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Summary 
 

Epigenetics drive an often underestimated set of mechanisms governing the fundamental 

regulation of gene expression. Selective availability of chromatin not only dictates cell 

differentiation and identity, but can drastically change, as pathological conditions are a potent 

catalyst for shifts in epigenetic landscape. Our studies show how renal injury is not an exception 

and aim to investigate how the transcription patterns of the kidney epithelium change in response 

to an insult. 

First, we analyzed renal epithelial response to cytokine stimulation to help elucidate the potential 

effects of SARS-CoV-2 on the kidney. Our work was the first to show that interferons induce 

expression of an alternative ACE2 isoform, dACE2, in renal epithelium, but not the canonical 

protein, showing bias of earlier reports and indicating the need of careful study of the genetic loci 

of known disease-related genes. We also generated and compared a wide range of the next-

generation sequencing datasets pertaining to tubular response to proinflammatory stimuli. We 

show that distinct transcription programs are enabled in response to interferons and injury models, 

and that they differ between stimulated tissues. Our results clearly show how non-homogenous 

the term renal inflammation is and indicate how much its attenuation may need to be adjusted 

based on the injury’s origin. 

Second, we used an ischemic acute kidney injury model to investigate the dynamic changes in 

the entire epigenetic landscape of mouse kidney. We showed hundreds of promoter and candidate 

enhancer elements gaining or losing their activity in the early repair phase following renal insult, 

as well as identified transcription factors driving this process. We used compounds disrupting RNA 

transcription and observed that they can partly inhibit the repair of the epithelial cells, but also 

attenuate fibrosis. This study provides first insight into the robustness of the epigenetic changes 

renal cells undergo to initiate repair mechanisms, as well as indicate that timing is a key factor for 

therapeutic strategies aiming adjust them. 

These discoveries further our understanding of the extent, variability and regulation of epigenetic 

landscape of the kidney. They will aid in development of novel therapeutic strategies aiming to 

combat diseases and adverse physiological processes in the kidney. 
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Introduction 
 

1. Epigenetics 
 

The term epigenetics covers a wide range of mechanisms regulating changes in chromatin states 

and gene expression, which are independent of DNA sequence and can persist after cell division. 

Regulation of gene transcription by this molecular machinery is one of the most fundamental levels 

governing cellular function. The term itself was coined in 1942 (Deichmann, 2016) and referred to 

all mechanisms causing changes in gene expression. Only relatively recently the definition was 

narrowed, in tandem with development of next generation sequencing (NGS) methods allowing 

for detailed investigation in this field. 

 

1.1. Role of epigenetic modifications 
 

There are two basic functions of epigenetic homeostasis. The first one is maintaining 

chromosomal stability. Chromatin must conform to an optimized, three-dimensional format to be 

able to perform its role (Gollin, 2004; Weyemi & Galluzzi, 2021). This requires proper organization 

of centromeres and telomeres and maintenance of functional DNA repair systems. Large structural 

changes in chromosomal architecture may be fatal, either as congenital defects or as an immense 

contributor to cancer development. The second function of the epigenetic control is regulation of 

gene expression, either by silencing or enhancing gene transcription. This allows the cell 

populations to grow into specialized tissues and for the dying cells to be replaced by ones with the 

same transcriptional programming. This process is relatively plastic, as pathological conditions 

impacting the homeostasis can cause transient or permanent changes to the epigenetic 

landscape. 

 

1.2. Mechanisms of epigenetic control 
 

There are three major ways the epigenetic programming is maintained. DNA methylation is one 

of the most well-known mechanisms of gene suppression. Addition of methyl group to DNA 

cytosine bases leads to recruitment of gene silencing proteins and to inhibition of transcription 

factor binding (Moore et al., 2013). Significant portions of mammalian genomes are silenced by 
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methylation, including the 45% of human genome encoding retrotransposons such as inactivated 

human endogenous retroviruses (HERVs). This process is governed by DNA methyltransferases 

(DNMTs). Cancer is known to cause aberrant methylation, which can be combated with DNMT 

inhibitors (Giri & Aittokallio, 2019). At lower doses, DNA silencing caused by cancer can be 

reversed, but higher amounts of the drug might be cytotoxic due to DNA hypomethylation and 

increased chromosomal instability (Hoffmann & Schulz, 2005). Further, epigenetic control can be 

elicited through histone modification. Short fragments of DNA, approximately 150 base pair in 

length, are spooled over histone protein octamers (Luger et al., 2012). Biochemical changes, such 

as acetylation, methylation or phosphorylation, regulate the histones’ function and dictate how 

permissible the associated DNA fragment is to binding other proteins such as transcription factors. 

