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ABSTRACT 

Discovery of Proteins as Drug Targets for Chronic Kidney Disease 
BACKGROUND: The increased incidence of lifestyle-related diseases has made 

chronic kidney disease (CKD) an increasingly growing health concern. There are 

currently no drugs available that can halt or prevent the progression of CKD, only drugs 

that can relieve the symptoms associated with the disease. This study was conducted to 

search for previously unknown links between circulating proteins and CKD with the 

aim to identify novel therapeutic targets for CKD. 

METHODS: Serum levels of 4225 proteins in 5457 subjects from the AGES Reykjavik 

were measured using the Slow-Off rate Modified Aptamer (SOMA-mer) technology. 

The correlation of all proteins to estimated glomerular filtration rate (eGFR) was tested 

using forward regression analysis in the R-studio environment. Proteins showing 

significant correlation to CKD were examined further for detection of proximal cis-

acting protein SNPs (pSNP) regulating their serum levels. Significant cis-acting pSNPs 

were tested for association to eGFR and through extensive data triangulation their 

causal relationship with CKD was assessed. We then compared all results of the present 

study to the serum protein network constructed at the Icelandic Heart Association.  

CONCLUSIONS: Hundreds of proteins were found to be significantly correlated with 

eGFR including 282 proteins at P-value <10-100. These proteins were enriched for 

pathways related to Ephrin receptor signaling and TNF receptor activity, but both 

pathways have previously been implicated in CKD. Further, to identify proteins 

causally related to CKD from proteins which levels are altered simply as a consequence 

of renal damage, we applied an integrative genetics approach. Significant cis-acting 

pSNPs were identified and tested for association to eGFR that resulted in a number of 

positive findings with likely causal relation to CKD.  Finally, we integrated the top 282 

proteins correlated with CKD to the serum protein network characterized by 27 distinct 

protein modules and found that these proteins were significantly enriched in two of the 

modules. These findings provide insights into the biological context for the proteins 

associated with CKD, offering unique opportunities in nominating high confidence drug 

targets for CKD.  
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ÁGRIP 

Uppgötvun próteina sem lyfjaskotmörk fyrir langvinnan 

nýrnasjúkdóm 
BAKGRUNNUR: Aukin tíðni lífstílstengdra sjúkdóma eykur líkurnar á langvinnum 

nýrnasjúkdóm (CKD) og er það vaxandi áhyggjuefni. Ekki eru til nein lyf sem hægja á 

eða koma í veg fyrir CKD, aðeins lyf sem meðhöndla einkenni og fylgikvilla 

sjúkdómsins. Þessi rannsókn var framkvæmd til þess að leita að áður óþekktum 

tengslum milli próteina í blóðrásinni við CKD með það að markmiði að finna ný 

lyfjaskotmörk fyrir CKD. 

AÐFERÐIR: Styrkur 4225 próteina í sermi 5457 einstaklinga úr AGES Reykjavík var 

mældur með SOMA-mer (Slow-Off rate Modified Aptamer) tækninni. Fylgni 

próteinanna við áætluðum gaukulsíunarhraða (eGFR) var könnuð með framvirkri 

aðhvarfsgreiningu í R studio. Prótein sem sýndu marktæka fylgni við CKD voru 

rannsökuð frekar hvort að nærlæg, eða cis-verkandi, prótein SNPs (pSNPs) stýrðu styrk 

þeirra í sermi. Fylgni marktækra cis-verkandi pSNPs var síðan prófuð með víðtækum 

gagnasamanburði (e. data triangulation) og orsakasamband þeirra við CKD metið. Allar 

niðurstöður úr verkefninu voru síðan bornar saman við sermis próteinnetið úr óbirtri 

rannsókn Hjartaverndar. 

ÁLYKTANIR: Hundruð próteina sýndu marktæka fylgni við eGFR, þar af 282 prótein 

með P-gildi <10-100. Þessi prótein sýna auðgun (e. enrichment) í ferlum tengdum Ephrin 

og TNF viðtökum, en bæði kerfin hafa verið bendluð við CKD. Erfðagreining sem 

byggir á samþættingu gagna var notuð til að aðgreina prótein sem orsaka CKD frá 

próteinum sem breytast eingöngu vegna skertrar nýrnastarfsemi. Fundnir voru algengir 

erfðabreytileikar (pSNPs) sem eru cis-verkandi fyrir nærliggjandi prótein og hafa áhrif á 

styrk þeirra í blóðrásinni, og sýndu nokkrir þeirra orsakatengsl við eGFR. Að lokum 

voru þau 282 prótein sem sýndu mestu fylgni við CKD borin saman við sermis próteina 

net (e. serum protein network) sem einkennist af 27 mismunandi próteinklösum (e. 

modules) og kom í ljós að þau voru sterklega auðguð í tveimur þessara próteinklasa. 

Þessar niðurstöður gefa innsýn í líffræðilegt samhengi próteinanna sem tengjast CKD 

og bjóða upp á einstaka möguleika til að tilnefna ný lyfjaskotmörk fyrir CKD. 
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1. INTRODUCTION 

1.1 The Kidneys 
The kidneys are a complicated organ and their function is vital for the human body. 

Kidney and urinary tract diseases can occur to anyone, at any time and unrelated to the 

individual's age (Wallace, 1998). 

1.1.1 Physiology of the Kidneys 
The kidneys are situated in the back of the abdomen, outside of the peritoneum, one on 

each side of the spine approximately at the level of the 11th and 12th ribs. The kidneys 

are bean shaped and from their concave side that faces the spine, emerge the renal blood 

vessels, nerves, lymphatics and ureters. At any given time about 20-25% of the cardiac 

output goes to the kidneys and this high rate of blood flow is crucial to their function. 

The outer layer of the kidneys is called cortex and the inner is called medulla. The 

nephron is the functional unit of the kidney, and their majority are situated in the cortex, 

see Figure 1. 

 
Figure 1 | Inner structure of the kidney and a nephron as illustrated by Elín Árnadóttir. 

 
Each kidney has about one million nephrons; around 20% of them dip down to the 

medulla and are called juxtamedullary nephrons. Their peritubular capillaries that dip in 

to the medulla are called vasa recta. The nephron consists of the glomerulus, which is a 

ball-shaped network of capillaries, arterioles and tubules. The glomerulus is enclosed in 

the Bowman's capsule, where the blood is filtered. Fluid, small molecules and waste 
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passes through the glomerulus and into the Bowman's capsule. Proteins and blood cells 

cannot pass through under normal circumstances. The filtrate then flows through the 

proximal tubule, through the loop of Henle that dips down to the medulla and then 

through the distal tubule to the collecting duct. Reabsorption and secretion of essential 

electrolytes, minerals and other molecules such as drug metabolites takes place in this 

system of tubules. Almost all the water that is filtered is reabsorbed. Only 1% of the 

water continues along the tubular system carrying what was eliminated from the blood 

and is collected in the bladder as urine (Silverthorn, 2013). 

1.1.2 Kidney Function 
The functions of the kidneys are diverse; they regulate the homeostatic balance of fluid 

and electrolytes and the removal of waste from the blood. They also regulate the 

osmolarity and acidity of the blood. The kidneys produce and secrete hormones that 

control the blood pressure and regulate the synthesis of red blood cells, and vitamin D is 

turned into its active form in the kidneys (S. D. Fraser & Blakeman, 2016; Silverthorn, 

2013). Kidney function is measured or estimated by the glomerular filtration rate 

(GFR), which is the best overall measure for kidney function and is the global standard 

(Dharnidharka, Kwon, & Stevens, 2002; Pasala & Carmody, 2016).  

1.1.3 Glomerular Filtration Rate 
Normal GFR for an adult is around 120 mL/min/1,73m2 (Pasala & Carmody, 2016). A 

few substances can be used to measure or estimate the GFR. The substance has to be 

produced at a steady rate and its concentration in blood may not be affected by any 

other pathological reason other than decreased kidney function. It has to filter freely at 

the glomerulus and not be reabsorbed or secreted in the tubular system. Inulin is the 

reference standard; it fulfills these conditions almost perfectly. But inulin is not 

produced in the body so it has to be administrated to the patient before the 

measurement. This can be complicated in practice so an easier way has been developed 

to find the estimated GFR (eGFR) by using a substance that occurs naturally in the 

blood and gives a good approximation for the GFR. Creatinine or cystatin C are the 

endogenous substances that are used, their concentration has an inverse correlation with 

GFR. Their concentration can be measured in a blood sample and a simple equation is 

used to calculate the eGFR (see below). Creatinine is the most commonly used 
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endogenous filtration marker in clinical practice. It is a metabolite of muscle breakdown 

and is therefore influenced by lean body mass and diet. Cystatin C however is not 

influenced by these factors because it is a low-molecular-weight protein produced 

constitutively in all eukaryotes. The relationship between the concentration of creatinine 

or cystatin C and GFR is non-linear; a small increase in the concentration translates to a 

large decrease in GFR (Dharnidharka et al., 2002; Pasala & Carmody, 2016). In the 

present study the eGFR is computed from many variables including age, sex, body 

weight, ethnicity and plasma/serum concentration of creatinine (see below). 

1.1.4 Kidney Diseases 
Kidney diseases can be caused by many different reasons; heredity, congenital 

anomalies, acquired diseases, injury or infection (Hildebrandt, 2015). In some cases this 

can lead to chronic kidney disease (CKD). Hereditary kidney diseases can be either 

monogenic, where mutation in one gene causes the disease, or polygenic where 

polymorphisms in many genes synergize and lead to development of the disease. 

Monogenic recessive kidney diseases show the strongest genotype-phenotype 

correlation, that usually manifest early in life; prenatally, in childhood or in adolescence 

(Hildebrandt, 2015). Polygenic kidney diseases are at the other end of the spectrum and 

show a weak genotype-phenotype correlation, that usually manifests later in life and are 

also influenced by environmental factors and lifestyle. Polygenic kidney diseases are 

more common than monogenic kidney diseases. Although their causes are harder to 

map given they are caused by many genetic variants, mainly single nucleotide 

polymorphism (SNP), and each with small effect size, the so called genome wide 

association studies (GWAS) in the past decade have successfully identified many 

common SNPs associated with increased or reduced risk of CKD (Hildebrandt, 2015). 

1.2 Chronic Kidney Disease 
CKD affects 8–16% of adults worldwide and the prevalence of CKD reaches 50% after 

the age of 70 years (Coresh et al., 2007). The first symptom of CKD is insufficient 

kidney function for a prolonged period of time with GFR less than 60 mL/min/1,73m2. 

Sometimes the disease goes undiscovered for years and is not discovered until one or 

more associated health problems begin to manifest. Hypertension, type 2 diabetes (T2D) 
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and cardiovascular disease (CVD) are the most common comorbidities associated with 

CKD. People rarely suffer only from CKD and no other disease (S. D. S. Fraser et al., 

2015; Pasala & Carmody, 2016).  

 

 

Figure 2 | "Traffic light" staging system by KDIGO (S. D. Fraser & Blakeman, 2016). 
 

