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Abstract

Diabetic nephropathy is the leading cause of chronic kidney disease as well as the primary
complication of diabetes worldwide. Although, the molecular function of endoplasmic
reticulum (ER) stress in diabetes mellitus (DM) is well-established in the liver and the
pancreas, the role of ER stress in diabetic nephropathy remained unknown when starting
this project. We uncovered important pathophysiological consequences of insulin
resistance and hyperglycemia towards maladaptive ER stress and its contributions to the
progression of diabetic nephropathy (dNP). This study establishes causality between
defective insulin signaling leading to maladaptive ER stress in podocytes and impaired
kidney function in DM. Searching for potential pathways compensating for impaired insulin
signaling, we identified a new role of the coagulation system. Coagulation protease
signaling rescues defective insulin signaling in podocytes, thus, protecting these cells from
the detrimental effects of hyperglycemia. Specifically, the coagulation protease activated
protein C (aPC), known for its pleiotropic cytoprotective effects, activates the inositol-
requiring enzyme 1a (IRE-1a) - spliced X-box-binding protein 1 (sXBP1) signaling arm of
the adaptive unfolded protein response (UPR), restoring ER homeostasis. Insulin- and
aPC-dependent signaling, despite acting through disjunct receptors, both signal through
p85a/B- phosphatidylinositol 3-kinase (PI3K) to induce nuclear localization of sXBP1.
Development of therapeutics that mimic aPC-signaling and restore ER homeostasis, or
alterantive approaches to restore ER homeostasis in insulin resistant tissues constitute a

new therapeutic approach in dNP.
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Kurzreferat

Die diabetische Nephropathie (dNP) ist weltweit die fuhrende Ursache chronischer
Nierenerkrankungen (CKD) und die haufigste Komplikation des Diabetes mellitus (DM).
Obwohl molekulare Zusammenhéange zwischen ER-Stress und DM gut untersucht sind,
war die Rolle des ER-Stress fir die dNP bisher unklar. Wir zeigten eine wichtige
pathophysiolgische Relevanz der Insulinresistenz und der Hyperglykamie fur die
Regulation des ER-Stresses in der Niere im Kontext der dNP und Kausalitat zwischen der
Insulinresistenz in Podozyten und einer eingeschrankten Nierenfunktion im Kontext der
dNP. Dartber hinaus zeigten wir, dass Gerinnungsproteasen die gestorte
Insulinsignalkaskade in Podozyten kompensieren und somit die Zellen vor den
schadlichen Effekten der Insulinresistenz und Hyperglykamie schitzen kdnnen. Konkrekt
aktiviert die Gerinnungsprotease aktiviertes Protein C (aPC) eine adaptive und
zytoprotektive Signaltransduktion via der Inositol-requiring Enzyme 1a (IRE1la) — spliced
X-box binding protein 1 (sXBP1) — Signalkaskade, wodurch die ER-Homoostase wieder
hergestellt wird. Insulin und aPC binden an unterschiedliche Rezeptoren, induzieren aber
beide via einer p85a/p — Phosphatidylinositol 3 — Kinase (PI3K) Signaltransduktion die
nukleare Translokation von sXBP1 und induzieren damit eine adaptive ER-Stress
Antwort. Die Entwicklung neuer Therapeutika zur Regulation der ER Homoostase in
insulinresistenten Nierenzellen basierend auf diesen Erkenntnissen (z.B. small molecule
aPC-Mimetika) kénnte ein vielversprechender neuer Ansatz fur die Therapie der dNP

sein.
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1. Introduction

1.1. Diabetes Mellitus

Diabetes mellitus is defined as a group of metabolic diseases characterized by chronic
dysregulation of glucose, carbohydrate, lipid and protein metabolism, resulting from
impaired insulin secretion, insulin resistance or a combination of both*. Individuals at risk
of T2DM display an initial state of insulin resistance (in liver and other peripheral tissues)
along with a compensatory hypersecretion of insulin (hyperinsulinaemia) by B-cells of the
pancreas to maintain normal glucose tolerance. Overtime, B-cells are no longer able to
secrete enough insulin leading to overt hyperglycemia and hypoinsulinaemia®®. There has
been an increase in diabetes prevalence globally since the 1980s, with a 2015 estimation
of 415 million people worldwide who were diabetic and a projected rise to 642 million by
the year 2040. As the sixth leading cause of disability in 2015, diabetes places
considerable socioeconomic pressures on affected individuals and overwhelming costs to
global health economies estimated at US$825 billion’. Of the 415 million people plagued
by diabetes, 90% suffer from type 2 diabetes mellitus (T2DM) and the rest from type 1
diabetes mellitus (T1DM), gestational diabetes, or other rare forms of diabetes mellitus
(DM). Traditionally, diabetes has been classified into type 1 and type 2 DM based on the
presence or absence of autoantibodies against pancreatic islet B-cell antigens and age of
onset (younger for TLDM). However, other subgroups have been identified, such as latent
autoimmune diabetes in adults (LADA), defined by the presence of glutamic acid
decarboxylase antibodies (GADA), is phenotypically similar to T2DM at diagnosis
progressively becomes similar to TIDM over time8.

While the benefits of intensive glucose, lipids and blood pressure management have been
shown in several large randomized controlled trials (such as DCCT/EDIC, UKPDS,
ADVANCE, VADT, etc.)?, diabetes is a heterogenous disease with regard to clinical
presentation and progression. So while early treatment and optimizing blood glucose
control is necessary, similar therapeutic strategies might not work for every diabetic
patient®, Recent clinical studies® have suggested a refining of the existing
classificafications of diabetic patients based on metabolic and laboratory parameters to

detect those at a greater risk for specific diabetic complications and therefore enable



individualised treatment regimens. This landmark study also supports the need for new
pathophysiological concepts. This study revealed an association of insulin resistance and
diabetic kidney disease (DKD)®. Moreover, they found that patients with insulin resistance
and at higher risk for DKD had reasonably low levels of glycated hemoglobin (HbAlc, a
form of hemoglobin covalently bound to glucose) indicating that glucose-lowering therapy
is not the only prescription for preventing kidney associated complications. Therefore, new
insights into the molecular mechanisms involved in the etiology and progression of
diabetic nephropathy are urgendly needed in order to identify new therapeutic targets and

develop improved therapeutic strategies for DKD.

1.2. Diabetes and kidney complications

Prolonged hyperglycemia in DM is associated with chronic metabolic and hemodynamic
changes promoting structural renal abnormalities and with the development of diabetic
kidney disease (DKD). DKD, also known as diabetic nephropathy (dNP), is the leading
cause of end-stage renal disease (ESRD) in the world*>. While hyperglycemia is the
leading risk factor, other factors such as gender, obesity, hypertension, chronic
inflammation, insulin resistance, hypovitaminosis D, dyslipidemia, and several genetic
variants and polymorphisms, have been associated with an increased risk of developing
dNP®>. Increased glucose uptake results first in augmented glycolytic flux and glucose
oxidation. A byproduct of mitochondrial substrate metabolism, i.e., electron transport and
oxidative phosphorylation, is superoxide, (O%). The increased reactive oxygen species
production by mitochondria and the associated mitochondrial dysfunction leading to an
accumulation of glycolysis associted metabolites cause activation of other pathways.
Some of these pathways are the aldose reductase or polyol pathway, the formation of
advanced glycation end products (AGEs), the formation of diacylglycerol (DAG) leading
to protein kinase C (PKC) activation, and the increased flux via the hexosamine
biosynthesis pathway (HBP), involved in posttranslational protein modification by
glycosylation!3. Discoveries about 2 decates ago propsed a single unifying process
linking all these hyperglycemia-induced pathological mechanisms to the overproduction
of superoxide by the mitochondrial electron transport chain and mitochondrial

dysfunction'®. However, translational efforts aiming to restore either excess mitochondrial
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ROS generation or to compensate for the activation of these pathways (e.g. aldose
reductase inhibitors, PKC-inhibitors) have all fallen short of the expectations and have not
been successfully translated into the clinic. Thus, there remains an unmet medical need

for new therapeutic approaches based on new mechanistic insights.

dNP is a major chronic complication of both T1DM (insulin insufficiency) and T2DM
(insulin resistance). 40-45% of T1DM patients develop dNP and reach ESRD. Major renal
structural changes that occur include mesangial extracellular matrix accumulation,
glomerular and tubular basement thickening, podocyte foot process fusion and podocyte
detachment, interstitial fibrosis and glomerulosclerosis®!!. These ultrastructural changes
correlate with clinical features such as persistent albuminuria (> 300 mg/24 h) and / or
increased serum creatinine and eventually a sustained decline in glomerular filtration rate
(GFR), increased cardiovascular events leading to deaths in 50% of cases and
progressive renal insufficiency resulting in ESRD in 75% of T2DM patients in dNP who

die within 5 years after detection of ESRD*-312,
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Figure 1: The effects of diabetes in the glomerulus. Albuminuria is thought to
result from defects in the permeability of the glomerular filtration barrier of the
kidney, which comprises fenestrated glomerular endothelial cells (GECs), which
are separated from specialized epithelial cells of the glomeruli (podocytes) by the
glomerular basement membrane (GBM). Podocytes have extensive interdigitating
foot processes connected by a slit diaphragm, which comprise proteins that signal
through podocytes’ actin cytoskeleton. The structure and integrity of the
glomerulus is maintained by a complex local autocrine/paracrine network between
the podocyte and the GECs.

Blood
Blood
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The kidneys are designed to filter large quantities of plasma, reabsorb substances that
the body must conserve, and secrete substances that need to be eliminated. These
functions are critical for the maintenance of fluid and electrolyte balance, body fluid
osmolality, acid-based balance, excretion of metabolic waste and foreign chemicals, but
also for regulating arterial pressure, hormone secretion, and glucose balance!3. The basic
urine-forming unit of the kidney is the nephron that consists of a filtering apparatus (the
glomerulus) that is connected to a long tubular portion that reabsorbs and conditions the
glomerular ultrafiltrate®. Fluid filtered from the glomerular capillaries flows into the tubular
portion, which comprises in essence the proximal tubule, the Loop of Henle, and the distal
tubule, all of which assist in reabsorbing essential substances and converting filtered fluid
into urine®. Albuminuria results from tubular dysfunction and defects in the permeability of
the glomerular filtration barrier of the kidney, which comprises fenestrated glomerular
endothelial cells (GECs), separated from specialized epithelial cells of the glomeruli,
called podocytes, by the glomerular basement membrane (GBM)®. This three-layer
filtration barrier serves as a size-selective and charge-dependent molecular sieve
facilitating the filtration of cationic molecules, electrolytes, and small and midsized solutes
but restricting the passage of anionic molecules and macromolecules. This elegant
structure has to oppose hydrostatic pressure in the glomerular capillary, which is the
natural driving force behind macromolecular filtration. Podocytes have extensive
interdigitating foot processes connected by the slit diaphragm (Fig. 1), comprising proteins
such as nephrin and podocin that interact with cytoplasmic adaptor and signaling proteins
(PI3K, CD2AP, AKT, and podocin). Nephrin is additionally linked to the podocyte actin
cytoskeleton, mechanistically linking the actin cytoskeleton and intracellular signaling. The
structure and integrity of the glomerulus is maintained by a complex local
autocrine/paracrine network between the podocyte and the GECs that comprises vascular
growth factors and vasoactive peptides. The highly fenestrated GECs with a unique
ultrastructure lacking fenestrae diaphragms facilitate the permeability of water and small

solutes®11.13.15,

Podocytes within the glomerulus are insulin sensitive cells'>1’. Podocyte-specific insulin
receptor knockout mice develop albuminuria, increased extracellular matrix deposition,

glomerulosclerosis, and GBM thickening (Fig. 1) in normoglycemic condition, which
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suggests that insulin signaling is essential for maintaining normal physiological function of
the podocytes. Insulin receptor deletion in tubular epithelial cells also results in the
disruption of normal cellular functions leading to reduced natriuresis and hypertension*>7.
Glomerular hyperfiltration is a result of afferent arteriolar dilatation due to the release of
vasoactive mediators, such as IGF-1, glucagon and vasopressin'®19 nitric oxide (NO),
vascular endothelial growth factor (VEGF), and prostaglandin under hyperglycemic
conditions. Alteration in the renal tubular function also take place in the early stage of DM
due to the high filtrated load of glucose and increase in reabsorption of both glucose and
sodium chloride through the upregulated sodium glucose cotransporter 2 (SGLT?2) in the
proximal tubules. The delivery of sodium chloride to the macula densa of the distal tubules
is decreased causing dilatation of afferent arteriole because of tubuloglomerular feedback.
Simultaneously, constriction of efferent arteriole occurs due to overactive renin-
angiotensin-aldosterone system (RAAS) leading to high local levels of angiotensin II,
causing glomerular hypertension. This leads to hyperfiltration and a transient increase of
the GFR?0. In agreement with this pathophysiological model, RAAS inhibitors (RAASI) are
a mainstay for therapy in dNP. Yet, even RAASI only delay and fail to halt disease
progression®!. Concurrent to the hemodynamic changes, hyperglycemia, insulin
resistance and compensatory hyperinsulinemia independently cause endothelial
dysfunction by promoting increased ROS production, activation of protein kinase Cs
(PKCs) and advanced glycation end-products (AGE)-induced proinflammatory
signaling?®22. Mitochondrial dysfunctions, altered energy metabolism, and increased
endoplasmic reticulum (ER) stress are also associated with insulin resistance within the
glomeruli. Microarray analyses of human biopsies from patients with established dNP
show upregulated unfolded protein response (UPR) genes proportionally to the severity

of diabetic renal lesions?3:24,

Treatment of dNP involves normalizing hyperglycemia, hypertension, dyslipidemia, and
making lifestyle modifications?°. The available interventions (Table 1) that control blood
glucose and blood pressure slow the progression of microalbuminuria to
macroalbuminuria and the GFR decline in patients with TLDM, T2DM and DKD?26-29:30-46
While these interventions seem promising and may be beneficial for some, a cluster of

insulin resistant patients with DKD feature low HbAlc suggesting that glucose lowering
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therapy is not sufficient to halt the progression of DKD2. Many more classes of drugs with

different molecular targets and mechanism of actions were tested but failed to succesfully

pass clinical trials (Table 2). Additional molecular insights are required to develop

interventions that are able to specifically and locally rescue, and protect from the effects

of insulin resistance?®, mitochondrial dysfunction, and ER stress, all of which contribute to

progressive kidney disease®.

Interventions

Molecular target/
mechanism

Patient population

SGLT?2 inhibitors:

Empagliflozin (EMPA-REG OUTCOME)

Canaglifozin (CANVAS)

Inhibition of SGLT-2
decreases glucose
reabsorption

T2DM and high CV risk

T2DM and high CV risk

RAAS inhibitors:

Pari

calcitol (VITAL study)

Losartan (NIDDM)

Finerenone

Inhibition of RAAS

T2DM with RAAS
inhibitors

T2DM and dNP

T2DM and albuminuria
with RAAS

Angiotensin receptor blockers:

Irbesartan (IDNT)

Angiotensin receptor blockers

T2DM, dNP and
hypertension

Table 1: Current and emerging antihyperglycemic interventions with
the potential to reduce hyperfiltration in dNP?:26-46,
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Interventions

Molecular target/
mechanism

Patient population

Glucagon-like peptide -1 receptor agonists
(GLP-1 Ras):

Liraglutide (LEADER)

Semaglutide (SUSTAIN-6)

Enhance GLP-1 expression
to increase insulin secretion

T2DM and high CV risks

T2DM and CV risks or
CKD stage 3

Dipeptidyl peptidase 4 (DPP-4) inhibitors:

Linagliptin

Saxagliptin (SAVOR-TIMI 53 trial)

Inhibition of DPP-4 to
preserve GLP effect

T2DM with
microalbuminuria or
higher and receiving
stable dose of RAAS

inhibitors

T2DM with albuminuria

Thiozolidinediones:

Rosiglitazone

Activation of PPARYy to

increase insulin sensitivity of

tissue

T2DM with albuminuria

Phosphodiesterase inhibitors:

Pentoxifylline (PREDIAN trial)

Inhibition of cell proliferation,

kidney inflammation and

accumulation of extracellular

matrix

T2DM and CKD stage 3
& 4 with RAAS inhibitors

Vitamin D analogs:

Pyridoxamine

Remove free radicals and
carbonyl products; block
syntheses of AGEs

T1DM and T2DM with
overt dNP

Endothelium A receptor antagonists:

Atrasentan

Selective endothelin receptor

A antagonist

T2DM and CKD stage 2
&3

Protein kinase C inhibitor:

Ruboxistaurin

Inhibition of protein kinase C-

b and reduce of oxidative
stress

T2DM and albuminuria

Restores the anionic heparan

sulfate charges on the

T1DM and T2DM with

Sulodexide LT
glomerular basement albuminuria
membrane
TGF-f blockade:
Pirfenidone Antagonize MAPK pathway to Animal study

attenuate EMT and fibrosis

Anti-inflammation:

Bardoxolone methyl

Activation of Nrf2 and inhibit

NF-kB pathway

T2DM and impaired renal
function

Janus kinase (JAK) inhibitor:

Baricitinib JAK-2 inhibitor to

Selective JAK-1 and JAK-2

inhibition to reduce innate
immune kidney cells

T2DM and DKD

Table 2: Interventions targeting different molecular mechanisms in

dNP 2646,
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1.3. Insulin signaling and insulin resistance

Insulin and insulin-like growth factors (IGFs) control metabolism, growth and survival in
mammals. The insulin receptor (IR) and insulin-like growth factor-1 and -2 receptors
(IGF1R and IGFR2R) belong to a subfamily of receptor tyrosine kinases (RTKs). Glucose
homeostasis is maintained primarily by insulin, which is secreted by pancreatic islet 3
cells, and glucagon, secreted by pancreatic islet a cells. The primary role of insulin is to
facilitate glucose uptake by peripheral tissues while glucagon’s mechanism of action is to
stimulate glucose production by the liver and the muscles through increased
gluconeogenesis (glucose synthesis) and glycogenolysis (breakdown of glycogen into
glucose)?’. In individuals with normal glucose tolerance, hepatic glucose production is
compensated by insulin-mediated glucose uptake by insulin target tissues like liver,

adipose, muscle, and brain“®.