With the development of ChIP-seq and anti-histone antibodies, it was possible to isolate distinct 

histone modifications and their roles. For example, monomethylation of the lysine 4 of the H3 

histone (H3K4me1), combined with acetylation of lysine 27 of the H3 histone (H3K427ac) indicates 

presence of a putative gene enhancer (Heintzman et al., 2007). Similarly to the methylation, 

histone modification can be pharmaceutically altered. Histone deacetylase (HDAC) inhibitors are 

a line of mostly anti-cancer agents more cytotoxic for the tumor than for the healthy tissue (Sanaei 

& Kavoosi, 2019). The third of the key epigenetic mechanisms is regulation through non-coding 

RNAs (ncRNAs). Those RNAs are not translated, instead work together with the other two 

mechanisms to elicit transcriptional control. ncRNAs were reported to affect both histone 

modification and DNA methylation (Khraiwesh et al., 2010; Tuddenham et al., 2006), and their 

function is multimodal. For example, they can serve as intracellular molecular decoys, attracting 

proteins regulating transcription (Li et al., 2021) or as extracellular modulators of immune response 

(Sharma et al., 2021). 

 

1.3. Gene expression enhancers 
 

The gene bodies are not the only DNA elements undergoing epigenetic modifications. Genes are 

surrounded by untranslated cis-regulatory elements, such as enhancers. As the name suggests, 

enhancer elements can positively influence gene transcription. Enhancers are very variable in 

respect to their length and distance to their target gene. They can span anywhere between 50 and 

1000 bp and be located even 1 Mbp away from the gene promoter they interact with (Krivega & 

Dean, 2012). Hypothetically, the enhancers could interact with promoters on other chromosomes, 

like the enhancer of the odorant receptor gene was proposed to do (Lomvardas et al., 2006). This 
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would require investigating additional mechanisms of coordinated chromosomal interaction within 

the nucleus. In most cases, it is accepted that enhancers and their targets are located within linear 

topologically associated domains (TADs) on the same chromosome. TADs are surrounded by 

CTCF binding sites. CTCF forms chromatin loops and helps establish the hierarchical three-

dimensional topology of the DNA (Rowley & Corces, 2018). Surprisingly, TAD borders can often 

remain intact despite deletion of the CTCF sites, though in some cases the enhancer activity can 

extend outside the original TAD in an unpredictable fashion (Barutcu et al., 2018; Lee et al., 2017). 

Activation of an enhancer starts by transcription factors and regulators attaching to open chromatin 

of the enhancer. This allows for histone remodeling at the target promoter and recruitment of the 

Mediator complex to the enhancer (Soutourina, 2018). Mediator consists of several subunits that 

bridge the enhancer and the polymerase II complex at the promoter and enable transcription. 

Single enhancers can have several target genes, further complicating the directionality and 

predictability of enhancer interactions. Despite the detection of chromatin modifications by ChIP-

seq and visualization of promoter-enhancer interplay through chromatin conformation capture 

techniques, the only way to confirm putative enhancer’s activity is to delete it in an in vitro or in 

vivo model. To make things worse, it is possible that only select detected histone modification 

peaks or predicted transcription factor binding sites within are responsible for the enhancer’s 

function. In case of super-enhancers, finding the key sequence is even more difficult as they can 

span over 10 kbp. At first, those massive enhancers were proposed to play a key role in 

development of cellular lineages and in regulation of tissue-specific genes (Shin et al., 2016; 

Whyte et al., 2013), but they can regulate other processes as well, such as cardiovascular health 

and cancer progression (Ounzain & Pedrazzini, 2016; Sengupta & George, 2017). 

 

1.4. Diseases impacted by enhancer biology 
 

Studying enhancer biology is vital, as aberrant enhancer activation or silencing is a common factor 

fueling a wide variety of pathological conditions. It can be caused by deregulation of epigenetic 

mechanisms or disruption of the enhancer DNA sequence. The simplest way to disable an 

enhancer is to introduce a mutation or delete a part of it. This is a basis of several disorders such 

as Pierre Robin sequence or heart arrhythmia (Galang et al., 2020; Long et al., 2020). Further, 

single-nucleotide polymorphisms (SNPs) in enhancer regions can contribute to development of, 

among others, osteoporosis or schizophrenia (Tuo et al., 2020; Zhang et al., 2022). Wilson 

disease and Alzheimer’s disease can be caused by hypermethylation of relevant enhancer regions 
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(Qazi et al., 2018; Sarode et al., 2021). Disruption of the aforementioned TADs can cause fragile 

X syndrome (Lanni et al., 2013). Finally, all of the processes above contribute to cancer 

development, as progressive genomic instability is one of its hallmarks. 

 

1.5. Renal epigenetics 
 

Compared to other tissues, especially cancerous, there are not enough high quality NGS datasets 

available to the public to paint a clear picture of the epigenetic landscape of the kidney, which is 

why our research is of high significance. However, there is ample evidence for the impact of 

epigenetic processes on renal health. Probably the most impressive dissection of renal 

development was performed using combination of single-cell ATAC-seq and RNA-seq (Miao et 

al., 2021). The authors present a map of open chromatin loci and separate cell populations to 

indicate distinct differences in gene expression. 

