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Abstract

Diabetic kidney disease (DKD) is a microvas-
cular complication of progressive renal decline
in patients with diabetes, which is the leading
cause of end-stage renal disease (ESRD) glob-
ally. Early epidemiological and genetic studies
demonstrated that DKD is a heritable condi-
tion, indicative of an underlying genetic com-
ponent for its increased susceptibility. Since
then, significant work has been conducted to
unravel causal genes implicated in DKD
development and progression. With the
advancement of genomic technologies,
genome-wide association studies (GWASs)
and next-generation sequencing (NGS)
approaches continue to expand our knowledge
of the genetic architecture of DKD and
uncover novel biological pathways implicated
in disease pathogenesis. Additionally, the
establishment  of  large  international
collaborations has led to significantly
increased cohort sizes to improve overall sta-
tistical power to detect novel associations.
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Introduction

The rise in incidence of diabetes and its micro-
and macrovascular complications, including dia-
betic kidney disease (DKD), have become a
financial and healthcare burden globally. DKD
is a progressive, microvascular complication that
affects 30—40% of patients with type 1 (T1D) or
type 2 (T2D) diabetes and is the leading cause of
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end-stage renal disease (ESRD) (Gu, 2019, Alicic
et al.,, 2017, Li and Pezzolesi, 2018, Reutens,
2013). DKD initiation and progression arise
through metabolic dysregulation associated with
diabetes, e.g., hyperglycemia and hyperlipidemia,
and activation of the renin-angiotensin system
(Reidy et al., 2014, Alicic et al., 2017). Prescribed
medications, such as angiotensin-converting
enzyme inhibitors (ACEi) and angiotensin II
receptor blockers (ARBs), in conjunction with
intense glycemic control interventions, can
improve overall clinical outcomes (Brenner
et al., 2001). Despite the near universal imple-
mentation of renoprotective therapies, there has
been little reduction in the rate of DKD and
ESRD, and DKD continues to be associated
with excess morbidity and premature mortality
in patients with diabetes.

Early epidemiological studies demonstrated
that DKD is a heritable condition shown to aggre-
gate in families, which thereby provided a founda-
tion for studies aimed at examining the genetic
factors underlying its susceptibility (Borch-
Johnsen et al., 1992, Quinn et al., 1996, Seaquist
et al., 1989, Fioretto et al., 1999, Faronato et al.,
1997). Current estimates of the contribution of
genetics to the overall risk of DKD (i.e., heritabil-
ity or %) range from 0.3 to 0.49 (Freedman et al.,
2007, Sandholm et al., 2017), suggesting that
genetic variation may contribute up to 49% of the
risk of DKD. Completion of efforts to sequence the
human genome, through the Human Genome Proj-
ect (Lander et al., 2001), and characterization of a
haplotype map of the genome, through the Inter-
national HapMap Project (Altshuler et al., 2005),
enabled investigators to begin examining sources
of genetic variation, such as single nucleotide
polymorphisms (SNPs), at a genome-wide scale
using genome-wide association studies (GWASS).

Early GWASs of DKD focused on the role of
common variation (i.e., SNPs with a minor allele
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frequency (MAF) > 5%) and identified several
SNPs strongly associated with DKD. More
recently, large-scale collaborative efforts have
led to improved GWASs of DKD, which include
larger sample sizes, and facilitated studies that are
better powered to detect robust and more repro-
ducible genetic signals. In addition to common
variation, which likely explains only a fraction of
the associated risk of DKD, next-generation
sequencing (NGS) studies involving whole
genome sequencing (WGS) and whole exome
sequencing (WES) are emerging to help explain
some of the ‘missing heritability’ of DKD
(Manolio et al. 2009).

Pathophysiology of DKD in T1D
and T2D

DKD patients present with numerous histological
and clinical phenotypes that vary with the type
and duration of diabetes. With regard to renal
histology in T1D DKD, glomerulopathy is appar-
ent with an expansion of the mesangium, base-
ment membrane thickening, and podocyte loss,
along with tubular atrophy and tubulointerstitial
fibrosis (Alicic et al., 2017; Reidy et al., 2014;
Fioretto et al. 2008). Furthermore, increasing pro-
teinuria and decreasing estimated glomerular fil-
tration rate (eGFR) occur in T1D DKD patients
with advanced glomerulopathy. Contrarily, renal
histology in T2D DKD patients is varied and
occasionally does not manifest the TID DKD
phenotype. A subset of patients presents similar
histological patterns observed in TID DKD
patients; others may, however, present with just
some or absent glomerulosclerosis.

Nondiabetic Kidney Deterioration

Early reports of nondiabetic forms of kidney dis-
ease (i.e., NDKD), including immunoglobulin A
(IgA) nephropathy, focal segmental glomerulo-
sclerosis, and other glomerulopathies, have been
reported in < 10% of T2D proteinuric patients
(Fioretto et al. 2008) yet, recent estimates from
multiple centers report the incidence of NDKD in
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T2D patients from 33% to 73% (Anders et al.,
2018). Unfortunately, the only way to distinguish
DKD from NDKD in patients with diabetes is
through kidney biopsy and histological analysis.
This process is the “gold standard” for diagnosing
DKD, albeit physicians rarely perform kidney
biopsies on diabetic patients.