Insulin signaling is mediated by a complex, highly integrated network that controls several
processes*. In response to insulin, the insulin receptor phosphorylates insulin receptor
substrate proteins (IRS) that are linked to the activation of two main signaling pathways;
the phosphatidylinositol 3-kinase (PI3K) - AKT/protein kinase B (PKB) pathway,
responsible for most of the metabolic actions of insulin, and the Ras-mitogen-activated
protein kinase (MAPK) pathway (Fig. 2). Class la PI3-kinases are heterodimers consisting
of a regulatory (p85) and catalytic (p110) subunit, each of which occurs in several
isoforms. Recruitment and activation of the PI3K depends on the binding of the two SH2
domains in the regulatory subunits to tyrosine-phosphorylated IRS proteins. This results
in activation of the catalytic subunit, which rapidly phosphorylates phosphatidylinositol 4,5-
bisphosphate (PIP2) to generate the lipid second messenger phosphatidylinositol (3,4,5)-
triphosphate (PIP3). The latter recruits Akt to the plasma membrane, where it is activated
by phosphorylation and induces downstream signaling®°. In addition to PKB/ Akt, PIP3
targets include phosphoinositide-dependent kinase 1 (PDK1), and the atypical protein
kinase C, ¢ and A isoforms. Upon PKB-mediated phosphorylation, glycogen synthase
kinase (GSK-3) is inactivated. This inactivation in parallel to protein phosphatase-1 (PP1)
activation relieves the inhibitory phosphorylation of glycogen synthase (GS) promoting

glycogen synthesis. PKB also regulates the insulin-stimulated translocation of the glucose
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transporter type 4 (GLUT-4) at the plasma membrane, resulting in increased glucose
uptake. Parallel to the PKB axis, activated IRS1/2 recruit growth factor receptor - bound
protein 2 (Grb2), which associates to Son of Sevenless (SOS) and activates the
extracellular signal regulated kinase 1/2 (Erk1/2) - MAPK pathway. Alterations of the
activation status of the proximal insulin signaling enzymes (IR, IRS1/2, PI3K) and their
downstream targets contribute to the defects in the insulin signaling cascade in insulin
resistant-tissues®°2, This ability of insulin to elicit cellular responses is impaired in T2DM,

including renal tissue and is termed “cellular insulin resistance”.

Insulin resistance correlates with the development of microalbuminuria both in TIDM and
T2DM patients. Furthermore, insulin resistance has been implicated in the development
of glomerular hypertension and hyperfiltration contributing to higher salt sensitivity, which
is associated with increased blood pressure, albuminuria, and a decline in renal function>*
56, Obesity, hyperglycemia, hyperlipidemia, and hypertension, all of which are associated
with dysfunctional insulin signaling are clustered together under the umbrella of “metabolic
disorders™’-%° . At the cellular levels, these metabolic disorders are linked by abberant

endoplasmic reticulum associated signaling®°-°,
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Figure 2: Insulin signaling cascade adapted from Boucher J, et al.*°. In the
presence of insulin, the insulin receptor phosphorylates insulin receptor substrate
proteins (IRS) activating two main signaling pathways: the phosphatidylinositol 3-
kinase (PI3K) - AKT/protein kinase B (PKB) pathway and the Ras-mitogen-
activated protein kinase (MAPK) pathway. Phosphorylated IRS1/2 recruit the
heterodimeric p85/p110 PI3K at the plasma membrane, where it produces the lipid
second messenger phosphatidylinositol (3,4,5) - triphosphate (PIPs).
phosphoinositide-dependent kinase 1 (PDK1); atypical protein kinase C (PKC),
and A isoforms; glycogen synthase kinase (GSK-3); phosphatase-1 (PP1);
glycogen synthase (GS); glucose transporter type 4 (GLUT-4); growth factor
receptor - bound protein 2 (Grb2); Son of Sevenless (SOS); extracellular signal
regulated kinase 1/2 (Erk1/2).

1.4. Endoplasmic Reticulum and stress

The Endoplasmic Reticulum (ER) is a cellular organelle responsible for the synthesis and
folding of secreted and membrane-bound proteins. Newly synthesized proteins are
translocated to the ER, where they are folded and assembled in the specialized
environment with the assistance of several ER chaperones and oxidoreductases.
Additionaly, the ER serves as the major store of intracellular calcium and is the site of lipid
biosynthesis. The lumen of the ER constitutes a unique cellular environment with the
highest concentrations of calcium, calcium-dependent molecular chaperones, and an
oxidative environment crucial for the formation of disulphide bonds in proteins.
Additionally, various post-translational modifications of proteins, including glycosylation

and lipidation, occur in the ER. Lipid-membrane biosynthesis and cholesterol production
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are also key functions performed by the ER. Thus, the ER is highly sensitive to stresses
such as the accumulation of unfolded or misfolded proteins, disturbances in cellular redox
regulation caused by hypoxia, glucose deprivation that interferes with N-linked protein
glycosylation, and aberrations in calcium homeostasis. ER transmembrane sensors
detect disturbances in the ER to activate three distinct branches of the unfolded protein
response (UPR) that determine cell fate. The initial function of the UPR is to reestablish
ER and cellular homeostasis and activate adaptive transcriptional programs that induce
expression of genes capable of enhancing the protein folding capacity of the ER and
genes for ER-associated degradation (ERAD), which promote clearing of misfolded or
unfolded proteins from the ER and export them to the cytosol for degradation. However,
when these adaptive mechanisms fail to restore ER homeostasis due the magnitude of
stress or its duration (Fig. 3), cell death is induced, involving both caspase-dependent

apoptosis and caspase-independent necrosis®®.

ER Stress Response

Stress magnitude

Time
pro-survival pro-death
pro-death pro-survival

|
Survival | " Death
I

Figure 3: The ER- response as a master regulator of cellular life or death
decision (adapted from Corazzari et al. 2017°"). Cell fate following the initiation
of the unfolded protein response is determined by the magnitude and the duration
of stress stimuli. Both pro-survival and pro-death factors are concomitantly
transduced. Pro-survival factors are in surplus initially, efficiently inhibiting the
activity of pro-death factors. Prolonged or sustained stress allows accumulation of
pro-death factors®’.
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1.5. Unfolded protein response (UPR)

Accumulation of unfolded and misfolded proteins in the ER activates the three major
regulators of the UPR, mediated by inositol-requiring enzyme 1a (IRE1a), protein kinase
R-like ER kinase (PERK), and activating transcription factor 6a (ATF6a)®. The luminal
domains of IRE1a, PERK, and ATF6 interact with the ER chaperone GRP78 (also known
as BiP). Accumulation of unfolded proteins cause dissociation of BiP from these
molecules, leading to their oligomerization (IRE1a and PERK) or cleavage and nuclear
translocation (ATF6a), initiating the UPR. Together these proteins trigger downstream
signaling events that result in the amelioration of ER associated stress by increasing the
expression of ER chaperones, inhibiting most de novo mRNA translation, and by
accelerating the retrograde export of proteins from the ER to the cytosol for ubiquitylation
and proteasome-mediated degradation®%°, While the classical understanding of ER
stress has meant accumulation of unfolded proteins in the ER, new studies have found
that depletion of membrane lipid component inositol or by deletion of genes involved in
lipid homeostasis’®, UPR can be activated. ER stress can also induce autophagy, which
has been shown to activate other mechanisms of clearing unfolded proteins and protein
aggregates independently of the ubiquitin/proteasome system. Although the UPR is
classically linked to protein folding stress under both physiological and pathological
conditions, it contributes significantly in regulating various important processes such as
lipid and cholesterol metabolism, energy homeostasis, inflammation and cell
differentiation. Thus, the UPR is responsible for the maintenance of homeostasis in an

environment rife with fluctuating and diversified signal inputs®®.

1.6. The IRE1a- XBP1 arm of the UPR

Inositol-requiring enzyme 1a (IRE1a) is a type | transmembrane protein with a
serine/threonine kinase domain and an endoribonuclease domain. It is a highly conserved
arm of the ER stress pathways, with almost identical signaling outcomes found in yeast
and higher mammals. Upon sensing ER-stress, IRE1a undergoes a conformational
change, triggering autophosphorylation and subsequently, trans-autophosphorylation,
and oligomerization which generates an active endoribonuclease site, as well as a

structurally and functionally independent kinase domain. The endoribonuclease domain
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cleaves a 26 nucleotides-intron from the X-box-binding protein 1 (XBP1) mRNA (Fig. 4),
normally transcriptionally regulated by ATF6a’%, resulting in a frame-shift and translation
of spliced XBP1 (sXBP1l). sXBP1 translocates to the nucleus and functions as a
transcription factor. sXBP1 binds to the promoters of several genes and chaperones
involved in ER maintenance, ER expansion and ERAD, which together promote
restoration of ER-homeostasis. Unspliced XBP1 (uXBP1) is extremely unstable and is
subjected to proteasome-dependent and -independent degradation soon after translation.
Unspliced XBP1 also interacts with and sequesters sXBP1 and ATF6 in the cytosol,
mediating their degradation by the proteasome’?"3, Thus, uXBP1 functions as a negative
regulator of the UPR-specific transcription factors, sXBP1 and ATF6, by shutting off
transcription of genes during the recovery phase of ER stress as well as creating a
negative feedback loop for the IRE1a (endoribonuclease function) and ATF6 arms of the
UPR.

Besides splicing XBP1 mRNA, IRE1a has been shown to downregulate several
microRNAs and mRNAs through a process known as “regulated IRE1-dependent decay”
(RIDD) under conditions in which IRE1a is activated strongly and for prolonged duration
or in the absence of XBP1 mRNA (Fig. 4) . Degradation of Death Receptor 5 (DR5)
mRNA by IRE1a allows for the establishment of a time window for adaptation to ER
stress. IRE1a also cleaves several miRNAs including miRNA-17, -34a, -96, and -125b,
which promote inflammation and cell death through the stabilization and translation of
thioredoxin interacting protein (TXNIP) and caspase-1 activation’®. IRE1a activates the
c-Jun N-terminal kinase (JNK) pathway through formation of a complex with TNF
receptor associated factor-2 (TRAF2)74. JNK inhibitory kinase (JIK) and apoptosis
signaling kinase (ASK)1 are activated downstream of TRAF2. The IRE1a/TRAF2 also
recruits the inhibitor of kB (IkB) kinase, which allows the activation of the inflammatory
pathway by nuclear factor kB (NFkB). Activation of the UPR in obese state contributes to
the decrease in insulin sensitivity through IRE1a-dependent activation of JNK, leading to
phosphorylation of IRS-1 on its inhibitory serine residues’. Taken together, while XBP1
splicing by IRE1a is a cytoprotective response to ER stress, the RIDD and IRE1a/JNK
pathways together convey dual and contrasting effects, either preserving ER

homeostasis or inducing inflammation and cell death’®. In addition, IRE1la has been
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linked with insulin signaling, though its relevance for the action of insulin in the kidney

remained unknown hitherto.
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Figure 4: The IRE1a-XBP1 arm of the tripartite UPR. Accumulation of misfolded
proteins trigger IRE1a dissociation from BiP, and oligomerization exposing an
endoribonuclease and a kinase domain. The endoribonuclease domain cleaves a
MRNA, resulting in a spliced mRNA and translation of splice X-box binding protein
1 (sXBP1). sXBP1l translocates to the nucleus to activate ER-associated
degradation (ERAD) genes, ER chaperones involved in protein folding and quality
control (QC) as well as secretion. IRE1a also downregulates several microRNAs
and mRNAs through a process known as “regulated IRE1-dependent decay”
(RIDD). IRE1a also activates the c-Jun N-terminal kinase (JNK) and Apoptosis
signaling kinase 1 (ASK1) pathway through oligomerization with TNF receptor
associated factor-2 (TRAF2).
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1.7. The PERK-ATF4 arm of the UPR

Like IRE1a, PERK is a serine/threonine protein kinase activated by dimerization and
trans-autophosphorylation upon dissociation from GRP78 (BiP). Activated PERK
phosphorylates the a-subunit of the eukaryotic initiation factor 2 (elF2a) directly via its
kinase domain. The eukaryotic initiation factors regulate translation of mRNA by allowing
them to bind to the pre-initiation complex. Phosphorylated elF2a acts as an inhibitor of its
own nucleotide exchange factor, elF2B, preventing its activation and thus blocking the
translation initiation process leading to translational arrest of most mRNAs and a reduction
in ER protein load’’. However, following elF2a phosphorylation, due to its unique coding
structure, activating transcription factor 4 (ATF4) translation occurs preferentially, allowing
continous transcription of specific UPR targets (Fig. 5). Induction of the elF2a kinases
leading to ATF4 activation is collectively referred to as the integrated stress response
(ISR)’®. ATF4 target-genes include factors involved in restoring ER homeostasis, amino
acid metabolism, the oxidative stress response, ER- quality control related as well as pro-
apoptotic factors including the transcription factor C/EBP-homologous protein (CHOP,
also known as GADD153). Some recent studies suggest that ATF4 is dispensable for
induction of CHOP during ER stress’®. Together, ATF4 and CHOP induce the expression
of growh arrest and DNA damage-inducible protein 34 (GADD34), which directs
dephosphorylation of phosphorylated elF2a’®. ATF4 and CHOP also induce the
expression of a related transcription factor, activating transcription factor 5 (ATF5). As a
transcription factor, CHOP is known to regulate numerous pro- and anti-apoptotic genes,
such as B-cell lymphoma-2 (Bcl-2) and tribbles-related protein 3 (TRB3)2. In addition,
CHOP, together with ATF4, regulates genes involved in cellular amino acid metabolism?®
and CHOP expression allows cells to re-establish cellular homeostasis before the initiation
of apoptosis. Early studies reported that CHOP deficient mice are resistant to diabetic
nephropathy®?,

PERK also activates the transcription factor nuclear factor-erythroid 2-related factor 2
(NRF2). After phosphorylation by PERK, NRF2 dissociates from its negative regulator
kelch-like ECH-associated protein 1 (KEAP1) and induces transcription of genes involved

in the cytoprotective antioxidant signaling and autophagy (Fig. 5).
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Figure 5: The PERK-ATF4 arm of the tripartite UPR. Similar to IRE1a , PERK
dissociation from BiP and oligomerization, results in phosphorylation of the
eukaryotic initiation factor 2 (elF2a) via its kinase domain. Phosphorylated elF2a
inhibits translation initiation process leading to translational arrest of most mMRNAs,
but preferentially allowing the translation of activating transcription factor 4 (ATF4).
ATF4 induces expression of CHOP and together they induce the expression of
GADD34, which directly dephosphorylates phosphorylated elF2a. PERK also
triggers the dissociation of nuclear factor-erythroid 2-related factor 2 (NRF2) from
its negative regulator kelch-like ECH-associated protein 1 (KEAP1) and induces
transcription of genes involved in cytoprotective antioxidant signaling.
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1.8. The ATF6 arm of the UPR

Activating transcription factor 6 is a type Il transmembrane protein that is retained in the
ER membrane by its physical association with GRP78 (or BiP) under normal physiological
conditions. Upon development of ER stress, ATF6 dissociates from BiP and translocates
to the Golgi, where it is cleaved by site-1 protease (S1P) and site-2 protease (S2P) (Fig.
6). The cleaved N-terminal ATF6, which is an active transcription factor, translocates to
the nucleus and upregulates the transcription of UPR target genes involved in ER protein
processing and ERAD including XBP1. Furthermore, ATF6 collaborates with XBP1 in
transcriptional activation of ER chaperone that contain the cis-acting ER stress response
element (ERSE) in their promoter regions®83, Another ER stress responsive cis-acting
element was identified in mammals, designated the UPR element (UPRE). However, it
was found that XBP1 binds to UPRE as a homodimer without assistance from the
transcription factor nuclear factor-Y (NF-Y) while ATF6 exhibits much lower affinity for
UPRE and instead prefers NF-Y-dependent binding to the ERSE. The activity of ATF6
and its specificity for ER stress response elements in the promoter regions of target genes
is determined by its direct interaction with different transcription factors, including NF-Y,
Yin Yang 1, TATA-box binding protein and sXBP 16983,

Additionally, there is considerable crosstalk between the three arms of the UPR. Protein
kinase inhibitor p58 (p58IPK), a co-chaperone whose expression is upregulated under
stress conditions by ATF6 and sXBP1, directly interacts with PERK and inhibits its kinase
activity®4. While the activation of ATF4 is thought to play a dominant role in the induction
of CHOP, ATF6 and XBP1 can also upregulate CHOP under stress conditions®®.
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Figure 6: The ATF6 arm of the tripartite UPR. Activating transcription factor 6
(ATF®) is retained in the ER membrane by its physical association with BiP under
normal physiological conditions. Upon ER stress, ATF6 dissociates and
translocates to the Golgi, where it is cleaved by S1P and S2P. The cleaved N-
terminal ATF6, which is an active transcription factor, translocates to the nucleus
and upregulates the transcription of UPR target genes and ER chaperones.