What we are the most interested in, however, is not the developmental aspect, but rather the 

foundation of renal pathological processes - persistent reprogramming of gene expression 

patterns. For example, a streptozotocin-induced diabetes model revealed that the renal repair 

programs are impaired even after streptozotocin withdrawal (Sarras et al., 2013). Diabetic 

disease’s development is also sped up by aberrant methylation driven by Krüppel-Like 

Transcription Factor-4 (KLF4) (Coskun et al., 2019). HDAC proteins, responsible for histone 

modifications, were reported to be a part of renal repair system as well (Hyndman et al., 2019). 

Their activity changes after insult, acutely aiding in epithelial proliferation, but promoting fibrosis 

in the long-term. Similarly, fibrosis is enhanced through increased TGFβ signaling interacting with 

DNMT proteins and causing excessive DNA methylation, as well as altering ncRNA activity (Yin 

et al., 2017). ncRNA, especially miRNA, are still a relatively new and rapidly developing topic in 

renal research. Several species are upregulated in AKI models, working both as proinflammatory 

agents and regenerative factors (Godwin et al., 2010; Lorenzen et al., 2014). 

It is not surprising, that the kidney health is heavily dependent on epigenetic mechanisms both 

during normal development, physiology and disease. The complexity of the interplay of all the 

epigenetic factors, not only molecular, but also behavioral, like nutrition and hygiene, still eludes 

us. The next important step is to generate and compile genomic datasets of the kidney in various 

pathophysiological states to elucidate common factors and unique regulators driving renal gene 
expression. 
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2. Kidney disease 
 

Diseases of the kidney are a silent epidemic, affecting millions of people worldwide. One in four 

patients admitted to an intensive care unit may experience a temporary or permanent decrease in 

kidney function (Sovik et al., 2019). Estimates show that one in seven adults in developed 

countries suffers from chronic kidney disease (CKD) (Chu et al., 2021) and the global prevalence 

of diabetes, a major cause of CKD, nears ten percent of the population (Saeedi et al., 2019). 

 

2.1. Kidney disease – treatment and etiology 
 
Despite the prevalence, therapeutic options available for those with decreased renal function are 

limited. Approaches like high blood pressure adjustment (Kalaitzidis & Elisaf, 2018), anemia 

prevention (Atkinson & Warady, 2018), dietary recommendations (Ikizler et al., 2020), vitamin D 

and calcium supplementation (Jean et al., 2017) and lifelong dialysis (Cullis et al., 2021) are 

focused on alleviating the symptoms rather than treating the cause. In severe cases, such as end-

stage renal disease (ESRD), renal replacement therapy can be utilized, but has its own risks, 

including high mortality, even in the pediatric population, usually suffering from less extra-renal 

comorbidities (Chesnaye et al., 2018; Hod & Goldfarb-Rumyantzev, 2015). 

There are several reasons why renal therapies are lacking. The main cause is that the kidney 

disease is not a monolithic condition, and its development and progression is dependent on 

multiple factors, often uncertain due to late detection. They include common variables like age, 

race and sex and comorbidities, but also the disease’s etiology, a category which includes, but is 

not limited to viral, congenital, hereditary, traumatic, or drug-induced insults (Hoste et al., 2018). 

Unfortunately, the immediate cause of renal dysfunction is often hard to establish, as the disease 

can manifest a long time after its induction. While the origin of the kidney injury might dictate the 

therapeutic approach, damage ultimately happens within the cells of the kidney itself, undergoing 

transformation at the transcriptional level. If the mechanisms governing those changes were to be 

understood, more effective therapies could be developed, aiming at the source of kidney injury 

and repair. 
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2.2. Acute kidney injury 
 

In our work, we use ischemia-reperfusion injury (IRI) as a model of acute kidney injury (AKI). This 

model reflects a significant portion of patient cases (Sharfuddin & Molitoris, 2011). Further, 

ischemia itself has been widely discussed as a common element in AKI development, not only 

following physical trauma, but also in renal transplantation and other surgical interventions 

(Mannon, 2018; Yokoyama et al., 2020). Since AKI has many manifestations and accompanying 

symptoms, there were numerous attempts to classify and diagnose its occurrences (Kwong & Liu, 

2017). Currently, the majority of the scientific literature uses guidelines established by the Kidney 

Disease: Improving Global Outcomes (KDIGO) conference (Ostermann et al., 2020). To qualify 

as an undergoing AKI event, a patient must exhibit one of the following markers: increase in serum 

creatinine (SCr) by x0.3 mg/dl (x26.5 mol/l) within 48 hours; 1.5 times increase in SCr compared 

to baseline, known or presumed to have occurred within the prior 7 days; or maintaining 0.5 

ml/kg/h urine volume for 6 hours. Depending on the patient’s SCr levels and urine volume, AKI 

can be further classified in stages, I to III, narrowing down the optimal therapeutic approach. It is 

worth noting that decrease in renal function might seem only temporary, however, every incident 

increases the risk of developing CKD later in life (Kurzhagen et al., 2020). 