 CKD is defined as abnormalities in kidney function and/or abnormal kidney 

structure persistent for at least 3 consecutive months (NICE, 2014b). The Kidney 

Disease Improving Global Outcomes organization (KDIGO) has divided CKD into five 

different categories by how much kidney function is impaired using eGFR as the proxy 

parameter (G1-G5) and three different categories depending on the concentration of 

albumin in the urine (A1-A3), see Figure 2. A person who falls in the green category is 

unlikely to have CKD, if that person is not positive for other markers of CKD. If a 

person falls in the yellow category the risk of having CKD is moderately increased 

(Figure 2). In the orange category the risk of having CKD is high and in the red 

category the risk of having CKD is very high (Figure 2). However, full-blown CKD is 

not diagnosed by doing only a single test, instead the diagnosis requires a series of tests 

done over a period of time showing persistent results, and other causes for lower GFR 

Prognosis of CKD by GFR and 
abuminuria categories:  

KDIGO 2012 

Persistent albuminuria categories  
description and range 

(ACR) 

A1 A2 A3 

Normal to 
mildly increased 

Moderately 
increased 

Severally 
increased 

≥30 mg/g  
(<3 mg/mmol) 

30-300 mg/g  
(3-30 mg/mmol) 

>300 mg/g  
(>30 mg/mmol) 

G
FR

 c
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or
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s 
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L

/m
in

/1
,7

3m
2 ) d

es
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tio

n 
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G1 Normal or high ≥90 
   

G2 Mildly decreased 60-89 
   

G3a Mildly to 
moderately 
decreased 

45-59 
   

G3b 
Moderately to 
severally 
decreased 

30-44 
   

G4 Severally 
decreased 15-29 

   

G5 Kidney failure <15 
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and/or albuminuria have to be ruled out. Table 1 shows other risk factors and symptoms 

that should be taken into consideration when making the diagnosis of CKD. Patient 

history is also important for diagnosis to tell if the condition is progressing or not. 

Failure in documentation, reviewing the patient history or missed tests can cause a delay 

in diagnosis and the chance for appropriate clinical action can be missed (S. D. Fraser & 

Blakeman, 2016). 

 
Table 1 | Diagnostic criteria and risk factors for CKD 

 

1.2.1 Risk Factors and Complications 
Diabetic kidney disease is the most common cause of CKD leading to end-stage renal 

disease (ESRD) and premature death in developed countries (Himmelfarb & Tuttle, 

2013). The frequency of CKD is increasing in parallel with the increased frequency of 

T2D, hypertension and obesity, and the aging of the population is the main reason for 

the increased incidence of these complications. Decreased GFR has a strong correlation 

to higher risk of cardiovascular diseases (CVD), ESRD and mortality (Collister, 

Symptoms of CKD 
(One or more symptoms has to be present for at least 3 
months) 

Risk factors for CKD 
(People with any of the following should 
be offered testing for CKD) 

a) GFR <60 mL/min/1,73m2 Diabetes 
 

b) One or more signs of kidney damage: Hypertension 
 

- Albuminurea, albumin/creatinine ratio ≥30mg/g 
(300mg/mmol) 
 
- Structural abnormalities (from imaging) 

 
- Urine sediment abnormalities (hematuria, red or 
white blood cell casts, oval fat bodies or fatty casts, 
granular casts, and renal tubular epithelial cells) 
 
- Electrolyte abnormalities or other abnormalities due 
to tubular disorders 
 
- Histological abnormalities 

 
- History of kidney transplantation 

Acute kidney injury 
 
CVD including ischemic heart disease, 
chronic heart failure, peripheral vascular 
disease, or cerebral vascular disease 
 
Structural renal tract disease, renal calculi, 
or prostatic hypertrophy 
 
Multisystem diseases with potential kidney 
involvement (example: systemic lupus 
erythematosus) 
 
Family history of end-stage kidney disease 
(GFR category G5) or hereditary kidney 
disease 
 

 
 

Opportunistic detection of hematuria 
 

(S. D. Fraser & Blakeman, 2016; NICE, 2014b)  
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Ferguson, Komenda, & Tangri, 2016). It is important to make the diagnosis of CKD 

early to minimize the risk of the development of CVD thus preventing the onset of 

ESRD. People with CKD are also at risk of developing acute kidney injury (AKI), 

which is a common cause of mortality and morbidity worldwide (S. D. Fraser & 

Blakeman, 2016). 

1.2.1.1 Proteinuria 

Proteinuria is an important marker for renal risk and the magnitude of the baseline 

proteinuria has been recognized as the most important predictor for renal prognosis 

(Taal & Brenner, 2008). It is also the biggest risk factor influencing the progression of 

CKD to ESRD. Proteinuria is most often the result of glomerular injury causing 

insufficient filtration and proteins skipping through the capillary network in the 

glomerulus. Other possible causes of proteinuria are glomerular hypertension, 

glomerular hypertrophy and glomerulosclerosis. Proteinuria is connected to increased 

risk of CVD and increased mortality in diverse populations. Proteinuria is estimated by 

measuring the albumin/creatinine ratio (ACR) in morning urine, or by using 24-hour 

urine collection. Proteinuria is a modifiable risk factor, it can be reduced with 

antihypertensive treatment affecting the renin-angiotensin-aldosterone system (RAAS) 

(Collister et al., 2016). 

1.2.1.2 Hypertension 

Hypertension (HTN) is a common comorbidity in CKD, it can both be the cause of 

kidney disease or a consequence of renal damage (Morlidge & Richards, 2001). It is 

defined as an increase in systolic blood pressure greater than 140 mmHg and diastolic 

blood pressure greater than 90 mmHg. The likelihood of HTN grows with decreasing 

GFR due to sodium retention, hypervolemia and neurohormonal activation. Increased 

systolic blood pressure is particularly a risk factor for CKD progression and 

development of CVD more generally. Pharmacologic intervention and/or lifestyle 

changes that lower blood pressure may slow down CKD progression, but not all 

researchers agree on that matter. The best result to prevent CKD progression according 

to the most prevalent research is to minimize sodium consumption and a combination 

drug therapy for the HTN with diuretics and drugs affecting the RAAS (Collister et al., 

2016). It is recommended that CKD patients also make certain lifestyle changes to help 
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lower the blood pressure, that is; exercise for 30 minutes a day, lose weight if 

overweight and stop smoking if applicable. Treatment for HTN aims to keep systolic 

blood pressure under 140 mmHg and diastolic blood pressure under 90 mmHg in people 

with CKD. But for CKD patients with ACR of 70 mg/mmol or more the target range for 

systolic blood pressure is 120-129 mmHg and the diastolic blood pressure should be 

below 80 mmHg (NICE, 2014a). Lowering the blood pressure also reduces proteinuria, 

the other main controlling factor when it comes to the progression of CKD to ESRD 

(Stevens, Levin, & for the Kidney Disease: Improving Global Outcomes Chronic 

Kidney Disease Guideline Development Work Group, 2013). 

1.2.1.3. Diabetes 

Diabetic glomerulosclerosis is still the single most common cause for CKD in type 1 

diabetic (T1D) patients. But the nature of CKD in diabetics is changing and the rate of 

progression to diabetic nephropathy is slowing down. Most people with T2D and 

between 5-30% of people with T1D have normal urine albumin excretion or only mild 

microalbuminuria despite having a progressing CKD. CKD in diabetics with normal to 

mild albuminuria is explained predominantly by interstitial or vascular changes in the 

kidneys, and less by glomerular changes. Today most diabetic CKD patients return to 

normal albumin excretion within 2 years, thanks to better blood glucose and lipid 

control and better HTN management (Marshall, 2014). 

1.2.1.4 Metabolic Acidosis 

Metabolic acidosis is caused by the increased concentration of ammonia in the blood 

due to CKD. Decreased acid excretion caused by dysfunction in the nephrons causes an 

increase in ammonia concentration. Nephron dysfunction can also result in RAAS 

activation, compliment cascade promotion, endothelial activation, leading to 

inflammation and tuboulointerstitial injury. It has been suggested to be beneficial to 

take alkaline supplements to counteract the metabolic acidosis. According to recent 

studies it may help slow down the progression of CKD with little effect on the blood 

pressure and sodium retention (Collister et al., 2016). 

1.2.1.5 Mineral Bone Disorder 

The kidneys play an important role in keeping blood mineral homeostasis, in 

collaboration with the parathyroid gland, intestines, and bones. The kidneys produce 
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calcitriol, the active form of vitamin D, and they are the target organ of parathyroid 

hormone (PTH). In CKD these functions are compromised and various abnormalities of 

mineral and bone metabolism can develop (Martin & Gonzalez, 2007). Mineral bone 

disorder is a term which covers several disorders that are common in CKD; 

abnormalities in the blood levels of calcium, phosphate, vitamin D, PTH and fibroblast 

growth factor-23 (FGF23; a biomarker for CKD, Table 2). Changes in bone quality and 

bone density, extraskeletal calcifications and atherosclerosis are also included. 

Bisphosphonates are recommended for patients with GFR over 30 mL/min/1,73m2 to 

prevent osteoporosis. Calciferol or other vitamin D supplements are used to counteract 

the mineral bone disorder. CKD patients are also advised to limit their consumption of 

high phosphate containing foods. Calcium and phosphor blood levels should be 

monitored when a patient is treated with vitamin D supplements (Morlidge & Richards, 

2001). Treatment with phosphate binders and/or activated vitamin D is sometimes used 

in the hope of delaying the progression in CKD. But there is no clinical evidence 

showing this treatment having any effect on slowing down CKD progression other than 

a reduction in parathyroidectomy (Collister et al., 2016; Keronen, Martola, & 

Honkanen, 2012). 

1.2.1.6 Cardiovascular Diseases 

CKD is a risk factor for various CVD, such as coronary heart disease, left ventricular 

hypertrophy and congestive heart failure (CHF). There is a complex relationship 

between the heart and the kidneys, where failure in one organ can cause a dysfunction 

in the other. This relationship is termed cardiorenal syndrome (CRS). Contributing 

factors are neurohormonal activation, altered blood flow to the kidneys, renal 

congestion and right ventricular dysfunction. The distinction between CRS and intrinsic 

renal disease can be difficult, but the urea/creatinine ratio can be useful to evaluate the 

pre-renal state in the clinical context of CHF. Worsening kidney function is 

characterized by treatment-related decreases in blood pressure, poor response to 

diuretics, massive diuresis leading to a decrease in plasma volume and a relative 

increase in proteins in the blood. Cardiac status is likely the driving force of CRS so 

treating the heart problem is more vital than the kidneys in the case of this challenging 

condition (Collister et al., 2016). To prevent CVD in CKD patients it is recommended 
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to use statins to lower cholesterol levels. Blood thinners are also recommended to 

prevent cardiovascular diseases even further (NICE, 2014a). 

