingly, rapamycin effects were not
consistent between sexes for all genes and proteins of these groups. Some, such as Actn4, F-actin
decreased in both, male and female podocytes, as also confirmed by phalloidin staining. In
contrast, some showed a sexual dimorphic response to rapamycin, such as vimentin and tubulin
proteins, two main cytoskeletal proteins in podocytes, which decreased significantly by rapamycin
treatment in females, but levels remained almost constant in males.

Moreover, p-paxillin showed sex-specific differences after rapamycin treatment. Phosphorylation
was increased in males and reduced in female. As mentioned before, paxillin phosphorylation is
important for adhesion between ECM/integrins and cytoskeletal structure in podocyte FB and cell
body, which in addition to the GSEA findings (down regulation of cytoskeletal proteins, focal
adhesion, cytoskeletal organization) suggest that males had to upregulate genes involved in
cytoskeletal integrity and stability as a stress response to ensure podocyte homeostasis whereas
females were less susceptible to stress induced by rapamycin treatment concerning the
cytoskeletal structure and adhesion/cell-cell junction molecules.

Rho family of small GTPases is a family of small (~21 kDa) signaling G proteins, which are key
players in the regulation of actin dynamics, focal adhesion assembly and cell polarity. Rac and

cdc42 are crucially involved in cytoskeletal reorganization and cell motility by regulating
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filopodia, lamellipodia and stress fibers. In contrast, RhoA promotes the formation of contractile
actin—myosin containing stress fibers in the cell body and at the rear of the migrating cell in a
highly coordinated manner (173). Furthermore, the podocyte adapter protein synaptopodin has
been shown to induce stress fibers by stabilizing RhoA and suppressing filopodia (34). Racl is
also known as critical regulator of the expression of mTOR and of cellular size control. Several
studies have suggested an involvement of the small GTPases RhoA, Racl and cdc42 in podocytes
during glomerular disease, reviewed in (40). In neurons, other postmitotic cells like podocytes,
Rho family of GTPases are involved in several crucial processes including actin dynamics, axon
growth, stabilization and guidance and neuronal survival and death.

Here, in both, transcriptome and proteome a significant sexual dimorphism was identified not only
in the cytoskeletal structures, but also in their regulators including RhoGTPases, Actin2/3
proteins, actin binding proteins and RhoGTPase downstream targets such as cofillin and rophilin
with higher expression in female podocytes compared to males. Results from western blots of
renal cortex tissues showed that in males, cdc42 significantly increased in response to rapamycin
whereas it remained unchanged in females. In contrast, Racl did not change in males whereas
protein levels significantly decreased in females in response to rapamycin. The different effect of
changes caused by rapamycin needs to be further studied functionally in addition to the effects of

downstream regulators.

4.4.3 Intrinsic and treatment-related sexual dimorphism in podocyte cellular energy
homeostasis

Podocytes express a high number of mitochondrial proteins and many mutations in mitochondrial
genes cause kidney diseases, such as different types of FSGD and nephrotic syndrome, e.g. by
mutation in COQ2 (135). Mitochondrial biogenesis and OXPHOS are regulated by energy
demand, mTOR and AMPK pathway in addition to PGC-1a. Overexpression of PGC-1a has been
reported to protect podocytes against damage caused for example by aldosterone-mitochondrial
depletion (174). In both, RNA-seq and proteomic significant enrichment of genes and proteins
related to oxidation process were found with higher expressions in female podocytes, including
PGC-1a and nuclear factors NRF-1and TFAM. These differences were abolished after rapamycin

treatment indicating loss of sexual dimorphism under stress condition with mTOR inhibition.

Furthermore, a recent study showed that anaerobic glycolysis is the main pathway to generate
ATP in podocytes (175). By analyzing main enzymes involved in this pathway, females also
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showed higher enzyme expressions compared to males which was additionally reflected at the
metabolite levels in the metabolomics of the renal cortex tissues, which will be discussed in more

detail below.

It was not surprising to observe a sexual dimorphism in the mitochondrial proteins/OXPHQOS, as
it is well known that estrogen controls mitochondrial function and increases the expression of
nuclear factors which drive mitochondrial biogenesis (176). This was also observed in other cells,
namely cardiomyocytes (177). However, the response after rapamycin was interesting, females
showed reduced mitochondrial gene levels whereas male levels increased abrogating the before
existing sexual dimorphism. This might indicate a compensatory mechanism of male podocytes
to counteract the stress induced by mTOR inhibition whereas females might compensate by

different ways as discussed later in the metabolomics part.

Finally, AMPK, a central regulator of both lipid and glucose metabolism, is activated in response
to stress and ATP depletion, such as low glucose and hypoxia. Many AMPK subunits were found
sex-differently expressed in vehicle control groups. Additionally, AMPK phosphorylation at
Thrl72 was upregulated in males in response to rapamycin but not in females to enhance and
restore reduced mitochondrial function, which is not the case in females, were they showed better
adaptation toward stress. Increased AMPK phosphorylation was accompanied with less
accumulation of glycolytic metabolites in males. This indicated a sex-specific response to
rapamycin in energy metabolism in the kidney. AMPK sexual dimorphic phosphorylation after
rapamycin might also explain the sexual dimorphism observed in autophagic response to
rapamycin, even though autophagy is a downstream target for mTOR, and rapamycin was
therefore expected to activate autophagy in both sexes. However, the observation of sex
differences in AMPK phosphorylation - a master regulator for autophagy when AMP/ATP ratio

is elevated- could explain the sexual dimorphic response for many autophagic genes.

4.4.4 Sexual dimorphism in redox proteins

Oxidative stress influences cell antioxidant defense enzyme homeostasis and is considered to be
an important mechanism for the development of many cardiovascular as hypertension, renal
failure and ischemia/reperfusion injury such as Sod, catalyze and glutathione system (178). Under
normal condition, cells are protected from ROS by. In general females due to estrogen are more

resistant to cellular oxidative stress and have higher antioxidant capacity than males (179).
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Interestingly, sexually dimorphic responses have been reported for mediators involved in the
transition of AKI to CKD, such as HIF-1a and catalyses (94). Sexual dimorphism in redox
enzymes has been reported in cardiomyocytes with female cells showing lower levels of oxidative
stress and ROS production. However, male cardiomyocytes exhibited higher levels of glutathione
peroxidase and other related enzymes and lower SOD1 than females (179). Moreover, glutathione
related genes/proteins showed tissue specific sex differences (180). In the current study,
significantly sex-different gene expressions were found in SOD enzymes, glutathione, and
thioredoxin, furthermore translated into significantly differentially expressed thioredoxin related
proteins and many enzymes with log2FC>1.5. Rapamycin upregulated expression of many
glutathione and SOD genes in males but not in females. In proximal tubules, it was shown that
females due to hormonal effect maintain the GSH content in extreme conditions such as ischemic
reperfusion injury and protect kidney from injury (94) this can explain that changes caused by
rapamycin in male podocytes were not seen in females, and females kidney cells are resistant to
redox protein changes caused by different stimuli/stress, here by rapamycin.

Hmgbl functions as endogenous redox-sensitive promoter of the immune response, involved in
podocyte injury and induces EMT and apoptosis and its inhibition has been found to be protective
against podocyte injury (181). In this study, males showed higher expression at baseline compared
to female on gene level with log2FC of 0.8. Rapamycin reduced 10% of Hmgblexpression in
males, while females increased the expression. The same effect was observed for MT-1 and
sirtuin, which both have antiapoptotic and antioxidative function.

4.4.5 Sexual dimorphism in proteostasis-regulating genes and proteins

To maintain proteostasis, unfolded protein response and molecular chaperones are key players to
maintain healthy podocyte against proteinuric kidney disease (182). There are several reports on
intrinsic sexual dimorphism of proteolytic activity-chaperone expressions in various tissues, such
as brain, liver and fat tissue. Furthermore, it has been shown that rapamycin influences proteolytic
activity in brain and fat tissue in a tissue and sex-specific manner (156). In this study, rapamycin
increased chaperone and folding protein related gene expressions in males whereas chaperone
transcript levels slightly decreased or were maintained in female podocytes. This suggests a higher
need to promote the turnover and removal of damaged and misfolded proteins in male podocytes
as a stress response to rapamycin treatment. This was supported by GSEA analysis which showed
that male podocytes upregulated genes/GOs related to ubiquitination/ proteolysis compared to

only minor changes in females.
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Another important pathway in regulation of proteostasis is autophagy which is a regulated
mechanism of the cell to remove unnecessary or dysfunctional organelles and proteins and recycle
essential molecular components. Previously, it has been shown that females treated with
rapamycin showed significant changes in the expression of longevity-related genes including,
circadian rhythm genes, ubiquitin-proteasome and autophagy pathways (LC3) and selected genes
involved in response to ER stress pathways, such as the unfolded protein response (UPR), which
showed a sex-specific response to rapamycin with higher expressions of such proteins in females
but no changes in males (161). In the current study, genes of the UPR were upregulated in male
podocytes, whereas downregulated slightly in females in response to rapamycin treatment. In
contrast, female podocytes upregulated macroautophagy related genes (GSEA table). LC3lIb, as
an autophagy marker, increased in both, male and female cortex tissues in response to rapamycin,
which corresponds to reported effects of mMTORCL1 inhibition on autophagy, but not for the other
autophagic genes as discussed earlier. Additionally, upon accumulation of misfolded proteins,
IREla — part of the unfolded protein response - is activated and induces genes that encode
chaperones, autophagy mediators, and metabolic adaptations resulting in protection from injury
in an experimental focal segmental glomerulosclerosis model (183). In this thesis work, IREla
was upregulated only in females and downregulated to the same extent in male podocytes,

strengthening protective adaptation processes in females.