 

2.2.1. AKI mechanisms 
 

Another one of the causes for the diminished efficacy of renal therapies are the mechanisms of 

AKI development and resolution. They are still relatively unknown and while we can identify 

several elements common or unique to the various AKI subtypes, the key to understanding those 

processes lies in deciphering the epigenetic machinery that puts them into motion (Xu et al., 2017). 

The core target of renal injury and repair are renal tubular epithelial cells (RTEC), mainly the 

proximal tubule. They form the bulk of the organ (Hommos et al., 2017), and are the key to 

maintaining homeostasis by reabsorbing majority of the water and salts in the pre-urine, as well 

as being a source of cytokines, hormones and mediators. They are also the most vulnerable to 

injury (El-Achkar & Dagher, 2015), including ischemia. 

Proximal tubules contain dense mitochondrial networks used to satisfy their high metabolic needs 

(Neufeld et al., 1980). One of the mechanisms through which the kidney epithelium is disrupted, 

is by induction of mitochondrial dysfunction, for example during hypoxia and rapid reoxygenation. 

After injury, abundance of the reactive oxygen species (ROS) generated by mitochondria can 
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easily push the cell towards cell death pathways, such as apoptosis or necrosis (Himmelfarb et 

al., 2004; Martin et al., 2019). Dying cells, in turn, can release damage-associated molecular 

patterns (DAMPs). These are often simply molecules found inside the cell, which after release can 

bind to Pattern Recognition Receptors (PRRs) on immune cells and trigger the development of 

kidney inflammation. Renal milieu already possesses a number of resident macrophages and 

dendritic cells (Munro & Hughes, 2017; Summers et al., 2020), but in AKI, large quantities of 

neutrophils start infiltrating the tissue as well (Bolisetty & Agarwal, 2009). What follows is an 

inflammatory response, fueled by cytokines and chemokines released by the cells of both renal 

epithelium and innate immune response (Rabb et al., 2016). Evidence of altered epigenetic 

landscape contributing to AKI development has been established as well. For example, the 

complement system C5a protein can cause aberrant DNA methylation and senescence as it alters 

the WNT4/β-catenin signaling (Castellano et al., 2019) in renal epithelium. Despite us having 

established the basic mechanisms of the injury process, the underlying changes in gene regulation 

driving them are largely unknown. 
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2.3. Chronic kidney disease 

 

Chronic kidney disease often develops as a comorbidity caused by other serious medical 

conditions, such as impairment of the cardiovascular system (Schefold et al., 2016) or diabetes 

(Anders et al., 2018). Altered blood pressure or osmolality of serum can slowly cripple the kidney 

until pathophysiological signs can be seen and reported by the patient. Unfortunately, unless 

monitored, those suffering from CKD can easily overlook those signs until serious damage is done. 

Additionally, it is now accepted knowledge that AKI incidents, even if resolved, contribute to 

increased risk of kidney disease later in life, suggesting pervasive gene reprogramming. Similarly 

to AKI, KDIGO established a set of diagnostic and prognostic markers which can assist in CKD 

identification, based on the patient’s glomerular filtration rate (GFR) and albuminuria. 

 

2.3.1. CKD progression mechanisms 
 
CKD is a progressive condition, where several mechanisms work together to wear down the 

kidney function finally resulting in ESRD and organ failure. It is well established that hypertension 

is a significant CKD contributor (Ku et al., 2019). Increased blood pressure can lead to 

hyperperfusion and hypertrophy exerting mechanical stress on the organ (Chagnac et al., 2019). 

Kidney itself is largely responsible for maintaining the blood pressure, as it’s a vital part of the 

renin-angiotensin-aldosterone system (RAAS), disrupted in CKD. Renal epithelium produces 

renin, a rate-limiting hormone of the system (Danser et al., 1994). Downstream, renin is 

responsible for adjusting blood pressure, water intake and serum sodium concentration, on a 

complex, multi-organ level. 

Regardless of the cause of CKD, during the development, a continuous low-grade inflammatory 

response to the cellular stress is always present. Proinflammatory cytokines, such as TNFα and 

IL-6 and cells of the innate immune system contribute to the destruction of healthy renal 

architecture (Ebert et al., 2020; Kipari & Hughes, 2002). Further, cells which underwent apoptosis 

are replaced by progressive fibrosis, with collagen fibers diminishing nephron area and renal 

function. Most commonly, TGFβ is identified as the main culprit behind the pro-fibrotic processes 

(Meng et al., 2016). Each of the mechanisms above and several others, such as podocyte loss 

and proteinuria, can exacerbate the other mechanisms of CKD progression and work as multiple 
positive feedback loops to gradually increase the damage over time. 
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Considering the above, it is not surprising that CKD rarely develops with no comorbidities. Perhaps 

the most publicly recognized danger to kidney health are diabetes. Inseparably linked to 

hypertension, diabetes is responsible for development of approximately 25% of CKD cases, and 

an enormous contributor to its death toll (Cheng et al., 2021). Another common ailment aiding in 

development of nephropathies is cancer (Stengel, 2010). It doesn’t need to originate within the 

kidney itself to throw the bodily homeostasis off balance. Additionally, agents used in cancer 

treatment like radiation or cisplatin, are often damaging and nephrotoxic, fueling the inflammation 

and remodeling (Miller et al., 2010). 