Instead, clinical biomarkers are used to assess
renal damage and functional decline in patients
with diabetes. By measuring urinary albumin
excretion and serum or urinary creatinine,
physicians can monitor the severity of renal injury
and functional impairment to renal insufficiency,
respectively. Measurements of progressive renal
damage include calculations of urinary albumin-
creatinine ratios (ACRs) and renal decline with
eGFR, where persistent macroalbuminuria/pro-
teinuria is defined as ACR > 300 mg/g and severe
kidney damage is defined by an eGFR <
30 mL/min/1.73m> (Reutens, 2013).

Disease Trajectory

The natural history of DKD is thought to proceed

first with normal glomerular function or
hyperfiltration —and then  with  urinary
microalbuminuria progressing into

macroalbuminuria, which is accompanied by
decreasing eGFR and, ultimately, results in
ESRD (Alicic et al., 2017, Macisaac et al., 2014,
Reutens, 2013) (Fig. 17.1). However, it is diffi-
cult to determine the degree of renal decline by
the presence of albuminuria alone. Progressive
renal impairment can occur without albuminuria
in T1D DKD patients who have advanced glo-
merular lesions (Caramori et al., 2003). In T2D
DKD patients, the absence of the transition from
microalbuminuria to macroalbuminuria and albu-

minuria without renal decline can occur
(Retnakaran et al., 2006, Gaede et al., 2004).
Additionally, individuals can revert to

normoalbuminuric status and still have renal
insufficiency (Perkins et al., 2010).

For extreme phenotypes, overt
macroalbuminuria indicates sustained renal dam-
age and a likely progression to ESRD. Because of
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Fig. 17.1 Natural History of DKD. Graphical with diabetes. Macroalbuminuria/proteinuria is defined as

representations demonstrating the progression of DKD
using clinical markers of (A) renal injury (albumin-
creatinine ratio, ACR) and (B) renal function decline
(estimated glomerular filtration rate, eGFR) in patients

the dynamic presentation of albuminuria, eGFR
and its longitudinal trajectory (i.e., rate of renal
function decline) are considered better predictors
of progression of DKD (Skupien et al., 2012).
Importantly, patients with poor glycemic control
do not always progress or ever develop DKD,
suggesting that other influences, such as

ACR > 300 mg/g and severe kidney damage eGFR <
30 mL/min/1.73m>. Regression from microalbuminuria to
normoalbuminuria illustrates an example of the pheno-
typic heterogeneity that can occur with DKD

individual genetic risk, may play a role in both
susceptibility and progression (Reidy et al.,
2014).

When designing genetic studies of DKD,
researchers primarily rely on ACR and eGFR
measurements to define cohorts and examine the
association of various albuminuria- or eGFR-
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Fig. 17.2 GWASs of DKD. (A) Dichotomous DKD SNPs. NA, normoalbuminuria; MA,

phenotypes examined in case-control-based approaches
with presented clinical parameters for each ACR-based,
eGFR-based, or combined phenotype in (B). (C) General
approaches for conducting a GWAS to identify candidate

based phenotypes with genetic variants (i.e.,
SNPs) (Fig. 17.2). Genetic studies typically
dichotomize patients based on these phenotypes
and perform case-control association analyses.
For example, DKD ‘case’ subjects could be
defined as those who have proteinuria or ESRD,
and the frequency of SNPs observed in these
patients could be compared with frequencies
observed in diabetic ‘control’ patients with
normoalbuminuria. Studies may also examine
associations between SNPs and quantitative traits
for ACR or eGFR, instead of dichotomizing cases
and controls for association analyses. Unfortu-
nately, no genetic analysis of renal function
decline has been conducted to date (Li and
Pezzolesi, 2018).

microalbuminuria; PR, proteinuria; CKD, chronic kidney
disease; ESRD, end-stage renal disease; eGFR, estimated
glomerular filtration rate; DKD, diabetic kidney disease

The Genetic Architecture of DKD
through GWASs

While early genetic studies employed positional
cloning and linkage analysis to identify potential
causal regions for DKD susceptibility, current
genetic approaches utilize GWASs to identify
susceptibility =~ markers. GWASs  detect
associations between the frequency of different
alleles of SNPs and a disease trait within a given
population and have been very powerful in com-
plex, common disease genetics. Generally,
GWASs analyze common SNP variation within
the genomes of unrelated individuals. Here, we
present the major findings from recent GWASs of
T1D and T2D DKD patients (Table 17.1).