4.4.6 Sexual dimorphism in kinases relevant for podocyte homeostasis

Various protein Kinases are enriched in podocytes and are shown to be dysregulated upon stress
and podocyte injury (106). For example, the importance of AKT kinase has been studied in
podocytes. Akt is highly expressed in podocytes (75, 106) and loss of AKT2 expression or reduced
activation resulted in podocyte apoptosis and FP effacement and subsequently proteinuria, in
addition to changes in cytoskeletal structures through Racl. Moreover, in the same study,
rapamycin treatment in human kidney transplant patients decreased AKT2 expression possibly
via mTORC2 inhibition and eventually lead to proteinuria. Additionally, in response to stress
activated AKT2 mimicked nephrin loss during CKD induced by subtotal nephrectomy (75). In
this thesis work, AKT2 was intrinsically higher expressed in female podocytes at both, RNA and
protein levels, as well as for AKT1. Both levels were reduced after rapamycin treatment only in
females.

Further protein kinases were found to be differently upregulated in female podocytes after

rapamycin such as prkcy, prkci and prkca in addition to phospholipase Plc1 and prkd1/3, pik3c2a.
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All of these sexually dimorphic kinases play a major role in podocyte homeostasis, proliferation,
apoptosis, and many other cellular signaling processes and are involved in further pathways, such
as B-receptor activation, dopamine, 5-HT pathway and FGF pathways. For example, 3-adrenergic
receptor activation accelerates podocyte recovery through the induction of mitochondrial
biogenesis (184). Higher intrinsic expression of kinases and different regulation after rapamycin
in females or male suggest different endogenous capacities to counteract harmful stress

conditions.

4.4.7 Sexual dimorphism in transcription factors

Among the significantly differently expressed and regulated genes detected between male and
female podocytes were almost 100 TFs, under them Dicerl, Stat3, Nfat5 and Foxs1 (p<0.01) with
higher expression in male podocytes. The sexual dimorphism in TF expressions was also seen in
response to rapamycin and could strongly mediate the sexually dimorphic gene expression
observed. However, this approach was not followed and analyzed by specific software and
databases at this point, as this could be a full thesis by its own. Nevertheless, few TFs will be
discussed shortly.

First, and most importantly, there was a significant differential expression in the core circadian
rhythm genes between vehicles (Figure 23). Expression decreased significantly only in males after
rapamycin. It is widely known that many circadian genes influence various different physiological
systems, sleep to metabolism, immune system and aging (185). In a recent study, circadian
transcriptome profiling was performed on isolated glomeruli from control and cKO mice and
revealed their influence on multiple genes encoding protein expressions essential for normal
podocyte function. Rho GTPase Activating Protein, cytoskeleton, Cathepsin L among others were
altered and influenced the kidney function (186). The effect on circadian genes expression after
rapamycin on the significantly expressed genes between vehicle and differently regulated after
rapamycin in males was not further investigated at this point, however, the cross talk between
many circadian genes and podocyte homeostasis should be further investigated deeply.

Dicer is the enzyme responsible for miRNA generation and thereby regulation of protein
synthesis. In a Dicer mutation specific to podocyte mouse model 120 significantly upregulated
genes were found in mutant mice, among them vimentin, Hsp20, Tagln which are important for
cytoskeleton structure and other genes important for apoptosis and for integrin signaling (50).
High expression of Dicer in males might contribute to the higher expression of focal adhesion and

most cytoskeletal genes in male podocytes. Rapamycin upregulated slightly Dicerl expression in
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females (and also to little extent in males) which might provide beneficial effects of rapamycin on
the cytoskeletal structure, were female upregulated many cytoskeletal proteins-related actin
binding proteins. Yet, this conclusion could not be based only on Dicerl expression levels, since
many kinases, endocytic genes and transcription factors influence focal adhesion molecules,

cytoskeletal proteins and their regulators.

4.5 Sexual dimorphic metabolic responses to rapamycin

Sexual dimorphism in metabolism has been well documented in different tissues, with higher
glucose metabolism in females compared to males (187, 188). Female hormones have been
attributed a major role in these differences. Estradiol has been reported to enhance glycolytic
metabolism and to increase glucose uptake (189) in a PI3K/AKT-dependent manner through the
pentose phosphate pathway (190).

Investigating renal cortex tissues from male and female vehicle treated mice, females showed
higher intrinsic levels of glycolytic metabolites and PPP (except for succinate and citrate).
However male mice showed higher levels of amino acid pools compared to females (except for
isoleucine and serine) indicating possibly enhanced protein turnover compared to females. Yet,
differences between sexes under control conditions were overall small for AA pools and glycolytic
metabolites reaching only significant levels in 4 out of 12 of the measured AA and glycolytic
metabolites.

Effects of rapamycin and other mTOR inhibitors on glucose homeostasis have been investigated
before in skeletal muscle cells and adipocytes (191). Rapamycin induced metabolomic changes
have been shown to extend lifespan in multiple animal models (192). Prolonged exposure to
rapamycin led to decreased glycolysis in rat pancreatic islets (166), which has also been observed
in this thesis study. Moreover, metabolomic changes in response to rapamycin have been shown
to be tissue-specific. In brain, rapamycin did not change the metabolomics profile but did in liver
(192). In muscle cells, everolimus has been reported to reduce glucose uptake as well as
intracellular glucose levels during 48 h treatment, which was accompanied by reduced levels of
main glucose transporters and main enzymes such as Cs and Ogdh on mRNA and protein levels
(123).

In females, rapamycin effects has been also studied in mice hearts after at least one week of
rapamycin treatment. Glycolysis was reduced and the main two metabolites in TCA cycle,
oxaloacetate and ketoglutarate, were increased as well as amino acid such as glutamine, aspartic

acid and levels of valine and isoleucine. Interestingly, these increased levels went back to normal
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with prolonged treatment (193), whereas in another study the metabolites changes caused by
rapamycin lasted even after cessation of rapamycin treatment (194). Podocytes as
cardiomyocytes, both postmitotic cells, depend mainly on energy consumption for their function,

and therefore these similar changes in female mice in response to rapamycin are not surprising.

Sexual dimorphism in metabolomics has been investigated in response to mTOR inhibition before
(123, 188, 195). A recent study on HUVEC cells showed sexual dimorphism on glycolysis, TCA
and amino acid metabolism after starvation, where females showed higher levels of glycolytic
metabolites compared to males as well as an increase in amino acid pool.

As transcriptomics and proteomics revealed major differences between male and female animals
in amino acid, nitrogen, glycolysis and mitochondrial phosphorylation chain reaction, focus was
directed towards the three major glucose metabolic pathways: glycolysis, the tricarboxylic acid
(TCA) cycle, and the pentose phosphate pathway (PPP). Independent of whether a combined or
individual single analysis of male and female samples were used, amino acids showed increased
pools while glycolysis, PPP and TCA cycle pathways were decreased in mice treated with
rapamycin. Yet, AA accumulation was higher in male compared to female and the decrease in
glycolysis metabolism was higher in female compared to male (detected as higher level of
metabolites in rapamycin-treated male mice) in response to rapamycin which was in contrast to
the results reported in HUVEC in response to starvation. Here, metabolic results were concordant
to RNA-seq and suggested that females were less susceptible to changes in metabolic activity in
response to rapamycin compared to males and the downregulation in mitochondrial function
including glycolysis was reflected by less glycolytic metabolites. Whereas males showed strong
increases in glycolytic enzyme gene expressions to adapt/compensate, such as GLUT expression
and with reduction in protein synthesis causing an accumulation of amino acids, resulting most
probably in more amino acids available to convert to Acetyl CoA and entering TCA cycle, females
showed less changes in response to rapamycin, at least concerning the accumulation of AA.
Amino acids can yield TCA cycle intermediates following the catabolism of their carbon skeletons
(e.g. tryptophan, isoleucine, tyrosine, and valine yielding Acetyl CoA,; tyrosine yielding fumarate)
and replenish depleted levels of TCA cycle intermediates at any time point. In this study,
tryptophan, lysine and tyrosine were not accumulated, and the levels were decreased largely in
females. To note, these amino acids are known to be metabolized and used for Acetyl CoA
synthesis - the first intermediate in TCA cycle- and, in addition to the minimal changes in
glycolytic enzyme expression after rapamycin in females, this could explain the higher

accumulation of TCA metabolites in females compared to males. Moreover, metabolomics results
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follow GSEA analysis, where females downregulated the glycolysis/TCA cycle processes causing
less metabolites whereas male upregulated the same pathways.