1.9. ER stress and human pathologies

The physiological importance of the UPR is related to the specific cellular function; e.g.
secretory cells such as plasma cells, hepatocytes, islet B-cells, adipocytes, macrophages,
and oligodendrocytes are particularly dependent on a well-regulated UPR machinery.
Aberrant metabolic conditions such as hyperlipidemia, hyperglycemia, excessive cytokine
production and reactive oxygen species (ROS) can differentially affect ER trafficking and
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therefore, it is imperative to study the ER stress response in a cell- and tissue context-
specific manner, In neurons, the chronic expression of folding- defective secretory
proteins can put unsustainable demands on the protein folding machinery leading to ER
stress®’. In Alzheimer’s disease, intracellular deposits of tau protein are observed in
neurofibrillary tangles, while in Parkinson’s disease, ubiquitinated protein deposits called
Lewy bodies are seen in neuronal cytosol. There is research currently underway targeting

the UPR in order to treat these conditions®®.

In pancreatic B-cells, ER stress can occur as a result of increased levels of insulin
intermediates (and the ensuring demand on the ER folding capacity) needed to maintain
blood glucose following the loss of most islet cells from autoimmune attack by T
lymphocytes in TIDM®0, In T2DM, peripheral insulin resistance forces islet B-cells to
increase insulin production as a compensastory mechanism?®® putting an unusual amount
of stress on the protein folding and secretory machinery of the ER, eventually contributing
to B-cell failure. Pancreatic XBP1 was shown to play a role in glucose homeostasis, as -
cell specific deletion of XBP1 decreased insulin processing and secretion from the islets,
resulting in hyperglycemia and glucose intolerance®. Similarly, PERK null mice develop
growth retardation and metabolic dysfunction due to loss of pancreatic islet cellse .
Wolcott-Rallison syndrome, a rare genetic disorder in humans caused by mutations of
PERK, showcase similar pathologies as in mouse models with growth retardation, and

early-onset diabetes by non-autoimmune-mediated B-cell destruction®,

Insulin receptor signaling has been shown to positively regulate sXBP1 activity in
hepatocytes as well. sXBP1 physically interacts with the regulatory subunits of PISK
(p850a/B), which facilitates nuclear translocation of sSXBP1. In obese and diabetic murine
livers, sXBP1 fails to translocate to the nucleus due to impaired association with p85a/p%.
Neuronal XBP1 deletion creates hypothalamic ER stress and leptin resistance®, leading
to weight gain upon high fat diet feeding through increased food intake and decreased
energy expenditure. Chemical chaperones such as 4-phenylbutric acid (4-PBA) and
tauroursodeoxycholic acid (TUDCA), alleviate hypothalamic ER stress in high fat diet-fed
mice, reducing food consumption and body weight®>-°7, Peripherally, increased ER stress
in the liver and adipose tissues of obese mice has been shown to cause insulin

resistance®’%°. Peripheral administration of chemical chaperones has been shown to
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alleviate ER stress in the liver and adipose tissue, improving insulin sensitivity and glucose
homeostasis in obese and diabetic mice. 4-PBA and TUDCA have been demonstrated to
improve insulin sensitivity in human obese subjects, indicating to ER stress as a potential

cause behind human metabolic disorders®9:190,

Key features of the human T2DM, including dyslipidemia, hyperinsulemia and
hyperglycemia are probably best recapitulated in the db/db mice. The spontaneous
autosomal recessive mutation diabetes, db, was discovered in the Jackson Laboratory, in
1966, Mice homozygous for the diabetes spontaneous mutation in the leptin receptor
(Lepr?®) become obese starting 2-4 weeks of age and display decreased insulin receptor
sensitivity accompanied by peripheral insulin resistance (IR)1°%1%2, Insulin resistance

precedes the development of T2DM by several years in humans1®,
1.10. Insulin resistance and microvascular complications

Progressive IR leads to microvascular changes in peripheral organs including the kidney,
leading to dNP. Diabetes induces pathognomonic changes in the microvasculature
affecting the glomerular capillary. The highly specialized glomerular endothelial cells,
component of the glomerular capillary and the glomerular filtration barrier, express
thrombomodulin (TM), which allows thrombin-dependent protein C activation®*. Clinical
data from diabetec patients show elevated plasma levels of soluble TM, reflecting loss
of endothelial TM-function and reduced levels of activated protein C (aPC) 1,
Coagulation protease, aPC, has been shown to inhibit pro-fibrogenic cytokines, growth
factors and renal fibrosis in a model of dNP'%, aPC has also been shown to prevent
mitochondrial ROS in the glomeruli under hyperglycemic conditions via regulation of
p66Shc107.108 nE6EShe s a cytosolic growth factor adaptor protein involved in the cellular
response to oxidative stress and has recently been found to be localized in the
mitochondria-associated ER membranes (MAMs). While previous studies have
established that coagulation protease have cytoprotective anti-ROS and anti-apoptotic
effects in the glomerular compartment, they have eluded to the possibilities of coagulation
proteases locally regulating calcium ions and the redox machinery, key cellular functions
performed by the ER. However, the impact of coagulation proteases, in particular of aPC,

on ER-stress response remains largely elusive.

35



1.11. Coagulation proteases and protease activated receptors (PARS)

In vertebrates the coagulation system was initially identified as a tigtly regulated system
controling hemostasis, but additional functions for inflammation and tissue remodeling are
now established. The coagulation system is a cascade-like system with two principle
activation pathways: the tissue factor (TF) pathways also known as extrinsic pathway and
the contact pathways also known as the intrinsic pathway (Fig. 7). TF is a type 1
transmembrane receptor, which is physiologically expressed in particular by perivascular
cells, and TF encounters blood components only upon vascular injury or inflammation. TF
lacks intrinsic proteolytic activity'®®. However, it binds factor VII or factor Vlla in a Ca?*-
dependent manner, promoting factor VIl activation or enhancing the catalytic activity of
factor VIlaltC. The TF/ Vlla complex interacts with and activates factors IX and X. Activated
factor X induces the formation of the prothrombinase complex comprising of factors Xa,
Va, calcium, and negatively charged phospholipids of activated cells such as platelets.
The prothrombinase complex promotes the conversion of prothrombin to thrombin, also
known as factor lla. Thrombin initiates an amplification loop via factor Xla generation and
by activating the non-proteolytic cofactors V and VIII (which positively regulate thrombin
by accelerating its production ~1000 fold)!*t. Thrombin activates fibrinogen by limited
proteolysis and platelets via the protease activated receptors (PARS) expressed on the
surface of platelets, generating fibrin-platelet aggregates, constituting the blood clot!?,
Activation of the blood clotting system is cucial to maintaining vascular integrity. At the
same time its activity must be tightly regulated to prevent inadvertent and excess clotting
activation, resulting in potentially lethal thrombosis or disseminated intravascular clotting
(DIC). Several physiological anticoagulant mechanisms provide negative feedback.
Tissue factor pathway inhibitor (TFPI) is Kunitz-type protease inhibitor that constrains the
activity of TF/Vlla and prothrombinase complexes, restricting initiation of the coagulation
cascadel®!0 The serine protease inhibitor antithrombin, previously known as
antithrombin [ll, inhibits multiple coagulation factors (in particular Vlla, 1Xa, Xa, Xla, and
Xlla). Antithrombin also inhibits other serine proteases, such as kallikrein, plasmin and

trypsin as well as the complement lectin pathway (Fig. 7).
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Another anticoagulant mechanism is provided by the endothelial protein thrombomodulin.
TM induces a specific and important function by modulating the coagulant activity of
thrombin. Thrombin loses its pro-coagulant function when bound to thrombomodulin and
thrombomodulin-bound thrombin activates protein C. Activated protein C (aPC),
inactivates cofactors Va and Vllla, efficiently dampening the amplification of thrombin
generation!!t112, Endogenous aPC (~40 pmol/L circulating levels in humans) functions as
a potent anticoagulant and anti-inflammatory molecule!*3. In healthy individuals, PC has
a half-life of 8 hours, whereas aPC has a half-life of 15 to 20 minutes and murine aPC has

a half-life of 12 to 14 minutes2,

The contact system comprises the zymogens factor Xl (FXIl), plasma prekallikrein (PPK),
factor XI (FXI), high-molecular weight kininogen (HK) and C1 esterase inhibitor (C1INH).
FXII initiates the contact system cascade upon binding to negatively charged surface
(such as polyphosphates released from platelets!!4), causing a conformational change in
the zymogen and leading to the generation of small amounts of FXlla. FXlla cleaves PPK
generating active PK which positively regulates FXII activation. PK then activates the

kallikrein-kinin system?15,

In addition to its hemostatic function, the coagulation system has non-hemostatic
functions in regulating inflammation and tissue remodeling mediated through the protease
activated receptors (PARS). PARs are class A family of rhodopsin-like G protein-coupled
receptors (GPCRs) and are predominantly organized within lipid rafts. Four different PARs
have been identified: PAR1, PAR2, PAR3, and PAR4!6 PARs form heterodimers
allowing them to activate diverse signaling pathways in tissue-, context-, and temporal-
specific manner. PARs transmit cellular responses initiated by several coagulation
regulators, such as factor lla, aPC, factor Xa or plasmin, as well as non-coagulation
proteases, such as matrix metalloproteinase-1 (MMP-1), tryptase or matriptase, cathepsin
G and cathepsin S, Following cell-surface localization, the proteases cleave PARs at
the extracellular N-terminus, unmasking a cryptic N-terminal sequence, which acts as a
tethered ligand inducing conformational rearrangement and irreversible activation of
heterotrimeric G proteins. This mechanism of activation of PARs is unique and distinct

from most other GPCRs, which can be reversibly activated.
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PARs expression is highly heterogenous with speciec-specific expression and more than
one PAR being expressed on many cell types. For examples human podocytes
predominantly express PAR2 and PARS3, while murine podocytes predominantly express
PAR1 and PAR3!!1118 Similarly, human platelets express PAR1 and PAR4 while murine
platelets predominantly express PAR3 and PAR4, While both aPC and thrombin can
activate PAR1 and PAR3, they convey opposing cellular effects!!®, This biased and cell-
specific PAR-mediated signaling is thought to result from distinct cleavage sites resulting
in different neo-N-termini, and cell-specific supramolecular receptor complexes. PARs
form both homodimers and heterodimers, either constitutively or upon activation,
depending on the cell type, extracellular protease, specific PAR that is activated and its
co-receptors!®. While a single study suggested that PAR3 can signal autonomously upon
thrombin exposure'?0, studies by others and our group showed that PAR3 requires the
hetero-dimerization with PAR2 (in human podocytes) and PAR1 (in murine podocytes) to
transduce aPC-dependent inhibition of apoptosist'®1?l, Additionally, PARs can interact
with other receptors, such as sphingosine 1-phosphate receptor 1 (S1P1), epidermal
growth factor receptor (EGFR), allowing PARSs to affect diverse signaling pathways and
modulate cellular responses in a highly context- and cell-sepcific fasion in addtion to

reguatling hemostasis*!?.
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Figure 7. The coagulation cascade (adapted from Madhusudhan et al.
2016™1). The cascade is traditionally divided into the intrinsic, extrinsic, and
common pathway. Active forms of coagulation factors are denoted by ‘a’ along with
a roman numeral. The tissue factor and contact pathways lead to generation of
thrombin. Thrombin (Flla) triggers formation of blood clots, provides feedback
amplification or inhibition of the coagulation activation processes and receptor-
mediated signaling. Excess coagulation activation is prevented through TFPI, AT,
and aPC. aPC is generated by the Flla/Thrombomodulin complex on cell surfaces.
TF, tissue factor; TFPI, tissue factor pathway inhibitor; AT, antithrombin.

1.12. Coagulation proteases in the kidney
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Coagulation regulators and receptors are widely expressed in renal cell types 105111,
Thrombomodulin and endothelial protein C receptor (EPCR) are expressed in the
glomerular endothelial cells. The expression of thrombomodulin and EPCR is reduced in
acute inflammatory states such as sepsis, as well as in chronic conditions such as
DM04112 Increased TF expression has been detected in acute and chronic kidney
diseases in humans and rodents. Since TFPI is expressed in interstitial blood vessels, but
not in the glomeruli, glomerular TF expression is not regulated by concomitant TFPI
expression!!!, Protein C and protein C inhibitor (PCl) are also expressed in renal cells!?.
Plasma protein C expression is reduced in mice with systemic inflammation or
diabetes!94122, Renal PAR1 activation results in vasoconstriction and reduces glomerular
filtration rate, while PAR2 activation causes vasodilation, partially reversing the
vasoconstriction induced by PAR1 agonists or angiotensin Il, increasing GFR*!!, Renal
endothelial cells express PAR1, PAR2, and EPCR, while podocytes express PAR3, but
lack EPCR, demonstrating the distinct cell-specific signaling pathways. In human
podocytes, PAR3 dimerizes with PAR2 following aPC-mediated PAR3 activation, whereas
in murine podocytes, aPC signaling is transduced by PAR1 and PARS3 hetero-

dimerization111.112,

1.13. Coagulation proteases with therapeutic potential

Classical inhibitors of coagulation proteases such as heparin, hirudin, Vitamin-K
antagonists (VKAs) and novel direct oral anticoagulants or DOACs are widely prescribed
to patients at a risk of venous and — more recently - arterial thromboembolic events!?3.
The anticoagulant’'s mechanisms of action involve direct inhibition of specific or multiple
coagulaton proteases, while VKAs inhibit the synthesis of vitamin K-dependent clotting
factors. Dabigatran, a DOAC, directly inhibits thrombin, while rivaroxaban, apixaban and
edoxaban are direct FXa inhibitors!?3. While these coagulation inhibitors have been
studied in the context of their hemostatic effects, their intracellular cytoprotective signaling

have not been explored*?*.

A new family of small molecules known as parmodulins'?> are being studied for their

antiinflammatory and antithrombotic effects *?°. Parmodulins bind to the cytosolic parts of
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PAR1 and have been shown to counteract thrombin-dependent platelets activation 127:128,
While parmodulin’s modulation of PAR1 signaling are promising new therapeutics
restricting platelet activation, their cytoprotective signaling requires further exploration'?8,
Our group has recently showed that parmodulin can phenocopy the cytoprotective effect
of aPC in the context of ischemia reperfusion injury of the heart or the kidney %°. However,

the underlying mechanism remains largely unknown.

Besides being a potent anticoagulant, aPC has cytoprotective activities including anti-
apoptotic and anti-inflammatory functions, and endothelial barrier protection in association
with altered gene expression'!3, APC initiates cell signaling that drives cell proliferation
and differentiation as well as cell and tissue regeneration in ischemic stroke and wound
healing!12126.130.131 " Gjven the potent anti-inflammatory effects aPC was approved for
sepsis treatment, but withdrawn from the market after 10 years due to limited efficacy
arising from bleeding complications!. Detailed structure-function analyses were carried
out establishing that the molecular requirements of aPC for its anticoagulant and
cytoprotective properties are largely disjunct'®. These insights yielded aPC variants
conveying predominantly cytoprotective effects®?,133, Due to aPC’s cytoprotective
effects’®*in heart, lung, kidney, gastrointestinal tract, spleen, eye, bone marrow, and skin,
recombinant wild type APC and APC mutants are being evaluated in clinical studies for
the treatment of ischemic stroke:ss, wound healing and retinal injury*?. These recombinant
proteins are, however, expensive and can only be used for parenteral application. Another
approach would be to better understand the underlying cytoprotective signaling

mechanisms with the aim of developing functional mimetics.
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2. Aim of the study

Endoplasmic reticulum (ER) stress is associated with diabetes and dNP, but its
pathophysiological relevance in podocytes (glomerular epithelial cells) remain unclear.
Considering the known association of ER-stress and diabetic nephropathy, the interaction
of insulin- and ER-signaling, the established role of insulin in podocytes and the pivotal
role of podocyte injury for DKD, we hypothesized that insulin signaling regulates the
ER-response in podocytes and hence the course of DKD. To this end we first
investigated the role of insulin signaling and the lack thereof in promoting ER stress in the
podocytes. As demonstrated in previous studies in insulin sensitive tissues such as the
liver, fat and pancreatic 3 cells, we confirmed that defective insulin signaling in podocytes
impairs nuclear translocation of the ER-transcription factor sXBP1 due to deficient
interaction with the regulatory subunits of PI3K, p85a and p85B. The loss of nuclear
sXBP1 aggravates hyperglycemia-induced ER stress in the glomeruli. Given the
prominent cytoprotective effects of aPC in the context of experimental diabetic
nephropathy, I, furthermore speculated that aPC-PAR signaling interacts with insulin-
and ER- signaling in podocytes, potentially restoring impaired ER-homeostasis in
the absence of proper insulin-signaling. We, thus, hoped to identify points of
regulatory convergence that may facilitate compensasting for insulin resistance and

relieve ER stress associated with DKD.
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3. Methods

3.1. Animals

XBP1fo¥flox mice (provided by Laurie H. Glimcher), INSRfo¥flox mice and PI3KR1flox/flox
(p85a) mice (both obtained from The Jackson Laboratory) were crossed with Pod®™ mice
(provided by Marcus J. Moeller) to generate mice with podocyte specific deletion of XBP1,
INSR, and p85a, respectively®7594 TMPPro mice and PIK3R2 (p85B) constitutive
knockout mice were obtained from The Jackson Laboratory. Mice had been back crossed
onto the C57BL/6J background for at least 7 generations and were routinely maintained
on the C57BL/6J background. Only littermates were used as controls and all male mice
were used. The presence of targeted genes and transgenes was routinely determined by
PCR analyses of tail DNA and podocyte specific genetic deletion of respective genes was
confirmed by two independent methods: (1) Analysis of protein levels in isolated
podocytes as compared to wild type mice and (2) double immunofluorescence staining
using a podocyte specific marker (synaptopodin) and an antibody for the corresponding

protein to be inactivated.