Early GWASs of DKD were primarily
performed on T1D DKD cohorts, as there are
less compounding risk factors compared to T2D
DKD, such as cardiovascular health and age,



C. A. Simeone et al.

226

EASAND
(ST0T) T8 32 TeSuad] ouyle-suel], daclL ‘ouLiou sA (IYSd/101d LSO 601 X L°G TT8ETLTIST /84VIS | 9
EYSAND
(S107) 'Te 10 TeSuak] Jluge-suel], dacl ‘OuLIOU SA (TYSH/101d €L0 g0l X €71 €681 /84AVOS | 9
(6107) Te 10 WoRS UeIsesne? darlL 09 < YIDA 'sa dwanxs @D 10°6 g0l X LE'T [4S38 2% 48 dIVONS | ¢
(¥100)

‘Te 3o wjoypueg ueisesne’) daiL d4v 120 601 X C'1 STOITO0TsT EVYID | ¥
(6107) T8 10 woeS ueisesne’ aiL ‘owou 'sA Nd e 501 X TE'1 6£9671716151 LONN | ¥
(6107) T8 10 WoRS ueiseone’) daiL “OULIOU "SA “OISIA 139 (01 X 90C 8911895 1St [SV-CANVH | Vv

(L100)
‘[e 3o wjoypueg UeIseone? darlL dd ou 'sa q4SH 'l -0l X 09 Yy LLTI9S EINdId | ¥
UBDLIOWY aIsguou
(6107) e 10 ueny UeoLjy daclL ‘ONRqRIpUOU "SA (I3 SH/101d P81 11-01 X 8¢Y 790LT98GST ENYLIIS | €
(6107) 'Te 10 woes ueiseones) daiL aysguou 'sa q4SH €L'8 g 01 X LE'] 6509129118t OVIS| ¢
(6107) T8 10 WoRS ueiseone’) daiL ‘ouLiou “sA qJSH 0r'6 301 X L0V ELITO0S TSI 99CIOONIT| €
(6107) 'Te 10 WoRs ueiseone’) daiL “OULIOU "SA “OISIA €L9 01-01 X €8 [4 1454 14480 IPWNWVL | €
UBDLIOW Y @Isquou
(6107) 'Te 19 ueny UedsLyy dacl ‘onaqerpuou “sA NSH/101d ¢Sl g0l X CE'1 16S8S8TLSL | EPWNEA/EANY | T
(8102 UeIsy acl
‘e 10 wepAnz uea / ueiseonen /dlL J4D° L1'e o0 X ¥'1 06677L6151 ass| ¢
(6107) 'Te 10 Woes ueiseone’) daiL a>IO ou 'sA d3D 9L°0 60l X €16 0L6S19CTsT [IDdT0D | T
(6107) T8 10 WoRs ueiseone’) aiL “OULIOU "SA “OIBIA 8L°0 -0l X 8CT'6 LYLEOLSSST EVPFIOD | T
‘ouLou ‘09
(6107) Te 10 WoRS UeISEdne ) darlL < ¥AdD2 SANA + AID LLO 601 X 0€°C LYLEOLSSST EVVI0O0 | C
(6107) Te 10 WoRS UBISBONe) darlL "OULIO "SA eLINUTWNATR [Ty €80 o1-01 X 88°¢ LYLEQLSSST EVFIOD | ¢
(6107) T8 10 woRS UeIseones) darlL ‘OuLIou “SA NI 6L°0 -0L X ¥E°¢ LYLEOLSSST EVFIOD | ¢
(z100)
‘[e 19 wjoypueg ueiseonen) aiL ‘ouLIou sA (IYSd/101d 99°0 01 X 1°C 0SS88CLST radyd | ¢
dacl
(9107) T 10 Iownay, UBISBONe ) /dIL Jovn 61°0 01 X €9 9E8LTYEIST [IS9SH| ¢
(z100)
‘[e 10 wjoypueg ueiseone’) aiL aysguou 'sa qdSd 6C'1 g 01 XTI LL8EBSLST 44V | C
SOOUAIRYY uoneindod | seleqerg paurwexy 2dKjouayq oney anfeA-4 dNS 007 | 1Y)
SPPO AqreoN
/ poytoday

paurwrex? sadKjouayd [euar pue suonendod snotrea ur sayoeordde Sy D Y3noIy) paynuapl 1090] @[ UALIN) |°/L 3|qel



227

17 The Genetic Basis of Diabetic Kidney Disease

(panunuod)