 

2.3.2. AKI to CKD transition 
 

As it was mentioned before, AKI can be a cause or a contributor to the development of CKD. As 

the kidney fails to recover entirely from the initial insult, gene expression programs are 

permanently altered, and the recovery and remodeling of the kidney can take on 

pathophysiological characteristics. For example, the mechanism of autophagy is a physiological 

way for a cell to degrade accumulated misfolded proteins or faulty organelles (Glick et al., 2010). 

After AKI, not all epithelial cells retain this ability, leading to increased cell death and necrosis (Lin 

et al., 2014), impairing potential for self-repair and fueling inflammation. Additionally, AKI can 

trigger several pathways, such as Wnt, Notch or Hedgehog, increasing senescence and 

diminishing tubular regeneration post-injury (Edeling et al., 2016). This, in tandem with prolonged 

TGFβ activation, which might be beneficial during the AKI period itself (Guan et al., 2010), 

contributes to progressive fibrosis and development of CKD. There are several other mechanisms 

briefly described earlier as driving the AKI damage, such as the reactive oxygen species 

aggregation and factors contributing to the prevalence of tubular apoptosis and necrosis, which 

contribute to AKI-CKD transition as well. The common denominator between all of them is that 

they require aberrant cellular reprogramming at the transcriptional level.  
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3. SARS-CoV-2 and the kidney 
 

Since early 2020, the SARS-CoV-2 pandemic has become yet another contributor to the global 

decline of renal health. The prevalent theory indicates that the virus originated in the Wuhan 

province of China (Phelan et al., 2020) in the last quarter of the year 2019. It was able to spread 

rapidly throughout the world, prompting the World Health Organization (WHO) to declare a state 

of pandemic in March 2020. 

 

3.1. SARS-CoV-2 – an overview 
 

SARS-CoV-2 belongs to the Coronaviridae family. Coronaviruses are single-stranded RNA 

viruses, ubiquitous in the environment and able to cause gastrointestinal and pulmonary diseases 

of varying severity. In most patients COVID-19 symptoms resemble flu, with high fever, cough and 

fatigue. Acutely, this develops into severe pneumonia and respiratory system collapse. Patients 

with resolved SARS-CoV-2 infection often suffer from post-acute COVID syndrome (or long 

COVID). It is an umbrella term for multi-organ changes caused by the virus, which can also affect 

kidney health, including increase in susceptibility to AKI incidents (Bowe et al., 2021). The host 

repertoire of coronaviruses is wide, ranging from poultry and bats to primates (Peck et al., 2015). 

They are zoonotic viruses, able to switch between host species or change their preference as they 

evolve, as evidenced by the MERS-CoV, which spread from dromedary camels and caused an 

epidemic originating in Saudi Arabia in 2012 (Corman et al., 2018). Host specificity is largely 

regulated by the viral spike protein, which in the case of SARS-CoV-2 functions as a receptor 

binding cellular angiotensin converting enzyme 2 (ACE2) and facilitating infiltration into the cells 

(Piplani et al., 2021).  

 

3.2. ACE2 biology 
 

The affinity of coronaviruses for ACE2 binding has been known for a long time, as it played a key 

role in SARS-CoV outbreak in the year 2002 (Li et al., 2003). However, ACE2 also plays several 

roles in regular homeostasis. Its basic function as a dipeptidyl carboxypeptidase is to cleave 

angiotensins I and II, parts of the RAAS system regulating blood pressure and body fluid volume. 

Angiotensin I’s cleavage produces anti-inflammatory angiotensin 1-9 (Donoghue et al., 2000; 

Flores-Munoz et al., 2011), while angiotensin II’s makes angiotensin 1-7, which counters high 
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blood pressure and hypertensive cardiac remodeling (Gironacci, 2015; Mercure et al., 2008). 

ACE2 gene expression is ubiquitous. It is present in multiple organs and the average level of 

expression in the pulmonary system, the main target of SARS-CoV-2, is exceeded by elements of 

the gastrointestinal tract and the kidneys (Li et al., 2020). In fact, the kidney boasts one of the 

highest levels of ACE2 expression, indicating them as a good potential target for viral infection. 