1.2.1.7 Dyslipidemia 

Dyslipidemia is a term for abnormalities in serum lipid and lipoprotein profiles. It is a 

common complication in CKD patients. In the general population an elevation in low-

density lipoprotein (LDL) cholesterol levels is a risk factor for atherosclerotic vascular 

disease. Therefore it is likely that dyslipidemia is also a contributing risk factor for 

CKD patients to develop CVD (Kasiske & Wheeler, 2013). Statins are the 

recommended treatment to lower non-high-density lipoprotein (non-HDL) cholesterol. 

The aim of the treatment is to achieve more than 40% reduction of non-HDL cholesterol 

(NICE, 2014a). 

1.2.1.8 Anemia 

Anemia is a common complication of CKD. Uremia increases the risk of bleeding in the 

gastrointestinal tract. People with CKD often experience decreased appetite because of 

nausea and emesis due to the disease. These complications combined lead to reduced 

absorption of iron from the diet and reduced iron storage in the body. Healthy kidneys 

promote the production of red blood cells by producing erythropoietin. In CKD the 

kidneys are dysfunctional and the production of this hormone decreases. Also the 

response of the bone marrow to what erythropoietin is produced is decreased (Morlidge 

& Richards, 2001). Anemia is treated with erythropoietin stimulating drugs. They are 

given to patients that measure under 110 g/l in hemoglobin and have GFR under 45 

mL/min/1,73m2 (NICE, 2014a). For erythropoietin to work efficiently the iron stores in 

the body have to be sufficient. Most CKD patients need iron supplements to maintain 

their iron stores, oral supplements are the first choice but because of the limited 

absorption most patients receive IV treatments (Morlidge & Richards, 2001). 

1.2.1.9 Genetics and Family History 

Family history of ESRD increases the risk of developing CKD, especially for people 

who have diabetes or HTN. Genetics plays a role in how likely people are to develop 

CKD but not many studies have been carried out to address the common genetic risk of 

ESRD. Environmental factors and lifestyle also have a great effect and therefore family 

history should be interpreted with caution unless addressing confounding factors 
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(Collister et al., 2016). Recently, however, a large meta-analysis of GWAS identified 53 

genomic regions harboring common single nucleotide polymorphisms (SNPs) that 

associated with eGFR (Pattaro et al., 2016). This study examined the effect of genetic 

factors on eGFR based on both creatinine and cystatin C. It was discovered that most of 

these loci affect the structure of the kidneys and urinary tract and also the adrenal 

cortex, adrenal glands and the liver (Pattaro et al., 2016). Given these genetic hits are 

causally related to CKD, they offer unique opportunities for development of novel 

therapeutic targets for CKD. 

1.2.1.10 Protein Biomarkers Linked to CKD 

Currently there are a number of known biomarkers which studies have shown that 

correlate one way or another with the common manifestation of CKD. Many of these 

biomarkers are proteins detected in the plasma and/or in urine. Table 2 shows a list of 

few of the proteins which levels are known to be correlated with CKD (Fassett et al., 

2011).  

1.2.2 Treatments 
Drug therapies available for CKD all target the symptoms and complications of the 

disease as described above, but they are not treating the causes of the disease. Currently 

there is no curative drug for CKD available so the aim of available drug therapies is to 

improve the quality of life for the patient. When drug therapy is not sufficient anymore, 

more invasive treatment is required. It is recommended to start dialysis if GFR goes 

down to 5-10 mL/min/1,73m2. By then, other symptoms indicating imminent renal 

failure have usually manifested. These symptoms include acid/base abnormalities, 

electrolyte abnormalities, lost control over managing blood pressure and blood volume, 

deteriorating nutritional status despite interventions in diet, and impaired cognitive 

function (Stevens et al., 2013). Kidney transplant is considered when the GFR falls 

below 20 mL/min/1,73m2 and symptoms have been pointing to irreversible progression 

of CKD for the last 6-12 months (Stevens et al., 2013). 
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Table 2 | Proteins known to be correlated with CKD. 

Protein (Gene) Function/connection 

Cystatin C (CST3) Sensitive biomarker for mild to moderately 
decreased kidney function and moderately severe 
CKD.1 

β-Trace protein (PTGDS) More sensitive than creatinine to changes in GFR 
but inferior to cystatin C. Has been proposed to be 
able to measure decreased GFR sooner than 
creatinine.2 

Albumin (ALB) In urine indicates damage or injury in the kidneys. 
May cause further kidney damage when present in 
urine.3 

Neutrophil gelatinase-associated lipocalin 
(LCN2) 

Expressed in tubular endothelial cells of the kidneys 
and is measured in urine in the case of AKI.4-6 

Kidney injury molecule 1 (HAVCR1) Transmembrane tubular protein which is not found 
in a healthy kidney, only expressed in kidney 
damage and its purpose is unknown.7 

N-Acetyl-β-o-glucosaminidase (NAGLU) Biomarker measured in urine when there is proximal 
tubular damage.8 

Liver-type fatty acid-binding protein (FABP1) Expressed in proximal tubular cells, is a biomarker 
measured in urine as predictor for the progression of 
CKD.9 

Tenascin (TNC) Involved in interstitial renal pathology. Higher 
concentration in urine is measured when CKD.10-11 

Tissue inhibitor of metalloproteinases 1 
(TIMP1) 

Has a purpose in inhibiting the degradation of 
matrix. Is up-regulated in models of kidney 
disease.11-12 

Nephrin (NPHS1) and  
Podocin (NPHS2) 

Are found in urine in higher concentration then 
normally in diabetic nephropathy and active lupus 
nephritis. 13-15 

Podocalyxin (PODXL) Found in higher concentration in urine in IgA 
nephropathy, lupus nephritis and post-streptococcal 
glomerulonephritis.15 

Natriuretic peptide (NPPA) and  
Adrenomedullin (ADM) 

Found in higher concentration in connection to CKD 
progression.16-17 Also higher risk of cardiovascular 
events and poor prognosis when elevated.4 

C-Reactive Protein (CRP) Biomarker for inflammation of various reasons, 
including kidney diseases.18-19 

Tumor Necrosis Factor α (TNF) Pro-inflammatory mediator, plasma concentration is 
increased in CKD.20 

Pentraxin-3 (PTX3) Reversely correlated to GFR.21 Research is in early 
stages on this connection to CKD.4 

Interleukin-18 (IL18) Found in urine when there is tubular damage.22 

Transforming growth factor-β1 (TGFB1) Increased concentration in urine in diabetic 
nephropathy and glomerulonephritis.23-24 
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1. (Newman et al., 1995), 2. (Priem et al., 1999), 3. (Taal & Brenner, 2008), 4. (Fassett et al., 2011), 5. (Mishra et al., 
2005), 6. (Mishra et al., 2003), 7. (van Timmeren et al., 2007), 8. (Bosomworth, Aparicio, & Hay, 1999), 9. (Kamijo 
et al., 2006), 10. (Truong et al., 1996), 11. (Horstrup et al., 2002), 12. (Jones et al., 1992), 13. (G. Wang, Lai, Lai, et 
al., 2007), 14. (G. Wang, Lai, Tam, et al., 2007), 15. (Kanno et al., 2003), 16.(Dieplinger et al., 2009), 17. (Spanaus 
et al., 2007), 18. (Shlipak et al., 2003), 19. (Garg et al., 2001), 20. (Pereira et al., 1994), 21.(Tong et al., 2007), 22. 
(Parikh, Jani, Melnikov, Faubel, & Edelstein, 2004), 23. (Honkanen, Teppo, Tornroth, Groop, & Gronhagen-Riska, 
1997), 24. (Fagerudd, Groop, Honkanen, Teppo, & GronhagenRiska, 1997), 25. (Liu et al., 2006), 26. (Westerberg et 
al., 2007), 27. (Kazama et al., 2005), 28. (Kronenberg et al., 1995), 29. (Kronenberg et al., 2002), 30. (Scherer, 
Williams, Fogliano, Baldini, & Lodish, 1995), 31. (Zoccali et al., 2003), 32. (Stenvinkel et al., 2004), 33. (Lee, 
Blomhoff, & Jacobs, 2004), 34. (Targher, Kendrick, Smits, & Chonchol, 2010), 35. (Teppala, Shankar, Li, Wong, & 
Ducatman, 2010) 
 

1.3 Summary of the Present Study  
With the focus set on proteins detected in the extracellular milieu, a Slow-Off rate 

Modified Aptamer (SOMA-mer) array was designed consisting of 5068 aptamers of 

which 4789 bind specifically to human proteins, 245 aptamers recognize non-human 

targets (including human pathogens) and finally a set of 34 random aptamers included 

as negative controls (see Methods). The number of human proteins detected with the 

new SOMA-mer array amounts to 20% of all human proteins and exceeds the expected 

number of ∼3000 secreted proteins in humans (Uhlen et al., 2015). This suggests that 

the SOMA-mer array is detecting majority of what constitutes the human secretome, 

and additionally may detect exosome and tissue leakage proteins. For instance the 

SOMA array detects over 82% of all proteins listed in Table 2. 

We adopted an approach used in previous Mendelian randomization studies 

(Burgess, Timpson, Ebrahim, & Davey Smith, 2015), to infer causal relations of a trio 

of protein SNP, protein and disease phenotype like CKD (see Figure 3). We assume 

any associations between SNP genotype and protein levels or disease implies a causal 

relation. Here the instrument is the protein SNP, as the transmission of DNA alleles to 

Table 2 | Continued  

Protein (Gene) Function/connection 

Fibroblast growth factor-23 (FGF23) Hormone mediating phosphaturia, regulated by 
vitamin D and suppresses 1α hydroxylase activation 
in the proximal renal tubule. Serum concentration 
increases early in CKD and ESRD.25-27 

Apolipoprotein A-IV (APOA4) Glycoprotein involved in cholesterol transport. 
Serum concentration increases early in CKD and 
ESRD.228-29 

Adiponectin (ADIPOQ) Hormone secreted by adipocytes, elevated in kidney 
disease.30-32 

γ-Glutamyl transpeptidase (GGT1) Biomarker for oxidative stress.33 Concentration may 
be elevated in CKD, but not all studies agree.34-35 
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offspring can be considered a randomized experiment and the genotype is fixed at the 

time of conception. For this we explored the correlation of all proteins to CKD, using 

various adjustment schemes and stringent statistical thresholds. For proteins of interest 

we identified cis-acting protein SNPs as instruments and tested their correlation to 

CKD. Positive findings were compared to findings from the GWAS catalogue 

(http://www.ebi.ac.uk/gwas/search). Finally, we integrated results with the protein co-

regulation network constructed by IHA scientists (unpublished results), to learn if the 

proteins correlated with CKD are over-represented in specific protein modules.  
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2. AIMS 

The general aims of this thesis are to identify undiscovered links between circulating 

proteins and CKD in the hope to find new drug targets. Currently there are no drugs that 

directly affect CKD, only drugs that treat the symptoms to improve the quality of life. 