(8102 ueisy azlL
[e 30 wepAny uea / ueIseone)) /dll YdD° W 201 X 1T 6067981181 aonn| 91
(T102) ZdIOW
‘Te 10 wjoypueg ueIseone) ailL @YSHUOU ‘SA qYSH/I01d 081 601 X 07T $S8LEVTISI /YD | SI
(6107) 'Te 10 wores ueIseone) alL "OULIOU "SA “OIOBA] 09t .01 X 6€°C 90THSSET T8I NIdVd | ¥1
(6107) 'Te 10 wores ueIseone) allL "OULIOU SA "OITJA 6L°0 ¢ 0 X ¥8°6 01+€861981 9dEaXIS | t1
(a6002) 8G8TIPLISI 4Y'/4
Te 19 189]0223g uelseone)) dallL "OWLIOU SA (TYSH/101d 1§ 901 X 81 /99LTTHISE /9I0AN | €1
(6100) Te 10 woes uelseone)) alrlL "OULIOU SA “OIIIA] LT ¢ 01 X 69'1 P6TLEGE]TST LVHIATd | 11
azl
(9102) "Te 10 Jowmna, ueIseone) /dIL AoV 10— .01 X 8¢ 67561981 EqVY | 11
(a6002)
Te 39 189]0223g uelseone) ail "OWLIOU SA (TYSH/101d 9¢'1 6 01 X T'€ THOTSHST SYVD | 11
(ST0Q) 'Te 10 urewIon uelseone)) alrlL "OWLIOU SA (TYSH/101d #8°0 .01 X 69°G $€69TE TS ISTI0S | 01
(L102)
Te 10 wjoypues ueIseone) alL "OuLIOU SA (I3[ PAUIqUIO) LT'T 00l X ¥'L G98608CLST EOYN | 01
(a6002)
Te 19 189]0223g uelseone)) ail "OWLIOU SA (TYSH/101d SP1 .01 X 0§ $T089801s1 canyd| 6
(6100) Te 10 woes ueIseone)) alryL "010BW ‘SA (TYSH oL'1 ¢ 01 X 6€% LOLT6TTSSSE T¥ON¥d | 8
(8102) UBISY azl
Te 30 wepAny uea / uerseone) /dIL R EL 10T ¢ 0l X LT 200%C20Tst OVIYd | L
(6107) 'Te 10 woles ueIseone) allL "OULIOU SA “OIDTIAl 91'6 ¢ 0L X #0'1 9LOELTLLSE DVIINW | L
(S1027) "Te 10 JBBUAL oruyje-suel], acl "owIou sA (TYSHA0Id wl 01 X 78S S9GTELST ZAVNIND | L
(L102)
Te 3o wjoypues uelseone)) dall @Id ou 'sA @9SH 62’1 o 01 X 81 817686151 ZAVNIND | L
(L102) "OwLIou ‘09
Te 10 wjoypues ueIseone) arl < UD9 sa (@IA + @D 9’1 .01 X 09 81686151 ZdVNIND | L
(e6007) €Tl 0l XT¢ 080788151
Te 39 159]0223g uelseone)) dallL "OWLIOU SA (TYSH/101d YT1 ‘e O X L1 ‘8C069LT TSI TOWTH | L
(5002)
Te 10 DyeZeWIYS asouedef azl "OuLIOU SA (TYSH/101d L9T 6-01 X 08 10€THLST IONTd| L
(a6002) "OULIOU SA TAdD
Te 39 189]0223g uelseone)) ail QSH/101d 6¢'1 601 X 0§ 6506¢s1 JINHD | L
(8102) UBISY azl
Te 30 wepAny uea / uerseone) /dIL "OULIOU "SA “OIIA STl ¢ 0l X S¥ 1LYTy66St [399vo | 9
(6107) 'Te 10 woles ueIseone) alL "OULIOU SA "OITJA 6L°¢ ¢ 0l X T¥'Y CY8YTIBIISI Haal 9




C. A. Simeone et al.

228

QJeI UOTRIOXA urunqre

YAV ‘onel UIUNBAID-UING[e ‘Y)Y el UONeN[Y Je[NISWO[S PAILWNSI Y402 dSeasIp Aoupny/[eual 93eIs-pus ‘qYST/YUSA dSeasIp Aoupny| OIUOIYd ‘(Y dseasip Aoupry
oNRQRIP ‘N@/AYJ ‘elnurdjoid/ernurungeoIdeu J04d/0400p) eLNUINGROIOIW ‘001 ‘eunurungreowiou ‘outiop ‘wstydiowAod aprios[onu 9[3uUls ‘gNS ‘QWOSOWOIYD 4y