APChigh mice have been previously described®. These mice express a transgene in the
liver inducing expression of a human protein C (PC) variant (D167F/D172K). The
D167F/D172K PC variant can be efficiently activated in the absence of thrombomodulin,
resulting in high plasma concentrations of aPC. Wild type C57BL/6J and db/db
(C57BL/KSJRj-db) mice were obtained from Janvier, France. Animal experiments were
conducted following standards and procedures approved by the local Animal Care and

Use Committee (Landesverwaltungsamt Halle, Germany).

3.2. Materials

The following antibodies were used in the current study: mouse monoclonal antibodies:
sXBP1 (MAB4257, R&D biosystems), CHOP (#2895, Cell Signaling Technology, and sc-
7351, Santacruz, Germany), ATF6 (NBP1-40256, Imgenex); rabbit polyclonal antibodies:
XBP1 (sc-7160), ATF4 (sc-200) and WT1 Goat polyclonal (sc-15421) and p85B (sc-
100407) antibodies (Santacruz, Heidelberg, Germany); rabbit polyclonal antibodies: p85a
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(#05-212, Millipore GmbH, Germany); Lamin A/C (#2032, Cell Signaling Technology,
Germany), B-galactosidase (orb344789, Biorbyt Ltd, Cambridgeshire, United kingdom).
The following HRP conjugated secondary antibodies were used for immunoblotting: rabbit
IgG and mouse IgG (Cell Signaling Technology, Germany). The following secondary
antibodies for immunofluorescence were used: Texas red conjugated anti-mouse (#TI-
2000) and FITC conjugated anti-mouse (#FI-2000), FITC conjugated anti-goat (#FI-5000)
from Vector Laboratories, CA, USA. The following reagents were obtained from Sigma-
Aldrich, Taufkirchen, Germany: Duolink In situ proximity ligation assay kit and reagents,
streptozotocin, RPMI 1640, 1% collagen, 2% Gelatin, and Bradford reagent. Other
reagents used in the current study were: Insulin (Lantus; Sanofi, Frankfurt, Germany);
mouse albumin Elisa quantitation kit (Bethyl Laboratories, TX ,USA); Dapagliflozin
(Bristol-Myers Squibb); Trypsin-EDTA, fetal bovine serum, and HEPES (Thermo Fischer
Scientific, Germany); Interferon y (cell sciences, Canton, MA); In situ-cell death detection
kit (TUNEL) and protease inhibitor cocktail (Roche diagnostics GmbH, Mannheim,
Germany); BCA reagent (Thermo Fisher Scientific, Germany); Vectashield mounting
medium with DAPI, (Vector Laboratories, CA, USA); shRNA for XBP1 (Openbiosystems,
Heidelberg, Germany); transfection reagent FUGENE (Promega, Germany); and PVDF
membrane, immobilion enhanced chemiluminiscnece reagent and Tauroursodeoxycholic
acid (Millipore GmbH, Germany). Human aPC was used throughout the study, which was
generated using an established protocol*36.

3.3. Induction of diabetes using streptozotocin

Diabetes was induced by intraperitoneal administration of streptozotocin (STZ, obtained
from Sigma-Aldrich) at 60 mg/kg, freshly dissolved in 0.05 M sterile sodium citrate, pH
4.5, on five successive days in 8-week-old male mice. Mice were considered diabetic if
blood glucose levels were above 300 mg/dl (16.7 mM/L) 16-25 d after the last STZ
injection. Blood glucose levels were determined in blood samples from the tail vein using
ACCU-CHEK glucose meter (Roche Diagnostics). In the first three weeks after onset of
diabetes blood glucose values were measured three times per week, afterwards once a

week. Mice displaying blood glucose levels above 500 mg/dl (27.7 mM/L) received 1-2 U
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insulin (Lantus) to avoid excessive and potentially lethal hyperglycemia. We obtained
blood and tissue samples after 26 weeks of persistent hyperglycemia in diabetic mice. We
injected a subset of diabetic mice intraperitoneally with either TUDCA (150 mg/kg,
dissolved in PBS) or PBS once daily starting 18 weeks after the last streptozotocin (STZ)
injection until 1 d before analyses (week 26). In addition a group of diabetic mice received
drinking water supplemented with sodium-glucose co-transporter 2 (SGLT2) inhibitor
(dapagliflozin, 25 mg/kg, body weight, provided by Bristol-Myers Squibb) starting 18
weeks after the last streptozotocin (STZ) injection until 1 d before analyses (week 26). In
other mice we intraperitoneally injected aPC (1 mg/kg bodyweight, every alternate day) or
an equal volume of PBS. Additionally, in a subgroup of mice aPC was pre-incubated
before injection with the HAPC'572 antibody at a 1:1 ratio for 10 min under gentle agitation
to block its anticoagulant activity8137,

3.4. Determination of albuminuria

The day before blood sample collection and tissue preparation mice were individually
placed in metabolic cages for 12 h and urine samples were collected. We determined
urine albumin using a mouse albumin ELISA kit (Bethyl Laboratories, Inc.) according to
the manufacturer's instructions and urine creatinine with a modified version of the Jaffe
method using a commercially available assay (X-Pand automated platform, Siemens,
Eschborn, Germany)04.138,

3.5. Histology and immunohistochemistry

Animals were sacrificed using a high dose of anesthetics (65 mg/kg Ketamine + 11 mg/kg
Xylazine) and subsequently perfused first with ice-cold PBS and then with 4% buffered
paraformaldehyde (PFA). Tissues were further fixed in 4% buffered paraformaldehyde for
2 d, embedded in paraffin and processed for sectioning. Extracellular matrix (ECM)
deposition in glomeruli was assessed by periodic acid—Schiff (PAS) staining. The fraction
mesangial area (FMA) in the kidney sections were scored in a blinded fashion, according

to an established scoring system following the current DCC (Diabetic Complication
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Consortium) protocol?4107.13% - The FMA was calculated as the percentage of the

glomerular area relative to the tuft area.

Human renal tissue samples were provided by the tissue bank of the National Center for
Tumor Diseases (NCT, Heidelberg, Germany) in accordance with the regulations of the
tissue bank and the approval of the ethics committee of the University of Heidelberg.
Double immunofluorescence staining of sXBP1, ATF6 and CHOP on paraffin sections
was performed on human kidney sections with and without diabetic nephropathy. Briefly,
sections were fixed in ice cold acetone for 1 min, incubated in PBS (0.1% triton + 0.1%
sodium citrate) for 10 min, blocked in 2.5% serum for 1 h, and incubated overnight at 4°C
with the primary antibodies against human sXBP1 (1:50), ATF6 (1:50) and CHOP (1:50).
Corresponding fluorescently labelled secondary antibodies (anti-mouse IgG-FITC: 1:200,
anti-rabbit IgG-Texas red) were added for 60 min and sections were rinsed twice in PBS.
Slides were covered with vectashield mounting medium containing nuclear stain DAPI. All
specimens were imaged on an Olympus Bx43-Microscope (Olympus, Hamburg,
Germany). Confocal images were obtained at 40x magnification using a Zeiss LSM7
microscope (Carl Zeiss, Jena, Germany). Nuclear localization of sSXBP1, ATF6 and CHOP
was analysed using ImageJ-Fiji software. DAPI stained and fluorescently-labeled images
were acquired individually. The exposure settings and gain of laser were kept the same
for each condition. Thirty fields were acquired per condition, a single focal plane by field.
The ImageJ plugin, colocalization color map was used for automatic quantification and
visualization of a pair of co-localized fluorescent signals. Brightness and contrast was
adjusted for all images to exclude background signal. Before beginning analysis, images
were converted to 8-bit gray scale. “Colocalization” was run to generate the Icorr (index
of correlation) values, which represents fraction of positively colocalized pixels. The plugin
is based on Jaskolski's algorithm and the method produces a psudeo-color map of
correlations between pairs of corresponding pixels from two fluorescent channels of the
input images, offering quantitative visualisation of colocalization, described

elsewherel07.140,

3.6. Reverse transcription-quantitative polymerase chain reaction
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Mouse glomeruli from wild type control non-diabetic and diabetic mice were isolated by
sequential sieving method'*!. Total RNA was isolated using RNeasy kit (Qiagen,
Germany) and reverse-transcribed by RevertAid First Strand cDNA Synthesis Kit
(Thermoscientific, Germany). Quantitative polymerase chain reaction was performed in a
Bio-Rad real time system (CFX-Connect) using SYBR Green (Thermo Fisher Scientific,
Germany). UPR-specific 96-well-format PCR arrays were obtained from SA biosciences-
Qiagen and gene expression analysis was performed in real-time PCR (Biorad-CFX
connect) according to manufacturer’s instructions. For a selective set of UPR genes
guantitative polymerase chain reaction was performed using SYBR Green. Primers and
further details are given in the table 3. The mRNA levels of the genes tested were

normalized to B-actin as an internal control.
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Genes Pimers | Sequences
1 | Srebf2 Forward | AGCTGGGCGATGGATGAGAG
Reverse | TCAGGGAACTCTCCCACTTGA
2 | Creb3 Forward | GAAAGCGGAGATTTGTGGGC
Reverse | TTGCACGGAGTTCTCGGAAG
3 | Bax Forward | CTGGATCCAAGACCAGGGTG
Reverse | GTGAGGACTCCAGCCACAAA
4 [ Nucb1l Forward | CAGGCTGTTCTGCAGATGGA
Reverse | ACAGGAGCGTCATCTGTGTC
5 | Ganab Forward | GGAGCAAACCCGGTACAAGA
Reverse | ACTTAACCAAGACCGCCTCC
6 | Edem1l Forward | GCGCTTCAAAATAATGCCCG
Reverse | CCGAAGACCAACCAGAGCAC
7 | Dnajc3 Forward | TCGAAGGAGAGGATCTGCCA
Reverse | GAGCATTCACATTGTCGGGC
8 | Eif2a Forward | GGTGAATGGACCACCACACT
Reverse | GCTTTTGGGAGGTCGAAGGA
9 | Rnf5 Forward | CCCTATTCCTGTTCCTCGCC
Reverse | TAAGGGGGTGGTCCAAAAGC
10 | Sec62 Forward | GTCACACGGTGGTTTTGCTT
Reverse | TACCGTTCCATCCACACAGG
11 | Sec63 Forward | TTCCAGTACGATGACAGCGG
Reverse | GAATTTGCTCCGCGTTCTGG
12 | Ufdl Forward | CAGTGCAGCATGAGGAGTCA
Reverse | GAACCAGAGAAGGCACGGAA
13 | Dnajb9 Forward | AGAGGCAATGGGAGTCCTTT
Reverse | CCTGGAAGTGATGCCTTTGT
14 | Pdiad Forward | GTGGTCATCATTGGGCTCTT
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Reverse

CTTCTCAGGGTGTGTCAGCA

15

ErolB

Forward

CAGCAAACAGCACCAAAGAA

Reverse

TGGTCCTGCGAATCATCATA

16

Total XBP1

Forward

GGTCTGCTGAGTCCGCAGCAGG

Reverse

AGGCTTGGTGTATACATGG

17

sSXBP1

Forward

GGTCTGCTGAGTCCGCAGCAGG

Reverse

GAAAGGGAGGCTGGTAAGGAAC

18

ATF4

Forward

CATGCCAGATGAGCTCTTGA

Reverse

GCCAATTGGGTTCACTGTCT

Table 3: UPR gene primers for quantitative polymerase chain reaction

49



3.7. Cell culture

Conditionally immortalized mouse podocytes (obtained from Jochen Reiser’s laboratory,
Rush University, Chicago) and human podocytes were -cultured as described
elsewhere!®8, In brief, podocytes were routinely grown on cell culture-grade plates at 33°C
in the presence of interferon y (10 U/ml) to enhance expression of a thermosensitive T
antigen. Under these conditions, cells proliferate and remain undifferentiated. To induce
differentiation, podocytes were grown at 37°C in the absence of interferon y for 14 d.
Experiments were performed after 14 d of differentiation. Differentiation was confirmed by
determining expression of synaptopodin and Wilms tumor-1 (WT-1) protein. Mouse
glomerular endothelial cells were obtained from (Cell Biologics, Chicago, IL, USA) and
cultured at 37°C in a humidified 5% CO2 incubator in M1168 mouse endothelial cell
medium with growth factors as provided by the manufacturer. Cells were starved overnight
before treatment with high concentrations of glucose (25 mM) or mannitol (25 mM). At
desired time points post glucose and mannitol treatment, cytosolic and nuclear lysates

were prepared for immunoblotting analysis.

Cells were starved for 3 h before treatment with aPC (20nM) or insulin (20nM; Sigma-
Aldrich). At desired time points post aPC or insulin treatments, cytosolic and nuclear
lysates were prepared for immunoblot analysis. Likewise, 3 h post aPC, insulin or
concomitant aPC and insulin treatment, RNA was isolated*3® and subsequently cDNA was
synthesized for gene expression analysis.

3.8. Transmission electron microscopy

Transmission electron microscopy (TEM) was performed at the Institute for Clinical
Chemistry and Pathobiochemistry, Otto-von-Guericke-University Magdeburg and at the
Institute of Anatomy, University Leipzig, Germany. Renal cortex tissues were fixed with
2.5% glutaraldehyde, 2.5% polyvidone 25, 0.1 M sodium cacodylate pH 7.4. After washing
with 0.1 M sodium cacodylate buffer (pH 7.4), samples were post-fixed in the same buffer

containing 2% osmium tetroxide and 1.5% potassium ferrocyanide for 1 hour, washed in
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water, contrasted en bloc with uranyl acetate, dehydrated using an ascending series of
ethanol and embedded in glycidyl ether 100-based resin. Ultrathin sections were cut with
a Reichert Ultracut S ultramicrotome (Leica Microsystems, Wetzlar, Germany), contrasted
with uranyl acetate and lead citrate, and were viewed with an EM 10 CR electron
microscope (Carl Zeiss NTS, Oberkochen, Germany). The glomerular basement

membrane (GBM) thickness was analysed by ImageJ-Fiji software'42.

3.9. In situ proximity-ligation assay

A Duolink In situ PLA Kit was used according to the manufacturer’s instructions (Olink
Biosciences, Sigma Aldrich) for in situ proximity-ligation assay. Double
immunofluorescence staining with primary antibodies was performed as described above,
followed by PLA to detect the sXBP1 and p85 protein complexes on paraffin sections of
human renal biopsies. For in vitro imaging, differentiated mouse podocytes were plated
on collagen-coated glass coverslips and fixed in 3.7% PFA and methanol. Coverslips were
washed (3x PBS or PBS + 0.2% Triton X-100, each 10 min) and blocked in the blocking
buffer provided (DuoLink in situ PLA kit) for 1 h. Sections were then incubated (overnight,
4°C) with two primary antibodies raised in different species recognizing the target antigens
of interest were used. After washing (2 x buffers A and B provided in the kit, each 10 min)
sections were incubated with species-specific secondary antibodies with a unique short
DNA strand attached (PLA probes). Antibody attached oligonucleotides were linked by
enzymatic ligation, amplified via rolling circle amplification using a polymerase, and
amplified DNA was detected by flourescent labelled complementary oligonucleotide
probes. For quantification of PLA-data, images were acquired on Olympus microscope
(BX43, Germany). The exposure settings and gain of laser were kept the same for each
condition. Thirty fields were acquired per condition, a single focal plane by field. Before
beginning analysis, images were converted to 8-bit images on ImageJ-Fiji. A threshold
range was set to distinguish the objects of interest from the background. Automated
particle analysis was used to detect the nuclei count per glomeruli. To exclude “noise”,
the size of particles was defined between 150-Infinity pixels? and roundness values were

limited to 0.00-1.00. The accumulative counts for each cell type appeared in the Counters
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menu. After counting the cells within the ROI, the size of the ROI was calculated and used
to identify the number of cells labeled per glomeruli. To count the PLA-positive signals,
Point Picker plugin was used. The Point List dialog enabled the calculation of PLA positive

signals in the nucleus and cytoplasm.

3.10. Determination of cell death by TUNEL assay

Podocytes were serum starved overnight in serum free medium followed by incubation
with high concentrations of glucose (25 mM). At indicated time points post glucose
treatment cells were fixed in 4% neutral buffered formalin, washed in PBS, and apoptosis
was determined using the TUNEL assay!'8. Cells were incubated with terminal
deoxynucleotidyl transferase in the presence of fluorescein-labeled dUTP (60 min at 37°C)
and counterstained with Hoechst 33258 (3.5 ug/ml). Random images were obtained and
the frequency (in percent) of TUNEL-positive cells was determined using Image-J Fiji

software.