 

3.3. Direct renal infection with SARS-CoV-2 
 

The abundance of ACE2 on the surface of renal epithelium notwithstanding, the validation of the 

direct viral infection of the kidney proved difficult. ACE2 on the surface of the cell is localized to its 

apical membrane, that is the ciliated side facing the lumen of the pulmonary tract segment or a 

renal nephron (Sims et al., 2005). While this is not an issue for a respiratory tract infection, in the 

case of the kidney, the viral particle would need to cross the glomerular membrane to efficiently 

attach to ACE2 receptors. Coronaviruses are relatively large, and SARS-CoV-2 is approximately 

100 nm in diameter (Bar-On et al., 2020), while the pores of the glomerular filtering membrane are 

much smaller (Kawachi & Fukusumi, 2020), seemingly prohibiting viral entry. Several alternative 

hypotheses were formed, including the infection disseminating through endothelium (Cantuti-

Castelvetri et al., 2020) or neurons (Fenrich et al., 2020). In airway epithelia, a lower efficiency of 

infection through a basal membrane was observed as well (Jia et al., 2005). 

Those hypotheses of alternative tropism were necessary, as despite the filtration barrier, SARS-

CoV-2 has been detected in patient kidney samples. Using Transmission Electron Microscopy 

(TEM), viral particles were identified in post-mortem renal samples (Abbate et al., 2020; Su et al., 

2020). Those findings, however, need to be evaluated carefully, as a vesicle-like structures can 

be easily misinterpreted (Cassol et al., 2020). That being said, immunohistochemistry, in-situ 

hybridization (ISH) and reverse transcription polymerase chain reaction (RT-PCR) confirm the 

TEM findings. For any publication that found viral RNA or protein in a kidney biopsy sample 

(Bouquegneau et al., 2021; Diao et al., 2021; Puelles et al., 2020), there is one refuting such 

findings in a similar setting (Best Rocha et al., 2020; Massoth et al., 2021; Sharma et al., 2020). 

However, the combined evidence and the alternative tropism hypotheses strongly indicate that 

SARS-CoV-2 can indeed directly impact kidney cells. 
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3.4. SARS-CoV-2 and the impact on kidney health 
 

Difficulty in establishing the original cause of the kidney injury is also a factor in the discussion 

about direct infection. It is almost never certain whether a viral disease caused the kidney injury, 

or if a preexisting condition allowed for it. Whichever comes first, the association between COVID-

19 and kidney disease has become clear as the pandemic progressed. Initial reports from single-

center studies were optimistic and indicated no correlation between the viral infection and AKI 

(Wang et al., 2020). Several months later, however, similar studies started to show a strong link 

between the two (Rubin et al., 2020). The difference can be explained by small sample sizes, but 

also by differential demographics of the cohorts in the studies. With time, the term of COVID-19-

associated AKI has been accepted by the research community, regardless of the fact if the virus 

itself causes kidney injury, or if it’s a result of the inflammation and cytokine storms incited by 

SARS-CoV-2 (Ahmadian et al., 2021). 

  



24 

4. Impact of our research on the understanding of renal injury 
 

Our research, presented in this thesis, aims to broaden the current understanding of kidney injury. 

First, we focus on ACE2, a gene key in COVID-19 infection, but also deeply involved in regulation 

of water and mineral balance. We analyze the ACE2 locus in human renal epithelial cells to 

elucidate its regulatory landscape. We describe new putative promoter and enhancer elements 

governing the expression of dACE2, a shorter, interferon-inducible isoform. We showed that it is 

one of many genes transcribed in response to cytokine stimulation, as we generated ChIP-seq 

and RNA-seq data allowing for the first time for in-detail comparisons of renal epithelial reaction 

to interferon stimulation to other similar datasets. We show that despite having a similar core 

response, IFNα, IFNβ and IFNγ induce distinctly different genes in RTEC. Renal IFNβ stimulation 

results in activation of genes different than in lung and liver epithelium. Finally, we show the grave 

need for generation of more renal sequencing datasets, as COVID-19, AKI and interferon 

response have very little transcriptional overlap.  

Next, we investigated in detail the changes in mouse epigenetic landscape after renal IRI. We 

visualized the kidney losing and gaining thousands of epigenetic markers, including promoters 

and enhancers. We used bioinformatics’ tools to propose a set of transcription factors governing 

those changes and showed promoter and enhancer activity shift in loci of several genes affiliated 

with renal ischemia-reperfusion. Further, we treated the mice with JQ1, a BET inhibitor. If 

administered at the time of injury, JQ1 caused increase in mortality after surgery, which can be 

contributed to disruption of early repair programs. BET-dependent transcriptional activation 

changes four days after injury, when BET inhibition starts to have an anti-fibrotic effect instead of 

a detrimental effect on survival. This adds new insight into temporal changes in renal epithelial 

repair programs and can help narrow down optimal therapeutic windows for preventing permanent 

organ damage. 