ueoLRwYy @ISquou
(6107) e 19 ueny URdLY dcl ‘onaqeIpuou ‘sa YSH/101d LL'O 01-01 X T¥'l €9€779651 [70dV | Tt
(STOT) '[e 12 TeSuaL] OluyR-SUeBL], dacl ‘ouLIou sA ([YSd/101d 9€'l .01 X €T°C 1919¢181 [70dV | Tt
(STOT) '[e 12 TeSuaL] OluyR-SueL], dcl ‘ouLIou sA ((YSd/101d LT g 01 X L'L 0STOSLSS 6AHW | TT
(8100 UeISY dacl
‘[e 30 wepAnz uea Juelseone)) /diL aD ou sA D 0Tl ¢-01 X 1T 9€190TTs ¥g01d | 0T
(6107) Te 10 WoRS ueiseone) drlL "OULIOU SA "OIOTA 8L9 601 X L9T YOYrEPYY ISt LdWd | 0T
uedLIWY @Isquou
(6107) e 10 ueny uedLyY dacl ‘O1qRIPUOU "SA (TYSH/I101d L9'1 ¢ 01 X IT°€ 66CL08YST LOND | 61
(6107) 'Te 10 Woes uelseone)) dllL aD ou sa A SL0T ¢-01 X 8T'1 60166TS8 18T [rdsr| 81
ueoLIOWY @Isquou
(6107) T8 19 ueny UBILY dacl ‘onaqerpuou ‘sa TYSH/101d 9T'C 601 X €6°C 6SLILITYIST LddNA | L1
uedLIWY @Isquou
(6107) e 10 uenD URdLY dacl ‘ON9qRIPUOU "SA (TYSH/I101d 690 ¢-01 X LT'€ €61€95TH181 LddNA | L1
(8107) 'Te 10 IR, asoueder dacl ‘ouLIou sA ([YSd/101d 8T'1 ¢-0T X 0L'L LST1S6881 anyd | L1
(8107) 'Te 10 AR, asoueder dacl ‘ouLIou sA ([YSd/101d €Tl 01-01 X ¥L°L 191609651 orLd| 91
SAOUAIRJY uonendog | saleqRI( paurwexy adAjouayq oney anfeA-4 dANS 0o | 1Y)
SPPO AqreoN
/ poytoday

(penunuoo) /L d|qeL



17 The Genetic Basis of Diabetic Kidney Disease

which can increase phenotypic heterogeneity.
One of the first TID DKD GWASs identified
FRMD3 and CARS in 820 diabetic cases with
either persistent macroalbuminuria or ESRD
(Pezzolesi et al., 2009b). The original discovery
cohort signals did not reach genome-wide signifi-
cance (defined as a P-value < 5 x 10~%), most
likely due to its modest sample size. Associations
at these loci were reproducible in a cohort com-
posed of patients from the Diabetes Control and
Complications Trial/Epidemiology of Diabetes
Interventions and Complications Study (DCCT/
EDIC) (Pezzolesi et al., 2009b).

Another early GWAS analysis and a
subsequent replication study identified another
reproducible candidate DKD gene, ELMOI, in
both T2D and T1D study cohorts (Shimazaki
et al., 2005, Pezzolesi et al., 2009a). As genetic
associations at both FRMD3 and ELMO1 were
independently replicated, the functional roles of
both genes in DKD susceptibility have been
examined further. In a study by Martini et al.,
one SNP located in the promoter region of
FRMD3 was computationally and functionally
demonstrated to show increased binding of tran-
scription factors, which might downregulate
FRMD3 expression and lead to increased DKD
susceptibility (Martini et al., 2013). Interestingly,
for ELMOI, most functional studies have
demonstrated that increased renal expression of
ELMOI1 occurs in DKD mice, overexpression of
ELMOL1 can promote increased expression of
extracellular matrix proteins in vitro, and
increased expression can cause pathological
features of DKD such as glomerular changes
and urinary excretion of albumin (Shimazaki
et al., 2005, Hathaway et al., 2016). Contrarily,
another study challenged the role of ELMOI1 in
DKD, demonstrating that introducing additional
ELMO!l mRNA in PDX1 morphant diabetic
zebrafish is renoprotective, by restoring structural
integrity in the pronephros (Sharma et al., 2016).

Since these early genetic studies, realizing that
common variants have modest impact on disease
risk (e.g., odd ratio (OR) typically 1.10-1.40) and
that larger sample sizes can improve detection of
these signals, collaborative efforts from
investigators across the world have empowered
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larger GWASs. In 2012, the Genetics of
Nephropathy—an International Effort (GENIE)
consortium—identified two genome-wide signifi-
cant loci for associations with ESRD (an intronic
SNP rs7583877 in AFF3 and an intergenic SNP
1512437854 located between RGMA and
MCTP2), in a meta-analysis of >12,000
individuals (Sandholm et al., 2012). Additionally,
although not genome-wide significant, a strong
association with diabetic nephropathy (defined
as persistent macroalbuminuria or ESRD) was
also seen (intronic SNP 1rs7588550 in the
ERBB4 gene).

In addition to increasing sample sizes, to over-
come limitations of these early GWASs due to
imprecise and variable phenotypic heterogeneity,
Sandholm et al. analyzed a range of ACR- and
eGFR-based subphenotypes, which span different
stages and severities of DKD in a meta-analysis
of 4 large cohorts (Sandholm et al., 2017). How-
ever, despite being well-powered to detect
variants with a MAF > 10% and an OR > 1.55,
no SNPs reached genome-wide significance in
this study. Suggestive associations for ESRD-
based phenotypes (“ESRD vs. no DKD” and
“CKD + DKD s eGFR  >60,
normoalbuminuric”) were detected in CNTNAP2
(rs1989248), PTPNI13 (1s61277444), and AFF3
(rs7562121). As many of the samples included in
this study overlap with those in the previous
GWAS from the GENIE consortium, this sugges-
tive association at AFF3 does not provide inde-
pendent replication of the previously reported
association. Interestingly, independent replication
was observed in this study for signals reported at
ELMOI (Shimazaki et al., 2005), the MYO16-
IRS2 locus on chromosome 13q (Pezzolesi et al.,
2009b), and SIKI (Sambo et al., 2014).

