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Abstract: End-stage renal disease (ESRD) or chronic kidney disease (CKD) is the terminal
state of the kidney when its function has been permanently and irreversibly damaged. A wide
variety of etiologies and pathological processes culminate in ESRD, and both environmental
and genetic factors contribute to its development and progression. Various reports suggest that
susceptibility to develop ESRD has a significant genetic component. These studies include
familial aggregation studies, comparisons of incidence rates between different racial or ethnic
populations, and segregation analysis. Genetic approaches have been used to identify genes
that contribute to genetic susceptibility. Many studies have now been carried out assessing
the contribution of specific “candidate genes”, which correlate with different functions that
are involved in the renal pathogenesis. Independent studies for specific associated genes have
frequently provided contradictory results. This may be due, in part, to the modest contribution
to genetic susceptibility which these genes impart. With the availability of different genome-
wide association studies, chromosomal regions harboring novel, previously unrecognized, genes
that may contribute to renal diseases have been recently reported. We have focused on different
genetic studies conducted on ESRD and have discussed the strength and weaknesses of these
studies. The nonmuscle myosin heavy chain 9 gene (MYH9) and renin—angiotensin system
(RAS) have been discussed in detail.

Keywords: genetic polymorphism MYH9, renin—angiotensin system (RAS), genome-wide
analysis (WGA or GWA), end-stage renal disease

Introduction

End-stage renal disease (ESRD) is a complex disorder encompassing a large variety
of phenotypes. Accurate, precise, and comparable phenotypic information is critical
for gaining an in-depth understanding of the relationship between disease and genes,
as well as for shedding light upon the influence of different environmental factors
on different genotypes. The complexity of the phenotypic makeup of renal diseases
makes this difficult. Most difficult part is diagnoses and prediction of the progression
because of the complex phenotypes involved. It is equally difficult to decide on the
optimal treatment for each patient. ESRD is an advanced form of chronic renal failure
where renal function has declined to approximately 10% of normal prior to initiation
of dialysis. There is an increasing understanding of the impact of genetic variability
on the development of renal failure, which is becoming clearer and emphasizes the
need to elucidate the genetic basis for renal diseases and its complications. This would
lead to the better understanding of the different phenotypes observed in ESRD and
would enable us to determine the genetic predisposition to terminal complications.
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The prevalence of ESRD varies in different ethnic groups.
For instance, there is four fold higher risk of kidney failure
among African Americans, whereas the risk is three fold in
native Americans, and two fold for Hispanic Americans.'

A wide range of renal diseases lead to chronic kidney
disease (CKD) and ESRD. These include monogenic dis-
orders, such as X-linked Alport syndrome and autosomal-
dominant polycystic kidney disease, and many complex
polygenic diseases. In the latter group, genetic factors
frequently have a less direct influence on the development
of CKD. However, factors such as hypertension or diabe-
tes mellitus may cause ESRD. It is known that reduced
glomerular filtration rate (GFR) is an important predictor of
cardiovascular disease and death, in the high-risk groups and
in the general population.?

The rate of decline of renal function is slower among
individuals with renal disease following blockade of the
renin—angiotensin system (RAS). This has provided evidence
that activation of the RAS may promote a more rapid loss of
GFR. Because the activity of the RAS is intimately related to
systemic blood pressure, a number of studies have examined
the relation between blood pressure and hypertension and poly-
morphisms in RAS-related genes with conflicting results.

Polymorphisms in other genes, specifically a-adducin
and apolipoprotein, may also promote renal function decline.
Increased a-adducin activity influences sodium handling and
glomerular hemodynamics in experimental animals and is
associated with hypertension in humans.® Conversely, com-
pared with other apolipoprotein E types, the epsilon 4 variant
lowers the risk of adverse renal outcomes.* Therefore, func-
tional genetic variation in these genes may be involved in the
loss of renal function over time. Kilis-Pstrusiriska et al dem-
onstrated the role of other gene polymorphisms like cytokine
genes (interlcukin [IL]-10, IL-4, IL-6, IL-1[, tumor recrosis
factor-o [TNF-a], transforming growth factor-B1 [TGF-B1],
monocyte chemoattractant protein [MCP], RANTES), and
the gene encoding methylenetetrahydrofolate reductase in
the progression of ESRD?

As there is a considerable risk of spurious associations
in population-based case—control studies between a DNA
polymorphism and complications, as well as outcome in
ESRD, some common limitations and pitfalls need to be
acknowledged. There is need for correct selection of controls,
position of SNP’s in terms of their effect on transcription of
gene or protein expression, adequate power of the study, and
results need to be replicated in the results in other cohorts. In
general, results generated from studies with limited sample
size (<<200-300 patients and control subjects) should be

interpreted with caution. An option is to replicate these studies
on large patient group as a dependent sample. During studying
population genetics; great care should be taken to confirm
that genotype distributions are not skewed, especially in the
control group. Deviations from the Hardy—Weinberg (H-W)
law, testing for deviations between the observed genotype
frequencies and the expected ones, may indicate that the refer-
ence group does not truly represent healthy individuals. It may
also indicate that genotypes might have been misinterpreted
and should be rechecked. If genotypes in the patient group are
not in H-W equilibrium, it may strengthen an observed cor-
relation between genotype and phenotype. In addition, recent
research and mapping of the human genome has revealed
previously unappreciated heterogeneity between individuals,
which should be considered when choosing single-nucleotide
polymorphisms (SNPs) and interpreting SNP data. Another
common limitation in SNP association studies is that the
authors often do not provide any data showing an effect of the
polymorphism on gene expression or protein function. Such
information would strengthen the study and could reveal if an
SNP is the actual cause or solely a marker cosegregating with
the true functional variation and could provide an important
clue for understanding the pathophysiologic mechanisms
behind a clinical outcome. Furthermore, in studies evaluating
the association between DNA polymorphisms and all-cause or
cardiovascular deaths, it is important to correct for the impact
of age, racial distribution, gender, and comorbidity (such as
diabetes mellitus) in a multiple regression analysis. Finally,
the results from an analysis of a DNA polymorphism in ESRD
patients should be compared with the findings in nonrenal
patient groups from the same ethnic background.