For the last two decades there have been few discoveries of drugs that slow down the 

progression of CKD or prevent the disease. None of the newly discovered drug 

candidates, however, have passed clinical trials, but the failure rate of new drugs in 

clinical trials is over 90% (Eckardt et al., 2013; Himmelfarb & Tuttle, 2013). One of the 

reasons for the high failure rate is lack of information regarding the causality and 

mechanism underlying the effect of a given target on CKD. In the present study we aim 

at identifying proteins that are causally related to CKD and are druggable (in essence all 

secreted proteins are druggable). To achieve this we highlight the following specific 

aims: 1) Identify circulating proteins that are significantly correlated with CKD (eGFR). 

2) Identify genetic variants, cis-acting protein SNPs (pSNP), that affect serum levels of 

the proteins identified in 1). 3) Test the association of the pSNPs to CKD. 4) Highlight 

causality through data triangulation. 5) Integrate overall findings to the serum protein 

networks constructed at IHA. 
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3. METHODS 

3.1 Study Cohort 
Participants aged 66 through 96 were from the Age, Gene/Environment Susceptibility 

(AGES) Reykjavik Study (Harris et al., 2007), a single-center prospective population-

based study of deeply phenotyped subjects. AGES-Reykjavik consists of 5764 

individuals born in the years 1907-1935 and were 67 years of age or older when the 

study was conducted. All participants were in the previous Icelandic Heart Association 

(IHA) established Reykjavik Study, a longitudinal study performed over the years 1967-

1994 on people living in the capital area. Twelve thousand of the remaining survivors of 

the IHA-established Reykjavik Study were then invited in the years 2002-2006 to 

participate in the AGES-Reykjavik study. The purpose of the study was to identify 

genetically linked risk factors and other risk factors for geriatric diseases, to improve 

the health of the elderly of the future by using preventive medicine (Hjartavernd, 2005, 

2006). Each participant went through deep phenotype measurements including brain 

and vascular imaging studies with focus on four biologic systems: vascular, 

neurocognitive (including sensory), musculoskeletal, and body composition/metabolism 

(Harris et al., 2007). The AGES-Reykjavik study was approved by the NBC in Iceland 

(approval number VSN-00-063), and by the National Institute on Aging Intramural 

Institutional Review Board, and the Data Protection Authority in Iceland. Informed 

consent was obtained from all study participants. 

3.1.1 Glomerular Filtration Rate 
The equation used to calculate eGFR for the AGES-Reykjavik subjects was from the 

study of Inker et al, Estimating Glomerular Filtration Rate from Serum Creatinine and 

Cystatin C, see Table 3 (Inker et al., 2012). Serum creatinine was measured using the 

Roche-Hitachi 912 instrument with Roche Creatinine Jaffé compensated method; Roche 

Diagnostics, Mannheim, Germany. This method gives creatinine values that are more 

compatible with high-performance liquid chromatography, but underestimates 

creatinine concentrations under 155 micromol/L and overestimates creatinine 

concentrations over the same value (Chan et al., 2004). The coefficient of variation 

(CV) for the creatinine assay was 2.5%. Cystatin C was measured in all AGES subjects 
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using the SOMA-mer technology (see below). In the present study, however, the 

conventional method was used and eGFR computed using creatinine but not cystatin C. 

 
Table 3 | Equations used to estimate GFR 

Sex Serum Creatinine 
mg/dL 

Equation for Estimating GFR 

Female ≤0.7 144×(Scr/0.7)−0.329×0.993Age 

Female >0.7 144×(Scr/0.7)−1.209×0.993Age 

Male ≤0.9 141×(Scr/0.9)−0.411×0.993Age 

Male >0.9 141×(Scr/0.9)−1.209×0.993Age 

To convert the values for serum creatinine to micromoles per liter, multiply by 88.4. 
Scr: serum creatinine (Inker et al., 2012) 

3.2 Protein Measurements and Quantification 
Each protein has its own binding reagent made of chemically modified DNA aptamers, 

referred to as SOMA-mers. 5457 fasted serum samples were incubated with the mixture 

of 5067 modified aptamers to generate modified aptamer-protein complexes. Unbound 

modified aptamers and unbound or nonspecifically bound proteins were eliminated by 2 

bead-based immobilization steps. After eluting the modified aptamers from the target 

protein, the fluorescently labeled modified aptamers were directly quantified on an 

Agilent hybridization array (Agilent Technologies). Calibrators were included so that 

the degree of fluorescence was a quantitative reflection of protein concentration. The 

5067 aptamers measuring 4225 proteins that passed quality control had median intra-

assay and inter-assay coefficient of variation of less than 5%. Finally, we applied a Yeo-

Johnson transformation on the proteins to improve normality, symmetry and to have all 

protein variables on a similar scale. The R function is described in Kuhn and Johnson 

(2013) (Max Kuhn, 2013).  

3.3 Statistical Analysis 
For correlation of proteins to CKD related phenotypes we used forward linear 

regression adjusting for age and sex, and for determining the P-value threshold of 

significance we either used a FDR adjusted P<0.05 or Bonferroni adjusted P<10-6. We 

tested for genetic associations in the AGES cohort by linear regression of phenotypes 

and protein levels (see below) on allelic dosages adjusted for age and sex. For a GWAS 
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of single proteins we used the P-value significance threshold at 10-9, while the window-

wide P-value threshold for a cis effect was set at 10-5. All analyses were carried out 

using programs in the R studio environment. Information and access to serum protein 

network structures was obtained via communication with Dr. Marjan Ilkov and Dr. 

Valur Emilsson at IHA. 

 

A 

 
B 
  

 
Figure 3 | A) Workflow of the present study for identification of proteins causally related to CKD. Target 
validation (TV) will be carried out at GNF Novartis. B) In order to establish causality we triangulate the 
various data sources like protein correlated to CKD (protein-trait-correlation;PTC), corresponding cis-
acting pSNP, and finally the allelic association of the pSNP to CKD.  
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3.4 Finding Proteins Correlated with eGFR  
The first step in identifying proteins that are causally related to CKD was to test the 

correlation of all proteins to CKD using eGFR as a proxy (Figure 3A). Here we used 

forward regression analysis of all proteins to eGFR and adjusted for conventional risk 

factors like age and sex. Beyond the conventional risk factors, we also adjusted for 

disease end-points and intermediate risk factors known to be linked to CKD (see 

below). 

3.4.1 Adjustments of Covariates Beyond Age and Sex 
Information regarding antihypertensive drugs was obtained from the subjects who 

brought their medications and/or medication card to the clinic for the first visit. Blood 

pressure was measured using a standard mercury sphygmomanometer. T2D was 

determined as having a history of diabetes, using glucose-modifying medication or 

fasting glucose of >7.0 mmol/l. HF-diagnoses were established by review of hospital 

records and adjudicated according to pre-specified criteria. The criteria required for HF 

was through diagnosis by a physician based on symptoms, signs, chest X-ray, and 

echocardiographic findings and treatment for HF (diuretics and either digitalis or a 

vasodilator). All admissions to the hospital with an overnight stay confirmed to be 

related to HF, or through death registries, were classified as incident HF. Carotid plaque 

and carotid intima-media thickness (CIMT) was assessed via ultrasound scan. The right 

and left carotid arteries, including the common carotid artery, the carotid bifurcation 

and the internal carotid artery were examined. Calcium in the coronary arteries was 

quantified using the Agatston scoring method as previously described (Gudmundsson et 

al., 2012). 

3.5 Enriched Pathways  
We used the ToppGene Suit to prioritize or rank the protein coding genes for the 

proteins showing the strongest correlation to eGFR, based on their functional similarity.  

3.6 Identification of cis-Acting pSNPs Influencing eGFR 
We tested significant protein trade correlations (PTCs) for proximal or cis-acting SNPs 

that regulate the variability of the serum levels for a given protein. Genotyping was 
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conducted at National Institutes on Aging (NIH) using the Illumina Hu370CNV Array 

for 3200 of AGES subjects and the exome-wide genotyping array (the Illumina 

HumanExome Beadchip) for all the 5764 subjects. If a common SNP was present on the 

exome-wide array we looked it up for increased power. To determine the cis-acting 

effects we used a 300kb window across the protein gene in question. Also, we ran a 

genome-wide test of associations to a protein of interest for identification of trans-

acting effects, i.e. distal SNPs, even on another chromosome, affecting the serum levels 

of the protein. 

3.6.1 Causal Relationships 
In order to establish causality we triangulated the various data sources like proteins 

correlated to eGFR (i.e. protein-trait-correlations, PTC), corresponding cis-acting 

pSNPs, and finally the allelic association of the pSNPs to eGFR. For the protein to be 

deemed causally related to a CKD, the different data sources needed to be synchronized. 

Thus for instance, if a protein is negatively correlated to eGFR then the high-expresser 

allele for the corresponding protein must be associated with low eGFR, i.e. possibly 

causally related (see Figure 3B). In contrast if the relationship is not causally related 

and due to reverse causation, then the high-expresser allele, in the example above, is 

associated with high eGFR. 

3.7 Integrating CKD Related PTCs with Serum Protein Networks 
In recent years, there has been a growing consensus that proteins individually do not 

cause a complex disease but instead are acting through a network of highly interacting 

protein nodes sensing perturbations in the DNA sequence and the environment, 

ultimately driving changes in the physiological states linked to disease (Chen et al., 

2008; Emilsson et al., 2008; Schadt, 2009; B. Zhang et al., 2013). Scientists at IHA 

have constructed the first global serum protein network in humans, based on the co-

regulation behavior of the 4225 proteins detected in the serum samples of the AGES-

Reykjavik cohort employing the SOMA-mer technology (unpublished results). 27 

distinct protein modules were identified that are enriched for specific functional 

categories, cell type signatures and experimental data. We integrated the top PTCs for 

eGFR to the existing network to learn if these proteins were over-represented in any of 
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the modules. Since proteins that reside in the same protein module share a common 

functionality and protein-to-protein interactions, knowing the biological context of the 

module in question can enhance our understanding of the functionality of the proteins 

that are associated with CKD.   



 

 21 

4. RESULTS 

4.1 Correlation of Proteins to eGFR 
We identified 2817 significant PTCs to CKD at Bonferroni adjusted P-value <10-6 when 

adjusted for standard covariates like age and sex, see Table 4 for various adjustment 

schemes.  

 
Table 4 | Number of proteins showing significant correlation to eGFR after various adjustment schemes 

Adjustment scheme Number of PTCs at  
P-value <1E-06 

Number of PTCs at  
P-value <1E-100 

Age & sex 2817 282 

Antihypertensive medication 2712 262 

T2D 2705 261 

Systolic blood pressure 2702 261 

Diastolic blood pressure 2690 259 

HF 2619 249 

Carotid plaque 2498 220 

Coronary artery calcium 2499 215 

CIMT  2487 212 

 
 

4.1.1 Prior Art Confirmation 
Comparing the list of proteins in Table 2 to the proteins detected in the present study, 

we observed that 19 out of the 23 proteins (82,6%) listed were detected by the SOMA-

mer array (Table 5). 
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Table 5 | Proteins listed in Table 2 and detected in the present study 

Strong correlation to 
eGFR at P<1E-100 

Significant correlation 
to eGFR at P<1E-06 

Non-significant 
correlation to eGFR 

Not found in present 
data set 

CTS3 
PTGDS 
FABP1 
ADM 

PTGDS 
 ALB 
 LCN2 
 HAVCR1 
 FABP1 
 TIMP1 
 PODXL 
 NPPA 
 ADM 
 TNF 
 PTX3 

TNC 
NPHS2 
CRP 
ADIPOQ 

NAGLU 
NPHS1 
APOA4 
GGT1 

 

4.1.2 Top 20 Proteins Correlating to eGFR 
Table 6 highlights the top 20 proteins showing the strongest correlation to eGFR after 

all the various adjustments had been made (see adjustment scheme in Table 4). Only 

one protein out of the 20 had prior links to CKD. Appendix 1 contains the total list of 

212 proteins that have the strongest correlation to eGFR (P-value <10-100). 