3.11. Production of lentiviral particles

HEK293T cells (CRL-11268, ATCC) were grown at 37°C and 5% COzin a humidified
atmosphere incubator (Thermo). The culture medium contained Dulbecco’s modified
Eagle’s medium (Gibco), 10% fetal bovine serum, and penicillin-streptomycin (50 pg/ml
and 50 pug/ml). The HEK293T cells were seeded at the density of 11 x 10° cells per 15-
mm? dish 24 h before transfection. Lentiviruses were produced by transfecting
HEK293T cells with shRNA targeting XBP1, PAR1, and PAR3 plasmids (from
Dharmacon), together with two helper plasmids (packaging plasmid psPAX2 and VSV-
G-expressing plasmid pMD2.g, both Addgene). The transfections were carried out using
the calcium phosphate method (2M calcium chloride and 2 x HBS, pH 7.4) with
plasmids in a 3:2:1 ratio (ShRNA plasmid:psPAX2:pMDg.2). The virus-containing
medium was harvested 48 h and 72 h after transfection and subsequently pre-cleaned
with a 0.45 um filtration (Millipore) as described'#3. The virus-containing medium was
mixed with 50% PEG6000, 4M NaCl, and 1 x PBS (without calcium and magnesium) at
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26%, 11%, 12% (by volume) and incubated on a shaker at 4°C for 4 h. Following
incubation, the solution was aliquoted into 50 mL falcons and centrifuged at the
1600 x g at 4°C for 60 min. After centrifugation, the supernatant was carefully removed
without disturbing the viral pellet. Cell culture media was added to the pellet for re-
suspension and the 50 mL falcon was placed at 4°C in a shaker for recovery overnight.
Viral particles were resuspended in 1/20th of the original volume. The protocol for
concentrating viral particles was adapted from Kutner et al.1#4. Cells were treated with
2 rounds of the enriched lentivirus and knockdown efficiency was ascertained after 4 d
by immunoblotting.

3.12. Immunoblotting

Cell lysates were prepared using RIPA buffer containing 50 mM Tris (pH7.4), 1% NP-40,
0.25% sodium-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM NasVOs4, 1 mM NaF
supplemented with protease inhibitor cocktail. Lysates were centrifuged (13000 x g for 10
min at 4°C) and insoluble debris was discarded. Protein concentration in supernatants was
guantified using BCA reagent. Equal amounts of protein were electrophoretically
separated on 10% or 12.5% SDS polyacrylamide gel, transferred to PVDF membranes
and probed with desired primary antibodies at a concentration of XBP1 (1:200), ATF6
(1:000), CHOP (1:200), ATF4 (1:200), LaminA/C (1:1000), Actin (1:1000), p85a (1:1000),
p85B (1:200). After overnight incubation with respective primary antibodies at 4°C,
membranes were then washed with TBST and incubated with anti-mouse IgG (1:5000),
anti-rabbit IgG (1:2000) or anti-Goat IgG (1:2000) horseradish peroxidase conjugated
antibodies for 1 h at room temperature. Blots were developed with the enhanced
chemiluminescence system. To compare and quantify levels of proteins, the density of
each band was measured using Image J-Fiji software. Equal loading for total cell or tissue

lysates was determined by B-actin western blot.

3.13. Cell fractionation
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For isolation of cytosolic and nuclear fractions renal cortex samples were lysed using
tissue homogenizer in buffer-A containing 10 mM HEPES-KOH (pH- 7.9), 10 mM KCl, 1.5
mM MgClz2, 1 mM EDTA, 0.6% NP-40, 0.5 mM DTT, protease inhibitor cocktail (Roche)
and lysates were incubated for 10 min on ice. After brief vortexing the lysates were
centrifuged for 30 s at 13000 x g at 4°C. Supernatants were collected as cytosolic fractions
and the pellets were resuspended in 100 pl of buffer-B containing 10 mM HEPES-KOH
(pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM MgClz, 0.2 mM EDTA, 0.5 mM DTT and
protease inhibitors. Lysates were incubated for 20 min on ice followed by centrifugation at
13000 x g at 4°C for 5 min. Supernatants containing the nuclear extracts were collected

and stored at -80°C138,

3.14. Gene expression analysis in Nephromine database

Gene expression data in healthy and diabetic nephropathy patients was extracted from
the Nephromine database (Life Technologies, Ann Arbor, MI, Website:
www.nephromine.org). Within Nephromine, data was obtained from “Ju Podocyte”
database which is a collection of gene expression profiling of 217 micro-dissected
glomerular samples and 219 tubulointerstitial samples from chronic kidney disease (CKD)
patients and healthy living donors, used to predict cell-type-specific (podocyte-) transcripts

by support vector machine based in silico nano-dissection.

3.15. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChlP) assay was performed with Enzymatic Chromatin
IP kit (Magnetic beads) according to the manufacturer’s instructions (Cell Signaling
Technology). Briefly, unstressed podocytes on day 14 after complete differentiation were
treated with low dose of insulin (20 nM) or aPC (20 nM). 3 h post treatment with insulin or
aPC cells were fixed with paraformaldehyde and lysed. Chromatin was fragmented by
partial digestion with micrococcal nuclease to obtain chromatin fragments of 1 to 5
nucleosomes. Chromatin immunoprecipitations were performed using antibody against
spliced-XBP1 (MAB4257-R&D biosystems) and ChlP-grade Protein-G magnetic beads.
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After reversal of protein-DNA cross-links, the DNA was purified using DNA purification
spin columns, allowing for efficient recovery of DNA and removal of protein contaminants.
The enrichment of specific XBP1 target genes was validated using quantitative real-time
PCR. The sequence libraries were generated and sequencing was performed on a Hiseq
2000 Illumina (core facility, Helmholtz Centre for Infection Research, Braunschweig,

Germany).

3.16. CHIP-SEQ dataset analysis

ChIP- SEQ data was analysis was done with the help of bioinformatician, Mohammad
Mobashir (Karolinska Institute, Sweden) . Sequence reads were mapped to the mouse
genome data base mml10 reference genome assembly with Bowtie2.0 and the latest
version of samtool was used to obtain the BAM file from SAM filel4514¢, To identify
significantly enriched transcription factor binding sites (TFBS), MATLAB was used. Peak
enrichment for each gene covering £ 500 bases was determined and binning algorithm
was applied to explore the coverage for the whole range of the genome and finally we
identified and filtered the regions with artefacts before generating the files with gene

names, number of peaks and gene coordinates for the respective experiments.

3.17. Analysis of human samples

Human renal tissue samples were provided by the tissue bank of the National Center for
Tumor Diseases (NCT, Heidelberg, Germany) in accordance with the regulations of the
tissue bank and the approval of the ethics committee of the University of Heidelberg.
Patients (N=67) with type 2 Diabetes (T2DM), according to the criteria of the American
Diabetes Association (ADA) (1997b), recruited from the diabetes outpatient clinic at the
University Hospital Heidelberg. Microalbuminuria was diagnosed if at least two separate
urine samples out of three consecutive urine samples (albumin excretion rate AER > 30
mg/ 24h) were positive. Non-diabetic control subjects (N=33) were recruited at the
outpatient clinic of the University Hospital Heidelberg and Magdeburg. Non-diabetic
controls had either stable and minor osteoporosis or stable and well-controlled thyroid
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function (e.g. after thyroidectomy). Non-diabetic controls were on Vitamin D and calcium
substitution only (osteoporosis patients) or thyroid hormones, but no other medication. All
diabetic patients and non-diabetic controls were Caucasian. The study complied with the
declaration of Helsinki; all patients entered the study, according to the guidelines of the
local ethics committees after giving informed consent (Ethic-Committee-No: 204/2004).

3.18. Study approval

All animal experiments and protocols were conducted following standards and procedures
approved by the local animal care and use committee (Landesverwaltungsamt Halle,
Germany). All human samples (biopsies) from patients were used as per the guidelines
of the local ethics committees following approval and informed consent (Ethic-Committee-
N0:204/2004).

3.19. Statistical analysis

Data are summarized as the mean £ SEM (standard error of the mean). The Kolmogorov—
Smirnov test was used to determine whether the data are consistent with a Gaussian
distribution. Statistical analyses were performed with Student t test or ANOVA as
appropriate. Posthoc comparisons of ANOVA were corrected with the method of Tukey.
Prism 7 (www.graphpad.com) software was used for statistical analyses. Statistical

significance was accepted at values of P<0.05.

4. Results

4.1. Human dNP is associated with a maladaptive ER stress response
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To assess the pathophysiological relevance of ER stress induction in human dNP, we
performed immunofluorescence analyses of UPR regulators in renal biopsies of human
subjects. The sXBPL1 is a highly active nuclear transcription factor and that upregulates
gene expression of ER chaperones, components of the ER-associated degradation
machinery and transcription factors involved in increasing ER folding capacity. To assess
the nuclear localization of sSXBP1, quantification of colocalization of nuclear WT1 (green)
and sXBP1 (red) was carried out using an automated colocalization color map plugin
(ImageJd) index of correlation (Icorr). Icorr quantifies the fraction of positively correlated
pixels from two different fluorescent channels within an area. Nuclear localization of
sXBP1 was reduced in renal biopsies of patients with dNP (Fig. 8b), primarily within the
renal glomeruli as determined by the immunofluorescence staining of sXBP1 in non-
diabetic human renal biopsies (Fig. 8a). Conversely, immunofluorescence analyses for
the nuclear localization of ATF6 and CHOP was significantly increased compared to
biopsies from healthy patients reflecting enhanced ER stress (Fig. 8b). Gene expression
analysis of UPR target genes within the Nephromine database was next conducted to
gain additional information. The gene expression datasets were derived from the ‘Ju
Podocyte’ group of the Nephromine database which consists of expression profiling of
217 micro-dissected glomerular samples and 219 tubulointerstitial samples from chronic
kidney disease (CKD) and healthy patients. Analyses of these data sets showed increased
MRNA levels of UPR target genes known to be involved in expanding the folding capacity
of the ER (DNAJB9, DNAJC3, PDIA4, Erolb) and activating the ER-associated
degradation (ERAD: Edeml) in patients with diabetic nephropathy when compared to
healthy living donors (Fig. 8c). These gene expression datasets corroborate that the ER

is activated in dNP.
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Figure 8: Maladaptive ER-stress response in human dNP

Representative image at low magnification (20x) showing immunofluorescent
detection of sXBP1 in a non-diabetic human renal biopsy (a). sXBP1 (red) is
predominately observed in glomeruli (white dotted line) and only sparsely detected in
the tubulointerstitial space. Representative immunofluorescent images of human renal
biopsies obtained from diabetic patients without (-DKD) or with (+DKD) diabetic kidney
disease, stained for sXBP1, ATF6, CHOP (red) and podocyte marker WT1 (green)
with a nuclear counterstain (DAPI, blue). In human diabetic nephropathy, nuclear
localization of sXBP1 was reduced primarily in renal glomeruli, while nuclear
localization of ATF6 and CHOP were increased when compared to biopsies from
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healthy subjects (b). Analyses of glomerular specific expression of UPR target genes
in healthy human donors (n=41) and patients with diabetic nephropathy (n=12),
indicating ER stress in dNP; heat map obtained from ‘Ju Podocyte’ group of
Nephromine database (c). Mean £ SEM, *P<0.05 (b: t-test).

4.2. Hyperglycemia differentially regulates UPR in murine models of dNP

Two independent mouse models of diabetes were employed to delineate the mechanism
controlling the UPR in dNP. We used the model of streptozotocin (STZ) -induced
persistent hyperglycemia, reflecting insulinopenic T1DM, and the model of insulin
resistance and hyperglycemia in db/db mice, reflecting T2DM. The renal cortex of STZ-
treated mice was analyzed by immunoblotting to determine total protein levels of the three
stress sensor pathways of the ER - ATF6, sXBP1 and ATF4 — and of CHOP. The total
levels of CHOP and active form of ATF6 proteins were significantly upregulated while the
expression levels of sSXBP1 and ATF4 remained unchanged (Fig 9a, b). As one important
aspect of the ER stress response is the nuclear translocation of the ER-derived
transcription factors, we next analyzed the cytoplasmic and nuclear distribution of these
transcription factors. This revealed a significant reduction of nuclear sXBP1 while nuclear
CHOP and ATF6 were elevated. The nuclear expression of ATF4 was not altered (Fig 9c,
d). These protein expression analyses in the TIDM mouse model corroborated the
observations made in human diabetic patients without or with dNP (Fig. 8b), and underpint

a disparate regulation of the tripartite UPR.

To gain further insights into the regulation of ER stress during the progression of dNP, the
three arms of the ER stress pathway were analyzed at different stages of the disease in
both the STZ-induced and db/db mouse models. The nuclear expression of sSXBP1 was
downregulated at 10, 18, and 26 weeks post-STZ injections, which corelated with the
induction of nuclear ATF6 (50kDa) and CHOP in the renal cortex (Fig. 9e, f). The increase
in ATF6 and CHOP and the reduction in sXBP1 were associated with the increase in
albuminuria in these mice at 10, 18, and 26 weeks post-STZ injections (Fig. 99). The
nuclear expression of the transcription factors- sXBP1, ATF6 and CHOP, was strikingly
similar in db/db mice. With the onset of albuminuria (4, 8, 12, and 16 weeks of age) (Fig.

10c) and disease progression, there was a significant reduction in the nuclear
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translocation of sXBP1 that corelated with the upregulation of ATF6 and CHOP (Fig. 10a,
b). Thus, the observed disparate regulation of the tripartite UPR is seen in both type 1 and
type 2 DM models. Of note, no change in the total or nuclear levels of ATF4 were observed
in non-diabetic versus diabetic renal cortices (Fig. 9c, d). Collectively, these data establish
a disparate regulation of the tripartite-UPR in human and murine dNP. Consistent with the
previous human dNP data (Fig. 8b, c), glomerular specific mMRNA levels of UPR-target

genes were similarly up regulated in murine dNP indicating ER-stress (Fig. 10d).
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Figure 9: Hyperglycemia differentially regulates the tripartite UPR in T1DM
mouse model

Representative immunaoblots (a, ¢) and bar graphs (b, d) showing total (a, b) and
nuclear (c, d) levels of ER transcription factors in renal cortex samples of wild type
control (C) and STZ-induced diabetic mice (DM). As loading controls, B-actin was
used for total cell extracts (a) and lamin A/C for nuclear extracts (c, n=6 mice per
group). Representative immunoblots (e) and line graph (f) showing nuclear levels
of ER transcription factors in renal cortex samples (e, f) and albuminuria (g) in wild
type control (C) and STZ-induced diabetic (DM) mice at indicated time points post
STZ administration (n=8 mice per time point). C=control mice without diabetes,
open bars; DM=diabetes, black bars; Mean + SEM, *P<0.05, **P<0.01 (b, d, f: t-
test, g: one-way ANOVA).
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Figure 10: Hyperglycemia differentially regulates the tripartite UPR in dNP

Representative immunoblots (a) and line graph (b) showing nuclear levels of ER
transcription factors in renal cortex samples (a, b) and albuminuria (c) in db/db
mice at ages indicated. (n=6 mice per time point). Bar graph (d) showing relative
MRNA expression levels of UPR target genes in isolated mouse glomeruli from
wild type non-diabetic control mice (blue bars) and diabetic mice (26 weeks post-
STZ treatment, red bars). The mRNA levels of the genes tested were normalized
to 18S as an internal control (n = 5 mice per group were analysed). Mean = SEM,
*P<0.05, **P<0.01 (b, d: t-test, c: one-way ANOVA).

4.3. Regulation of PERK-elF2a pathway in hyperglycemia

An increase in the transcription factors ATF6 and CHOP was evident in the immunoblot
analyses of the renal cortices of STZ-injected as well as db/db mice (Fig. 9 & 10), but we
did not observe a significant change of ATF4 expression. To explore the ATF4 pathway
further, the phosphorylation status of its upstream regulators, PERK and elF2a were

analyzed (Fig. 11 a, b). Congruent with the stable ATF4 levels, phosphorylation of PERK
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and elF2a was not induced at different stages of dNP (Fig 11. c, d). These results strongly
suggest that the PERK-ATF4 pathways is not contributing to dNP in mouse models of
dNP.
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Figure 11: Regulation of PERK-elF2a activation and ATF4 expression in

hyperglycemia

Representative immunoblots (a-b) showing phosphorylated and total PERK (a,
upper panel) and phosphorylated and total elF2a (b, upper panel) and in renal
cortex samples of wild type control (C) and STZ-induced diabetic mice (DM) at
indicated time points post STZ administration. Bar graphs showing phosphorylated
levels of PERK (a, lower panel) and phosphorylated levels of elF2a (b, lower
panel) in renal cortex samples of wild type control (C) and STZ-induced diabetic
mice (DM) at indicated time points. Representative immunoblots (c-d) showing
cytoplasmic levels and nuclear levels of ATF4 in renal cortex samples of wild type
control (C) and STZ-induced diabetic mice (DM) at indicated time points post STZ
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administration (c) or in db/db mice at ages indicated (d). Cytoplasmic levels of
ATF4 remained unchanged and nuclear levels were undetectable. w: weeks; Mean
+ SEM, (a, b, n = 6 mice per group).

4.4. Hyperglycemia-induced maladaptive UPR is linked to dNP

To determine if hyperglycemia is a sufficient trigger for ER stress, diabetic mice were
injected with a sodium-glucose co-transporter 2 inhibitor (SGLT2 inhibitor — dapagliflozin)
18 weeks post stable induction of hyperglycemia and disease onset, to normalize their
blood glucose levels (Fig. 12a, b). As a positive control, and to evaluate potential
therapeutic approaches to the maladatpive ER-stress response in dNP, diabetic mice
were also treated with the chemical chaperone TUDCA to attenuate ER stress. Both
SGLT2 inhibitor and TUDCA treatment normalized nuclear levels of sXBP1, ATF6 and
CHOP and reduced albuminuria and extracellular matrix deposition in the glomeruli (Fig.
12c-g). In vitro, high-glucose treatment of podocytes and glomerular endothelial cells
(GENCs) impaired nuclear translocation of SXBP1 and augmented expression of ATF6
(50kDa) and CHOP (Fig. 12h-j). This demonstrates that hyperglycemia selectively
disrupts the IRE1-XBP1 arm of the UPR while activating the ATF6 and CHOP branches
of ER Stress. Importantly, preventing excess hyperglycemia (SGLT2 inhibitor) or restoring
ER homeostasis (TUDCA), both reinstated an adaptive unfolded protein response and
alleviated experimental dNP.