In this study, Pgd and Taldol involved in PPP showed stable levels in response to rapamycin.
Therefore, the decrease in PPP metabolites observed in renal cortex tissues in response to
rapamycin might be rather explained by the reduction of precursors in the glycolytic pathway.
Transcriptomics and proteomics had been indicated that oxidative phosphorylation was not largely
and significantly affected by rapamycin in females, yet carbohydrate metabolism related genes
were strongly reduced by rapamycin and showed sexual dimorphic responses. Analysis of
enzymes involved in glycolysis and in the TCA cycle revealed that several enzymes regulating
glucose metabolism were changed specifically for the two of the three limiting rate steps
responsible enzymes in glycolysis, were sex-differently regulated in response to rapamycin. Gck,
a glucose sensor, was upregulated in males maybe as a compensation for higher Glut reduction in
males. Also pyruvate kinase (pkm, pklr), a key rate-limiting step of glycolysis, showed a different
pattern of pkir expression in male and female podocytes in response to mTOR inhibition.
Rapamycin-treated male podocytes showed a dramatic increased level after rapamycin treatment
with log2FC of 2.2, while female rapamycin treated group showed suppressed expression
compared to baseline. The increase in the expression of pklr enzymes in males compared to
females could be due to the excessive accumulation of glycolytic intermediate products in males.
As response, they might have increased enzyme expression to promote the metabolism of the
accumulated intermediates in the previous steps.

The rate limiting step in the TCA cycle is the conversion of isocitrate to a-ketoglutarate via
isocitrate dehydrogenase Idh. Four isoforms were detected in sequencing (Idh2, Idh3a, Idh3b and
Idh3g), and three genes were non-significantly reduced after rapamycin in females but remained
unchanged in males (Idh2, Idh3b and Idh3g). For other enzymes involved in TCA cycle (Aco2,
Cs, mdh1/2, sdha/b/c/d) RNA expression slightly decreased in females (less than 10% and 20%
decrease for 1dh2). However, males responded differently to rapamycin. RNA levels for the
enzymes involved increases from 7% up to 30% in response to rapamycin, which might have
favored a higher metabolism of fumarate and malate by increased expression of the enzymes
involved in TCA cycle (mdhl1 and fhl mainly) as well as increased RNA expression of sdhb. A
possible explanation for higher g6p in male compared to female, could be the finding that Gck
enzyme, responsible for the irreversible conversion of glucose to glucose 6 phosphate, was
increased only in male and GLUT expression in response to rapamycin decreased less in males

compared to females.
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The finding that a-ketoglutarate showed a sexual dimorphic response to rapamycin is interesting,
since recently, it has been shown that a-ketoglutarate is responsible for delayed age-related
phenotype and prolonged life span (196). Furthermore, it is known that p-AMPK increases o -
ketoglutarate, and as increased phosphorylation of AMPK was observed only in male, it was not
surprising to observe a sexual dimorphism in a-ketoglutarate levels. Moreover, one of the major
source for a -ketoglutarate is amino acid turnover. Actually, amino acids accumulated more in
males which might contribute to the higher levels of o -ketoglutarate in males compared to
females.

The AA response to rapamycin treatment was also metabolically profiled and demonstrated
significant accumulation of AA except for few. The observed increase in intracellular levels of
certain AA occurred largely in males. Interesting was in this aspect the GSEA findings on
expression changes in genes related to uptake via transporters, synthesis or metabolism. In both,
male and female rapamycin treated podocytes, rapamycin downregulated the gene expression of
many transporters including AA transporters, AA synthesis and metabolic process and that
significantly stronger in males. Yet, some of these transporter genes were sex-differently
expressed after rapamycin which might have essentially contributed together with sex-differences
in AA metabolism/degradation to the higher accumulation of AA in males. Males might normally
have a higher protein synthesis which was dampened by mTORCL1 inhibition in the rapamycin
group, contributing to reduced body weight in rapamycin-treated male mice.

In this study, tryptophan, lysine and tyrosine were not accumulated, and the levels were decreased
largely in females. These amino acids are known to be metabolized and used for Acetyl CoA
synthesis - the first intermediate in TCA cycle- and in addition to the minimal changes in
glycolytic enzyme expression after rapamycin in females, this might have triggered a
compensatory mechanism in females of converting mainly these three amino acids to metabolites
entering the TCA cycle to overcome the reduced TCA cycle.

Finally, GSEA analysis showed a downregulation of purine synthesis and catabolic process after
rapamycin in both sexes, as was translated into reduced levels of nucleobases in the metabolomics
even with the accumulation of AA, which was related to mTOR inhibition and reduced protein
synthesis. However, this could not explain the sexual dimorphism observed for adenosine. Sex-
different levels of adenosine might have been influenced by sexual dimorphism observed in
AMPK phosphorylation. Adenosine is a precursor for AMP/ADP/ATP. Increased level of
AMP:ADP ratio activates AMPK to enhance and restore reduced mitochondrial function by
increased ATP synthesis (113) .
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4.6 Study limitations

Unfortunately, podocyte-specific proteomics could not be performed in such a depth as the
podocyte-specific sequencing. Due to the limited number of podocytes and the low number of
biological replicates, analyzing 3 vehicle-treated females and 3 males (2 biological replicates, one
pooled sample) prevented strong quantitative analysis. In addition, samples from rapamycin-
treated mice yielded not enough protein extracts to enable proper analysis and could therefore not
reported within this study. Western blots, even if glomerular enriched from lysates of renal
cortices, could provide some further data on protein expressions and signal transduction, yet could
never completely substitute results from isolated podocytes. Immunofluorescent stainings were
another approach to overcome the limitations of proteomics, yet quantification has always to be
interpreted cautiously due to technical limitations for highly comparable staining methods.
Another limitation of proteomics in general is bias towards high abundant proteins. In this
proteomic study, important podocyte proteins were missing, not identified or not quantifiable,
such as WTL1. In addition, the analysis of posttranslational protein modifications was not
performed.

Further limitations of the present study concerned metabolomics. Metabolomic data only address
static changes of pathways between vehicle controls and after three-weeks exposure to rapamycin.
Intracellular glucose uptake or ATP consumption were not measured. Measuring intracellular or
extracellular glucose levels would have been helpful in interpretation of the metabolomics
findings.

All previously mentioned differences after rapamycin were only determined after one dosage and
one time point of 1.5mg/kg and three weeks of rapamycin treatment. Alterations in gene
expression and protein levels could have been restored with longer/chronic treatment duration as
many patients do as part of adaptation. Hence, longer treatment durations should be planned in
the future together with investigations in specific disease models. Finally, these significant
findings and observations were detected in healthy young mice. However, in pathological
conditions the responses might be completely different and further studies need to be conducted
using different rapamycin doses and duration and young and aged mice.
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4.7 Conclusions and outlook