 
Table 6 | The top 20 proteins showing the strongest correlation to eGFR 

Protein Beta  
Coefficient 

Adjusted  
P-value 

R2 Prior Art 
wrt CKD* 

PXDN -8,19 <1,00E-300 0,365  No 

IGFBP6 -10,85 <1,00E-300 0,462  No 

CST3 -10,71 <1,00E-300 0,465  Yes 

NBL1 -9,02 <1,00E-300 0,399  No 

B2M -9,14 <1,00E-300 0,398  No 

CDNF -8,11 <1,00E-300 0,375  No 

CRK -8,18 <1,00E-300 0,360  No 

RELT -8,67 <1,00E-300 0,380  No 

TMED10 -8,42 <1,00E-300 0,381  No 

DNAJB12 -8,52 <1,00E-300 0,377  No 

COL15A1 -8,56 <1,00E-300 0,400  No 
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Table 6 | Continued     

Protein Beta  
Coefficient 

Adjusted  
P-value 

R2 Prior Art 
wrt CKD* 

ART3 -8,07 1,17E-304 0,353  No 

COL28A1 -7,96 3,14E-291 0,345  No 

COL6A3 -7,64 6,18E-278 0,337  No 

FSTL3 -7,68 6,95E-270 0,332  No 

ACYP2 -7,64 2,50E-268 0,331  No 

GABARAPL1 -7,65 2,72E-268 0,331  No 

EFNA4 -7,44 3,82E-259 0,325  No 

DSC2 -7,38 1,21E-256 0,324 No 

TFF3 -7,38 1,56E-252 0,321 No 

Abbreviations: PXDN: Peroxidasin homolog, IGFBP6: Insulin-like growth factor binding protein 6, CST3: Cystatin 
C, NBL1: Neuroblatoma suppressor of tumorigenicity 1 (or Zink fingar protein DAN), B2M: Beta-2-microglobulin, 
CDNF: Cerebral dopamine neurotropic factor (or ARMET-like protein 1), CRK: Adapter molecule crk, RELT: 
Tumor necrosis factor receptor superfamily member 19L, TMED10: Transmembrane emp24 domain-containing 
protein 10, DNAJB12: DnaJ homolog subfamily B member 12, COL15A1: Collagen alpha-1(XV) chain, ART3: 
Ecto-ADP-ribosyltransferase 3, COL28A1: Collagen alpha-1(XXVIII) chain, COL6A3: Collagen alpha-3(VI), 
FSTL3: Follistatin-related protein 3, ACYP2: Acylphosphatase-2, GABARAPL1: Gamma-aminobutyric acid 
receptor-associated protein-like 1, EFNA4: EphrinA4, DSC2: Desmocollin-2, TFF3: Trefoil factor 3. 
*Prior art was based on a look up in the GWAS catalogue, OMIN database for rare diseases and the database 
PubMed NCBI 

4.2 Functional Annotation of Top CKD related PTCs 

4.2.1 Enriched Pathways 
In order to detect functional similarity of the 282 (and 212) proteins showing the 

strongest PTCs to CKD, we applied the ToppGene Suit (https://toppgene.cchmc.org/ 

prioritization.jsp) which produced a list of highly enriched pathways as summarized for 

the 282 protein set in Table 7. Similar results were obtained for the 214 proteins, albeit 

at slightly altered P-values for significance (data not shown). 

 There is a strong over-representation of the Eph/Ephrin receptor signaling 

pathway. Eight out of the fourteen known ephrin receptors and four out of the eight 

known ligands (see Table 8) show significant correlation to eGFR. 
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Table 7 | Pathways enriched in the 282 protein set 

Pathway P-value P-value 
Bonferroni 
corrected 

Q-value 
FDR 

Hit Count in 
Query List 

Hit Count in 
Genome 

Ephrin receptor binding 
 

2.7E-09 1.7E-06 6.0E-07 8 29 

Serine-type endopeptidase 
inhibitor activity 

4.9E-09 3.2E-06 8.0E-07 12 96 

TNF-receptor activity 
 

5.4E-07 3.5E-04 2.7E-05 6 24 

Death receptor activity 
 

5.4E-07 3.5E-04 2.7E-05 6 24 

Heparin binding 
 

2.3E-06 1.5E-03 1.1E-04 12 167 

Cytokine binding 
 

8.9E-06 5.7E-03 3.4E-04 9 103 

Coreceptor activity 
 

1.7E-05 1.1E-02 6.3E-04 6 42 

 

 
Table 8 | Eph/Ephrins correlated with eGFR in the AGES 

Protein Beta 
Coefficient 

P-value P-value 
Bonferroni 

R2 

EPHA1 -3.31 3.37E-54 1.71E-50 0.174 

EPHA4 -4.69 1.27E-109 6.44E-106 0.216 

EPHA5 -3.84 1.42E-76 7.19E-73 0.191 

EPHA7 -4.23 1.19E-88 6.04E-85 0.200 

EPHA10 -3.92 3.75E-74 1.90E-70 0.190 

EPHB2 -3.37 2.40E-56 1.22E-52 0.176 

EPHB4 3.03 9.49E-41 4.81E-37 0.164 

EPHB6 

 

-6.55 3.35E-214 1.70E-210 0.290 

 
EFNA2 -6.08 4.24E-186 2.15E-182 0.270 

EFNA4 -7.44 7.54E-269 3.82E-265 0.325 

EFNA5 -6.46 3.83E-204 1.94E-200 0.283 

EFNB3 2.95 8.64E-38 4.38E-34 0.160 
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4.3 Cis-Acting pSNPs Influencing eGFR 
Using R studio we identified significant cis-acting pSNPs for proteins correlated with 

eGFR. Table 9 highlights the proteins that have a significant cis-acting effect, showed a 

significant correlation to eGFR and were deemed causally related to CKD using data 

triangulation (Figure 3B). 

 
Table 9 | Proteins correlated with eGFR and containing cis pSNP showing association to eGFR 

Protein Cis pSNP P-value Prior art* Direction of effect 

CTRB2 rs9928842 0.008 T1D  ↑  CTRB2 à  ↑  risk CKD 

DLK1 rs12432955 0.014 T1D ↑  DLK1 à  ↑  risk CKD 

EMILIN3 rs61739314 0.035 Resting heart rate ↑  EMILIN3 à  ↑  risk CKD 

EPHB2 rs6687487 0.046 None ↑  EPHB2 à  ↑  risk CKD 

F10 rs2273971 0.048 End-stage coagulation ↑  F10 à  ↑  risk CKD 

FAM171B rs77472878 0.018 Albumin-to-creatinine ↑  FAM171B à  ↑  risk CKD 

FSTL3 rs34668346 0.021 KO mice improved metabolism ↑  FSTL3 à  ↑  risk CKD 

GLO1 rs1781717 0.043 Tg mice protective for CKD ↑  GLO1 à ↑  risk CKD 

HSD17B7 rs2805051 0.040 KO mice cardiac muscle defects ↓  HSD17B7 à  ↑  risk CKD 

LMAN2 rs11541335 0.002 eGFR ↑  LMAN2 à  ↑  risk CKD 

ROBO1 rs2043661 0.017 eGFR ↑  ROBO1 à  ↑  risk CKD 

TFF3 rs225360 0.002 Biomarker for renal damage ↑  TFF3 à  ↑  risk CKD 

* Prior links to CKD and associated complications (GWAS, OMIN, KO, PubMed) 

 

4.3.1 Causal Relationships 
As highlighted in Table 9 there were twelve proteins discovered that are potentially 

causally related to CKD. Below we demonstrate how CST3, which is not in Table 9, 

reflects a reverse causation and then we highlight how two proteins, EPHB2 and 

FAM171B, are possibly causally related to CKD. 

4.3.1.1 CST3 

The strong cis-acting effect across the CST3 gene is shown in Figure 4A, which 

confirms what has been reported in GWAS on CST3 (http://www.ebi.ac.uk/ 

gwas/search?query=cst3). The high expresser pSNP allele for CST3, rs911119_2, has a 
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strong association to eGFRcys, as has been reported in a large meta-analysis of GWAS 

studies (http://www.ebi.ac.uk/gwas/search?query=cst3). Our analysis, however, 

demonstrates that this association is most likely due to a reverse causation since the 

high expresser allele rs911119 is associated with high eGFR in AGES but the protein is 

inversely correlated to eGFR (see Figure 4B). 

4.3.1.2 EPHB2 

The strong cis-acting effect across the EPHB2 gene is shown in Figure 5A. The high 

expresser pSNP allele of EPHB2, rs2043970_2 is associated with lower eGFR in 

AGES. This suggests a causal relationship since high serum levels of EPHB2 are also 

associated with lower eGFR (see Figure 5B). 

4.3.1.3 FAM171B 

The strong cis-acting effect across the FAM171B gene is shown in Figure 6A. Here the 

high expresser SNP allele of FAM171B, rs76851721_2 is associated with lower eGFR 

in AGES (see Figure 6B). This is suggestive of a causal relationship between the 

protein and CKD, since the serum levels of FAM171B are negatively correlated with 

eGFR. 
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A 

 
B 

 
 
Figure 4 | A) GWAS of CST3 serum levels shows a strong cis-acting effect across the CST3 gene B) The 
SNP rs911119 has been found to be strongly associated with eGFRcys in large meta-analysis GWAS 
studies. The high expresser allele 2 for rs911119 is associated with high eGFR which contradicts the 
negative correlation between serum CST3 and eGFR.   
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A 

 

B 

 

Figure 5 | A) GWAS of EPHB2 serum levels shows a strong cis-acting effect across the EPHB2 gene B) 
The SNP rs2043970 is a cis-acting pSNP for EPHB2 which high expresser allele is associated with lower 
eGFR in AGES. This is in line with the negative correlation between EPHB2 and eGFR suggesting a 
causal relationship.   
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A 

 
B 

 
 
Figure 6 | A) GWAS of FAM171B serum levels shows a strong cis-acting effect across the FAM171B 
gene B) The SNP is a cis-acting pSNP for FAM171B which high expresser allele is associated with lower 
eGFR in AGES. This is in line with the negative correlation between FAM171B and eGFR suggesting a 
causal relationship.  
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4.4 Integrating CKD Related PTCs with Serum Protein Networks 
The top 282 proteins adjusted for age and sex only (Table 4), were integrated with the 

serum protein network constructed at IHA, consisting of 27 (PM1-PM27) distinct 

functionally annotated protein modules. This resulted in a highly significant enrichment 

of the proteins in the protein modules PM1 and PM26.  