Combined Databases

Following a study design similar to that of
Sandholm et al. (Sandholm et al., 2017), the SUr-
rogate markers for Micro- and Macrovascular
hard endpoints for Innovative diabetes Tools
(SUMMIT) consortium performed the largest
T2D DKD GWAS composed of > 20,000 T2D
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patients using eight dichotomous and quantitative
DKD subphenotypes (van Zuydam et al., 2018).
To further increase sample size, a combined T1D
and T2D meta-analysis that included samples of
European and Asian ancestry was performed. In
total, the sample size of this analysis exceeded
40,000 subjects. Despite this, the yield for discov-
ery of novel loci was modest. One SNP,
rs2206136 in PLCB4, reached significance with
the “CKD” phenotype (P-value = 2.1 x 10~%) in
discovery GWAS but not in replication analyses.
A novel signal at rs9942471, a position 7 kb
upstream of GABRRI, was associated with
increased microalbuminuria risk in European
subjects. Additionally, the combined meta-
analysis for eGFR identified a new genome-
wide association mapping near SSB. Interestingly,
as the authors note, while this study aimed to
overcome some of the limitations of earlier stud-
ies, its significantly larger sample size came with
increased phenotypic and, likely genetic, hetero-
geneity that may have impacted its ability to
detect additional genetic associations.

Coding vs Noncoding Variants

SNPs included in these studies mostly map to
nonprotein coding regions, which limits the inter-
pretation of the candidate SNP’s role in disease
susceptibility. Similarly, identified SNPs may be
in linkage disequilibrium with causal variants
some distance from the identified association,
e.g., a causal variant may localize to a gene sev-
eral hundred kilo-basepair away from the detected
association, thereby complicating investigations
into the functionality of an associated SNP.
Importantly, completion of the National Heart,
Lungs, and Blood Institute’s Exome Sequencing
Project led to the development of a new genera-
tion of commercially available genotyping arrays
that, in addition to common noncoding variation,
now includes coding or ‘exome’ variants with
MAFs as low as 0.5% across the genome (Auer
et al., 2016).

Using this technology, the Juvenile Diabetes
Research Foundation funded Diabetic Nephropa-
thy Collaborative Research Initiative (JDRF-
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DNCRI) recently performed the largest T1D
DKD GWAS, with 19,406 T1D individuals with
and without kidney disease, and identified
16 novel genome-wide significant associations
with various dichotomous phenotypes (Salem
et al, 2019). The strongest association
(rs55703767, a common missense variant in
COLA4A3) was a protective variant against DN,
linked to lower glomerular basement membrane
thickness. In contrast to the SUMMIT study,
which included T1D and T2D individuals of
European and Asian ancestry from 16 different
studies genotyped on various platforms, the
JDRF-DNCRI study benefited from uniform
genotyping, quality control procedures, and
standardized phenotype definitions. Adoption of
this study design, coupled with an increased sam-
ple size, helped foster the discovery of several
novel associations with DKD in this study.

Ethnic Patterns

Although the majority of genetic studies of DKD
have focused on subjects of European ancestry,
several studies have included individuals of dif-
ferent ethnicities and demonstrated potential
population-specific signals. The majority of
these efforts have, however, been in patients
with T2D. In the only trans-ethnic meta-analysis
of T2D DKD patients, conducted as part of the
Family Investigation of Nephropathy and Diabe-
tes (FIND) study, Iyengar et al. identified SNP
1s955333, located between SCAFS8 and CNKSR3,
among patients of American Indian, Europeans,
and Mexican ancestries (Iyengar et al., 2015). No
SNP reached genome-wide significance in Afri-
can American T2D patients, although suggestive
associations were seen in APOLI and MYH9
genes. As APOL] is a well-known ESRD suscep-
tibility locus in African Americans, this signal
may be due to nonDKD influences.

In addition to early GWASs that first reported
associations at ELMO1, a more recent GWAS in
T2D DKD Japanese patients identified a genome-
wide significant association with rs56094641 in
FTO as a susceptibility marker for DKD (Taira
et al., 2018). The FTO locus has repeatedly been
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reported to be associated with obesity; however,
its association with DKD was not affected by
adjustment for BMI in this study. Interestingly,
this association was not replicated in European
T2D DKD patients. Many studies of T2D
attributed ESRD in African Americans have
reported additional significant loci, including
SLITRK3, ENPP7, GNG7, SFII, and LIMK2
(Guan et al., 2019, Palmer et al., 2014). With
regard to T1D DKD, there have not been any
studies to date to address the genetics of T1D
DKD in African Americans; intense effort is
needed to expand this area of research.