This thesis is first to report on podocyte-specific sexual dimorphic gene regulation and protein
expression patterns which may potentially account for significant sex differences in
susceptibilities and progression of glomerular pathologies. Additionally, sex-different molecular
changes and response patterns to mTOR inhibition attribute to this sexual dimorphism and might
influence the high interindividual variation observed clinically after rapamycin treatment.
According to metabolomic results, females appeared less susceptible towards stress caused by
mTOR inhibition and might possess a higher compensatory molecular buffer capacity compared
to males which reacted with a high diversity of significant gene expression changes. Further
investigation of podocyte adaptation upon acute or chronic pathological conditions with
simultaneous mTORIi with different dosages is warranted. Furthermore, proteomics analysis from
isolated podocytes of both, control and rapamycin treated male and female mice is encouraged to
cell-specifically investigate the protein expression changes in podocytes under stress conditions.
Moreover, more advanced techniques which are currently under development to target cell-
specific metabolomics could lead to further knowledge about this critical, organ function
determining cell-type of the glomerular filtration barrier. Importantly, these thesis results and
further detailed knowledge of sex-specific response patterns of podocytes will substantially
contribute to the development of target-specific advanced molecular therapies optimized for male
and female patients.
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Appendix Table 1. List of intrinsically significantly differently expressed genes (male 826,
female 942)

male vehicle significantly overexpressed genes

adj.p-value<0.01 adj.p- value 0.01> <0.05 Tnsl
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Ber EIf2 Macol |Pik3ca Slc6a9 Zbtb38 Atplla Cog3 Foxo3 Klhi21 [Pdlim1 |Rictor |Tcaf2 Zerl
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female vehicle significantly overexpressed genes

adj.p-value<0.01 adj.p- value 0.01> <0.05
1110002L01Rik |Clta Gas7 Mrpl35 |Peal5a |Rpl37a |Sppl 1110008P14Rik |Cct5 Dynlrbl |Gukl Morn2  |Pex7 Rplp2 Tex264
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6330418K02Rik |Cops9 Gja3 Mrps24  |Pkig Rpl8 Stégalnac6| |Abhd6 Cdh1l Efhd1 Habp4 Mrpl24  |Plpp3 Rps25 Tmcol
Aagab Cotll Gm15501|Mrps28 |Pla2g7  |Rpl9 Stx8 Acaala Cdipt Ei24 Haus2 Mrpl27  [Pmpcb  |Rps28 Tmed2
Abhd17a Cox14 Gm5617 |Mtfril Plat Rplpl Suclg2 Acadm Cdk2ap2 |Eif2b2 Hax1 Mrpl28 |Pnol Rps6 Tmed3
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Atp5cl Dadl Hspel Ndufa7 |Psmc4 Rps3 Tspanl5 Arl2 Comp Emx1 Keng2 Ndufa9 |Ptp4a2 |[Sf3b5 Torda
Atp5d Dcdc2a  [Ifi27 Ndufaf3 |[Psmc5 Rps4x Tspan3 Arl6ipl Comtdl |Ergicl Kenjl Ndufb1-pgPtpa Sh2d4a |Tptl
Atp5e Dctn5 Ifngrl Ndufb10 [Psmd13 |Rps5 Tubalb Arpcd Cops4 Erp29 Kctd2 Ndufb3 |Ptrh2 Slcl6a7 |Trappcd
Atp5gl Ddal Immp1ll |Ndufbll [Psmd8 |Rps7 Tubb2b As3mt Cops5 Exosc5 |Kdm6a [Ndufc2 |Pttglip |[SIc25al7 |[Trmtl12
Atp5g3 Ddx3x Ints3 Ndufb2  |Ptgds Rps9 Txn2 Asl Coxbbl |Fahdl Kng2 Ndufsl |Pxmp2 [SIc25a39 |Tspan31
Atp5j2 Defbl Itgh5 Ndufb4  |Ptrhd1 Rpsa Txndcl?7 Asnal Cox7a2l |Fam136a |Kremenl [Ndufs2 |Pycr2 Slc25a5 |Tspo
Atp5k Degsl Itm2b Ndufb5 |Pvalb Rtraf Uaplll Atfa Cox8a Fam204a |Krtcap2 |[Ndufs3 |R3hdm4 |SIc35b1 |[Tsta3
Atp5md Dnajb1l [Jtb Ndufb6  |Pycrl S$100al |Ubb Atf5 Cpt2 Fars2 Kti12 Ndufs4 |Rablb Slc39a3  |Ttcl
Atp50 Dnajcl5 |Kic2 Ndufb8 |Qdpr $100a10 |Ube2g2 Atfeb Cril Fkbpla |Lamtorl [Ndufs5 |Rab3b Slc4la2  |Ttc27
Atp5pb Dnlz Lamtor4 |Ndufb9 |[Rab13 Saraf Ube2m Atplal Crb2 Fkbp2 Lamtor2 |Nedd8 Rab5c Snap47 |Tusc3
Atp6v0e Dpm3 Lamtor5 |Ndufs6 |[Rab17 Sars Ube2s Atp5al Cregl Fkbp7 Laptmda [Nelfe Rab5if Snrnp27 |Txnl
Avpil Echl Ldlrapl |Ndufs7 |Rabacl |Scandl |UblIS Atp5g2 Creldl Fkbpl Laspl Neul Rbis Snrpb Txndc9
B3gat3 Edfl Lemd2 |Ndufs8 |Rackl Sdf2 Ubxn6 Atp5h Crisl Fmcl Lemt2 NIk Rbx1 Snrpc Txnlda
Babam1 Eeflal |Leol Ndufv2 [Raly Sdhb Ufcl Atp5j Cryab Fnta Ldhb Nme2 Rerl Snrpdl |Ube2d3
Bagl EeflakmtLingol Ndufv3 |Rarresl |[Sec6lb |Ugtla2 Atp5I Cst3 Fopnl Litaf Nol12 Rexo2 Snx1 Ube2el
BC031181 Eefld Map3k10 |Nectin2 |[Rdm1 Selenok |Uqcrl0 AtpSmpl Ctsd Gabarap |[Lman2 Nop16 Rhbdd2 [Snx6 Ube2ql1
Bckdk Egf Mars Nenf Rexlbd |[Selenop |Uqcrll Atpébvlel Cwh43  |GabarapliLrp5 Npc2 Rnaseh2c|Spag7 Uck1
Bloc1s2 Ehd1 Mcripl  |Nfkbib Rgs3 Selenow |Uqcrb Atp6vif Cyb561d2|Gadd45gifLrrc59 Ociadl [Rnf141 |Spcs2 Ufm1
Bri3 Eidl Mdh1 Ngb Rhod Serpinb6a|Uqcrcl Aurkaipl Cystml |Gatd3a |Lsm4 Ogfod3 |Rnf34 Spp2 Unc5c
Bsg Eif2s2 Med28 |Nmel Rin3 Setd3 Ugcrc2 B230118HO7Rik |[D8Ertd73§Gcat Ltbr Osr2 Rnf7 Spsb3 Urm1
Btf3 Eif2s3x  [Med31 |Nopl0 Rn7sk Sfrpl Uqcerfsl B230319C09Rik |Dctd Getd Mal Ost4 Romol |Sptssa Usel
Clgalticl Eif3k Mesd Npas2 Rnf187 |Sgk3 Uqcrh Banfl Dctn2 Gfod2 Mal2 Oxctl Rpll0a |Sqor Vapa
Calr Eif3m Mettl23  |Nphs2 Rpl10 Slc27a3  |Uqcerq BC004004 Dctn6 Ghdc Manf Pa2ga Rpl11 Srpl4 Vdac3
Ccdc9l Eif4h Mgat5b  |Npl Rpl14 Slc38a10 |Vamp8 BC005624 Ddost Ghitm Mcfd2 Paip2 Rpl12 Srxnl Vps45
Cct7 Elmo2 Micul Nprl Rpl15 Slirp Vkorcl Bod1 Derl2 Gipcl Mdh2 Pakl Rpl13 Ssr2 Vstm4
Cd151 Elofl Mienl Nudt16I1 [Rpl18 Smad6  |Xist Brk1 Dgcr6 GlIrx3 Meal Pam16 |Rpll7 Stk16 Vtilb
Cdc42 Fau MIf2 Nxph3 Rpl19 Smdtl Yifla Bsnd Dhcr7 Gm1821 [Mecr Park7 Rpl18a  |Stubl Wdr18
Cdh16 Fis1 Mmp17 |Oazl Rpl21 Smim4  |Yiflb Bub3 Diablo Gmppb |[Med29 |Pbdcl Rpl23a  [Sugtl Wdr83os
Cdknlc Fkbp3 Mmp23 |OrmdI3 |[Rpl22I1 |Smim7 |Ywhae Clgtnfl Dnajbl [Gpr39 Metrnl  [Pcbpl Rpl27 Surfl Wnt8b
Cerk Fkbp8 Mocs1 P4hb Rpl23 Snrpd2 |Ywhaq Cacybp Dohh Gpsl Mettl1 Pcmtl Rpl27a  |Swi5 Xbp1
Chchd2 Foxs1 Mpc2 Pcsk2 Rpl26 Snul3 Zfand6 Capnsl Dpcd Grccl0  [Mettl26 |Pcna Rpl28 Tacd Yars
Chmp6 Fthl Mrm3 Pdia4 Rpl31 Snx21 Zmat5 Carld Drapl Grpell |Mgat4b |Pdapl Rpl35 Thca Zc3hcl
Ckb Ftl1 Mrpl12 |Pdia6 Rpl32 Sod1 Ccdcl107 Drgl Gsn Micos13 [Pdhb Rpl36a [Tbxasl |Zcrbl
Clenkb Fxyd2 Mrpll7 |Pdlim2 |Rpl35a |Spcsl Ccdcl24 Drg2 Gsta2 Mifdgd |Pdia3 Rpl37 Tceald  |Zfp207
Clic3 Gadd45a |Mrpl21  |Pdrgl Rpl36 Sphk2 Ccdc92 Dusp3 Gstpl Mlec Pebp1l Rpl38 Tcpl 2fp277
Clpp Galntl0 |[Mrpl30 |Pdzd11 |[Rpl36al |Spint2 Cct2 DynlI2 Gtf2f1 Mob?2 Pepd Rpl4 Tesc Znhitl
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male rapamycin vs. female rapamycin