64



TUDCA
a SGLT2 c d
8w l 34w
_-‘ 18w 26w, | ] )
% 4 o © WA W sXBP1 < 201
Streptozotocin Ex vivo analysis % " % %* %*
b T, 2 v ATF6 $5 ™
_—-;40 [ 2 o
3 - e + E b ‘% CHOP § E i
[<]
£ 30 g™ b S <
E z 2=
2 | & &% o= ==« LaminA/C o
8 20 ;-é
- o o i i
5 - s 28 3 £ 7 sxBP1  ATF6  Chop
- =
— c © Q
s S S B3 2 O control 3 DM+SGLT2
0 v v - DM @@ DM+Saline E3 DM+TUDCA
10 18 26
Duration of diabetes (weeks)
- Control (n=10) & DM+SGLT2 (n=7)
- DM (n=8) - DM+TUDCA (n=9)
e f g
Control DM 18W DM 26W *
= = ’r =
=) * x L 4:{ '\‘{
E 2 | e g —_
= )8 ’\ @& > g
Py { \ IV 7 T ®
8 - \io\/ bo” s
2 . 13
= f=2 )
© c
s H
E 2z
E
3
2
<

=

-Control 18W 26W SGLT2 TUDCA

Cytoplasm

Nuclear

Control 18W 26W SGLT2 TUDCA

DM
DM
. ~~XBP1 -=-CHOP —+ATF6
| 20 ek
-+ o+ o+ - + + + Glucose (25 mM) 15 S *Ikl%

B s e " =v mm sXBP1

Pnn-l e mm @ @@ Actin

B == o® o4 " oo o .. sSXBP1

Nuclear levels
(sXBP1 vs. ATF6/CHOP, AU)
o o

o

"O0h  12h 24h  48h
Glucose (25 mM)

Oh 6h 12h 24h
Glucose (25 mM)

Podocytes GENCs

~
- - - .,-' # e  aTFe J 5 —+XBP1 -=-CHOP -+ ATF6
<20
o *[k[*
MEEM e CHF 2215 Kkl kIl
§E1o
- ar am ~a __,_--— Lamin A/C %?5
1’4
0 12 24 48 0 6 12 24 Time(h) 22
& o
>
C)

Figure 12: Hyperglycemia-induced ER stress response is causally linked to
dNP

Schematic illustration of interventional studies in mice with STZ-induced
hyperglycemia (a), treatment with a sodium—glucose co-transporter 2 (SGLT2)
inhibitor or the chemical chaperone tauroursodeoxycholic acid (TUDCA) was
initiated after manifestation of albuminuria at week 18 (a, b). Line graphs reflecting
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blood glucose levels in mice with STZ-induced hyperglycemia. Blood glucose was
measured at indicated time points. Treatment with the SGLT2 inhibitor
dapagliflozin normalizes blood glucose levels, while TUDCA has no impact on the
blood glucose levels. Tx: treatment period (b). Normalizing glucose levels or
attenuation of ER stress normalizes nuclear levels of sXBP1, ATF6, and CHOP (c,
d) and reduces albuminuria (e) and extracellular matrix deposition (f, g); C=control
mice without diabetes, open bars; DM=diabetic mice, black bars; SGLT2 inhibitor:
dapagliflozin treatment, grey bars; TUDCA treatment, dotted bars; scale bar
represents (c: 20mm). Representative immunoblots showing cytoplasmic (h, top
panel) and nuclear levels (h, lower panel) of ER transcription factors in
immortalized mouse podocytes (left panel) and human glomerular endothelial cells
(right panel) at indicated time points after treatment with high glucose (25 mM).
Line graphs (i, podocytes and j, glomerular endothelial cells) representing the
mean + SEM of 6 independent experiments; Mean = SEM, *P<0.05, **P<0.01 (b,
d, e, g: one-way ANOVA).

4.5. XBP1 protects against hyperglycemia-induced ER stress activation

The results obtained from the human tissues samples (Fig. 8b) and the mouse models of
dNP indicate an important function of nuclear XBP1 in alleviating the indices of ER stress
in the glomeruli. To scrutinize the functional relevance of XBP-1 for the ER-stress
response, we next conducted lentiviral knockdown of XBP1 in podocytes. Reduced XBP-
1 expression was sufficient for an upregulation of nuclear levels of ATF6 (50kDa) and
CHOP as well as increased cell death in glucose-stressed podocytes in vitro (Fig. 13a-c).
This indicates that XBP1 has a crucial function in maintaining ER homeostasis and

protecting podocytes from ER stress induced cell death.

To study the relevance of XBP1 in vivo, we then employed a mouse model of STZ-induced
hyperglycemia using mice in which XBP1 was specifically knocked out in podocytes
(XBP1floxflox x podCe, Fig. 13d). In these mice, indices of dNP, such as albuminuria,
extracellular matrix deposition and glomerular-basement membrane (GBM)-width, were
markedly increased compared to wild type control mice, and the disease aggravation was
associated with an upregulation of nuclear ATF6 and CHOP levels (Fig. 13e-g).
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Figure 13: Podocyte-specific loss of XBP1 promotes maladaptive UPR in
dNP

Representative immunoblot showing shRNA-mediated knockdown of XBP1 in
immortalized mouse podocytes (a, left panel). Bar graph showing reduction of
XBP1 expression in XBP1KD cell lines, as determined by gqRT-PCR (a, right
panel). Results for two independent shRNAs (shRNA-1 and -2) and a non-specific
scrambled-shRNA (Scr-shRNA) are shown. Representative immunoblots showing
nuclear levels of cleaved ATF6 and CHOP in immortalized mouse control (Scr-
shRNA) and XBP1 knockdown (shRNA-1 and -2) podocytes at indicated time

67



points after treatment with high glucose (25 mM) (b). Bar graph summarizing the
frequency (mean + SEM of three independent experiments) of apoptotic cells as
determined by TUNEL assay in immortalized mouse control and XBP1 knockdown
(XBP1shRNA) podocytes 24 h after treatment with high glucose (25mM) (c).
Analyses of mice with podocyte-specific loss of XBP1 (XBP14P°%) compared with
control mice (XBP11¥X) (d-g). Representative immunoblot showing podocyte-
specific complete deletion of XBP1 in podocytes isolated from XBP12P°d mice when
compared with podocytes isolated from control mice (Xbp1">fox) (d). Bar graph
summarizing albuminuria (e), representative images of extracellular matrix
deposition (f, top panel, PAS staining) and the disrupted glomerular filtration barrier
(f, bottom panel, transmission electron microscopy, TEM), bar graphs reflecting
extracellular matrix deposition (below, left), glomerular basement membrane
thickness (below, right). Representative immunoblots (g) showing nuclear levels
of ER transcription factors in renal cortex samples; (n=8 mice per group were
analyzed, except for TEM (f) where n=3 mice per group were analyzed). C=control
mice without diabetes, open bars; DM=diabetes, grey bars; scale bar represents
(f: 20mm for PAS stain, 2 mm for glomerular filtration barrier, TEM); Mean + SEM,
*P<0.05, **P<0.01 (a-c, e,f: t-test).

4.6. p85-sXBP1 interaction in podocytes is required for the adaptive ER-stress

response in dNP

In the aforementioned data we observed that the loss of XBP1 in podocytes causes a
maladaptive UPR and augmentation of diabetic nephropathy. As regulation of sXBP1
nuclear translocation in the liver has been linked with insulin — p85 signaling, we next
explored the potential role of insulin receptor - p85 signaling. To determine the
pathophysiological relevance of the INSR — p85 pathway in dNP, we first analysed p85a
(PIK3R1) and p85pB (PIK3R2) gene expression (MRNA levels) in a large human renal
database (Nephromine). We analysed the gene expression (loss of function — under
expression) in “Ju Podocyte” database. Gene expression of p85a (PIK3R1) is slightly
decreased (P=0.056, t-test) and that of p85f (PIK3R2) markedly (P<0.001, t-test) reduced
(Fig. 14a). Intriguingly, reduced p85a and p85p gene expression was only observed in
renal glomeruli but not in the tubulointerstitial compartment (Fig. 14b). In contrast, when
interrogating overexpression glomerular specific-total XBP1 mRNA was upregulated in
patients with dNP when compared to healthy controls (P=0.007, t-test) (Fig. 14a, lower
panel), similar to our observation made in db/db mice (Fig. 14c). Importantly, the data
obtained from nephromine reflect total XBP1 mRNA levels and preclude any conclusions
regarding XBP1 splicing or nuclear translocation of sSXBP1. To analyse mRNA levels of

total-XBP1 and sXBP1 we performed quantitative gRT-PCR in renal cortex samples from
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murine dNP. These data show that total XBP1 and sXBP1 expression was not significantly

altered in STZ-treated mice (26 weeks post-STZ) when compared to non-diabetic control

mice (Fig. 14d). These data demonstrate that sSXBP1 nuclear translocation is impaired

independent of its total expression in dNP (Fig. 8b).
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Figure 14: Impaired sXBP1-p85 interaction in human and murine dNP

Analyses of glomerular specific expression of p85a (PIK3R1), and p85p3 (PIK3R2)
and XBP1 in human healthy living donors (n = 41) and patients with diabetic
nephropathy (n = 17). Heat map obtained from “Ju Podocyte” group from
Nephromine, showing the glomerular specific gene expression levels of p85a
(PIK3R1), p85B (PIK3R2) (a, upper panel) and XBP1 (a, lower panel) in human
healthy living donors (n = 41) and patients with diabetic nephropathy (n = 12). P-
values shown reflect results if interrogating the Nephromine database for under
expression (PIK3R1 and PIK3R2) or over expression (XBP1). Heat map obtained
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from “Ju Podocyte” group from Nephromine showing tubulointerstitium specific
gene expression levels of XBP1, p85a (PIK3R1), and p85@ (PIK3R2) in human
healthy living donors (n = 41) and patients with diabetic nephropathy (n = 17) (b).
P-values shown reflect results if interrogating the Nephromine database for over
expression. Bar graphs showing cytoplasmic levels of ER transcription factor,
sXBP1 in renal cortex samples of db/db mice at ages indicated (c). Bar graph
showing relative mRNA expression levels of total (XBP1) and spliced (sXBP1)
levels in renal cortex samples from untreated (white bars) and STZ-treated (grey
bars) mice (d). Mean = SEM, (n = 6 mice per group for c; n = 5 independent mice
per group, NS: not significant).

Next we determined the interaction of sSXBP1 and p85a or p85 in human renal
biopsies (Fig. 15a) by PLA. Both p85a - sXBP1 and p85f - sSXBP1 complexes were
significantly reduced in renal biopsies from dNP patients compared to non-diabetic
controls. Furthermore, in vitro treatment of podocytes with high glucose reduced
interactions of p85a and p85B with sXBP1 in a time dependent manner as was
determined by immunoprecipitation experiments (Fig. 15b). To gain further
mechanistic insights, we conducted in vitro studies. First, we observed that insulin
promoted nuclear translocation of sSXBP1 in podocytes (Fig. 15c). To investigate
whether insulin-induced nuclear translocation of sSXBP1 was dependent on its
canonical activation pathway regulated by IRE1a phosphorylation, podocytes were
treated with 100 nM of insulin. While it induced nuclear translocation of sSXBP1, it
failed to induce IRE1a phosphorylation indicating that insulin-mediated sXBP1

nuclear translocation is independent of IRE1a activation.

To determine the in vivo relevance of insulin signaling in podocytes for sXBP1 —
p85 heterodimerization and nuclear sXBP1 translocation, a mouse model with
podocyte-specific deletion of INSR was generated. Nuclear localization of sSXBP1
was absent in the glomeruli of mice with defective insulin signaling compared to
non-diabetic wild type mice (Fig. 16a), a finding in agreement with impaired sXBP1
- p85 heterodimerization in human patients with dNP (Fig. 15a). Similar to in vitro
experiments, diabetic mice lacking p85a specifically in podocytes (p85a2F°d) or
whole body p85B knockout mice (p85B7) demonstrated severely impaired nuclear
translocation of sXBP1, while nuclear ATF6 and CHOP were increased in these

mice to a comparable extent as observed in diabetic INSR2P%d (Fig. 16b-d). These
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results demonstrate that INSR-p85-sXBP1 regulates an adaptive UPR response
in dNP.
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Figure 15: Insulin signals via INSR-p85 axis independent of IREla

phosphorylation in podocytes

Representative images showing protein complexes (red) of sXBP1-p85a (a, upper
panel) and sXBP1-p85fB (a, lower panel) analyzed by proximity-ligation assay
(PLA) in renal biopsies obtained from diabetic humans without (-dNP) or with
(+dNP) diabetic nephropathy. Frequency of nuclear and cytoplasmic protein
complexes of 5 samples per group were summarized as bar graphs. Scale bar
represents (c: 20 pum). Representative immunoblots of immunoprecipitates
showing binding of sXBP1 with p85a and p85f in immortalized human podocytes
after treatment with high glucose (HG 25mM) at indicated time points (n = 3,
independent repeat experiments)(b). Insulin promotes nuclear translocation of
sXBP1 in mouse podocytes independent of IREla phosphorylation.
Representative immunoblot showing nuclear levels of sSXBP1 and total levels of
IREla and phosphorylated form of IREla (ser-724) after treatment with insulin
(100 nM) at indicated time points. Lamin A/C used as loading control for nuclear
lysates (c). Mean = SEM (a), *P<0.05, ** P<0.01 (one-way ANOVA).
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Figure 16: Signaling via INSR-p85 axis in podocytes conveys an adaptive ER

stress response in dNP

Representative images at low magnification (20x) showing renal
immunofluorescent detection of sXBP1 in control mice (wild type, top panel) and
mice with podocyte specific deletion of insulin receptor in podocytes (INSRMWt
APod lower panel). sSXBP1 (red) is predominately observed in glomeruli (white
dotted line) of wild type mice, but not of INSR¥Wt&Pod mice (a). SXBP1 is only
sparsely detected in the tubulointerstitial space. Representative images showing
sXBP1 levels (using an antibody detecting the spliced form of XBP1, in the renal
glomeruli of non-diabetic wild type mice and mice with podocyte specific deletion
of insulin receptor (INSRWt 4Pod) or p85a (p85a2P°d), or whole body p85B
deficiency (p85B7) (b). Representative immunoblots (c) and bar graph (d) showing
nuclear levels of ER transcription factors in renal cortex samples (n = 8 mice per
group were analyzed). C: Control mice without diabetes, open bars; DM: diabetes,
black bars. Mean = SEM (g), *P<0.05, ** P<0.01 (one-way ANOVA).
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4.7. TM - PC signaling regulates UPR

We have previously shown that hyperglycemia impairs endothelial thrombomodulin —
dependent aPC formation resulting in the loss of cytoprotective signaling in the glomerular
compartment causing cell death and diabetic nephropathy!%4. Since treatment with aPC
conveys protection from diabetic nephropathy in various animal models!®, we evaluated
whether endogenous PC activation can regulate UPR in dNP. We analyzed mice with STZ
induced persistent hyperglycemia and either loss (secondary to impaired PC activation,
TMPT/Pro) or gain (transgenic mice expressing a hyperactivatable PC-variant, APChdh) of
function within the TM-PC system (Fig. 17a). Compared to wild type mice, impaired PC
activation in TMPPro mice aggravated the maladaptive renal UPR, characterized by
impaired nuclear translocation of sXBP1 and heightened nuclear ATF6 and CHOP levels
(Fig. 17b-e). These changes were associated with aggravated dNP indicated by
increased albuminuria, loss of differentiated podocytes indicated by decreased number of
WT-1 positive cells in the glomeruli as well as the reduced expression of nephrin and
podocin protein levels in the renal cortex of wild-type and TMP™/Pro STZ injected mice (Fig.
17f-i). The dNP phenotype is more pronounced in the TMPP mice than in wild-type.
Conversely, in APCM" mice nuclear levels of sXBP1 were normal, expression of ATF6
and CHOP were reduced, and mice were protected from dNP despite persistent
hyperglycemia (Fig. 17b-e). Restoring aPC levels in TMP™P mice by crossing TMPro/Pro
with APCPh mice or relieving ER-stress in TMP™P mice using TUDCA reduced
albuminuria and the maladaptive ER-response (Fig. 17f, i). These data identify a function
of TM-dependent PC activation in controlling ER-response-patterns in the glomerular
compartment and suggest that aPC— similar to insulin — can modulate the UPR in dNP.
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Figure 17: Thrombomodulin —dependent PC activation regulates UPR in dNP

Schematic illustration of TM - dependent PC activation on endothelial cells and of
molecular defects in employed mouse models with altered TM - dependent PC
activation (a). Representative immunoblots (b) and bar graphs (c-e) showing
nuclear levels of ER transcription factors in renal cortex samples 26 weeks post
STZ-treatment. Representative immunofluorescent images for WT-1 (green) and
nuclear DAPI stain (blue) in glomeruli (f), bar graph reflecting the number of WT-1
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positive podocytes (g), and representative immunoblots reflecting nephrin and
podocin expression in mouse renal cortex samples (h). Restoring aPC levels or
inhibiting ER-stress with the chemical chaperone TUDCA protects TMPP mice
against dNP. Dot plot summarizing albuminuria (i). C, Control mice without
diabetes; DM: diabetic mice; Mean + SEM, n = 6 mice per group(c-e, h) and 8 mice
per group (i); *P<0.05, **P<0.01 (c-e, g, i: one-way ANOVA).