Contributions of Low Frequency
and Rare Variations in DKD Patients

Similar to other common, complex diseases, most
of the variants identified through GWASs of
DKD only explain a small proportion of its over-
all risk. It has been proposed that some of this
‘missing heritability,” which is not accounted for
by common variation, may be attributed to addi-
tional risk conferred by low frequency (0.5% <
MAF < 5%) and rare (MAF < 0.5%) variation
(Lee et al., 2014; Manolio et al. 2009). Although
next-generation GWASs are beginning to explore
their role in DKD susceptibility, challenges for
investigating low frequency and rare variation
persist in all complex disease genetics. Among
these, the sample size requirement needed to
detect a robust association with low frequency
and rare variation remains a major hurdle.

Statistical Challenges

For single variant association tests, the sample
sizes to achieve 80% power (at a significance
level of 5 x 10~® with an OR = 1.4) would
need to be 6400, 54,000, and 540,000 for variants
with MAFs = 0.1, 0.01, and 0.001, respectively
(Lee et al., 2014). Unfortunately, current DKD
cohorts do not exceed 50,000 patients. Addition-
ally, while newer commercial genotyping arrays
do include as many as 200,000-250,000 low fre-
quency and rare variants, these arrays are limited
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to the variants included in the array’s design, such
that novel variants and those not selected for
inclusion cannot be assessed. Finally, while
NGS-based approaches (e.g., WES and WGS)
are ideal for discovering and interrogating low
frequency and rare variation, these approaches
still remain costly at scale, despite their continu-
ous declining cost and, thereby, have had limited
utility in the field.

Despite these challenges, WES and GWASs
including low frequency and rare variants have
been utilized with some success to explore the
contribution of these classes of variants in DKD.
In 2017, Sandholm et al. performed WES in
997 T1D DKD subjects (Sandholm et al., 2017).
While no variants reached exome-wide signifi-
cance (P-value < 2.5 x 1077) for single variant
and gene aggregation tests, nominal (P-value <
9 x 107°) associations with rare missense alleles
were identified; the strongest association was
observed at an intronic SNP within NVL
(rs188427269, MAF = 0.2%, and P-value =
3.3 x 1077). Importantly, the lack of exome-
wide significance in this study is likely due to its
modest sample size, as 997 patients may not be
enough to detect significant associations with rare
variants. In the TID DKD GWAS from the
JDRF-DNCRI, Salem et al. reported several
associations with low frequency variants included
on a commercial genotyping array associated
with ESRD, microalbuminuria, and DN (Salem
et al., 2019). The lowest P-value was observed at
low frequency intronic variants in PAPLN
(rs113554206, MAF = 1.2%, and P-value =
539 x 1077).

Given the excess rate of ESRD in African
Americans relative to European Americans,
Guan et al. evaluated the impact of
low-frequency variants in 47 candidate genes
involved in kidney structure (e.g., podocyte, glo-
merular basement membrane, and renal tubular
cell genes) with ESRD in approximately 5000
African American subjects (Guan et al., 2016).
After excluding carriers of APOLI risk alleles,
statistically ~ significant  associations  were
observed at two missense variants, located in
CLDNS8 and COLA4A3. A subsequent exome-
wide association study by the same group
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identified suggestive associations at OTUD7B,
IFITN3, and DLGAPS5 (Guan et al., 2018).

While these studies are the first to begin
investigating the role of low frequency and rare
variants in DKD, these associations should be
interpreted with caution due to an overall lack of
genome-wide significance due to their limited
sample sizes. These studies may suggest that
low frequency or rare variants do not contribute
significantly to the underlying genetic component
of DKD, as would be seen in monogenic
conditions, but may still modestly impact its
susceptibility.

From Genetic Causes of DKD
to Personalized Therapies

Although progress in personalized therapeutics in
DKD has been limited, genetic studies in DKD
have shown promise toward translating robust
findings to improved patient care. Pharmaco-
genomics examines how genetic variation can
impact beneficial or adverse reactions to therapies
and, using genetic data to predict therapeutic
response, is beginning to emerge in clinical prac-
tice (Roden et al., 2019). This approach has been
applied to evaluate reactions to therapies for DKD
patients.

One of the earliest studied pharmacogenomic
loci in DKD is the insertion-deletion polymor-
phism of the ACE gene (rs4646994), where the
insertion (/) or deletion (D) of a 287 basepair Alu
repeat in intron 16 of ACE affects patient
responses to angiotensin converting enzyme
(ACE) inhibitors, a first-line treatment for DKD.
In T1D DKD patients, early reports indicated that
individual homozygous for the deletion allele
(DD) was more likely to progress to ESRD and
lacked a response to renoprotective therapies.
However, a study from the Steno Diabetes Center
demonstrated that there is no difference in the
renoprotective effects in either II or DD
individuals (Andersen et al., 2003).
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Angiotensin Modulators

These conflicting results in T1D DKD patients
could result from the modest sample sizes of
these studies or the efficacies of the drugs exam-
ined. More recently, Wang et al. investigated the
renoprotective efficacy of valsartan, an angioten-
sin receptor blocker (ARB), in T2D patients car-
rying the ACE I/D polymorphism and reported an
increased risk of developing DKD among carriers
of the D allele (Wang et al., 2016). They also
observed a beneficial decrease in albuminuria
levels for patients with the /D and DD genotypes
when treated with valsartan. This observation is
likely due to decreased plasma ACE activity in
patients carrying this polymorphism.