Appendix Table 2. List of significantly differently regulated genes after between male and
female podocytes of rapamycin-treated groups with p-value<0.05 (53 genes)

male upregulated female upregulated
Adj.p-value<0.01 |Adj.p-value0.01> <0.05| |Adj.p-value<0.01 |Adj.p-value0.01> <0.05
Ddx3y Tmem176b Xist Prir
Eif2s3y Steap3 Ugtla2 Rps4l
Uty Slcbab Slc22a29 Apoo
Kdm5d Cenl2 Kitl 5530601H04Rik
Kap Cyp27al Tgm2 Socs3
Cyp2j13 Acy3 Kdmba Sod3
Mfap2 Hdac7 Eif2s3x
Dlk2 March7 Pbdcl
Slc7al3 Camtal Ddx3x
Cypdb1 Zbth16 Armc5
Apafl Pil6
Tacrl Hsf2bp
Prrtl Chst1l
Cesif Lrtm2
Chill Tmem176a
Cyp2d9 Hnrnphl
Grik5
Prosl
Cyp2el
Cd36
A930016022Rik
Rtn2

Appendix Table 3. List of significantly differentially expressed genes in treatment and sex
interaction analysis (32 genes)

Upregulated in male | Upregulated in female
Arntl Bhlhe40
Staté Asapl
Rarresl Pitpnm2
Mgat4b Sspn
Cnbp Maco1l
Sgk3 Dip2b
Pdlim2 Mrtfb
Agpatd Arhgap32
Mocs1 Sesn3
H1f2 Rnf150
Sphk2 Map2k3
Hiplr Abll
Cmtm7 Chmpdc
Ggts

Ctsl

Daam2

Ifngrl

Csdc2

Creb3l1
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Appendix Table 4. List of significantly differently regulated genes after rapamycin in male
podocytes with p-value<0.05 (132 genes)

upregulated genes after rapamycin downregulated genes after rapamycin
Adj. p-value<0.01|Adj. p-value 0.01> <0.05 |Adj. p-value<0.01 |Adj. p-value 0.01> <0.05
Daam2 Eif3m Rps6 Mael Tcaf2 Zcche2
Egf Tgfa Eeflal Macol PIkS Megf10
Cmtm7 Pdrgl Prosl Sesn3 Parml Slpr2
Mocs1 Eif4a2 Nectin2 Map2k3 Arhgap32 Adtrp
Creb3l1 Sybu Ppargcla Sspn FInc 1gsf9
Agpat4 Ldlrapl Abtb2 Extl1l Adamts|5 Arfgap3
Ifngrl Peal5a Myl12a Ccbel Mustnl Ifit3b
Arntl 2310022B05Rik Rorc Sorcsl Igfals
Rarresl Luzp2 Pitpnm2 Pgm2I1 Smyd1
Npas2 Laspl Manla2 Tspanl8 Fhod1
Thra Cd151 Abl1 Taok3 Creg2
Gramd4 Itm2b Sod3 Collal Usp2
Csdc2 Arf2 Pik3ip1 Glul Nckap5
Sgk3 Dusp15 Ywhah Stk38 Phactrl
Hiplr St6galnacé Cysl Cpeb1l Fbnl
Kremen1l Ctdpl Mrtfb Chmp4c Aldhlal
Foxsl Selenow Per3 Gm34655 Igfbp6
Pdlim2 Nprl Bhlhe40 Ccdc9b
5830408C22Rik Rpl4 Agol Trim58
Tmem248 Lrp5 Zfpa67 PpplrlSb
Ctsl Tmem140 Asapl Plekho2
Sphk2 Pkig B3gnt9 Ndrgl
Amfr St3gal3 Hfe Mknk2
Acot9 Cnbp Stc2 Fmo5
Mgat4b Anxa3 11r1 Gfral
Cerk Setd3 Bok Plekha6
Slc41a2 Gas?7
Tspanl5 Pfdn5
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Appendix Table 5. Selected up and down-regulated GO terms after rapamycin in male and
female podocyte (Biological process mSigDB and KEGG pathway) by GSEA software

upregulated male vehicle vs female vehicle

KEGG pathway size NormalizgNom p va|FDR
Ecm_Receptor_Interaction 83 0 0.138 0.65
Mapk_Signaling_Pathway 259 0 0.165 0.795
Jak_Stat_Signaling_Pathway 141 0.001 0.173 0.587
Whnt_Signaling_Pathway 145 0.002 0.166 0.911
Notch_Signaling_Pathway 45 0.01 0.159 0.635
Erbb_Signaling_Pathway 83 0.012 0.178 0.97
Apoptosis 81 0.012 0.178 0.973
Focal_Adhesion 194 0.012 0.183 1
P53_Signaling_Pathway 62 0.02] 0171 0.934
Cytokine_Cytokine_Receptor_Interaction 233 0.02 0.233 1
Chemokine_Signaling_Pathway 165 0.035 0.229 1
Adherens_Junction 72 0.036 0.188 1
Regulation_Of_Actin_Cytoskeleton 208 0.039 0.266 1
GO-BP

Regulation_Of_Protein_Depolymerization 82 0 0.151 0.695
Negative_Regulation_Of_Cell_Adhesion 277 0 0.178 0.962
Regulation_Of_Phosphatidylinositol_3_Kinase_Signaling 127 0 0.17 0.964
Regulation_Of Cell_Cell_Adhesion 402 0 0.145 0.966
Inositol_Lipid_Mediated_Signaling 193 0 0.139 0.966
Phosphatidylinositol_3_Kinase_Signaling 153 0 0.128 0.973
Endothelial_Cell_Apoptotic_Process 62 0 0.128 0.975
Regulation_Of_Microtubule_Depolymerization 30 0 0.135 0.997
Rhythmic_Process 297 0 0.139 0.997
Actin_Filament_Depolymerization 54 0 0.14 0.998
Circadian_Rhythm 212 0 0.139 1
Rhythmic_Behavior 50 0 0.152 1
Positive_Regulation_Of_Cell_Projection_Organization 389 0 0.215 1
Regulation_Of_Inflammatory_Response 377 0 0.221 1
Synapse_Organization 423 0 0.227 1
Cell_Junction_Assembly 421 0 0.23 1
Regulation_Of_Stress_Activated_Protein_Kinase_Signaling 295 0.001 0.21 1
_Cascade

Stress_Activated_Protein_Kinase_Signaling_Cascade 281 0.001 0.216 1
upregulated Female vehicle vs male vehicle

KEGG pathway size NormalizgNom p valFDR
Oxidative_Phosphorylation 124 3.38 0 0
Ribosome 59 3.28 0 0
Proteasome 43 2.5 0 0
Protein_Export 23 2.44 0 0
Citrate_Cycle_Tca_Cycle 30 1.82 0 0.009
Propanoate_Metabolism 31 1.81 0 0.009
Antigen_Processing_And_Presentation 52 1.6 0 0.045
Valine_Leucine_And_Isoleucine_Degradation 44 1.75 0.005 0.014
Peroxisome 77 1.58 0.008 0.046
N_Glycan_Biosynthesis 44 1.46 0.011 0.088
Phenylalanine_Metabolism 18 1.64 0.012 0.034
Spliceosome 115 1.48 0.012 0.085
Pyruvate_Metabolism 39 1.52 0.014 0.068
Snare_Interactions_In_Vesicular_Transport 33 1.44 0.051 0.1
Glycolysis_Gluconeogenesis 57 1.29 0.063 0.208
Lysosome 116 1.19 0.075 0.284
Arachidonic_Acid_Metabolism 53 1.27 0.09 0.217
Go-Bp