Our data allows for a wider overlook of the physiological and pathophysiological response to 

proinflammatory stimuli, injury and transcription-regulating therapeutics. It can be used as a basis 

for further research, both concerning established injury models like IRI and emergencies like the 

SARS-CoV-2 pandemic.  
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Discussion 
 

1. Changes in global transcriptional regulation in renal tubular 
epithelial cells 
 

Both publications included in this thesis delve into the transcriptional regulation in murine or human 

renal epithelium, altered after inducing injury or cytokine stimulation. They deliver much needed 

insight into kidney epigenetic landscape. The genomic datasets provided by us are of immense 

utility, as amount of kidney data is overshadowed by other organs such as brain, liver or heart in 

repositories like ENCODE (Luo et al., 2020). They have unique value as a fundament for future 

comparative analyses, as the worth of the genomic data increases exponentially the more similar 

datasets are available, allowing for exploration of the differences between conditions and 

treatments. The data presented here can also easily stand on their own and many new pieces of 

information can be learned from our experiments alone. 

 

2. Cytokine stimulation of human RTEC 
 

2.1. Renal dACE2 
 

Our study was the first to describe the human renal dACE2 locus in detail. This alternative, 

interferon-inducible, short ACE2 isoform did not gain recognition until mid-2020, when it was first 

reported in a pre-print repository publication (Onabajo et al., 2020). This is despite ACE2 playing 

a regulatory role on the crossroads of several vital processes and being known as a potential 

receptor for coronaviruses. Western blot remains the prevalent method of protein detection in the 

literature, but very few pre-pandemic publications report an ACE2 variant approximately 50 kDa 

in size. Even then it is usually dismissed as a product of proteolysis (Gutta et al., 2018). 

Additionally, since ACE2 protein has an expected size of 100 kDa, the common practice of 

cropping non-specific bands to show only the predicted protein sizes, even when not malicious, 

has contributed to this delayed detection. 

The discovery was likely further slowed down by the unknown function of dACE2. It lacks the 

extracellular catalytic domain making the full-length protein a coronavirus target, thus its 

expression must have a different role. It was proposed to be a part of antiviral response (Mpekoulis 
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et al., 2021), more generalized IFN-induced inflammation (Bitossi et al., 2021), or to not have a 

distinct function at all (Oliveto et al., 2022). The last option is not likely, as dACE2, in addition to 

being interferon-responsive and present in a wide variety of cancer cells, has been reported to be 

abundantly expressed in healthy pancreatic β-cells and as having a defined expression pattern on 

human spermatozoa (Fignani et al., 2020; Ramal-Sanchez et al., 2022). Whatever its role may 

be, if not for genomic studies such as ours, the existence of dACE2 would stay hidden even longer. 

Our research is an example showing how little we understand about epigenetic regulation of genes 

that we know take part in vital homeostatic processes. Comparing our data to other organs, such 

as the lung, we were able to propose tissue-preferential putative enhancers surrounding ACE2 

locus in human epithelial cells (Lee et al., 2021). Collectrin, an ACE2 homologue located upstream 

of the gene, is co-regulated by interferons in the kidney and the lung, but not in the liver. Further 

dissection of enhancer elements driving this tandem upregulation of expression might shed 

additional light at blood pressure regulation in an inflammatory setting (Chu & Le, 2014). 

 

2.2. Interferon stimulation of RTEC 
 

One of the main impulses to perform our study was a report of interferons increasing ACE2 

expression. This would complicate using interferons as therapeutic agents, as they could increase 

the quantity of the viral receptor (Ziegler et al., 2020). As it was reported several months later, it 

was the then-unknown dACE2 which prompted the change in expression independently of full-

length ACE2. Currently, the efficacy of interferons in COVID-19 therapy is uncertain, as the result 

of clinical trials range from positive recommendations (Alavi Darazam et al., 2021) to neutral and 

negative (Consortium et al., 2021; Kalil et al., 2021). Regardless, interferons are a key part of 

immune response expressed by inflammatory milieu. Despite that, detailed information about the 

epigenetic changes stimulated by common immune mediators is scarce. 

Our dataset allowed us a direct comparison of RNA-seq results with only two other human tissues 

treated with the same cytokine concentrations for the same period. We were able to find a subset 

of genes upregulated after IFNβ stimulation in kidney, lung and liver, forming a core epithelial 

interferon response to be investigated in future research. Additionally, a large subset of IFN-

induced genes was kidney-specific and enriched in genes key for epithelial-mesenchymal 

transition and immune signaling pathways such as complement. Interferons themselves had an 

unexpectedly distinct impact on the RTEC gene expression, despite us finding strong overlaps as 
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well. Deciphering the common and unique transcriptional trends of processes such as 

inflammation will lead to development of new approaches to systemic or targeted medicine. To 

illustrate this principle, we also compared interferon stimulation to severe COVID-19 and renal 

ischemia-reperfusion, surprisingly finding larger overlap of upregulated genes with injury. This 

approach may partially mitigate the multifactorial nature of AKI preventing therapy development, 

though it has its caveats. What may be common for two kidney injury triggers, might not be for the 

third. To increase our predictive power, we simply need more data. As of now, attempts to find 

ChIP-seq information relating to COVID-19 and the kidney in the arguably largest genomic dataset 

repository, Gene Expression Omnibus (GEO), yield only our study (Edgar et al., 2002). 