While no genetic studies of DKD have
reported a significant association with CYP2C9,
two coding polymorphisms, *2 (Argl44Cys,
rs1799853) and *3 (Ile359Leu, rs1057910), can
influence CYP2C9 metabolism of ARBs. As
ARBs can improve renal function in DKD
patients, some studies have examined pharmaco-
logical responses with these variants. Lajer et al.
described that patients without the CYP2C9*3
polymorphism had a significant change in systolic
blood pressure after 4 months compared to *3
carriers. However, both *3 and non*3 carriers
had no significant difference in urinary albumin
excretion during the study period (Lajer et al.,
2007).

Future Directions

Overcoming DKD’s phenotypic heterogeneity
has proven to be among the most challenging.
As a progressive disease, the lack of consistent
findings across studies can, in part, be attributed
to the array of clinical definitions established by
different studies. Since most genetic approaches
are inherently cross-sectional, investigators typi-
cally examine multiple phenotypes that span all
stages and presentations of renal disease. This
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approach has drawbacks, as a patient’s renal sta-
tus could change over time (ie., a
microalbuminuric patient reverts to
normoalbuminuria or, alternatively, progresses
to proteinuria or ESRD), leading to misclassi-
fication. Misclassification bias then could result
in a significant number of false-negative
associations. Indeed, longitudinal investigations
of DKD have shed new light on the natural his-
tory of this disease and its heterogeneous nature (
Perkins et al., 2010, Skupien et al., 2012,
Krolewski and Bonventre, 2012, Krolewski,
2015). Additionally, the rate of renal function
decline varies widely among DKD patients; per-
haps, genetic factors influence whether this
decline is slow, where ESRD is reached after
decades of diabetes, or decline is rapid and pro-
gression to ESRD occurs in as little as a few years
after the onset of diabetes (Skupien et al., 2012,
Krolewski and Bonventre, 2012, Krolewski,
2015). Because of the heterogeneity of the
subphenotypes of DKD, considering such dispa-
rate patients simultaneously likely poses
challenges to uncovering the genetic basis
of DKD.

Additionally, it is possible that a subset of
DKD patients have nondiabetic kidney disease
(NDKD) coincident with diabetes or concurrent
DKD and NDKD. Renal biopsies from patients
with diabetes and kidney disease suggest that as
many as 30-80% of patients diagnosed with
DKD actually had kidney disease attributed to
nondiabetic causes (Haider et al., 2011, Sharma
et al., 2013, Zhuo et al., 2013). Importantly, this
has major implications in terms of patient care,
monitoring, and family planning, as well as for
research studies aimed at understanding the
factors that contribute to DKD. To begin
investigating this, we have recently shown that a
subset of ‘DKD’ patients carry rare pathogenic
variants indicative of NDKD, e.g., variants in
COL4A3 (associated with focal segmental
glomerulosclerosis, thin basement membrane
nephropathy, and Alport Syndrome) and REN
(associated with autosomal dominant tubuloin-
terstitial kidney disease) (Lazaro-Guevara et al.,
2020).
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Large research consortiums are now bringing
together investigators across the globe to combine
resources and enhance the cohort sizes of current
genetic studies, such as the Juvenile diabetes
research foundation-Diabetic nephropathy collab-
orative research initiative (JDRF-DNCRI) most
recent TID DKD GWAS. Even though
establishing large cohorts increases statistical
power, how many samples are sufficient to accu-
rately identify all of the contributing genetic vari-
ation underlying DKD? Is there a sample size
threshold that diminishes any further efforts of
larger GWASs?

Epigenomics

In addition to variation at the DNA sequence
level, increasing research shows that epigenetic
and epigenomic mechanisms, i.e., heritable
changes in gene expression, including DNA
methylation and histone modifications, which do
not alter the sequence of DNA, are involved in
DKD pathogenesis (Kato and Natarajan, 2019).
Nucleic acid and chromatin histone complex
modifications elicit changes in gene expression
by affecting the binding of potential transcrip-
tional regulators. It has been demonstrated that
“metabolic memory” of previous metabolic
dysregulation exists, where patients with long-
standing  diabetes can  still  experience
complications even after intense glucose control,
highlighting prolonged modification of gene
expression patterns in DKD risk (Reidy et al.,
2014).  Therefore, identifying epigenetic
signatures could lead to new treatments and diag-
nostic biomarkers for DKD initiation and
progression.
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