Oxidative_Phosphorylation 137 3.3 0 0
Atp_Synthesis_Coupled_Electron_Transport 90 3.27 0 0
Mitochondrial_Respiratory_Chain_Complex_Assembly 99 3.22 0 0
Mitochondrial_Translation 133 3.06 0 0
Protein_Localization_To_Endoplasmic_Reticulum 114 3.04 0 0
Translational_Termination 103 2.99 0 0
Translational_Elongation 129 2.76 0 0
Cellular_Respiration 179 2.75 0 0
Cristae_Formation 33 2.73 0 0
Protein_Targeting_ To_Membrane 168 2.6 0 0
Atp_Synthesis_Coupled_Proton_Transport 22 2.47 0 0
Protein_Targeting 388 2.44 0 0
Atp_Metabolic_Process 289 2.15 0 0.001
Ribosome_Biogenesis 281 2.07 0 0.003
Energy_Derivation_By_Oxidation_Of Organic_Compounds 267 2.06 0 0.003
Protein_Folding 203 2 0 0.005
Amine_Metabolic_Process 136 1.65 0 0.067
Peroxisome_Organization 78 1.59 0 0.089
Peroxisomal_Transport 68 1.58 0 0.093
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Up-regulated terms in male rapamycin vs.vehicle

GS size Normalizelp-value |FDR
KEGG pathway

Ribosome 59 3.21 0 0
Oxidative Phosphorylation 124 2.82 0 0
Protein Export 23 1.7 0 0.023
Allograft Rejection 24 1.38 0.067 0.166
Proteasome 43 1.3 0.07 0.252
GO-BP

Atp Synthesis Coupled Electron Transport 90 2.81 0 0
Oxidative Phosphorylation 137 2.69 0 0
Translational Initiation 158 2.6 0 0
Mitochondrial Electron Transport Nadh To Ubiquinone 52 2.59 0 0
Respiratory Electron Transport Chain 108 2.54 0 0
Protein Targeting To Membrane 168 2.29 0 0
Cristae Formation 33 2.23 0 0.001
Atp Synthesis Coupled Proton Transport 22 2.21 0 0.001
Ribosomal Large Subunit Biogenesis 62 2.17 0 0.002
Ribosome Assembly 54 2.13 0 0.003
Electron Transport Chain 171 2.08 0 0.005
Cytoplasmic Translation 85 2.06 0 0.006
Cellular Respiration 179 2.03 0 0.007
Atp Biosynthetic Process 47 1.98 0 0.011
Translational Elongation 129 1.87 0 0.027
Protein Targeting 388 1.77 0 0.05
Mitochondrial Translational Termination 89 1.76 0 0.052
Ribosome Biogenesis 281 1.62 0 0.14
Atp Metabolic Process 289 1.61 0 0.148
Mitochondrial Translation 133 1.6 0 0.15
Aerobic Respiration 83 1.59 0 0.159
Rrna Metabolic Process 220 1.58 0 0.159
Translational Termination 103 1.58 0 0.16
Mitochondrial Gene Expression 160 1.47 0 0.269
Energy Derivation By Oxidation Of Organic Compounds 267 1.4 0 0.329
Rna Catabolic Process 374 1.37 0 0.35
Regulation Of Natural Killer Cell Mediated Immunity 33 1.39 0.036 0.33
Protein Folding 203 1.2 0 0.57
Down-regulated terms in male rapamycin vs.vehicle

KEGG pathway

Pentose Phosphate Pathway 24 -1.57 0.015 0.428
Apoptosis 81 -1.41 0.015 0.385
Notch Signaling Pathway 45 -1.48 0.017 0.458
Erbb Signaling Pathway 83 -1.38 0.033 0.463
Cytokine Cytokine Receptor Interaction 233 -1.26 0.042 0.494
Mapk Signaling Pathway 259 -1.24 0.047 0.513
Ecm Receptor Interaction 83 -1.3 0.055 0.471
GO-BP

L Amino Acid Transport 69 -1.71 0 0.504
Response To Type | Interferon 80 -1.65 0 0.471
Regulation Of Organic Acid Transport 66 -1.57 0 0.441
Cytokine Production Involved In Immune Response 94 -1.55 0 0.416
Extracellular Structure Organization 382 -1.51 0 0.402
Rhythmic Process 297 -1.49 0 0.402
Regulation Of Inflammatory Response 377 -1.4 0 0.487
Regulation Of lon Transmembrane Transport 464 -1.31 0 0.531
Regulation Of Extracellular Matrix Organization 44 -1.69 0.001 0.481
Amino Acid Transmembrane Transport 87 -1.55 0.001 0.412
Negative Regulation Of Cell Cell Adhesion 174 -1.5 0.001 0.391
Circadian Rhythm 212 -1.42 0.001 0.49
Response To Interferon Gamma 163 -1.49 0.002 0.393
Toll Like Receptor Signaling Pathway 138 -1.46 0.002 0.43
Collagen Metabolic Process 106 -1.52 0.003 0.405
Arginine Metabolic Process 19 -1.64 0.004 0.455
Carbohydrate Transport 142 -1.4 0.005 0.485
Positive Regulation Of Cytokine Production 416 -1.29 0.005 0.55
L Alpha Amino Acid Transmembrane Transport 58 -1.53 0.006 0.4
Wound Healing 491 -1.23 0.008 0.599
Regulation Of Amino Acid Transport 36 -1.56 0.009 0.439
Extracellular Matrix Assembly 43 -1.53 0.01 0.394]
Microtubule Depolymerization 45 -1.57 0.012 0.434
Aminoglycan Metabolic Process 167 -1.36 0.012 0.491
Carbohydrate Catabolic Process 187 -1.31 0.017 0.536
Actin Filament Organization 411 -1.23 0.02 0.598
Calcineurin Mediated Signaling 47 -1.45 0.022 0.46
Positive Regulation Of Autophagy 126 -1.36 0.022 0.496
Cellular Modified Amino Acid Metabolic Process 169 -1.3 0.022 0.536
Neutral Amino Acid Transport 42 -1.45 0.027 0.459
Positive Regulation Of Endocytosis 97 -1.34 0.03 0.514
Synapse Assembly 179 -1.29 0.031 0.548
Phospholipid Metabolic Process 439 -1.2 0.033 0.631
Regulation Of Response To Reactive Oxygen Species 39 -1.44 0.034 0.472
Alpha Amino Acid Metabolic Process 189 -1.27 0.034 0.567
Regulation Of Microtubule Cytoskeleton Organization 184 -1.27 0.038 0.567
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Up-regulated terms in female rapamycin vs.female vehicle

| Enriched score ES | p-value | FDR

Term size

KEGG pathway

O_Glycan_Biosynthesis 29 1.42 0.047 | 1.00
Cytokine_Cytokine_Receptor_Interaction 233 1.32 0.004 | 1.00
Jak_Stat_Signaling_Pathway 141 1.25 0.048 1.00
Regulation_Of_Actin_Cytoskeleton 208 1.24 0.054 | 0.97
Mtor_Signaling_Pathway 52 1.24 0.114 | 0.87
Go-Bp

Synapse_Assembly 179 1.48 [0] 0.63
Regulation_Of_Small_Gtpase_Mediated_Signal_Transductiofl 315 1.37 [0] 0.68
Interleukin_6_Mediated_Signaling_Pathway 32 1.71 0.003 0.43
T_Cell_Migration 60 1.64 0.003 | 0.47
Leukocyte_Cell_Cell_Adhesion 333 1.3 0.004 | 0.73
T_Cell_Activation_Involved_In_Immune_Response 98 1.42 0.007 | 0.67
Protein_Localization_To_Cytoskeleton 57 1.49 0.008 | 0.63
Positive_Regulation_Of_Phosphatidylinositol_3_Kinase_Sign 88 1.41 0.009 | 0.68
Adaptive_lmmune_Response 444 1.21 0.012 0.82
Regulation_Of_Phosphatidylinositol_3_Kinase_Signaling 127 1.36 0.013 | 0.69
Regulation_Of_Cell_Cell_Adhesion 402 1.2 0.013 | 0.83
Positive_Regulation_Of_Interleukin_10_Production 35 1.54 0.014 | 0.57
Endothelial_Cell_Apoptotic_Process 62 1.39 0.015 | 0.69
Regulation_Of_T_Cell_Activation 305 1.26 0.016 | 0.80
Gene_Silencing 406 1.19 0.02 0.82
Microtubule_Cytoskeleton_Organization_Involved_In_Mitos] 140 1.33 0.021 | 0.73
Protein_Localization_To_Microtubule_Organizing_Center 33 1.51 0.022 | 0.60
T_Cell_Activation 444 1.25 0.027 | 0.81
Synapse_Organization 423 1.16 0.029 0.82
Regulation_Of_Lymphocyte_Differentiation 172 1.26 0.032 | 0.80
Interferon_Gamma_Production 99 1.33 0.033 | 0.73
Regulation_Of_Gtpase_Activity 435 1.14 0.033 | 0.83
Negative_Regulation_Of_Inflammatory_Response 175 1.22 0.036 | 0.82
Positive_Regulation_Of_P38Mapk_Cascade 28 1.5 0.038 | 0.62
Cell_Junction_Assembly 421 1.16 0.038 | 0.82
Interleukin_10_Production 57 1.36 0.04 0.70
Regulation_Of_Leukocyte_Differentiation 275 1.19 0.04 0.82
Positive_Regulation_Of_Cell_Adhesion 401 1.16 0.04 0.82
Cytoplasmic_Microtubule_Organization 63 1.33 0.044 | 0.72
Negative_Regulation_Of_Adaptive_lmmune_Response 44 1.38 0.045 | 0.70
Leukocyte_Migration 419 1.17 0.045 | 0.82