4.8. Activated protein C rescues maladaptive UPR response in mice models of

defective insulin signaling

Since INSR-p85-sXBP1 signaling axis is essential for adaptive UPR response, mice
lacking insulin receptor (INSR) in podocytes develop exacerbated dNP, characterized by
increased albuminuria, GBM width, extracellular matrix deposition (FMA) and all other
indices of dNP (Fig. 18a-d). These changes were associated with impaired nuclear
translocation of sXBP1 and heightened ATF6-CHOP dependent maladaptive ER-
response (Fig. 18h). Similar to insulin, aPC signaling via G-protein coupled receptors are
known to engage — among others — PI3K signaling pathway, we speculated that aPC may
compensate for impaired insulin signaling in podocytes. To this end, we crossed
transgenic overexpression of aPC (APCMd" mice) with mice lacking the insulin receptor in
podocytes (INSR2P°d mice) or treated INSR2P°d mice with aPC after the onset of persistent
hyperglycemia (starting 18 weeks post-STZ, Fig. 18a). Overexpressing aPC or injection
of aPC into mice with impaired insulin signaling in poodcytes resulted in the improvement
of pathophysiological manifestation of dNP with decreased albuminuria, GBM width,
reduced deposition of extracellular matrix, increase in number of differentiated podocytes
in the glomeruli indicated by higher number of WT-1 positive podocytes as well as
increased protein expression of nephrin and podocin in the renal cortex (Fig. 18b-g). Both
interventions restored nuclear sXBP1 levels and prevented the maladaptive ER- response
initiated by ATF6 and CHOP in diabetic INSR2P°d mice (Fig. 18h), verifying the role of

aPC in restoring defective insulin signaling.

We next used a model of obesity induced defective insulin signaling (db/db mice). Db/db
mice are a model of T2DM which develop insulin resistance following hyperlipidimia,

hyperinsulimia and obesity. To test if aPC would be able to improve the indices of dNP

75



resulting from insulin resistance, db/db mice were treated with aPC or TUDCA starting at

an age of 16 weeks (Fig. 19a-e).

To test if aPC’s cytoprotective adaptive UPR signaling is independent of it’s function as
an anticoagulant, aPC was pre-incubated with the monoclonal antibody (HAPC1573),
which specifically blocks aPC’s anti-coagulant function. Treatment of db/db mice with the
aPC lacking anticoagulant function did not impede it's nephroprotective and UPR-
reprogramming effects (Fig. 19c-h). aPC and the chemical chaperone TUDCA restored
nuclear sXBP1 while averting the ATF6-CHOP (Fig. 19f-h) mediated maladaptive UPR in
db/db mice. Treating these mice with aPC or TUDCA had no significant effects on blood
glucose levels (Fig. 19b) demonstrating that normalizing ER-function is sufficient to avert
dNP. In both mice models of defective insulin signaling, aPC reprograms the UPR and

conveys nephroprotection.
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Figure 18: Activated PC rescues defective insulin sighaling

Dot plot summarizing albuminuria (a), representative images showing (b, upper
pannel, transmission electron microscopy, TEM; GBM: glomerular basement
membrane, arrows; scale bar: 2um) and bar graph of the glomerular filtration
barrier width (c), representative images (b, lower pannel, scale bar: 20um) and bar



graph  showing extracellular matrix deposition (d). Representative
immunofluorescent images for WT-1 (green) and nuclear DAPI stain (blue) in
glomeruli (e) and bar graphs summarizing the number of WT-1 positive podocytes
(). Representative immunoblots reflecting nephrin and podocin expression (g) in
whole renal cortex, and nuclear levels of ER transcription factors (h) in mouse
renal cortex samples from non-diabetic and diabetic INSR2"°¢ mice with aPC
treatment and in INSR2P°d with transgenic overexpression of aPC (APCM"). C,
Control mice without diabetes; DM: diabetic mice; Mean £ SEM of at least 15 (a),
10 (c-d), or 8 (e-f) mice per group; scale bar: 20 uM *P<0.05, **P<0.01 (c-f: one-
way ANOVA).
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Figure 19: Activated PC rescues defective insulin signaling in dNP

Dot plot summarizing albuminuria (a), and representative bar graphs summarizing
blood glucose levels in db/db mice without or with interventions (b). Markers of
diabetic nephropathy in db/m control and db/db mice without or with interventions
to restore aPC levels (aPC or aPC+HAPC*”3 or the chemical chaperon TUDCA);



representative immunofluorescent images for WT-1 (green) and nuclear DAPI
stain (blue) in glomeruli (c), and bar graph reflecting the number of WT-1 positive
podocytes (d). Representative immunoblots reflecting nephrin and podocin
expression in whole renal cortex samples (e), and nuclear levels of ER
transcription factors (f) in mouse renal cortex samples from db/db mice post
treatment with PBS (vehicle), aPC, aPC + HAPC®"3, or TUDCA. db/m: Control
mice without diabetes; aPC+HAPC*®"3; aPC pre-incubated with the monoclonal
HAPC?” antibody. Bar graphs (g, h) summarizing quantification of immunoblot
(f), mean = SEM of at least 6 (g, h) or 8 (b) mice per group; *P<0.05, *P<0.01 (b-
h: one-way ANOVA), scale bar: 20 uM(c).

4.9. ER-homeostasis by aPC employs the INSR-p85-sXBP1 signaling axis

Given the remarkable nephroprotective and ER-homeostatic effect of aPC in insulin
signaling deficient mice (STZ-induced INSR2P°d mice and db/db mice), we wanted to
investigate aPC’s mechanism in regulating stress-dependent physiological UPR in
podocytes. Exposure of podocytes to aPC temporally induced nuclear translocation of
sXBP1 independent of IRE1la activation (Fig. 20e), while the nuclear levels of ATF6 and
CHOP remained unchanged, similar to insulin’s effect (Fig. 20a). Mouse aPC likewise
temporally induced nuclear translocation of sXBP1 without affecting ATF6 and CHOP
levels in resting podocytes (Fig. 20a-d). aPC temporally induced dissociation of p85a and
p85B and induced complex formation of p85a/p85 with sSXBP1 in resting podocytes (Fig.
21a). The lentiviral knockdown of p85a/p85 in mouse podocytes, resulted in significantly
reduced nuclear sXBP1 as determined by the ratio of nuclear and cytoplasmic fluorescent
signal of sXBP1 (Fig. 21b). To ascertain the physiological relevance of aPC for UPR
reprogramming via p85-dependent sXBP1 nuclear translocation in vivo APC9" mice with
conditional podocyte specific deletion of XBP1 (APC"9" x XBP14Pod) or p85a (APCM9" x
p85a2Ped) or with constitutive p85p deficiency (APCM9" x p85B--) were generated. Deletion
of XBP1, p85a or p85B in APCMd" mice had no effect on baseline albuminuria but
abolished the renoprotective effect of aPC by eliciting the maladaptive UPR response,
mirroring the response observed in diabetic INSR2P°d or db/db mice (Fig. 21d-e). Thus,
insulin and aPC utilize the same signaling hub to maintain ER-homeostasis and to protect
from dNP.
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Figure 20: Human and mouse aPC induce nuclear translocation of sXBP1

Two exemplary immunoblots (a) and line graphs (b-d) showing nuclear levels of
sXBP1, ATF6 and CHOP in wild type mouse podocytes after treatment with human
aPC (20nM) or mouse aPC (20nM) at indicated time points. Representative
immunoblots showing [-actin (loading control) and total XBP1 levels or
phosphorylated IRE1a in whole cell lysates (WCL) without or with aPC (20 nM)
treatment at indicated time points (e). Mean + SEM of at least 3 independent repeat
experiments (a-e); *P<0.05, **P<0.01 (b-d: t-test).
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Figure 21: UPR-reprogramming by aPC depends on p85-sXBP1 signaling

Treatment with aPC dissociates p85a and p85f3 protein complexes (a, red, top),
while promoting interaction of p85a or p85F with sXBP1 (middle and bottom,
respectively). Representative immunofluorescence images showing protein
complexes (red, proximity ligation assay, PLA). Corresponding line graphs (a,
below) summarizing PLA positive signals (AU: arbitrary units). PLA complexes
(red); nuclear stain DAPI (blue); actin cytoskeleton-phalloidin staining (green).
Representative immunofluorescence images showing colocalization of sXBP1
(red) with nuclear DAPI stain (blue) and actin cytoskeleton (phalloidin: green) in
wild type (control shRNA treated) and knockdown (p85a+p85p shRNA treated)
mouse podocytes (b). When compared to control ShRNA treated cells, p85a+p85f3
shRNA treated cells showed marked reduction in nuclear sXBP1 levels post aPC
treatment. Dot plot (b, below) shows time-dependent nuclear cytoplasmic
fluorescence ratio reflecting subcellular localization of sXBP1 following aPC
treatments. dNP in APC"9" mice without (Pod®") or with podocyte specific p85a-
or sXBP1- or constitutive p85B-deficiency. Dot plot summarizing albuminuria (c)
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and representative immunoblots (d) and bar graph (e) showing nuclear levels of
ER transcription factors in renal cortex samples. Mean + SEM of at least 3
independent repeat experiments (a-b) or at least 10 (c) or 8 (d-e) mice per group;
*P<0.05, **P<0.01 (a-b: t-test; c, e: ANOVA).

4.10. aPC signals through G-protein coupled receptors to induce UPR in podocytes

Insulin signals through INSR to stimulate the PI3K pathway and the lack of INSR in
podocytes upregulates ER stress and induces cell death in dNP. In podocytes, aPC’s
cytoprotective effect requires PAR3!!8, aPC failed to promote nuclear translocation of
sXBP1 in PAR3 knockdown podocytes establishing that PAR3 is required for aPC
mediated UPR reprogramming in podocytes (Fig. 22a). PAR3 is considered signaling
incompetent and requires PAR1 as co-receptor on murine podocytest!l. Accordingly,
PAR1 knockdown abolished aPC’s effect on nuclear translocation of sXBP1 (Fig. 22b).
Hence, the adaptive UPR induced by insulin and aPC employs the same intracellular

signaling hub but structurally disjunct receptor mechanisms.
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Figure 22: aPC induced nuclear translocation of sXBP1 requires both PAR-3
and PAR-1 receptors
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Representative immunoblots and bar graphs showing nuclear levels of sXBP1 in
wild type (Wt) and PAR-3 knockdown (PAR-3¥P) (a), and in wild type (Wt) and
PAR-1 knockdown (PAR-1¥P) (b) mouse podocytes at indicated time points after
treatment with aPC (20 nM). Mean = SEM of at least 3 independent repeat
experiments; *P<0.05, *P<0.01 (a, b: t-test).

4.11. Insulin and aPC concordantly regulate XBP1-dependent gene-expression

Considering the signaling redundancy of insulin and aPC via XBP1 we hypothesized that
aPC induces XBP1 target genes and intracellular pathways similar to insulin in podocytes.
To this end we determined genome-wide XBP1 targeted genes by chromatin
immunoprecipitation and whole genome sequencing (Chip-seq) in resting podocytes
exposed to insulin or aPC (Fig. 23a). Analysis of sXBP1 enriched regions that cover 500
bp upstream and downstream of transcription start sites (TSS) of ~19000 known mouse
genes revealed enrichment of agonist-specific (insulin: 344; aPC: 695) and overlapping
(insulin + aPC: 1874) XBP1 targets (Fig. 23b-e). Filtering of concordant UPR genes
revealed that both aPC and insulin typically enriched XBP1 at the proximal promoters of
chaperones involved in protein binding and folding (Canx, Cct7, Edem1, Rpnl, Dnajb9,
Erp44, Hspa5), components of ER-associated protein degradation (ERAD: Herpudl,
Htra2, Vcp, Rfn5), transcription factors (Creb3, Srebf2 and ATF4) and the apoptotic
regulator “Bax”'*#’ which in addition to mitochondrial dysfunction also modulates the UPR
(Fig. 23f). To specifically determine the impact of sXBP1 enrichment on UPR regulation
we performed UPR-pathway-specific expression analyses. Both aPC and insulin
suppressed most XBP1-enriched genes while inducing Srebf2, a gene regulating
cholesterol metabolism (Fig. 23g). Concomitant treatment of resting podocytes with
insulin and aPC resulted in an additive induction of gene expression of only few genes
(e.g. Sec63, UFD1), while in most cases gene expression remained the same (e.g.
Dnajc3, Edeml, Eif2a) (Fig. 23h). This corroborates the conclusion that aPC and insulin
induce gene expression largely through the same pathway. However, in contrast to insulin,
aPC selectively induced components of ERAD (Htra2, Herpudl, Vcp), protein binding and
folding (Rpnl, Canx, Cct7, Hspa2, Dnajb9, Erp44), and the transcription factor ATF4,
emphasizing involvement of agonist-specific (aPC vs. insulin) regulatory mechanisms for

ER-proteostasis. These data demonstrate that aPC and insulin via nuclear translocation
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of sXBP1 target largely overlapping genes involved in the regulation of energy

expenditure, metabolism, and ER-function in podocytes.
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Figure 23: Insulin and aPC-dependent XBP1 regulatory networks linked to
UPR regulation

Schematic illustration of methodology employed to identify homeostatic agonist-
specific XBP1-targets (a). Venn diagram (b) and heat map (c) showing common
genes that were significantly enriched after treatment with insulin or aPC versus
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untreated (UT). Heat map showing condition-specific enriched pathways highly
relevant for regulation of proteostasis (d). Candidate ERSE-like and UPRE-like
regulatory motifs that are overrepresented in UPR target promoters (e). Venn
diagrams show respective condition-specific proportions. Heat map summarizes
enrichment of condition-specific concordant UPR-genes (f), their impact on
regulation of UPR-gene expression (g; n= 3; mean + SEM, untreated vs. insulin or
aPC treated), and the impact of concomitant insulin and aPC treatment on UPR
gene expression (h; n=3; mean + SEM, untreated vs. insulin, aPC or insulin and
aPC treated).
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5. Discussion

5.1 Induction of the UPR and rescue of insulin signaling in podocytes in dNP

While the intimate relationship of DM and DKD is well-established, some studies have
also demonstrated an association of the metabolic syndrome (hallmarked by impaired
insulin signaling and insulin resistance) and an increased risk of kidney disease®'4. For
DKD several mechanisms, such as increased ROS, inflammation, or altered adipokine
levels have been proposed!4®152 but mechanistic insights into impairment of renal
function in association with the metabolic syndrom remained scarce at best. Our study
establishes a direct mechanistic link between defective insulin signaling and impaired
renal function. Insulin deficiency (STZ model, refelecting T1DM) or impaired insulin
signaling (db/db model, reflecting T2DM) cause a maladaptive ER-stress response in
podocytes through the dissociation of sSXBP1 from the PI3K regulatory subunits, p85a and
p85B. The loss of this association inhibits nuclear sXBP1 translocation and the
subsequent loss in activation of UPR chaperones leading to persistent and maladaptive
ER-stress and eventually impaired kidney function (Fig. 21f, g). The disease progression,
as indicated by increasing albuminuria, is closely assocaited with a progressive and
maladatpive change in the molecular signature of the ER transcription factors (Fig. 9c-g
& 10 a-d). This conclusion is supported by the results obtained in diabetic mice with a
podocyte-specific knockout of the insulin receptor, mimicking the reduced insulin signaling
seen in T2DM patients, who are insulin resistant and develop dNP even during
normoglycemic conditions!®. These results provide a strong rational for the limited
success of glycemic control to avoid DKD progression'®3154, Beyond insulin’s role in
stimulating glucose uptake and metabolism, insulin signaling in podocyte maintains ER
homeostasis. Therefore, improving blood glucose control is expected to only partially
restore renal function, illustrating the need for new therapeutic approaches targeting
cytoprotective signaling nodes as identified here in addition to restoring normoglycemial®®,

The altered pathophysiological features are also evident in our analyses of non-diabetic
INSR2Ped mice glomeruli, with slight but significantly elevated albuminuria when compared
to non-diabetic wild type mice, with fewer WT-1 positive podocytes in the glomeruli and
significantly reduced expression of podocin in the renal cortices indicating to a loss in
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glomerular filtration barrier, suggesting a physiological function of insulin signaling in
podocytes (Fig. 18a, e-q).

Manifestation of diabetic nephropathy has been associated with elevated levels of soluble
thrombomodulin (reflecting endothelial dysfunction and impaired PC-acitvation) and
reduced levels of aPC with vascular complications such as dNP. The current data identify
a new and unexpected function of the coagulation system and in particular of the
endothelial derived TM-aPC system. Using mouse models of dNP in mice with genetically
impaired PC activation secondary to a targeted point mutation in the TM gene (Fig. 17a)
we observed an aggravation of indices reflecting diabetic nephropathy in parallel to the
increase in ER stress compared to the non-diabetic controls (Fig. 17f-i). Subsequently,
when the TMPP© mice were crossed with transgenic mouse line with an aPC- gain of
function (APCMd" mice), the indices of dNP were alleviated simulateously wiith the
induction of an adaptive UPR (increased levels of nuclear sXBP, reduced ATF6 and
CHOP). The observations made in these genetic mouse models could result from the
systemic genetic modifications in all cells types, particularly in the endothelial cells, and
may not be specific to the glomerular compartment. It is quite possible that aPC does not
need to be generated locally, but rather exerts a true hormone-like activitiy, improving
glomerular function even if generated at distal sites. Importantly, the molecular fingerprint
observed (Fig. 17b-h) in podocytes are characteristic of defective insulin signaling,
corroborating the hormone-like activity of aPC in regard to renal ER-homeostasis.
Additinal analyses examining the insulin pathway and it's impairment in the genetically

impaired PC activation mouse model merits further investigation.