4.4.1 Protein Module 1 (PM1) 
The PM1 consists of 31 proteins that are strongly associated with T2D and eGFR and 

contains 15 proteins from the 282 PTCs (Figure 7A-B). 

A 

 

B 
 

 
 
Figure 7 | A) A heat plot of protein module 1 (PM1) which is one of the 27 modules from the serum 
protein network constructed by IHA scientists (unpublished work), and is one of the two modules which 
over-represent the top PTCs associated with eGFR (see Venn diagram). FET, Fisher´s exact test. B) PM1 
is significantly enriched for IL22 and Notch signaling pathways, and its Eigenvector (1st PC) is correlated 
with T2D, adiposity, carotid plaque and eGFR. The column plots present either the fraction of the T2D 
population or mean eGFR in the 1st and 5th quintile of the module´s Eigenvector. 
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4.4.2 Protein Module 26 (PM26) 
The PM26 is a large module of 390 proteins that is associated with both prevalent and 

incident HF, coronary artery calcium and eGFR (Figure 8A-B). The PM26 contains 

218 proteins out of the 282 PTCs, thus showing a striking enrichment of the PTCs for 

eGFR (FET P = 10-167). 

A 

 
 
B 

 
Figure 8 | A) A heat plot of protein module 26 (PM26) which is one of the 27 modules from the serum 
protein network constructed by IHA scientists (unpublished work), and is one of the two modules which 
over-represent the top PTCs associated with eGFR (see Venn diagram). FET, Fisher´s exact test. B) 
PM26 is significantly enriched for Exosome signatures and the Ephrin receptor signaling pathway, and its 
Eigenvector (1st PC) is correlated with HF, coronary artery calcium and eGFR. The column plots present 
either the fraction of the HF (prevalent) population or mean eGFR in the 1st and 5th quintile of the 
module´s Eigenvector. 
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5. DISCUSSION 

5.1 Clinical Context and Summary of Results 
According to a recent study of the human proteome, 15% of all protein coding genes 

have a secreted product (Uhlen et al., 2015). The function of secreted proteins and the 

circulating blood cells includes for instance inter cell communication, immune 

responses, vascular and endothelial cell function, tissue remodeling, fluid exchange and 

nutrient assimilation (Astle et al., 2016; Stastna & Van Eyk, 2012). Also, given proteins 

of the circulation connect to all organs and tissues of the body, it is anticipated that their 

accumulation is dynamic and entailing a complicated network of coordination across 

different organs, tissues and cell types. In fact, recent studies using hetero-chronic 

parabiosis experiments, surgically joining the circulation of young and old mice, 

showed a system-wide and opposing effect on the regenerative capacity of old and 

young organs (Conboy et al., 2005; Villeda et al., 2011). This effect was apparent for 

both central and peripheral tissues. Thus serum proteins and other circulating factors 

may therefore be critical for development of the many chronic common diseases 

affecting humans including CKD. Because circulating proteins are druggable as they 

can be targeted with antibodies, they offer unique opportunities for drug target 

discoveries. 

 CKD affects 8–16% of the adult population worldwide and its prevalence rises 

to 50% at the age of 70 (Coresh et al., 2007). CKD is associated with various adverse 

outcomes and is now ranked the 18th among the leading causes of death globally (Jha et 

al., 2013). Unfortunately, there are no drugs on the market that can prevent or halt the 

progression of the disease. In the present study we developed an approach to causally 

link global circulating proteins to CKD in the deeply phenotyped AGES-Reykjavik 

cohort, with the aim to identify novel drug targets for the treatment of CKD. We used 

eGFR as a proxy for CKD and tested the association of 4225 serum proteins to eGFR. 

This resulted in hundreds of proteins significantly correlated with eGFR, and for 

instance by conditioning on a stringent P-value threshold and using various adjustment 

schemes we detected between 212 and 282 proteins at P<10-100. Next we identified cis-

acting pSNPs proximal to proteins correlated with eGFR (P<10-6) and tested their 

association to eGFR. Through data triangulation we assessed causality and highlighted 
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several proteins showing causal relation for further validation as potential drug targets 

for treatment of CKD. Table 4 highlights the number of proteins showing significant 

correlation to eGFR after adjustment for age, sex and various known risk factors for 

CKD like HTN (antihypertensive medication used as a proxy), systolic and diastolic 

blood pressure, T2D, atherosclerosis and CVD. The full adjustment scheme leads to a 

final list of 212 proteins which correlation is unlikely to be related to CKD via these 

risk factors. The 212 proteins are listed in Appendix 1.  

 Out of the 23 proteins listed in Table 2 that have a previously known connection 

to CKD, there are fifteen proteins that show significant correlation to eGFR (P-value 

<10-6) in our data, see Table 5. Four proteins out of these fifteen are in the set of 212 

proteins showing strong correlation to eGFR (P-value <10-100). Four additional proteins 

listed in Table 2 are detected with our SOMA-mer array but do not show a significant 

correlation to eGFR (P-value >10-6) in our data. Our data does not include information 

for the four remaining proteins in Table 2. 

5.2 Discovered Connections 
Table 6 lists the top 20 correlated proteins from the list of 212 proteins highlighted in 

Appendix 1. Among the top proteins, we observed for instance cystatin C (CST3), well 

established biomarker for CKD that is ubiquitously expressed, abundant in plasma and 

high levels of the protein have been associated with poor CVD outcome (Angelidis et 

al., 2013). However, high levels of CST3 (like creatinine) may reflect impaired renal 

function (a reverse causation), and as such are not causally related to disease outcome 

(Shlipak & Day, 2013). Other proteins listed in Table 6 had not been previously linked 

to CKD. Given the number of novel proteins measured and the size of the AGES cohort 

screened for these proteins, it is quite likely that some of these proteins listed in Table 6 

and Appendix 1 are novel modifiable risk factors for CKD. Alternatively, the serum 

levels of many of these proteins may be affected by impaired renal function and may 

therefore, just like CST3, serve as novel additional or independent biomarkers for CKD. 

5.3 Enriched Pathways 
The most strongly correlated set of proteins to eGFR was significantly over-represented 

for several pathways of interest, see Table 7.  
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5.3.1 Eph/Ephrin 
There is a strong over-representation of the Eph/Ephrin receptor signaling pathway 

(Table 7). Eight out of the fourteen known ephrin receptors and four out of the eight 

known ligands show significant correlation to eGFR (P-value <1e-30). The ligands and 

receptors showing significant correlations to CKD are listed in Table 8. Eph receptor 

stands for erythropoietin-producing hepatocellular receptor and Ephrins are Eph family 

receptor interacting proteins (Barquilla & Pasquale, 2015). Eph receptors are the largest 

family of receptor tyrosine kinases known today. They play important roles in vascular 

development, tissue-border formation, cell migration, axon guidance, and angiogenesis 

(X. Wang et al., 2015). They also have an important role in tissue organization and 

growth during development and in adult tissue homeostasis. Both receptors and ligands 

are membrane-attached and play diverse roles in cell-cell signaling and interactions 

(Himanen & Nikolov, 2003). 

Here the Eph/Ephrin receptor signaling related proteins are of particular interest 

given the many recent implication of the Eph/Ephrin system in kidney disease. For 

instance, impaired EPHA4 signaling has been linked to hydronephrosis, renal injury and 

hypertension in mice and rats (Sallstrom et al., 2013). Importantly, congenital 

obstructive nephropathy in newborn humans that manifests typically as hydronephrosis 

has been suggested to be the cause of developing hypertension and renal damage later in 

life (Sallstrom et al., 2013). Further, expression and knockout analyses have connected 

EPHA4 and EPHA7 to distal ureter malformations in mice (Weiss et al., 2014). EPHA4 

and EPHA7 are specifically expressed in the mesenchyme surrounding the nephric duct 

and the cloaca during embryonic stage. EPHB2 signaling is thought to be a mediator for 

the nephric duct insertion in this process. These analyses give important clues to what 

may be the cause of frequent congenital abnormalities of the kidney and urinary tract in 

human newborns (Weiss et al., 2014). EFNA5 may also have a role in urogenital 

development, complimenting EPHB2 (Peuckert et al., 2016). In the present study we 

detected strong cis-acting pSNPs affecting serum levels of the EPHB2 protein that were 

significantly associated to eGFR in the AGES cohort (Table 9).  

5.3.1.1 Eph/Ephrin Function 

EphrinA ligands are tethered to the cell membrane with a GPI- (glycosylphosphatidyl-

inositol) anchor, while the EphrinB ligands are transmembrane proteins with a small 
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cytoplasmic domain. The Eph-Ephrin system has a bidirectional function, it possesses 

reverse signaling properties and because both receptor and ligand are membrane-bound, 

two opposing cells can have a contact-mediated interaction that has an effect on both 

cells. Though sometimes, the Eph receptor simply acts as a ligand for Ephrins with no 

requirement for Eph receptor signaling, this suggests that the interaction is not always 

bidirectional (Klein, 2009). This bidirectional signaling is the main reason for the 

complexity of the Eph/Ephrin system (X. Wang et al., 2015).  

Proteases have been reported to directly cleave Ephs and/or ephrins to promote 

receptor and/or ligand shedding into the external milieu for regulating the Eph-Ephrin 

intra- and extracellular signaling and cell-cell communication (Atapattu, Lackmann, & 

Janes, 2014). Up-regulation of Eph receptors and Ephrins in cancer cells, the angiogenic 

vasculature, and injured or diseased tissues has been reported. That is one reason Eph 

receptors along with Ephrins have become a promising drug targets in various 

pathological conditions such as neurological disorders, cancers and viral infections. It 

also provides opportunities for Eph/Ephrin-based targeted drug delivery and/or imaging. 

(Barquilla & Pasquale, 2015). Evidence from expression and knockout analyses has 

shown that Eph/Ephrin signaling is of crucial relevance for cell and tissue interactions 

in the urinary system (Weiss & Kispert, 2016). In summary, these findings offer a hope 

for exploiting the Eph/Ephrin system for development of novel drug targets for CKD.  

5.3.2 TNF Receptors 
We also find enrichment of receptors for tumor necrosis factor (TNF) in the set of 282 

proteins (Table 7), which included for instance both TNFR1 (TNFRSF1A) and TNFR2 

(TNFRSF1B). The TNF receptors are pro-inflammatory mediators that have been 

implicated in CKD progression, development of ESRD and are associated with higher 

mortality rates more generally (Carlsson et al., 2015; Gohda et al., 2012; Neirynck, 

Glorieux, Schepers, Verbeke, & Vanholder, 2015). Interestingly, the TNF-TNFR 

complex activates the nuclear factor kappa B (NF-κB) family of inducible transcription 

factors, a signaling system that is strongly implicated in chronic inflammation and 

oxidative stress related renal damage and are now considered hot drug targets for 

treatment of CKD (Impellizzeri, Esposito, Attley, & Cuzzocrea, 2014; H. Zhang & Sun, 

2015).  
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5.3.2.1 Function of TNF Receptors 

Both TNFR1 and TNFR2 exist as membrane bound receptors and in a soluble form in 

the circulation. They are released into the bloodstream in exosomes or via alternative 

splicing of mRNA transcripts that lead to the loss of the transmembrane and 

cytoplasmic domains. Interaction of both receptors leads to pro-inflammatory stimulus 

via NF-κB or activator protein 1 (AP-1). TNFR1 can also mediate apoptosis since it 

contains a death domain, but TNFR2 does not (Neirynck et al., 2015). 