Down-regulated terms in female rapamycin vs.female vehicle

Term [size TEnriched score ES [p-value[FDR
pathway
Ribosome 59 -1.96 0.000] 0.003
Oxidative phosphorylation 124 -1.93 0.000] 0.002
Protein export 23 -1.75 0.003]| 0.026
Lysosome 116 -1.71 0.000] 0.026
Proteasome 43 -1.7 0.002| 0.027
Citrate cycle (TCA) 30 -1.53 0.024[ 0.136
Base excision repair 31 -1.53 0.026| 0.127
Valine leucine and isoleucine degradation 44 -1.52 0.011| 0.132
Arachidonic acid metabolism 53 -1.49 0.012] 0.141
Tryptophan metabolism 39 -1.44 0.040| 0.215
Nglycan biosynthesis 44 -1.41 0.035] 0.239
Glycerophospholipid metabolism 76 -1.34 0.037] 0.305
[mSig-Hallmark
Xenobiotic metabolism 191 _1.49 0.000] 0.040
Fattyacidmetabolism 155 -1.52 0.001] 0.038!
Reactive oxygen species pathway 47 -1.67 0.002| 0.014
Peroxisome 102 -1.41 0.012| 0.059
P53Pathway 188 -1.37 0.015| 0.094
Apoptosis 155 -1.34 0.020| 0.102
MtorclSignaling 188 -1.34 0.022| 0.097
Epithelial mesenchymal transition 195 -1.29 0.039| 0.112
Hypoxia 197 -1.27 0.039| 0.113
GO-BP
Atp_Synthesis_Coupled_Electron_Transport 90 -2.04 0.000| 0.005
Mitochondrial_Translational_Termination 89 -2.02 0.000| 0.005
Translational_Termination 103 -1.92 0.000| 0.018
Mitochondrial_Translation 133 -1.89 0.000| 0.026
Cellular_Respiration 179 -1.88 0.000| 0.026
Electron_Transport_Chain 171 -1.87 0.000| 0.029
Mitochondrial_Gene_Expression 160 -1.82 0.000| 0.046
Cristae_Formation 33 -1.54 0.021| 0.430
Translational_Elongation 129 -1.79 0.000| 0.073
Translational_lnitiation 158 -1.73 0.000| 0.146
Atp_Metabolic_Process 289 -1.67 0.000| 0.230
Fatty_Acid_Biosynthetic_Process 161 -1.63 0.000| 0.311
Protein_Folding 203 -1.6 0.000| 0.340
Energy_Derivation_By_Oxidation_Of_Organic_Compounds 267 -1.57 0.000| 0.377
Fatty_Acid_Metabolic_Process 370 -1.5 0.000| 0.464
Cellular_Amino_Acid_Metabolic_Process 307 -1.43 0.000| 0.543
Ribosome_Biogenesis 281 -1.39 0.003| 0.584
Regulation_Of_Integrin_Mediated_Signaling_Pathway 15 -1.68 0.007| 0.221
Lipid_Oxidation 111 -1.42 0.009| 0.541
Collagen_Metabolic_Process 106 -1.43 0.018| 0.540
Positive_Regulation_Of_Chemokine_Production 56 -1.44 0.022| 0.547
Chaperone_Mediated_Protein_Folding 54 -1.47 0.027| 0.504
Intrinsic_Apoptotic_Signaling_Pathway_In_Response_To_Ox 41 -1.41 0.048| 0.566
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Appendix Table 6: List of proteins with FC > 2 in male and female podocytes (used for
figure 44).

Overexpressed proteins in male podocyte with Log2FC>2 Overexpressed proteins in female podocyte with Log2FC>2

Aacs Ipo4d Snrpe Mar-2 Atplbl Cypdbl Gnal3 Mapt Pecr Rala Snx2 Uck2
Abcb10 Itch Snrpf Sep-2 Atplb2  D10Jhu81(Gnai3 Mat2b Pepd Raly Snx27 Ugp2
Abracl Jup Sos2 Sep-7 Atp5f1  Dab2 Gnaol Mcc Pfkp Ran;1700009 Snx4 Ugtla7c;Ugt1al0
Acaca Kdsr Stk39 Sep-11 Atp5i;AtptDachl Gnas Mcccl Pgam2 Ranbpl Snx9 Uqecl
Acot13 Kpna2 Stt3b 0610037L13Rik Atp5j2 Dbi Gnb2 Mcu Pgls Rapla Sod2 Uqcrl0
Ahnak Krt14 Syne3 5730455P16Rik Atp5| Dbnl Gngl2 Mcurl Pgm2 Rap1lb Sorbs3  Uqcrb
Ak2 Larp7 Tap2 Abat Atp50 Dctn4 Golim4  Mdhl Pgrmcl Rap2c Sord Uqgercl
Akrib8 Lepl Tbcld10a Abhd12 Atp6vlel Dhrs4 Gpaal Mdh2 Pgrmc2  Raver2 Spcs2 Uqere2
Alad Lgals7 Tecr Acad10;Acad12 Atp6vlih Dld Gpd1l Mfn2 Pik3c3 Rbbp9 Srgap2  Uqcrfsl
Algl2 Lmf2 Tgtpl Acad1l Auh Dlst Gpr39 Mgat5 Pipdk2c  Rbmx;RbmxI Srp72 Uqgcerq
Alyref2;Alyref Lsm8 Tjapl Acad8 BC026585 Dnajb1l Gpx8 Mgll Pitpnb Rexo2 Srsf2 Usmg5
Anapcl Ltnl TIn2 Acadl Bdh1l Dnajc8  Grb2 Micu2 Plod2 Rhob Ssbpl Vamp8
Anapc4 Mcm3 Tmem205 Acadsb Brec3 Dnm3 Grpell Mme Pls3 Rhog Ssr3 Vapa
Ap3m1 Mcm5 Tmem9 Acatl Bub3 Dnpep  Gsn Mpc2 Pnp Rilp Ssr4 Vapb
Aprt Mcm6 Tomm70a Acbd3 Cacybp Dpp4 Gstkl Mpp5 Podx! Ripkl St13 Vim
Arpin Mdn1l Torla Acot2 Cadm4  Dynll2 Gstm1 Mta2 Poglutl Rmdnl Steap3  Vps26a
Asns Mfsd10 Trrap Acox1 Capzb Eci2 Gstm2 Mtap Polr2e Rmdn3 Stipl Vps26b
Ass1,Gm5424 Mroh1l Tspan8 Acox3 Capzb Ehd3 Gtf2i Mtatp6  Polr2h Rmnd1 Stk38 Vps29
Atpl3al Mtpn Ube3b Acpl Carkd Ehd4 Gtpbp4 Mtmr2  Pon2 Rnf121 Stonl Vps33a
Atpbvif Mvd Ubr2 Acpb Cbr1 Eif1;Eiflb H1f0O Mtx1 Ppa2 Rpl28 Strap Vps36
Babam1 Naa35 Ugdh Acsm2 Ccar2 Eif2b1 Hao2 Myh10  Ppap2a Rpl34;Gm21;Sts Vps45
Bagb Nasp Urb2 Acssl Cczl Elavll Histlhld Myl6 Ppib Rpl35;Gm84¢Stxbpl  Vpsdb
Btafl Nat10 Vars Actbl2 Cd59a Elp2 Histlhle Myold Ppplcb Rpl35a Stxbp3  Wasl
Btf3 Nelfb Vwa8 Actcl;Actg2;Acta2;/Cdc23 Emc2 Hmgbl Myom2 Pptl Rpl38 Suclgl Wwdr37
Bzwl Nif31 Wdfy3 Actn4 Cdc37 Eml4 Hmgb3  Myzap;Gc Prdx4 Rprdib Suclg2 Wdr48
Cad Nmt2 Wdr3 Actr2 Cdk5rap3 Enpep Hnmt Naga Prkaca Rps11 Sumol  Xpnpep2
Calml Nol1l Wdr77 Acy3 Cdknlc Epnl Hnrnpa2b Nampt  Prkacb Rps19 Synpo Ybx1
Cd209c Nphs2 Wipil Adk cfl2 Epn2 Hook3 Nck2 Prkagl  Rps20 Tbca Yesl
Cirbp Ngol Xrce5 Aifm2 Cgnll Epn3 Hsd17b10 Ncln Prkar2a Rps3 Thcb Ykt6
Ckb Nrm Xrn2 Ak3 Chmp5  Ercl Hsp90b1l NdufalO Prkcsh Rps9 Tceb2 Ywhae
Clccl Nudcd3 Yipf3 Akap2;Pakap Cisd1 Erlin2 Hspa4l  Ndufall Prkgl Rraga;Rragb Thopl  Ywhag
Cogl Nudt14 Akrlal Cisd2 Eroll Htatip2  Ndufal2 Prpf6 Rragc;Rragd Thumpdl Ywhah
Cog7 Oplah Akrle2;Akrlel Clic3 Etfb Idh1 Ndufal3 Prune Rras Tiall Zak
Corola Pa2g4 Akt1;Akt3 Clica Etl4;Skt Ik Ndufa2  Psmal Rras2 Timm50