Recently, genetic studies have shifted to whole genome
analysis (WGA) or genome-wide association (GWA)
approach because it eliminates any bias in the selection of
the candidate genes. One of the interesting aspects about
GWA studies is that usually loci are identified that have not
been previously suspected as candidate genes/loci;® this may
occur due to several reasons. The marker may be showing
spurious association or the identified marker may be in
linkage disequilibrium (LD) with the etiological marker, in
which case the effect of different populations with different
LD must be taken into account.” Alternatively, the identified
marker may be true etiological marker that has not been pre-
viously identified as having a role in the disease. In the latter
two cases, novel biological pathways involved in the disease
state may be uncovered, leading to a better understanding of
disease processes and potentially the development of novel
therapies.
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DeWan et al® conducted a genome scan for renal clearance
of creatinine. They measured creatinine clearance (CrCl)
in 466 black and 634 white hypertensive siblings from the
Hypertension Genetic Epidemiology Network (HyperGen)
of the FBPP. The best evidence for linkage was found on
chromosome 3, both in white (at 115 ¢cM from 3pter) and in
black individuals (at 215 ¢cM from 3pter). This study provided
evidence of linkage for serum creatinine (SrCr) in white indi-
viduals (at 211 cM from 3pter) and more proximally in black
individuals (at 67 ¢cM from 3pter). Other genome scans for
measures of kidney function or nephropathy also have impli-
cated these regions and additional regions of chromosome 3;°
such multiplicity of linkage studies on independent sample
suggests that chromosome 3 may harbor a number of genes
that influence kidney function or CKD susceptibility.

Freedman etal'reported evidence of linkage on chromosome
12 (at 112 cM from pter) and on chromosome 19 (at 9 cM from
pter) in the HyperGen cohort. Although HyperGen, like Genetic
Epidemiology Network of Arteriopathy (GENOA), ascertained
sibships in which 2 or more siblings had essential hyperten-
sion diagnosed before age 60, the HyperGen linkage analysis
was conducted after pooling the black and white cohorts. The
analyses of GENOA data identified “tentative” evidence of
linkage for albuminuria on chromosome 12 (at 57 ¢cM from
pter in black individuals) and on chromosome 19 (at 100 cM
from pter in white individuals); however, the considerable
distances from the loci that were identified in the HyperGen
analysis do not support replication.

In the two previous genome-wide scans for SrCr concen-
tration, both in cohorts representative of white individuals,
the strongest evidence of linkage was observed on chromo-
some 2 (at 145 c¢cM from 2pter)!! and 4 (at 176 cM from
4pter)."? In these studies, no linkage peaks for log SrCr were
observed in either of these regions. Moreover, they found no
evidence of linkage for SrCr or for albuminuria in the chro-
mosome 10g24—-10q26 region that corresponds to the rodent
renal failure locus, RF-1." This region had been implicated in
early linkage analyses of small samples of black siblings with
ESRD! and in white pedigrees with repeated measurements
of CrClI" but not in subsequent linkage analyses for SrCr or
albuminuria reported in the larger HyperGen cohorts.™

Risk factors for developing CKD

CKD may result from any cause of renal dysfunction of
sufficient magnitude. The most common causes in the
United States are diabetes mellitus followed by hypertensive
nephroangiosclerosis and various primary and secondary
glomerulopathies. Metabolic syndromes in which hypertension

and type 2 diabetes (T2D) are present are a large and growing
cause of renal damage. ' Patients with atherosclerotic vascular
disease are 1.5 times more likely to develop ESRD than those
without it, and patients with congestive cardiac failure are at
two fold higher risk.'® Along with these factors, environmental
factors also contribute to the risk.” Various causes that may
lead to CKD are shown in Table 1.

The urinary albumin/creatinine ratio (ACR), elevated
SrCr and/or decreased CrCl and estimated GFR (eGFR)
are major risk factors for renal and cardiovascular diseases.
Epidemiological studies have reported that CKD phenotypes
cluster in families, suggesting a genetic predisposition.
However, studies reporting chromosomal regions influenc-
ing CKD are very limited.!” Arar et al'” have examined CKD
(ACR, SrCl, CrCl, and eGFR) phenotypes and have shown
that these were significantly heritable and showed evidence
of linkage on various chromosomal locations. They have
found several major chromosomal regions; the most promi-
nent regions at 2p25, 20q12, and 9921 were significant con-
tributors to CKD phenotypes among low-income Mexican
American families enrolled in the San Antonio Family Heart
Study. This region harbors Kruppel-like factor 11 (KLF11),
whose mutations tend to cause maturity-onset diabetes

Table | Major causes of chronic kidney disease

Cause Examples

Chronic tubulointerstitial Tubulointerstitial diseases: causes

nephropathies of chronic tubulointerstitial nephritis
Glomerulopathies

(primary)

Focal glomerulosclerosis

Idiopathic crescentic glomerulonephritis
IgA nephropathy

Membranoproliferative glomerulonephritis
Membranous nephropathy
Glomerulopathies Amyloidosis
associated with Diabetes mellitus
systemic disease Hemolytic-uremic syndrome ostinfectious
glomerulonephritis SLE

Wegener granulomatosis

Hereditary nephropathies Hereditary nephritis (Alport syndrome)
Medullary cystic disease

Nail-patella syndrome

Polycystic kidney disease

Hypertension Malignant glomerulosclerosis
Nephroangiosclerosis
Obstructive uropathy Benign prostatic hyperplasia
Posterior urethral valves
Retroperitoneal fibrosis
Ureteral obstruction
(congenital, calculi, malignancies)
Vesicoureteral reflux

Renal macrovascular Renal artery stenosis caused by
disease (vasculopathy of atherosclerosis or fibromuscular dysplasia

renal arteries and veins)
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of young (MODY) type 7. The chromosomal region on
chromosome 2 was consistent with all the three phenotypes
(same marker D2S1780), and similarly, quantitative trait
loci on chromosomes 9 and 15 were common for SrCr and
eGFR. Altogether, their results suggest a common genetic
link between decreased CrCl, elevated SrCr, and eGFR. This
finding is expected because all the three phenotypes include
SrCr as an important variable in their assessment. Interest-
ingly, urinary ACR revealed distinct chromosomal regions
compared to SrCr, CrCl, and eGFR. However, they pointed
out that urinary ACR and the remaining CKD phenotypes
may be regulated by different genes.