 Both TNFR1 and TNFR2 are widely expressed in the body. In the kidneys 

TNFR1 is predominantly found in the glomerular cells whereas TNFR2 are only found 

in the tubular cells. In a study of the expression of TNF receptors in a normal kidney vs. 

rejected transplant kidney, a weak if any expression of TNFR2 is observed in the 

healthy kidney, but strong up-regulation is observed in acute allograft rejection. 

However, TNFR1 is expressed predominantly in the healthy kidney but down-regulated 

in acute allograft rejection (Al-Lamki et al., 2001). In a more recent study, the 

expression of TNF receptors in pediatric lupus nephritis was examined (Patel et al., 

2016). They found that both receptors were significantly up-regulated in active disease 

compared to inactive disease or healthy subjects. This gives reason for further research 

into TNF receptors as they might prove useful as novel therapeutic targets in the early 

stages of the disease (Patel et al., 2016). Given this information and the fact that there 

are already drugs on the market that target the TNF ligand; TNF-α inhibitors, gives 

hope that TNF receptors could also be useful therapeutic targets for a disease like CKD.  

5.3.3 Other Enrichments of Interest 
Other pathways enriched in the 282 protein data set (Table 7), relate to death receptor 

activity which is related to the TNFR systems and includes as well the FAS protein 

implicated in CKD (Perianayagam et al., 2000).  

 The enrichment of heparin binding proteins in the 282 protein set (Table 7) is of 

major interest given the reported involvement of these proteins in acute kidney injury 

(Bollee et al., 2011; Fisher et al., 2017). Neutrophil-derived heparin-binding protein 

(HBP) has been identified as the cause of vascular leakage and a biomarker for organ 

dysfunction. Increased HPB in plasma causes a rise in interleukin 6 (IL-6), a known 

inflammatory mediator, and is involved in the pathology of sepsis-induced AKI (Fisher 

et al., 2017). 
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5.4 Causal Relationships  
Table 9 highlights the proteins that were significantly correlated with eGFR, had a 

significant cis-acting pSNP effect and the corresponding cis pSNP was associated with 

eGFR in the AGES-Reykjavik study. Data triangulation (Figure 3B), supports a causal 

relationship with eGFR rather than a reverse causation for all the genetic hits listed in 

Table 9. In contrast, we detected a strong cis-acting pSNP rs911119 for CST3 (Figure 

4), a lead SNP found to be associated with eGFR in previous GWAS studies (Kottgen et 

al., 2010). However, triangulation of various data dimensions suggest that CST3 is not 

causally related to CKD, but instead high levels of the protein are caused by impaired 

kidney function (Figure 4). Many of the findings listed in Table 9 are novel, but some 

have been previously implicated in CKD related traits and comorbidities (Table 9).  

5.4.1 EPHB2 
Given the enrichment of the Eph/Ephrin receptor signaling pathway among the top 282 

PTCs (Tables 7 and 8), it was of interest to find a cis-acting pSNP for EPHB2 that was 

associated with eGFR (Table 9). Serum levels of the EPHB2 protein are inversely 

related to eGFR (Table 8 and Figure 5), but the high expresser allele for the EPHB2 

pSNP was associated with lower eGFR (Figure 5). Thus the correlation of the EPHB2 

protein levels with the surrogate trait for CKD is directionally consistent with the 

genetic effect suggesting a causal relationship between EPHB2 serum levels and CKD 

(Figure 5). EPHB2 plays a role in the neuroprotective activity of TNF-α (Pozniak, 

White, & Khalili, 2014), but TNF-α and its TNFR receptors have been implicated in the 

development of CKD (see above). It is tempting to speculate that the EPHB2 plays role 

in the development of CKD via its interactions with the TNF-TNFR system of pro-

inflammatory cytokines. 

5.4.2 FAM171B 
Another example that is highlighted is the FAM171B protein (Table 9), but GWAS 

(suggestive evidence) identified the lead SNP rs9333290 that was associated with 

albumin-to-creatinine ratio (ACR) in the urine (http://www.ebi.ac.uk/gwas/search). We 

have identified a strong cis-acting pSNP rs77472878 that is associated with eGFR 

(Table 9). The lead SNP rs9333290 is weakly correlated with rs77472878 (R2=0.135) 

but is also cis-acting for the FAM171B protein (P-value = 10-6) in the AGES. Here the 
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high expresser allele is associated with increase in ACR while the FAM171B is 

negatively correlated with eGFR in the AGES, suggesting that high levels of FAM171B 

are causally related to CKD. Similarly, the high expresser allele for the strongest cis-

acting pSNP rs77472878 detected for FAM171B in the AGES (Figure 6), was 

associated with lower eGFR. Thus two independent studies using two different proxy 

traits for CKD show directionally consistent results suggesting high serum levels of 

FAM171B is causally related to the disease (Figure 6). Research into FAM171B is in 

the early stages and its function has yet to be discovered (Sittig, Carbonetto, Engel, 

Krauss, & Palmer, 2016). Our results, combined with the GWAS data, makes 

FAM171B an attractive candidate for further research into its role in CKD. 

5.4.3 Other Potential Genetic Hits 
Other genetic hits of potential interest are the LMAN2 and ROBO1 that have both been 

linked to eGFR in previous GWAS (Table 9 and the http://www.ebi.ac.uk/gwas/ 

search). The GWAS lead SNPs rs6420094 for LMAN2 and rs12635820 upstream of 

ROBO1 are not correlated with the corresponding cis-acting pSNPs listed in Table 9, 

thus representing independent effects from those observed in the present study. In 

summary, many of the genetic hits listed in Table 9 are novel that need to be tested for 

replication in an independent study cohort. Assuming these proteins are causally related 

to CKD, they offer unique opportunities for the development novel drugs for the 

treatment of CKD.  

5.5 Integrating Top PTCs with the Serum Protein Network 
Information from the serum protein network recently constructed by IHA scientists 

(unpublished results), can be critical in highlighting the biological context of proteins 

and reveal which protein nodes interact. It is of note that the serum proteins form a 

highly structured network of interactions (co-regulation) suggesting proteins of the 

circulation are globally coordinated across most or all tissues. Our findings showing 

enrichment of the 282 most correlated proteins in two of the protein modules (Figures 7 

and 8).  

 The PM1 is a small module, containing only 31 proteins and out of them 15 are 

from the 282 PTC signatures related to CKD (Figure 7A). PM1 is significantly 
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enriched for interleukin 22 (IL22) and Notch signaling pathways and its Eigenvector 

(1stPC) is strongly correlated with T2D, adiposity, carotid plaque and eGFR (Figure 

7A-B), complications that all have known connections to CKD. The column plots in 

Figure 7B present either the fraction of the T2D population or mean eGFR in the 1st 

and 5th quintile of the module´s Eigenvector.  

 The PM26 contains 218 proteins from the 282 PTC signatures related to CKD 

(enrichment FET P-value = 10-167), including for instance CST3, FAM171B, LMAN2 

and EPHB2. The PM26 is strongly linked to eGFR and CVD, and it contains many of 

the genetic hits causally related to eGFR identified in the present study. As such, the 

PM26 is a cluster of closely connected proteins sharing functionality that can uncover 

many novel interactions among the proteins associated with CKD. Interestingly, PM26 

is enriched for the Ephrin receptor signaling pathway, enzyme inhibitors and exosome 

related proteins (Figure 8B). These are striking findings that warrant further 

investigation into the close interaction between the various protein nodes associated 

with CKD and comorbidities, either by exploring highly connected proteins individually 

or many proteins in aggregate.  
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6. CONCLUSIONS 

Twelve proteins showing a causal relation to CKD were discovered (see Table 9). All 

but one showed a negative correlation with eGFR and with the corresponding high 

expresser alleles associated with lower eGFR or increased risk of CKD. HSD17B7 is 

the only protein which lower levels increase the risk of CKD (Table 9). This would 

suggest that all proteins with genetic evidence and which higher levels in serum predict 

increased risk of CKD, could potentially be targeted via antibodies for the treatment of 

CKD. Four of the proteins, FAM171B, LMAN2, ROBO1 and TFF3, have a previously 

known connection to eGFR, ACR or renal damage. Given many of these findings are 

novel, a replication testing of the cis-acting pSNPs for association to eGFR in 

independent study cohorts is needed. A work to achieve that is underway. 

Pathway analysis and identifying the biological context of the proteins within a 

protein network can provide important clues to the understanding of the functionality 

and interaction of the various proteins associated with CKD. The present study detected 

strong over-representation of several pathways among the most strongly correlated 

proteins to eGFR, most importantly the Eph/Ephrins receptor signaling pathway and the 

TNF receptor pro-inflammatory system, both previously implicated in CKD. 

Furthermore, we found that the top correlated proteins to eGFR, were enriched in two 

protein modules strongly linked to T2D, CVD and eGFR. It is tempting to speculate that 

by building on knowledge regarding which proteins interact, a more effective treatment 

for CKD may be developed through targeting more than one protein at a time.  