 

3. Epigenetic landscape of murine kidney 
 

3.1. Enhancer loss and activation in murine kidney injury 
 

The murine changes in epigenetic landscape, though easier to investigate, are no less complex 

than the human. Fortunately, mouse models remain an excellent tool allowing for dissection of 

mechanisms governing both renal homeostasis and disease (Kuure & Sariola, 2020; Rabe & 

Schaefer, 2016). It is also important to remember that despite numerous transpositions and other 

DNA re-shuffling, mouse and human DNA contain abundance of conserved regions (Lund et al., 

2000). Curiously, those conserved regions might play different roles in different species, further 

pointing out the need of experimental validation of all cis-regulatory element findings (Yan et al., 

1997). 

Such individual validation is only possible due to studies like ours, adapting a multi-modal 

approach to investigation and prediction of key cis-regulatory elements. Majority of the published 

manuscripts rely on ATAC-seq or detection of DNase Hypersensitive Sites (DHS), often paired 

with RNA-seq (Morabito et al., 2021; Wu et al., 2016). This only illustrates the open transcriptional 

windows, without allowing for detailed distinction of, for example, gene promoters versus putative 

enhancers. In our study, we visualize thousands of enhancers gaining or losing function after renal 

injury. Several of those candidate enhancer elements are located near known renal injury markers, 

such as Havcr1, Kl and Slc34a1. This confirms our accuracy and suggests that investigating the 

others may yield yet unknown AKI regulators. Additionally, we indicate several transcription factors 

which drive this epigenetic shift. Among them are the hepatic nuclear factor 4a (HNF4a), 

glucocorticoid receptor (GR), Fos-related antigens (FRA1, FOSL), and Signal Transducer and 
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Activator of Transcription proteins (STATs). They are promising therapeutic targets, as JAK/STAT 

pathway inhibitors are already in clinical use and several other TF inhibitors are currently being 

tested in clinical trials or and are commercially available for laboratory testing (Debono et al., 2013; 

Kiselyuk et al., 2012; Serra Lopez-Matencio et al., 2019). 

 

3.2. BET inhibition in renal injury 
 

Bromodomain and Extraterminal protein (BET) inhibition was also a subject of multiple clinical 

trials (Bechter & Schoffski, 2020). BET proteins act as chromatin readers by interacting with 

acetylated histones. With the exception of one study investigating Fabry disease, all the remaining 

studies currently registered in the NIH’s clinical trial database concern cancer. BET inhibitors were 

tested in clinical trials aiming to treat a range of kidney conditions, but no BET inhibitors were 

approved by large regulatory bodies like the FDA (Food and Drug Administration) or EMA 

(European Medicines Agency). They were reported to delay polycystic kidney disease 

development, attenuate fibrosis and prevent hyperuricemic injury (Xiong et al., 2021; Xiong et al., 

2016; Zhou et al., 2015). 

Our study shows the importance of an additional factor, timing. While early treatment caused 

increased mortality in mice, most likely due to impaired repair mechanisms, later application 

helped ameliorate renal fibrosis. This was accompanied by more shifts in epigenetic landscape, 

clearly painting its picture as a very dynamic process. Unfortunately, this also confounds any future 

clinical studies on AKI. While systemic administration of BET inhibitors may aid patients with 

isolated, resolving AKI, global attenuation of BET activity or drug interactions may lead to 

unforeseen side-effects and toxicity in patients suffering from comorbidities (Doroshow et al., 

2017). Therefore, discerning the exact epigenetic changes made by this class of drugs is vital for 

their future use in AKI or CKD treatment. 
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4. Conclusions 
 

In this thesis, we provide novel insights into epigenetic regulation of kidney epithelial cells. We 

begin by dissecting the genetic locus of ACE2, a receptor key for viral entry in the current SARS-

CoV-2 pandemic. We demonstrate how little is known about cis-regulatory elements present in 

known disease factor locus, how it differs compared to the lung and we propose promoter and 

enhancer elements of the recently discovered, interferon-inducible short isoform dACE2. Further, 

we broaden the scope of the interferon stimulation research to global RNA-seq analysis and line 

up our results with different tissues and disease conditions to build a foundation for investigation 

of shared and unique gene expression patterns. Next, we present the shifts in epigenetic 

landscape of murine kidney in an ischemia-reperfusion model of acute kidney injury. We show the 

thousands of cis-regulatory elements gaining and losing their activity and propose transcription 

factors driving these changes. We also manipulate this process using pharmaceutical inhibition of 

BET proteins, showing the deleterious results of stopping early repair programs and the benefits 

of fibrosis attenuation. Taken together, those results pave the way for enhanced understanding of 

renal epithelial transcriptome and form a new cornerstone for future data to be compared and 

related to. We believe that this work will contribute to development of therapeutic strategies aiming 

at the source of kidney disease: the epigenetic changes governing gene expression.  
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