Some other studies exploring genomic loci regulating
variation in GFR and SrCr have shown significant linkage
on chromosomes 2, 3, 4, 7, 10, 14, and 198" In a study
conducted in Pima Indian sibling pairs, 9922 was associated
with diabetic nephropathy.?’ The genes of potential interest in
the region of 9q21-22 are cathepsin L (CTSL), implicated in
the renal tubular response to albuminuria and myocardial
ischemia,?! and proprotein convertase 5 (PC5), which is colo-
calized with o V-integrin in atherosclerotic plaques and thus
may have a role in inflammation or be associated with inflam-
mation-related phenotypes and transient receptor potential
(TRP) cation channel; cathepsin and proprotein convertase 5
are a big family of proteins. There are different splice variants.
These variants are characterized by a previously unknown
amino terminus of 61 residues. The differences between these
variants arise through splice events at three different sites.
One of these splice sites might be located in the pore region
of the channel as indicated by sequence alignment with other
better characterized TRP channels. TRPM3, a member of
TRP family, has a role in volume-regulated activity and renal
calcium homeostasis.?> Mutations in one of the TRP family
members, TRPC6, have been implicated in focal segmental
glomerulosclerosis (FSGS).?

Genetic polymorphisms and natural
history of ESRD in humans

In order to discuss the genetic predisposition to ESRD, it is
important to understand the natural history of the condition
and the various causative diseases or factors that lead to
ESRD. ESRD may be the end result in both monogenic and
polygenic diseases. Since the function of the gene related to
these disorders, the pathophysiology of the disease and its
extrarenal manifestations are known, investigating these
genes among nonmonogenic ESRD patients may provide
interesting insights into these conditions.

IgA nephropathy

IgA nephropathy (IgAN) is characterized by renal IgA depos-
its that generate mesangial cell damage. Subsequent events
that lead to kidney failure are not specific to IgAN. The natural
history of the disease is variable with many affected persons
having an indolent course. IgAN results from the interplay
of environmental and low-penetrance genes with additive
effects. Because many combinations of these factors could
lead to the same pathogenic effect, there is doubt on whether
accurate prediction will ever be possible for I[gAN which
is the most common form of primary glomerulonephritis.
Variations in clinical manifestations indicate that a diagnosis
of IgAN encompasses multiple disease subsets that cannot be
distinguished on the basis of renal pathology or clinical vari-
ables alone. Familial forms of the disease have been reported
throughout the world but are probably underrecognized
because associated urinary abnormalities are often intermittent
in affected family members. [gAN has complex determina-
tion, with different genes probably causing disease in different
patient subgroups.?* Ethnic differences in susceptibility to
IgAN, as well as interindividual variation in the disease course
and prognosis, strongly argue for the crucial role of genetic
factors in its pathogenesis. For example, IgAN occurs with
greatest frequency in Chinese and Japanese populations but
is relatively rare in individuals of African descent.® A high
frequency of IgAN has also been reported in biopsies of Zuni
and Manitoba Native Americans and Australian aborigines.*
Several extended kindreds with IgAN have also been reported
throughout the world, including the United States,?” France,?
Italy,?® Canada,* Australia,*' and Lebanon.* In all reported
families, segregation of IgAN is consistent with autosomal
dominant transmission with incomplete penetrance, although
more complex genetic models are also compatible with the
observed pedigrees. The incomplete penetrance is likely
explained by the requirement of additional environmental
or genetic factors for clinical manifestation of the disease.
More recent linkage-based approaches using familial forms
of the disease have identified significant or suggestive loci on
chromosomes 6q22-23/IgAN1, 2q36, 492631, 17q12-22,
and 3p24-23.%° The concerned genes of these loci need to
be identified; their biological effects should be studied and
phenotypic variations need to be explained. There is also a
need to correlate genotypes more closely with the outcomes.
There are partial genome scans of 80,000 SNPs and associa-
tions. These have demonstrated that I[gAN is associated with
polymeric immunoglobulin receptor and immunoglobulin
mu-binding protein 2 (IGHMBP2) genes.**
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Many candidate genes have been suggested, but nearly
all published genetic association studies suffer from small
sample size, inadequate correction for population stratifica-
tion, and lack of independent replication. The most promis-
ing results reported are for glycosylation defects of IgAl,
a subclass of IgA present in serum and mesangial deposits
of IgAN patients. In healthy individuals, the hinge region
of IgA1 contains up to six O-linked glycans composed of
N-acetyl-galactosamine with 3-1, 3-linked galactose, both of
which can be sialylated. In IgAN patients, a significant por-
tion of the circulating IgA1 is galactose deficient (Gd-IgA1l).
Galactose-deficient O-linked glycans of IgA 1 are potentially
antigenic and may promote formation of immune complexes
when recognized by naturally occurring antiglycan antibod-
ies in the circulation. Subsequent mesangial deposition of
immune complexes containing Gd-IgA 1 may be responsible
for glomerular injury. Interestingly, galactose deficiency
appears to be specific to IgA1 molecules, and it is absent
in other glycoproteins, such as IgD, in the same patients.*
Therefore, it is most likely that the IgA1 glycosylation
defect arises secondary to aberrant immunoregulation or
disruption within the specific subpopulation of B cells that
produce IgA1l. The molecular mechanisms involved in the
development and regulation of IgA1-secreting cells remain to
be elucidated. The first strong evidence that I[gA1 glycosyla-
tion defects may be inherited came from a study examining
serum Gd-IgAl levels in a large cohort of IgAN cases and
their relatives.*® The heritability or the proportion of variation
in Gd-IgA1 that is attributable to genetic factors was highly
significant. A clear cosegregation of high Gd-IgAl levels
and IgAN phenotype was observed in the pedigrees with
familial disease. Moreover, Gd-IgA1 levels were significantly
higher among relatives at risk for IgAN under autosomal-
dominant transmission compared with controls or individu-
als who married within families. Similar observations have
recently been reported in a smaller cohort of Chinese patients
with sporadic IgAN.> The index cases with high Gd-IgA1
(majority of cases) had relatives with predominantly high
Gd-IgA1. However, the index cases with low Gd-IgA1 levels
had relatives with levels that were indistinguishable from
healthy controls. In addition, there were many relatives of
IgAN patients who had high Gd-IgAl, yet they lacked any
signs of kidney disease. Taken together, it appears that Gd-
IgA1 is neither required nor sufficient to cause the clinical
disease. Rather, it should be considered one of the quantita-
tive risk factors for IgAN, a situation that may be analogous
to a serum cholesterol level in the risk of coronary artery

disease. Additional cofactors may trigger and are required
for full disease manifestation. For example, a recent study
suggests that the individual’s propensity to develop antiglycan
antibodies that promote immune complex formation with
Gd-IgA1 may be present as one of such cofactors.*® The
above data suggest that stratification by Gd-IgA1 may be
used to define subpopulations of [gAN patients with distinct
disease pathogenesis. This information can be used to reduce
heterogeneity in genetic studies, thus enhancing their power
to detect novel susceptibility loci. The Gd-IgA1l level can
also be used as a quantitative endophenotype in linkage and
genetic association studies. Quantitative endophenotypes
are frequently preferred in the genetic studies of a complex
disease because these may be a closer reflection of a specific
underlying pathogenic process. Furthermore, analysis of
quantitative traits typically provides greater power compared
with discrete traits.