The serine-protease aPC conveys nephroprotective effects in animal models of acute and
chronic kidney diseases'?+105131 |n diabetic mice, aPC protects podocytes and
glomerular endothelial cells from glucose induced dysfunction. aPC treatment restores
nuclear sXBP1 levels and prevents the ATF6 and CHOP dependent maladaptive UPR in
diabetic podocyte-specific insulin receptor floxed mice (Fig. 18h). The same effect is also
observed in obesity induced insulin resistant db/db mice, resembling T2DM, when treated
with aPC (Fig. 19f). The physiological relevance of aPC for UPR reprogramming via p85-

dependent sXBP1 nuclear translocation in vivo was further confirmed in diabetic APChigh
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mice with conditional podocyte specific deletion of XBP1 or p85a or with constitutive p853

deficiency (Fig. 21c-e).

Similar to aPC, the bile acid derivative and chemical chaperone TUDCA alleviated ER
stress, simultaneously improving the indices of diabetic nephropathy in mice (Fig. 19).
While the treatment with SGLT2 inhibitor normalized blood glucose levels in diabetic mice
and ameliorated the glomerular features of dNP (Fig. 12a-g), it was not as effective a
treatment as TUDCA or aPC (Fig. 12, 18 & 19), both of which restored adaptive UPR
and protected the glomerular epithelials cells from the damaging effects of hyperglycemia.
These data indicate, that glucose control with SGLT2 inhibitors, which are thought to
convey additional nephroprotective effects, do not provide full or sufficient
nephroprotection, but approaches restoring ER-homeostasis, such as aPC or chemical

chaeprons such as TUDCA, may constitute novel therapeutic approaches to dNP.

5.2 Glomerular filtration barrier is maintained by sXBP1 in podocytes

The function of sXBP1 in the constitutive maintenance of ER function has been
established'®6159, Our study describes for the first time the requirement of XBP1 for
maintaining homeostasis in glucose stressed renal cells (podocytes) (Fig. 12 & 13). Under
normal physiologic conditions, the spliced form of XBP1 is known to be present at
extremely low levels in tissues, including the liver®®. The relative abundance of nuclear
sXBP1 in non-diabetic glomeruli in our study (Fig. 8b) indicates a constitutive-homeostatic
function of this UPR signaling arm and ER- transcription factor, raising questions about

it's underlying regulatory mechanisms in podocytes.

Genome-wide ChIP sequencing of sXBP1-targeted genes in resting podocytes revealed
that both aPC and insulin (Fig. 23) typically enriched sXBP1 at the proximal promoters of
chaperones involved in protein binding and folding, inhibition of global translation, ER-
associated protein degradation machinery as well as some specific transcription factors
such as Creb3, Srebf2 and ATF4. Erp44!® is a ER chaperone necessary for proper
folding of nascent proteins to be prepared for secretory purpose. This protein from the
early secretory pathway (component of the ER-Golgi signaling) further implicates a

function of podocytes as highly secretory cells. Thus, podocytes experience a constant,
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yet physiologically normal ER burden intrinsically linked to their secretory nature61-163,
Additionally, Erp44 has been shown to function as a redox-regulated trap for maintaining
blood pressure during periods of systemic inflammation through regulation of the enzyme
Erapl. Erapl is known to regulate angiotensin Il metabolism indicating local regulation of
the renin-angiotensin system'%4, Erap1 was another sXBP1 targeted gene identified in the
genome-wide ChIP sequencing in podocytes'®®. Thus, the ChIP sequencing data points
not only to an important role of podocytes as secretory cells but possibly to a mode of
intercellular communication through secretion of factors that regulates cellular
homeostasis within the glomeruli. An important caveat is that ChIP sequencing was not
performed on podocytes exposed to high glucose. Yet, the in vivo models of DM
highlighted the critical function of nuclear sXBP1 in maintaining podocyte homeostasis in
dNP (Fig. 13-21).

While we didn’t observe an induction of the PERK-elF2a pathway in the renal cortices of
the diabetic mice (Fig. 11), ChIP sequencing analysis in podocytes showed that sXBP1
was enriched at the promoter region of the ATF4 gene (Fig. 23f, g). Interestingly, we did
not detect nuclear ATF4 in the renal cortex lysates of diabetic mice (Fig. 9c, 1llc, d).
Since, both sXBP1 and ATF6 are already known to regulate each other’s expression and
functions’*73, it wouldn’t be surprising if ATF6 and sXBP1 together or individually interact
with ATF4 regulating it's stability. ATF4’s nuclear function as a transcription factor could
be dependent on it's crosstalk with the other two arms of the UPR. Additionally, we
detected transcriptional regulation of various components of the ubiquitin-dependent
proteasome by insulin and aPC in our Chip-seq data. ATF4 is known to associate and
colocalize with the -transducin repeat-containing protein (BTrCP), part of the
Skpl/Cullin/F-box protein (SCF) unibiquitin ligase complexes that tightly regulates its
stability and it's transcriptional activity in the nucleuss. Further examination of nuclear
lysates from diabetic renal cortices treated with MG132 would help shed light on why we
failed to detect changes of ATF4 in the nucleus. MG132, a proteasome inhibitor, would
increase the stability of any ubiquitin-conjugated ATF4. ATF4, which, is a key regulator of
mitochondrial unfolded protein response (UPRMY) as well as integrated stress response
(ISR) in mammalian cells'®?, is known to activate the expression of cytoprotective genes

that reprogram cellular metabolism through mitochondrial stress response. Thus,
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stimulation of the mitochondrial UPR and stress response through the activation of ATF4

could be a secondary response of the podocytes to hyperglycemia-induced ER stress.

Both aPC and insulin induce Srebf2!8, a gene regulating cholesterol metabolism, lipid
biosynthesis, glucose and fatty acid metabolism (Fig. 23f-h). The transcriptional
regulation of Srebf2 and other lipid biosynthetic enzymes and scaffold proteins such as
acylcoA synthase (Acsl), and Syntaxin 17 (Stx17)'%9, point to a potential role of aPC and
insulin in regulating proteins that are localized at the mitochondria-associated membranes
(MAMs)79, Concomitant treatment of resting podocytes with insulin and aPC resulted in
an additive induction in the expression of only few genes e.g. Sec63, UFDL1, involved in
the transport of precursor polypeptides across the ER lumen as well as ubiquitin-
dependent proteolytic pathway (Fig. 23h). Control of protein modifications and
transportation further underscores that ER- signaling and it's regulation in podocytes is
essential in maintainning physiological function as a glomerular barrier. The results from
the expression analyses corroborate the finding that aPC and insulin induce gene
expression via nuclear translocation of sXBP1 targeting largely overlapping genes
involved in the regulation of ER-homeostasis in podocytes.

Advances in our understanding of podocyte biology from various studies!’*176 have
yielded transformative insights regarding glomerular function in health and disease.
Therefore, investigating differential transcriptional, proteomic, and metabolomics
signatures of podocytes in health and disease will be essential for the identification of
novel pathophysiological pathways and molecules contributing to the variability of disease
progression, providing new insights into potential novel therapeutic and diagnostic

avenuesl’7.178,
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6. Conclusion

Our study establishes a direct mechanistic link between defective insulin signaling in
podocytes and impaired kidney function. Furthermore, our investigations have established
a common intracellular signaling hub for insulin and a coagulation protease, aPC, which
can be exploited for the development of new therapeutic approaches. The maladaptive
ER-response in dNP is characterized by a disparate regulation of the tripartite-UPR, which
is mechanistically linked to glomerular dysfunction and hallmarked by impaired sXBP1
nuclear translocation and enhanced ATF6 and CHOP signaling. The genetic ablation or
functional inactivation of this pathway in murine models of T1DM (lack of insulin) or T2DM
(impaired insulin signaling secondary to insulin resistance) promote a maladaptive UPR.
Signaling via the XBP1 — branch of the UPR is required for adaptive and cytoprotective
ER-response in podocytes under hyperglycemic stress. We uncovered that impaired
cytoprotective signaling via the XBP1 branch in dNP can be rescued by aPC. Exposure
of podocytes to aPC temporally induces nuclear translocation of sXBP1 independent of
IRE1a activation, while the nuclear levels of ATF6 and CHOP remain unchanged,
mimicking insulin’s effect. aPC promoted complex formation of p85a/p85p with sXBP1
reminiscent of insulin signaling. While a hormone-like role of coagulation proteases has
been proposed previously'7%189, this study provides for the first time conclusive evidence
that coagulation proteases can rescue defective hormone signaling, as the adaptive UPR
induced by insulin and aPC employs the same intracellular signaling hub (Fig. 24).
Importantly, in the presence of impaired insulin signaling, as observed in the most frequent
form of DM (T2DM), the PAR-aPC signaling pathway remains intact, and substituting the
agonist aPC or an aPC mimetic or interfering with the intracellular signaling pathway may

allow circumvention of impaired insulin signaling.
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Figure 24: Proposed model of cytoprotective signaling of insulin and aPC in podocytes in
dNP. Under normal physiological conditions, insulin maintains ER proteostasis via nuclear
translocation of sSXBP1 in podocytes. The loss of insulin signaling under hyperglycemic conditions
disrupts this homeostatic pathway contributing to ER stress. Prolonged ER stress leads to the
activation of the cell death machinery and loss of podocytes. Analogous to insulin, aPC is able to
induce nuclear translocation of SXBP1 through its interaction with p85a and p85p in the absence
of insulin signaling. Nuclear sXBP1 activates the transcription of UPR chaperones and ERAD
components that enable podocytes to resume its normal function within the glomeruli.
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6. Zusammenfassung

Diese Studie zeigt eine direkte Verbindung zwischen defekter Insulinsignalkaskaden in
Podozyten und einer eingeschrankten Nierenfunktion. Unsere Untersuchungen etablieren
ein weit verbreitetes intrazellulares Signalzentrum fur Insulin und der Gerinnungsprotease
aPC, welches in Abwesenheit eines physiologischen Insulinsignals flir therapeutische
Zwecke beeinflusst werden kann. Die mechanistische Verbindung zwischen
Insulinsignalkaskaden und ER-Stress und die pathophysiologische Relevanz dieser
Reaktionswege innerhalb der diabetischen Nephropathie (dNP) wurden hervorgehoben.
Die genetische Manipulation oder die funktionelle Inaktivierung die insulin
Reaktionsweges in T1DM- (Insulinmangel) und T2DM- (Insulinresistenz) Mausmodellen
beglnstigen eine maladaptive UPR, welche innerhalb der dNP durch eine gestoérte
nukleare sXBP1-Translokation bei gleichzeitig gesteigerter ATF6- und CHOP- Expression
gekennzeichnet ist. Signale tGber den sXBP1-Arm des UPR werden fir adaptive ER-
Reaktionen in Podozyten unter hyperglykamischem Stress bendtigt. Wir enthullten einen
adaptiven UPR-Weg, welcher durch die Gerinnungsprotease aPC reguliert wird und
dadurch gestorte Insulinsignalkaskaden verbessern kann und das Uberleben von
Podozyten sicherstellen kann. Wahrend hormonéhnliche Funktionen der
Gerinnungsproteasen bereits kirzlich vorgeschlagen wurden!’®189 haben wir in dieser
Studie  schlissige  Beweise dafir, dass Gerinnungsproteasen  defekte
Hormonsignalkaskaden durch die Induktion des adaptiven UPR wiederherstellen konnen.
Die Exposition von Podozyten mit aPC fuhrte temporar zu einer Induktion der nuklearen
Translokation von sXBP1 unabhangig von einer vorherigen IRE-1-Aktivierung, bei
gleichbleibenden nukledren ATF6- und CHOP-Konzentrationen. Dies kame einer
nachahmenden Insulinwirkung gleich. Dariliber hinaus beginstigt aPC eine komplexe
Bildung von p85a und p85B mit sXBP1, welche an Insulinsignalkaskaden erinnert. Aus
diesen Grunden eroffnet die sowohl durch Insulin, als auch aPC induzierte adaptive UPR
denselben zentralen intrazellularen Signalweg (Abb. 24). Vorhandene Defekte in der
Insulinsignalkaskade, wie im DM (T2DM), zeigten, dass der PAR-aPC Signalweg intakt
bleibt. APC-Agonisten, aPC-Mimetika oder Eingriffe in den intrazellularen Signalweg

kénnten so gestortes Insulinsignaling umgehen.
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Figure 24: Schematische Dastellung des zytoprotectiven Signalweges des Insulins und
aPCin Podozyten bei dNP. Unter normalen physiologischen Bedingungen stabilisiert Insulin die
ER - Proteostase mittels Translokation von sXBP1 im Podozyten. Durch Verlust des
Insulinsignalweges unter hyperglykdmischen Bedingungen wird die Homeostase gestort und so
ER-Stress induziert. Anhaltender ER-Stress fuhrt zur Aktivierung der Zelltodmaschienerie und
zum Verlust von Podozyten. Analog zu Insulin ist aPC in der Lage die Translokation von sXBP1
in den Zellkern zu induzieren, indem es mit p85a und p85B in der Abwesenheit vom Insulin
(Signalweg) interagiert. Nukleares sXBP1 aktiviert somit die Transkription der UPR- Chaperone
und der ERAD Komponenten, wodurch die Podozyten ihre normale Funktion innerhalb der
Glomeruli wiedererlangen.
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7. Future Outlook

Our study unravels the importance of sXBP1 in maintaining cellular and metabolic
homeostasis in the glomerular compartment of the kidney in dNP. ER stress and
mitochondrial oxidative stress have been implicated in the etiology of insulin resistance
associated with T2DM, but the mechanism of their interaction remain poorly defined, in
particular in the context of renal disease. While the importance of the transcription factor
sXBP1 is well-established in ER quality control (QC), including unfolded protein response
(UPR) and ER-associated degradation (ERAD), it's role in mitochondrial UPR (UPRM?)
and QC is yet to be clarified.

Among the genome-wide ChIP sequencing data, we obserevd several mitochondrial (Mt)
proteases and UPRMt chaperones apparently regulated by sXBP1 that could be integral
mediators of the ER-Mt crosstalk. sXBP1, a key regulator of the UPR, appears to be
engaged in the transcriptional activation or repression of redox-sensitive mitochondrial
intermembrane space (IMS) import machinery proteins as well as mitochondrial matrix
quality control proteases such as Chchd4 (the mammalian homolog of the yeast
mitochondrial disulfide relay system carrier Mia40), Clpx, Clpp, Lonpl, and Clptm1.
Additionally, sXBP1 seems to regulate the transcription of several of the mitochondrial
respiratory chain complex chaperones such as Cox5a, Cox14, Cox16, and Ccs, as well
as key metabolic regulators, Esrrb and Esrrg.

Estrogen-related receptors b and g (Esrrb and Esrrg) share similarities to the estrogen
receptors a and (3 but their functions are unknown. Esrrb and Esrrg are orphan receptors
that are known to bind to estrogen response elements in the absence of the ligand
estrogen, and transcriptionally activate reporter genes. Furthermore, they are critical
regulators of mitochondrial biogenesis and fatty acid oxidation through association with
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a8%). Esrrb
has recently been shown to synergistically regulate somatic cell reprogramming in
coordination with Zic3 transcription factor'®2, Esrrb induces transcription of genes involved
in oxidative phosphorylation, specifically, components of the electron transport chain
(ETC)!82, While the PERK-ATF4 pathway has been known to be at the intersection of ER
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response and mitochondrial oxidative stress response’®, more recently, IRE1a'8 has
been shown to function as a housekeeping gene at the ER-mitochondria contact points,
it remains to be investigated whether Estrogen-related receptors involve UPR regulators

in regulating the crosstalk between ER and mitochondria..

Over the last decade, it has become evident that mitochondria and ER networks are
interconnected, not just sharing structural and functional interactions essential for the
maintenance of cellular homeostasis, but also sharing signaling mediators that help to
relieve metabolic stresses as well as maintain cytoplasmic and mitochondrial proteostasis.
Both the ER and mitochondria interact through contact points known as mitochondria-
associated membranes (MAMs), in order to exchange lipids and Ca?*, and regulate
cellular homeostasis. This crosstalk becomes dysregulated in diabetes, which contributes
to the already existing ER-mitochondria miscommunication persisting in a hyperglycemic
state!84185, Qur results from the podocyte-specific genome-wide ChIP sequencing may
identify potential mediators of this crosstalk and help illustrate the role of MAMs as

glucose sensors that adapt to cellular bioenergetics!é.

Since insulin has already been shown to increase the crosstalk between the Mt membrane
proteins and the ER in hepatocytes!®, coagulation proteases such as aPC may
additionally regulate the ER-mitochondria interaction and communication, contributing to
the control of metabolic functions involved in the control of glucose homeostasis. To adapt
to any pathological conditions that influence decreased mitochondrial activity, the
organelle has evolved to increase the synthesis of nuclear-encoded mitochondrial
chaperones and proteases to facilitate normal funtionality. Although, the mitochondria
possess an independent genome considered to be a remnant of its symbiotic bacterial
ancestry®’, the mitochondrial and the nuclear genomes have evolved to coordinate
complex cellular functions. Thus, the mitochondrial - ER communication enables the cell
to coordinate a regulated cellular plan of action via the nucleus to bring about cellular and
metabolic homeostasis. Our investigations into aPC’s regulation of ER stress in dNP
makes it imperative to consider the role of XBP1 in transcriptionally regulating genes that
modulate both mitochondrial UPR and endoplasmic reticulum UPR. Moreover, since our
study establishes the role of activated protein C in rescuing podocytes from the
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detrimental effects of hyperglycemia, it would be interesting to analyze how aPC regulates
the ER-MAMSs under physiological as well as pathological conditions in the kidney and in

other metabolic tissues.
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