 CKD is a complex disease with comorbidities that can either be the cause or 

consequence to/of the disease. Furthermore, CKD is affected by many genes and their 

interaction with the environment is important for triggering the development of the 

disease. This complexity in the pathophysiology of CKD suggests that it might be hard 

to treat the disease simply by targeting a single protein. The information provided by the 

present study, however, offers novel opportunities to target many proteins 

simultaneously for treatment of CKD. 
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9. APPENDIX 

Appendix 1 
List of 212 proteins that show significant correlation to GFR (P-value <10-100) when 

adjusted for age, sex and other covariates as described in text. 
Protein Beta Coefficient Adjusted  

P-value 

R2 

PXDN -8,19 <1,00E-300 0,365  

IGFBP6 -10,85 <1,00E-300 0,462  

CST3 -10,71 <1,00E-300 0,465  

IGFBP6 -10,03 <1,00E-300 0,448  

NBL1 -9,02 <1,00E-300 0,399  

B2M -9,14 <1,00E-300 0,398  

CDNF -8,11 <1,00E-300 0,375  

CRK -8,18 <1,00E-300 0,360  

RELT -8,67 <1,00E-300 0,380  

TMED10 -8,42 <1,00E-300 0,381  

RNASE1 -8,86 <1,00E-300 0,395  

DNAJB12 -8,52 <1,00E-300 0,377  

COL15A1 -8,56 <1,00E-300 0,400  

ART3 -8,07 1,17E-304 0,353  

COL28A1 -7,96 3,14E-291 0,345  

COL6A3 -7,64 6,18E-278 0,337  

FSTL3 -7,68 6,95E-270 0,332  

ACYP2 -7,64 2,50E-268 0,331  

GABARAPL1 -7,65 2,72E-268 0,331  

ART3 -7,49 2,85E-261 0,326  

EFNA4 -7,44 3,82E-259 0,325  

DSC2 -7,38 1,21E-256 0,324  

TFF3 -7,38 1,56E-252 0,321  

SRL -7,08 4,64E-249 0,319  

LMAN2 -7,44 3,04E-244 0,316  

EFNB2 -7,10 1,14E-239 0,312  

PTGDS -7,63 2,23E-235 0,309  

PDCD5 -6,98 5,60E-234 0,309  

MFAP2 -7,02 3,03E-233 0,309  

WFDC2 -7,36 4,77E-232 0,308  



 

 B 

MXRA7 -6,91 1,83E-231 0,307  

STX8 -6,89 7,92E-228 0,305  

FABP3 -7,40 6,24E-227 0,304  

CD59 -6,94 2,42E-226 0,304  

SLPI -7,36 5,68E-224 0,302  

CREB3L4 -6,62 7,41E-224 0,302  

SH3BGRL -7,20 1,11E-223 0,302  

MB -7,32 2,19E-222 0,302  

RBP4 -6,64 3,09E-222 0,301  

COL4A3BP -7,17 7,49E-219 0,299  

TAGLN -7,48 2,79E-218 0,298  

CST6 -6,86 1,55E-214 0,296  

UNC5D -6,71 1,79E-213 0,295  

NPDC1 -6,89 1,22E-212 0,295  

TNFRSF1B -6,80 1,66E-208 0,292  

RGMB -6,60 3,30E-208 0,292  

CTSH -6,71 9,37E-208 0,292  

STMN2 -6,51 1,16E-207 0,291  

EPHB6 -6,55 1,70E-204 0,290  

RNASE4 -6,71 6,51E-203 0,288  

CIRBP -6,55 2,98E-198 0,286  

MAP2K2 -6,43 2,74E-197 0,285  

PDIA6 -6,56 2,03E-195 0,283  

UNC5C -6,59 7,59E-195 0,283  

EFNA5 -6,46 1,94E-194 0,283  

VPS24 -6,52 1,83E-193 0,282  

CALCOCO2 -6,25 4,28E-190 0,280  

CCL14 -6,35 2,05E-189 0,279  

COL18A1 -6,66 6,64E-187 0,277  

RNASE6 -6,29 3,84E-185 0,276  

IGFLR1 -6,23 4,57E-184 0,276  

CST6 -6,39 3,08E-183 0,275  

SUMO3 -6,38 7,66E-183 0,276  

RANBP3 -6,31 2,15E-182 0,275  

TPT1 -6,17 2,92E-182 0,275  

FKBP7 -6,36 3,26E-182 0,275  

C11ORF68 -6,37 4,00E-181 0,274  

TFF3 -6,16 4,75E-181 0,274  



 

 C 

EPHA2 -6,48 7,83E-179 0,272  

HFE2 -6,00 8,68E-179 0,272  

UNC5B -6,25 1,89E-178 0,272  

FABP4 -6,80 2,98E-178 0,272  

ERLEC1 -6,31 5,39E-178 0,272  

UBE2E1 -6,25 2,61E-177 0,271  

CD55 -6,11 3,66E-177 0,271  

EFNA2 -6,08 2,15E-176 0,270  

GAS1 -6,19 2,93E-176 0,270  

CFD -6,79 3,64E-176 0,271  

EPHB6 -6,16 5,07E-175 0,269  

DPY30 -6,06 6,59E-174 0,269  

NUDT3 -6,11 7,55E-171 0,266  

VWC2 -6,08 9,45E-171 0,267  

RBM3 -5,93 7,26E-170 0,266  

DLK2 -6,19 7,37E-170 0,266  

SUMO3 -5,98 5,83E-168 0,265  

CLMP -5,89 7,61E-168 0,264  

PIANP -5,92 2,50E-167 0,264  

PIANP -5,79 1,63E-162 0,261  

TMPO -5,94 1,54E-160 0,260  

SERPINF1 -5,71 2,72E-160 0,259  

CHGB -5,89 3,44E-159 0,258  

SMOC1 -6,34 4,76E-159 0,258  

UFC1 -5,99 8,60E-157 0,257  

PSMB1 -5,96 1,01E-154 0,256  

LRP11 -5,73 7,58E-154 0,255  

TNFRSF19 -5,67 2,35E-153 0,255  

CLIC4 -6,07 7,69E-153 0,254  

EFNA4 -5,87 3,51E-152 0,254  

SEMG2 -5,44 6,48E-151 0,253  

VIT -6,19 8,14E-151 0,253  

ARHGDIB -5,86 1,18E-150 0,253  

CYTL1 -5,92 5,32E-150 0,253  

DLK1 -5,43 1,87E-149 0,252  

PI3 -6,00 5,27E-149 0,251  

CMPK1 -5,45 6,07E-149 0,252  

STX4 -5,84 3,72E-148 0,252  



 

 D 

DYNLL2 -5,66 3,18E-147 0,250  

BAMBI -5,52 4,09E-147 0,250  

TAX1BP3 -5,70 8,22E-147 0,250  

PRSS2 -5,46 2,31E-146 0,250  

SPINK7 -5,43 3,45E-146 0,250  

CFD -5,59 2,49E-141 0,246  

DLL1 -5,47 2,36E-140 0,245  

SLAMF1 -5,41 4,65E-139 0,245  

CBR1 -5,46 1,22E-138 0,244  

TNFRSF21 -5,42 5,76E-138 0,244  

VIT -5,76 1,58E-136 0,243  

TRAPPC3 -5,25 4,40E-136 0,242  

ESAM -5,47 4,62E-135 0,242  

KLK8 -5,28 6,75E-133 0,240  

MIA -5,31 4,40E-132 0,239  

MESDC2 -5,71 2,46E-131 0,240  

ERP29 -5,13 4,15E-131 0,239  

XXYLT1 -5,47 3,73E-130 0,238  

SERPINF1 -6,17 5,76E-130 0,238  

PRSS1 -5,30 9,96E-130 0,238  

CCL15 -5,29 1,13E-129 0,238  

KLK8 -5,26 3,77E-128 0,237  

MMP7 -5,34 1,25E-127 0,236  

PEBP1 -5,44 4,31E-127 0,235  

TNFRSF1B -5,18 1,73E-126 0,235  

RAD23A -5,20 1,94E-126 0,235  

PCDHGA10 -5,47 2,65E-126 0,236  

APOF -5,39 3,74E-126 0,235  

SPINK1 -5,07 9,63E-126 0,235  

LYZ -5,46 2,98E-125 0,235  

NPC2 -5,17 1,38E-124 0,234  

ROR1 -5,26 3,68E-124 0,234  

ARHGAP1 -5,45 6,01E-124 0,234  

FAM19A5 -5,09 6,63E-124 0,234  

GDF15 -5,71 1,66E-123 0,233  

DCTN2 -5,17 3,44E-123 0,233  

TNFSF15 -5,21 3,29E-122 0,232  

TREM1 -5,39 3,81E-122 0,232  



 

 E 

MAP1LC3B -6,13 4,21E-121 0,233  

ADM -5,17 1,66E-120 0,231  

GABARAPL2 -5,32 2,38E-120 0,231  

IL15RA -5,19 3,63E-120 0,231  

UNC5D -5,09 3,81E-120 0,231  

MANSC1 -5,14 7,24E-120 0,231  

RPS27A -5,38 1,37E-119 0,231  

TNRC6B -5,13 1,62E-119 0,231  

SPON2 -5,14 2,62E-119 0,230  

MSMP -4,85 3,49E-119 0,230  

PCSK1 -4,90 9,03E-118 0,229  

CCL15 -5,18 4,76E-117 0,229  

YWHAB -5,19 5,19E-115 0,228  

B4GALT1 -5,31 1,62E-114 0,226  

MDM1 -4,99 2,49E-113 0,226  

TNFRSF21 -4,95 6,48E-112 0,225  

NEGR1 -5,00 4,51E-111 0,224  

NRXN1 -4,97 5,95E-111 0,225  

NRXN3 -4,92 1,28E-110 0,224  

PPIA -5,13 1,85E-110 0,224  

FABP3 -5,09 2,50E-110 0,224  

SUMF1 -4,72 5,28E-110 0,224  

JTB -5,05 3,34E-109 0,223  

CD7 -4,77 3,36E-109 0,223  

KLK11 -4,95 8,06E-109 0,223  

DPT -5,09 1,04E-108 0,222  

SCG3 -4,82 3,27E-108 0,222  

GZMA -4,79 6,22E-108 0,222  

ESAM -5,03 1,15E-107 0,220  

APLP2 -5,26 6,67E-107 0,222  

REG1A -5,05 2,43E-106 0,221  

AP2A2 -5,01 3,09E-105 0,220  

WFDC1 -4,87 1,52E-104 0,220  

VNN2 -4,61 3,42E-104 0,219  

CD300C -4,79 3,20E-103 0,218  

WISP2 -5,41 6,43E-103 0,218  

PNLIPRP1 -4,55 6,50E-103 0,218  

CBR3 -4,53 1,48E-102 0,218  



 

 F 

HAVCR2 -4,91 1,79E-102 0,218  

ARL3 -4,75 1,97E-102 0,218  

STX10 -4,59 1,25E-101 0,218  

ARRDC3 -4,55 2,47E-101 0,217  

CCL23 -4,69 4,72E-101 0,217  

RTN4R -4,90 1,86E-100 0,217  

EIF4G2 -4,81 4,16E-100 0,217  

EPHA4 -4,69 6,44E-100 0,216  

MCTS1 -4,60 1,81E-99 0,216  

RBP4 -5,11 3,01E-99 0,216  

RAD23B -4,93 9,17E-99 0,216  

FAM3B -4,58 1,05E-98 0,215  

DLL1 -4,66 1,63E-98 0,215  

RARRES2 -5,06 1,27E-97 0,214  

GGA1 -4,91 2,34E-97 0,214  

DEFA5 -4,59 2,37E-97 0,214  

PGRMC1 -4,67 3,53E-97 0,214  

ROR2 -4,62 6,83E-97 0,214  

SECTM1 -4,54 7,34E-97 0,214  

GCG -4,48 1,04E-96 0,214  

RBFOX2 -4,76 3,58E-96 0,214  

GUCA2B -4,45 1,44E-95 0,213  

IL2RB -4,46 2,12E-94 0,212  

NELL1 4,53 8,79E-94 0,212  

EFNB1 -4,47 9,28E-94 0,212  

CNTFR -4,55 6,09E-93 0,211  

MATN2 -4,67 6,51E-93 0,211  

FGF20 4,59 9,32E-92 0,212  

FABP1 -4,48 3,10E-91 0,210  

CCL23 -4,53 5,04E-91 0,209  

 
 

 