The RAS plays an important role in promoting kidney
failure. Genetic association between RAS and a homogenous
group of renal failure cases, such as [gAN, would therefore
provide some insights into the genetics of renal failure in
general. However, association studies have produced con-
flicting results about genetic polymorphisms of the RAS in
IgAN. This may be because of the inherent problems with
such genetic studies, such as small sample size, artifacts,
random events, and initial false-positive results, or there may
be no association. Also, there are difficulties in the choice of
a control group, as well as definition of the disease group,
so that it is unambiguous, clinically relevant, and definitive.
Among the three largest RAS polymorphism studies among
IgAN, which show negative results, two studies have shown
end-stage renal failure as the end point.** Although most
of the studies have shown no correlation of angiotensin-
converting enzyme (ACE) genotypes with IgAN, a recent
study by Rodriguez-Pérez et al has shown that among IgAN,
there exist an interaction between ACE and eNOS gene
polymorphisms, which may be a prognostic factor for renal
function deterioration.** Chemokines play an important role
in the directional recruitment of inflammatory cells, and A/G
polymorphism at position —2518 in the distal 5" regulatory
region of the chemokine MCP-1 has been shown to affect
gene expression. Berthoux et al*! studied the CC-chemokine
receptor for five gene polymorphisms in primary IgAN.
Their study revealed that d32-CCRS polymorphism played
a significant role in the progression of primary IGAN, with
nl/nl genotype being an independent protective factor for late
progression toward ESRD/dialysis.
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Among Chinese patients with biopsy-proven IgAN,
2093C and 2180T alleles of megsin gene were transmitted
from heterozygous parents to patients significantly more often
than expected, suggesting that this gene may confer suscepti-
bility to IgAN in other populations.*? Megsin (SERPINB?7),
which is predominantly expressed in glomerular mesangium,
is upregulated in I[gAN. Lim et al* found that 2093T-2180C
at the 3’'UTR of megsin gene was associated with rapid
disease progression in Korean IgAN patients. These obser-
vations are contradictory and are difficult to explain. Other
recent Chinese report showed that the genotype frequency of
Fcgr3b heterozygote NA1/NA2* and polymorphisms of the
C1GALT1* were associated with the genetic susceptibility
to IgAN in the Chinese. Xu et al* have also reported that
higher genotype frequency of NA1/NA2 was found in IgAN
patients with glomerulosclerosis or crescent formation than
those without it. NA1/NA2 heterozygote of Fcgr3b is a risk
factor for progression of [gAN among Chinese. To date, few
genome-wide linkage studies of familial [gAN have been
reported, but no causal gene has yet been identified.*

Lupus nephritis
Systemic lupus erythematosus (SLE) is a prototypic immune
complex disease characterized by a variable course and
outcome. There are ethnic variations in its incidence and
clinical profile*® and familial aggregation of SLE, which
suggests a genetic component to disease susceptibility.*’ The
most robust candidate genes studied to date, those encoding
HLA-DR, low-affinity Fc receptors for IgG (FCGR), comple-
ment (C) 4, interferon regulatory factor 5, (IRF5), mannose-
binding lectin, CTLA4, and programmed cell death-1, have
shown consistent association with SLE. Other candidate
genes include certain cytokines and the Fas/FasL system.
Both global SLE phenotype and renal disease in patients
with [gG2 anti-C1q autoantibodies have been associated with
alleles of FCGR.* Recently, variation at the FCGR3B locus
has also been related to renal disease in patient’s making 3
FCGR genes strong candidates for association with end organ
damage and ESRD.¥

Alarcon et al®® determined the factors predicting the
development of renal involvement and its progression to
ESRD in a multiethnic SLE cohort (PROFILE). Further,
Genome Wide Association studies have dramatically changed
the landscape of SLE genetics; in less than 2 years time,
STAT4,' ITGAM,>*> BLK,>* PXK and KIAA1542,* BANKI
and TNFAL*7 and several other genes have been identi-
fied to be associated with SLE.%%° More susceptibility loci
were reported recently in two other GWA studies.®? It is

noteworthy that most of the studies have been conducted on
patients of European ancestry with underrepresentation of
other ethnicities. Recently, Yang et al® conducted a study on
3,300 Asian SLE patients from Hong Kong, Mainland China,
and Thailand, as well as on 4,200 ethnically and geographi-
cally matched controls, in which genetic variants in E7S1/
and WDFY4 were found to be associated with SLE (E7S!:
rs1128334, P=2.33 x 107", odds ratio [OR] = 1.29; WDF'Y4:
rs7097397, P=8.15x 1072, OR = 1.30).% Their study did not
detect any significant disease association for PXK, a result
that was later confirmed by an independent study on a Korean
population.® Data from their study indicated that although
the risk alleles in /TGAM are rare in Asians (<2%), they are
risk factors among Asian populations and are closely related
to lupus nephritis in particular.

Diabetic nephropathy

Several studies in diabetic nephropathy have shown a
susceptibility locus on chromosome 18q. A polymorphism
in the DNA sequence of the CNDPI gene, which encodes
the enzyme carnosinase-1, on chromosome 18q in patients
with diabetes determines susceptibility to develop diabetic
nephropathy.®® The substrate of carnosinase-1, L-carnosine,
is a potent inhibitor of oxidative stress and the formation of
advanced glycation end products, which may thus act as a
cytoprotective factor during diabetes. It was postulated that
opposing mechanisms, ie, hyperglycemia vs the action of
protective factors such as L-carnosine, determine the net
outcome of diabetic nephropathy.®

Savage et al® have assessed 1,111 nsSNPs in association
with diabetic nephropathy in 1,711 individuals with type 1
diabetes (894 cases, 817 controls). A number of SNPs dem-
onstrated a significant difference in genotype distribution
between groups before applying statistical correction but
not after correction for multiple testing. Furthermore, nei-
ther subgroup analysis (diabetic nephropathy with ESRD
or diabetic nephropathy without ESRD) nor stratification
by duration of diabetes revealed any significant differences
between groups.