Cpsf2 Phgdh Akt2 Clic5 Flir Impal Ndufad Psma6  RtcA;Rtca  Tjpl

Ctpsl Phkb Aldh1l1 Clintl Faf2 Inppl Ndufaé  Psmb5 Ruvbl2 Tmed3

Cyp2sl Pik3r4 Aldob Clipl Fam129b Itgal Ndufa8 Psmd6  Sat2 Tmed5

Dhx30 Plekhh2 Anp32b Cltb Fam162a Itga2 Ndufa9 Psmd8  Shds Tmem106b
Dock8 Ppp4c Anpep Cmpkl Fam20b Itgav Ndufb10 Psme3 Scp2 Tmem150c
Dpysl5 Psatl Anxa3 Cnp Farpl Itgh1 Ndufb1l Ptges2 Sdhb Tmem245
Eeflb;Eeflb2 Psma4 Anxad Col4a3bp Fbxo6 Itsn2 Ndufb4  Ptges3 Sdhc Tmem30a
Eif2ak2 Psmb2 Anxa6 Coléal Fermt2 Ivd Ndufb5  Ptgr2 Seclla Tmod3

Eif3f Psmb7 Anxab Colgalt2  Fisl Kank2 Ndufs3  Ptpnl Sec13 Tnfaip8

Eif5a Psmd7 Aplml Comt Fkbpla Khsrp Ndufs5  Ptpnll  Sec22b Topl

Eif6 Ptbp1 Aplsl Cops2 Fkbp3 Kirrel Ndufs7  Ptpnl4  Sec23a Tpd52

Exosc7 Ptgrl Ap2m1 Cops5 Fkbp4 Klcl Nebl Ptpn21  Serincl Tpm1l

Fasn Rbm3 Apoo Copz2 Fkbp9 Kras Nhlrc2 Ptpra Serpinb9 Tpm3

Fbl Rbm39 App Corolb  Fn3krp  Llactb2 Noslap Ptprj Serpinhl Tpm3-rs7

Fbxo9 Rnpep Arcnl Cox4il  Fnbpll Lamb2  Npl Puf60 Set Tppp

Fdps Rpl23 Arfl Cox5b Fnta Lampl Nptn Pura Sfxnl Trappcl3

Fenl Rpl5 Arfa Cox6ec Fubpl Lamtorl Ngo2 Purb Sfxn3 Trappc3

Finb Rps12 Arhgap18 Cpne3 Fxrl Lancll Nras Pxn Sh2d4a Trappc5

Fscnl Rps14 Arhgap28 Cptla Galc Laspl Nudt16l1 Pycrl Sh3bgrl Trim3

Fuk Rps15 Arhgdia Crip2 Galk2 Ldhb Nudtl9 Qdpr Sh3bgrl2 Triobp

GIrx3 Rps2;Gm5786,Gm6576,Gm18025 Arhgef12 Crk Galnt10 Lgalsl Nudt5 Qki Slc12a3 Trntl

Gorasp2 Rps6 Arhgef18 Cryll Gatm Lims1 Numal Rabl0 Slc25a10 Trove2
Gspt1;Gspt2 Rrm1 Arl8a Cryz Gbas Lims2 0s9 Rab14 Slc25a11 Try1l0

Gstol Rtn2 Armcl Cs Gbel Lin7c Ostfl Rab18 Slc25a12 Tsgl01

H2-Q6 5100a4 Armcl0 Csnklal Ggtl Lman2 Pacsin2  Rab22a  Slc25a24 Tst

H3f3a;H3f3c Scyl2 Arpcla Csrp2 Gimap4 Lman2l Pafahlbl Rab23 Slc25a4 Tsta3

Hbb-b1 Sdc2 Arpclb Cstb Glgl Lmnb2  Palld Rab2a;Rat Slc25a5 Ttn

Hdac6 Serpinb2 Arpc2 Ctsb Glod4 Lrp2 Park7 Rab35 Slc2a12 Tubala;Tuba3a
Hid1 Sf3a3 Arpc3 Cttn Glrx Lrrc7 Pcbpl Rab3a Slc9a3rl Tubal3

Histlh3a Sfn Arpc5 Cttnbp2  Glyat Ltadh Pcca Rab5b Slk Uaca

Histlh3b Sh3bgrl3 Arrbl Cul3 Gm10250; Lztfl1 Pdcd10 Rab6a Smc3 Ube2m

Hspb1l Skiv2l Asph Cxadr Gm10260; Manba  Pdia4 Rab7a Smgl Ube3a

Hspbpl Slc12a9 Atadl Cyb5a Gm20390; Maoa Pdk2 Rab8a Snf8 Ubtf

Htral Slc30a6 Atg7 Cyb5b Gm20441 Maob Pdlim2  Rab8b Snx1 Ubxnl

Ints3 Snrpd1 Atox1 Cycl Gmds Mapk3  Pdxk Racl;Rac3 Snx12 UchlS
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Appendix Table 7. List of metabolites identified in metabolomics

Acetoacetate Fructose-6-phosphate Glycerol-3-phosphate Pyruvic acid
Aconitic acid, cis- Fumaric acid Glycine Pyruvic acid, 3-hydroxy-
Adenine Galactitol Homocysteine Ribitol (Adonitol)
Adenosine Galactosamine Hypotaurine Ribose

Alanine Galactosamine, N-acetyl Hypoxanthine Ribose, 2-deoxy-
Alanine, beta- Galactose Inosine Ribose-5-phosphate
AMP Galacturonic acid Inositol, myo- Ribulose-5-phosphate
Avrabitol Gluconic acid Isobutanoic acid, 3-amino-{Serine

Arginine Gluconic acid-6-phosphate [lsocitric acid Sorbitol
Asparagine Glucosamine Isoleucine Spermidine
Aspartic acid Glucosamine, N-acetyl Lactic acid Spermine

Butanoic acid, 2-amino- Glucose Lactose, alpha- Succinic acid
Butanoic acid, 3-hydroxy- Glucose, 2-deoxy- Leucine Sucrose

Butanoic acid, 4-amino- Glucose-1-phosphate Lysine Taurine

Citric acid Glucose-6-phosphate Maleic acid Threonine
Creatinine Glucuronic acid Malic acid Thymine
Cystathionine Glutamic acid Maltose Trehalose,a-a-
Cysteine Glutamic acid, N-acetyl- Mannose Tryptophan
Cytosine Glutamine Methionine Tyrosine
Dihydroxyacetone phosphate |Glutaric acid Ornithine Uracil

Erythritol Glutaric acid, 2-hydroxy- Pantothenic acid, D- Urea
Erythrose-4-phosphate Glutaric acid, 2-oxo- Phenylalanine Uric acid
Ethanolaminephosphate Glyceraldehyde 3-phosphate |Phosphoenolpyruvic acid |Uridine

Fructose

Glyceric acid

Proline

Uridine-5-monophosphate

Fructose 1,6-bisphosphate

Glyceric acid-3-phosphate

Putrescine

Valine

Fructose-1-phosphate

Glycerol

Pyroglutamic acid

Xylose

Appendix Table 8. Relative standard deviation of sum of normalized peak areas and median
from individual metabolites. BR: biological replicates, QC: quality control pooled samples
from technical variance

Type BR RSD [%] Median RSD [%5]
Qc 4 2 16
Male control 6 11 37
Male rapamycin 6 5 32
Female control 7 10 33
Female rapamycin 5 14 25
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Appendix Figure 1. Heatmap of the top 100 DE genes (Adj.p-value <0.01 and RPKB>4Kb)
and treatment effect between sex
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