To conduct a statistically robust study that provides
genome-wide coverage for detection of common variants
that may have relatively small, but pathogenically significant,
effect on risk of diabetic nephropathy in type 1 diabetes has
been proved by conducting the genome-wide scan, which was
supported by the Genetic Association Information Network
initiative.®’

Pezzolesi et al®” have presented data on (1) results of
this GWA scan in the GoKinD collection, (2) replication of
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the significant associations in this scan with time to onset
of diabetes-associated complications (severe nephropathy)
in the Diabetes Control and Complications Trial (DCCT)/
Epidemiology of Diabetes Interventions and Complications
(EDIC) study, and (3) characterization of expression of the
identified candidate diabetic nephropathy genes in normal
human cell lines.

Leak et al®® have carried out a linkage scan of 638 African
American affected sibling pairs with T2D enriched for
ESRD. Ordered subset linkage analysis revealed a linkage
peak on chromosome 7p in the subset of families with earlier
age of T2D diagnosis. The most significant association was
observed between ESRD age of diagnosis and SNP rs730497,
located in intron 1 of the GCKI gene (recessive T2D age-
adjusted P = 0.0006). Nominal associations were observed
with GCK1 SNPs and T2D age of diagnosis (BMI-adjusted
P=0.014-0.032). Also, one IGFBP1 and four IGFBP3 SNPs
showed nominal genotypic association with T2D-ESRD
(P =0.002-0.049). Correction of multiple tests resulted into
only 15730497 as a significant SNP. A variant of the GCK gene,
rs730497, appears to play a role in susceptibility to earlier age
of ESRD onset in African Americans. This may not represent
the “true” casual variant but may be in LD with a functional
SNP. It is plausible that multiple rare variants in this region of
the gene may contribute to this phenotype. In addition, other
candidates under the LOD-1 interval, including the growth
factor receptor-bound protein 10 (GRB10) and IGF2 mRNA
binding protein 3 (IGF2BP3), warrant investigation.*®

Monogenic diseases and renal

involvement

The development of kidney is a complex process and is
governed by large number of signaling pathways, including
the Pax/Eya/Six genes, as well as Lim 1 and Odd 1. The uteric
outgrowth and branching morphogenesis are controlled by the
Ret/Gdnf pathway. In mouse, Wnt9b and Wnt4 genes are cru-
cial for aggregation and transformation of metanephrogenic
mesenchyme into tubular epithelium. If separated from the
uteretic bud, mesenchymal cells die. FGF2 and BMP7 are the
two factors secreted by the ureteric bud that prevents apopto-
sis and promote aggregation. The competence to respond to
uteric bud inducers is believed to be regulated, among other
genes, by WT1, a transcription factor originally found to be
mutated in heritable form of childhood kidney tumor. Besides
leading to tumors, specific mutations in W71 can result in
Denys—Drash syndrome, a condition characterized by Wilms
tumors, and nephrotic syndrome (severe albuminuria) leading
to ESRD before the age of 3 years, and pseudohermaphrodit-

ism with children has either ambiguous external genitalia or
a normal female phenotype with an XY karyotype.

Congenital anomalies of the kidney and urinary
tract (CAKUT), including vesicoureteric reflux (VUR
[MIM 193000]), are major causes of ESRD in childhood.
Vats et al® reported evidence for a locus on 13q33q34
associated with CAKUT. They performed the deletion map-
ping of chromosome 13q in four children with CAKUT
using 31 microsatellite markers from the patients and their
parents. A locus for renal malformations including VUR on
chromosome 13q33-34 was studied. Its mRNA expression of
the positional candidate genes was compared with sequences
in electronic databases in silico. Further, it was studied in
adult and fetal mouse kidneys using reverse-transcription
polymerase chain reaction. The children (three girls; age
range, 5—17 years) had varying severity of developmental
delay and other organ system involvement. The spectrum of
CAKUT included high-grade VUR (n = 2), renal dysplasia
(n = 2), and hydronephrosis (n = 1). Both the children
with VUR had evidence of renal failure, with one of them
developing ESRD. Deletion mapping identified a 7-Mb
critical region flanked by markers D13S1311 and D13S285.
There are 33 genes (12 known; 21 computer predicted) in this
region. In silico expression studies showed matches for 14 of
these genes in the kidneys and 10 in the bladder expressed
sequence tags databases. Studies on mouse kidney showed
that of the 24 genes examined, several had variable expression
through the different stages of renal development, whereas
five were not expressed at all. They have reported a new locus
on chromosome 13q33q34 that can be associated with VUR
with several genes showing mRNA expression patterns that
suggest their potential involvement in renal/urinary tract
developmental anomalies.

CAKUT is most likely a polygenetic condition. In the
only genome-wide study of seven families with nonsyndro-
mic VUR, a linkage to chromosome 1 has been reported.” It
is interesting that two of the seven pedigrees did not link to
this locus, suggesting genetic heterogeneity for VUR. Sanna-
Cherchi et al’! analyzed seven large European families with
VUR. They studied markers on chromosomes 1p13, 3pl2,
6p21, 10926, and 19q13 but reported no linkage to any of these
loci. These data demonstrated substantial genetic heterogene-
ity of VUR and findings seen on 13q33 locus. There may be
additional but only moderate support for a 13q33 locus for
renal diseases.” It is interesting that Feather et al’® in their
report also identified 12 additional possible loci for VUR
with a P < 0.05, including a locus on 13q. The cumulative
parametric logarithm of odds (LOD) score for the 13q locus (in
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the region 0f 96—113 cM) in that study was 2.08 (nonparametric
linkage score = 2.37; P =0.02), when all of the families that
were not linked to chromosome 1 were analyzed. Although
these LOD scores were small, their data are at least suggestive
of a possible locus on chromosome 13 that seems to overlap
with the locus described in this report. Finally, in an attempt
to map the genes that predispose to the common causes of
ESRD, a genome-wide scan in 1,023 individuals with CKD
from 483 black families was performed by Freedman et al.”
Their results showed a modest evidence of linkage to 13g33.3
near D13S796 on multipoint, nonparametric linkage analysis
(LOD = 1.72). Incidentally, marker D13S796 is in the middle
of the critical 1333 region. Although there are no data avail-
able on the presence of VUR in the Freedman et al study, it is
conceivable that gene(s) in this region may contribute to both
renal function and anatomy. VUR may be associated with
hypertension.” This locus, therefore, may be worthy of further
examination in both syndromic and nonsyndromic VUR. In
a linkage study of 609 individuals from 129 Irish families
with one affected member for 4,710 SNPs. Among linkages
at chromosome 2q37, (NPL is maximum at 2.67 (P =0.001)
and among linkages at 10q26 and 6q27, several smaller peaks
were seen. Analysis of a subset without any additional features,
such as duplex kidneys, yielded a maximum NPL score of
4.1 (P = 0.001), reaching levels of genome-wide statistical
significance.™ A recent study by Cordell et al” using whole
genome scan in primary, nonsyndromic vesicoureteric reflux
revealed a modest evidence of linkage but no clear overlap with
previous studies. They tested for the previously reported studies
but did not detect association with 6 candidate genes (AGTR2,
HNFI1B, PAX2, RET, ROBO2, and UPK3A). This study
revealed that rs11083021 is in intron 3 of OSBPL1A, which
encodes oxysterol binding protein—like 1A; a member of the
OSBP family of intracellular lipid receptors is associated with
nonsyndromic vesicoureteric reflux. Five SNPs were detected
in the Slovenian analysis: rs4895183 and rs17144806, and
rs17175928 and rs16963279. These are intronic SNPs in genes
of unknown function: DTWD2, C100rf72, and FAM59A,
respectively. rs2102860 is in LD with RTP4, which encodes a
golgi chaperone that plays a role in the movement of [1- opioid
receptor to the cell surface membrane and may be involved
in membrane targeting of other G protein-coupled receptors.
rs1983167 and rs7881785 both are in LD with the monoamine
oxidase inhibitors MAOA and MAOB. rs12604993 is in LD
with TXNL4A (thioredoxin-like 4A). Two SNPs were identi-
fied in the family-based analysis, rs1696803 and rs11029158,
and two were identified in the case-control analysis of the
UK cases, rs11599217 and rs17306391. These are not in LD

with transcripts. Family-based analysis detected associations
with one SNP in the UK families, with three SNPs in the
Slovenian families and with three SNPs in the combined
families. A case-control analysis detected associations with
three additional SNPs. The results of this study, which is the
largest to date investigating the genetics of reflux, suggest
that major loci may not exist for this common renal tract
malformation within European populations. Weng et al’® have
identified a recessive gene for primary vesicoureteral reflux.
This gene maps to chromosome 12p11—q13. They performed
a genome-wide linkage scan in 12 large families segregating
pVUR, comprising 72 affected individuals. To avoid potential
misspecification of the trait locus, they used a parametric
linkage analysis using both dominant and recessive models.
Analysis under the dominant model yielded no signals across
the entire genome. In contrast, they identified a unique linkage
peak under the recessive model on chromosome 12p11—q13
(D12S51048), which was further confirmed by fine mapping.
This interval achieved a peak heterogeneity LOD score of
3.6 with 60% of families linked. This heterogeneity LOD score
improved to 4.5 with exclusion of two high-density pedigrees
that failed to link across the entire genome. The linkage sig-
nal on chromosome 12p11—ql3 originated from pedigrees
of varying ethnicity, suggesting that recessive inheritance of
a high-frequency risk allele occurs in pVUR kindreds from
many different populations. In conclusion, this study identifies
a major new locus for pVUR and suggests that in addition to
genetic heterogeneity, recessive contributions should be con-
sidered in all pVUR genome scans.”

Polycystic kidney disease

The phenotypes that are associated with the autosomal
dominant (ADPKD) and autosomal recessive (ARPKD)
forms of polycystic kidney disease (PKD) are highly
variable in penetrance. ADPKD is genetically heterogeneous,
and two genes, PKDI (16p13.3) and PKD?2 (4q21), have
been identified. PKD! is the major locus, accounting
for approximately 85% of families.”” Further, genetic
heterogeneity has been suggested by unlinked families but
no further genes have been identified, and indeed, it is not
sure whether the PKD3 exists.”® PKDI has 46 exons and
encodes a large protein, polycystin-1 (4,303 amino acids).
Exons 1-33 lie in a complex genomic region that is reiterated
approximately six times further proximally on chromosome
16.7 Similarity between PKDI and these pseudogenes
means that locus-specific amplification methods are required
to analyze PKDI1.8° PKD2 has 15 exons and encodes
polycystin-2 (968 amino acids).®!
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A high level of allelic heterogeneity is found for both
genes, with a total of 270 different mutations reported for
PKDI and 73 for PKD2. More complete information in the
ADPKD Mutation Database (http://pkdb.mayo.edu) describes
298 PKDI and 106 PKD2 mutations. The vast majority of
mutations are unique to a single family. For PKD1,200 (67%)
mutations are definitely pathogenic (nonsense, frameshift,
or splicing) and 98 (33%) are missense or other in-frame
events. For PKD2, a larger proportion of mutations are
truncating, 97 (91.5%), and only nine (8.5%) are in-frame.
In a recent screen of 202 well-characterized probands with
ADPKD (the Consortium of Radiologic Imaging Study of
PKD population), comprehensive mutation analysis of both
genes identified a probable mutation in almost 90% of cases
This study involved a systematic algorithm for scoring the
likely pathogenicity of missense and other typical changes.
Although these methods are far from perfect for mutation
prediction, they do show the prospects for molecular diag-
nostics in ADPKD. Although gene-based diagnostics are
not necessary in every patient with ADPKD (renal imaging
is a reliable diagnostic tool in most cases), it can be helpful
in childhood cases with unknown etiology and critical for
young living-related donors for whom imaging data are less
reliable. It is likely to become more important as therapies
are developed.

There is little evidence of genetic heterogeneity in typical
ARPKD cases. The disease gene, PKHDI (6p21), has 67
exons and encodes the large protein fibrocystin (4,074 amino
acids).® As in ADPKD, many different PKHD1 mutations
cause ARPKD. To date, 305 different mutations are listed in
the ARPKD/PKHD1 Mutation Database (http://www.hum-
gen.rwth-aachen.del), accounting for more than 700 mutant
alleles. In this case, only approximately 40% are predicted to
truncate the protein, with approximately 60% missense. Sev-
eral studies have used detailing algorithms to assess the patho-
genicity of these changes to aid their use for diagnostics.**34
Approximately one-third of PKHDI mutations are unique
to a single family. Some ancestral mutations are common in
particular populations, and one mutation, T36M, of Northern
European origin accounts for approximately 17% of mutant
alleles.® Molecular diagnostics for ARPKD is important for
prenatal testing, including preimplantation genetic diagnos-
tics, and for establishing a firm diagnosis.*

Genetic modifiers have been mapped in mouse models of
recessive PKD, and in one case, the Kif72 gene was identified
as a possible modifier in the cpk mouse.®” Another possible
modifying factor is the MODY 5-associated protein HNF1[3
that regulates PKHD 1 expression by binding to its proximal

promoter.®® Song et al** have shown that upregulation of Wnt/
beta-catenin, pleiotropic growth factor/receptor tyrosine
kinase (eg, IGF/IGF1R, FGF/FGFR, EGF/EGFR, and VEGF/
VEGFR), and G protein—coupled receptor (eg, PTGER?2) sig-
naling was associated with renal cystic growth. By integrating
these pathways with a number of dysregulated networks of
TFs (eg, SRE, MYC, E2F1, CREBI1, LEF1, TCF7, HNF1B/
HNF1A and HNF4A), they suggested that epithelial dedif-
ferentiation accompanied by aberrant activation and cross talk
of specific signaling pathways may be required for PKDI1 cyst
growth and disease progression. Pharmacological modulation
of some of these signaling pathways may provide a potential
therapeutic strategy for ADPKD.

Nephronophthisis

Nephronophthisis (NPHP; MIM 256100) constitutes the
most frequent genetic cause of ESRD in children and young
adults. Characteristic histologic findings in NPHP are renal
interstitial fibrosis, interstitial cell infiltrates, and tubular
atrophy with cyst development at the corticomedullary
junction. All NPHP variants share the described renal
histology pattern with the exception of infantile NPHP
(type 2), which shows additional features reminiscent of
autosomal dominant or recessive PKD, such as kidney
enlargement, absence of the tubular basement membrane
irregularity characteristic of NPHP, and presence of cysts
outside the medullary region.

NPHP is a genetically heterogeneous disorder. Six genes
causing NPHP have been identified by positional cloning:
NPHP1 on chromosome 2q13,”° NPHP2 on 9q22,°* NPHP3
on 3q22,°> NPHP4 on 1p36,”* NPHP5 on 3q21.1,°* and
NPHP6 on 12q21.% Approximately 25%—30% of all patients
with NPHP show large homozygous deletions of the NPHP
gene.” The gene products of NPHPI through NPHP4 are
known to interact.”!

The gene product of NPHPI, nephrocystin-1, encodes a
docking protein that interacts with components of cell—cell
and cell-matrix signaling, such as p130Cas, filamin, tensin,
and focal adhesion kinase 2.%7 It also interacts with the gene
product of NPHP4, nephrocystin-4, mutations in which
cause NPHP type 4°*. NPHP is a good example of oligogenic
inheritance. Fiskerstrand et al® carried out homozygosity-
based mapping for renal-hepatic-pancreatic dysplasia by
microarray. They have demonstrated a single, large homozy-
gous region of 21.16 Mb containing ~200 genes on the
long arm of chromosome 3. This region contained 2 known
ciliopathy genes: NPHP3 (adolescent nephronophthisis) and
IQCB1 (NPHPS), which are associated with Senior — Loken
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syndrome. In NPHP3, homozygosity for a deletion of the
conserved splice acceptor dinucleotide (AG) preceding
exon 20 was found in NPHP3 homozygosity. These authors
concluded that NPHP3-null mutations cause renal-hepatic-
pancreatic dysplasia. Their study demonstrates how genes
for rare and genetically heterogeneous recessive conditions
may be identified by homozygosity mapping using SNP
arrays in the routine clinical setting. Hildebrandt et al®
have shown that mutations in NPHP genes cause defects in
signaling mechanisms that involve the noncanonical Wnt
signaling pathway and the sonic hedgehog signaling path-
way, resulting in the defect of planar cell polarity and tissue
maintenance. Nephrocystins are highly conserved in evolu-
tion, thereby allowing the use of animal models to develop
future therapeutic approaches.

Hereditary FSGS

FSGS is a clinicopathologic syndrome characterized by
proteinuria, usually of nephrotic range. Early in the disease
process, there is a pattern of focal and segmental glomerular
sclerosis that is focal, involving a subset of glomeruli, and
segmental, involving a portion of the glomerular tuft. As the
disease progresses, a more diffuse and global pattern of scle-
rosis evolves. The condition is characterized by alterations of
the podocytes as seen by the major ultrastructural findings.

FSGS is a nonspecific histopathologic finding in several
renal disorders characterized by albuminuria and progressive
decline in renal function. Although it is often secondary to
other disorders including obesity, hypertension, diabetes
mellitus, and HIV infection, FSGS also appears as an isolated
idiopathic condition. The genetic contribution to the etiology
of idiopathic FSGS is indicated by reports of its occurrence
in multiple members of families. Both autosomal dominant
and recessive patterns of inheritance have been described.

Autosomal dominant FSGS can be caused by mutations in
the gene encoding ot-actinin-4 (ACTN4) and transient receptor
potential cation channel, subfamily C, member 6 (TRPC6).
Mutations in NPHS1 (Nephrin) cause the Finnish form of
congenital nephrosis, and mutations in the NPHS2 (Podocin)
cause steroid-resistant nephrotic syndrome. Both result in a
clinical picture of congenital FSGS and are transmitted in
recessive fashion. Other genes implicated in glomeruloscle-
rosis with nephrotic range proteinuria include CD2-associated
protein (CD2AP), Laminin beta-2 (Lamb2), LIM Homeobox
transcription factor | BETA (LMX1B) and WT1.

Brown et al'® recently reported in Nature Genetics
another gene causing adult-onset FSGS with autosomal
dominant inheritance. They used two large families with sev-

eral affected family members in three and four generations,
respectively. The phenotype was defined by biopsy-proven
FSGS, ESRD without cause or macroalbuminuria >250 mg/g
creatinine. Genome-wide linkage analysis defined the gene
locus on chromosome 14q32. Screening 15 genes lead to
identification of nonsynonymous (amino acid changing)
mutations in the inverted formin 2 (/NF2) gene in all affected
family members. The investigators sequenced 91 unrelated
individuals with idiopathic FSGS and identified nine addi-
tional families with mutations in INF2, all segregating with
disease. Mutations were not seen in more than 600 control
individuals. Most mutations were identified in the highly
conserved exon 4, which encodes for diaphanous inhibitory
domain (DID) of INF2.

The phenotypes in families with INF2 mutations shared
certain features. Affected individuals presented in early ado-
lescence or adulthood, typically with moderate albuminuria.
Although some family members had nephrotic-range albu-
minuria, none of the affected individuals showed the spectrum
of clinical findings that constitutes nephrotic syndrome.
Microscopic hematuria and hypertension were noted in some
affected individuals. Disease and albuminuria appeared to be
progressive and often lead to ESRD. INF2 is a member of the
formin family of actin-regulating proteins that accelerate both
polymerization and depolymerization of actin in vitro. Most
mutations in FSGS were identified in DID, an autoinhibitory
domain. In the most extensively studied diaphanous formin,
mbDial, and the interaction of the N-terminal DID domain
with the C-terminal diaphanous activating domain (DAD)
inhibit mDial function.!®

INF?2 is highly expressed in podocytes. Electron micros-
copy of kidney biopsy material from an individual with INF2
mutation showed irregular podocyte foot-process morpho-
logy and prominent actin bundles. In addition, transfection
studies of overexpressed wild-type and FSGS-associated
mutant forms of INF2 indicate differences in the subcellular
localization of the mutant and wild-type proteins, as well
as differences in the pattern of distribution of actin. The
precise mechanism by which actin behavior is disrupted in
the presence of INF2 alterations in vivo is unclear and has
yet to be defined.'®

Nonmuscle myosin heavy chain 9
gene and kidney disease

The myosin heavy chain 9 (MYH9; MIM *604933) gene,
located on chromosome 15, is approximately 110 kb in
length with 41 exons.!” The structure of the gene is shown
in Figure 1. Its protein product MYH9 is a nonmuscle MYH,
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class II, and isoform type A protein responsible for moving
actin filaments in cells,'®! which is abundantly expressed in
the kidney, liver, and platelets. It is highly conserved in several
mammalian species and is very similar to other nonmuscle
myosin isoforms'® Nonmuscle myosin heavy chain 9 proteins
carry out variety of cellular functions, such as cellular polarity,
architecture, and trafficking.'>'® Mutations in MYH9 are asso-
ciated with several Mendelian conditions and autosomal domi-
nant disorders, such as Epstein syndrome, Fechtner syndrome,
May—-Hegglin anomaly, Sebastian syndrome, and an autosomal
dominant form of deafness.!* To date, more than 30 MYH9
mutations have been described. Mutant alleles exert their effect
by haploinsufficiency or by negative interference with the wild-
type protein inactivating their biological function.'%

A novel mutation, c.Ala95Asp, has been reported by de
Rocco et al'® in the MYH9 gene in a family with 8 affected
individuals suffering from macrothrombocytopenia and hear-
ing impairment. Since the mutation affects the motor domain of
the protein, it is likely to be associated with a severe phenotype,
and this family should be carefully followed up and their renal
status should be monitored, even though the affected members
do not seem to be at risk of early kidney disease.

Within the kidney, MYH9 expression occurs in the podo-
cytes, peritubular capillaries and tubules of the glomerulus.
Aggregation of abnormal myosin and damage to cytoskeleton
of the podocyte and tubular cells could lead to progressive
kidney disease. However, it remains to be determined how
sequence variation in MYH9 directly results in the devel-
opment and progression of nondiabetic kidney disease.
Nonmuscle myosin, like muscle myosin, is assembled from
separately coded heavy and light chains and binds to actin to
perform intracellular motor functions.!”” Under light micro-
scopy, kidney biopsy early in the course of the disease in an
individual with MYH9 mutation was found to be normal,
whereas under electron microscopy, focal podocyte foot
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process effacement and loss of podocyte slit diaphragms,
indicative of podocyte injury, are seen. The Myh9 knockout
mouse shows embryonic lethality, whereas heterozygous mice
have apparently normal phenotype other than hearing loss
with incomplete penetrance. Myosin IIA has been localized
to podocyte and possibly mesangial cells.!®® Other muta-
tions affecting podocyte proteins that interact with the actin
cytoskeleton, including a-actinin-4, CD2-associated protein,
and synaptopodin have been associated with podocyte injury
and FSGS in humans or experimental animals. This suggests
that an intact actin cytoskeleton is required to maintain normal
podocyte cytoarchitecture and filtration barrier function.

MYHY gene is also associated with human immunode-
ficiency virus (HIV)-associated FSGS and ESRD due to
hypertension in African Americans. This has lead to under-
standing of etiology of nephropathy.'®!'"* The ACE inhibitors
are not very effective if the individual is carrying MYH gene.
The risk haplotype is observed in 60% of African Americans
(African decent settled in America) and 4% of European
(Americans) for developing ESRD due to hypertension.

In the first effort to search for association with quantitative
measures of clinical kidney disease in a sample not enriched
for nephropathy, four SNPs comprising the major MYH9
risk haplotype (the E1 haplotype) were analyzed in Euro-
pean Americans and African Americans with subclinical
nephropathy.!!! The participants were recruited from Hyper-
GEN hypertensive sibships (including mild and severe
hypertension) selected from families with two or more
hypertensive siblings diagnosed before 60 years of age, as
well as their adult offspring (offspring were not necessarily
hypertensive or taking antihypertensive medications).
Hypertension was graded and renal replacement therapy was
an exclusion criterion. In contrast to prior reports, the MYH9
E1 haplotype was not as strongly associated with albuminuria
as it was with severe kidney disease and ESRD. These results
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Figure | Schematic representation of MYH9 genomic structure (not drawn to scale) and the spectrum of mutations identified in the MYH9 gene. The 40 coding exons and
the promoter (noncoding exon A) are represented by vertical colored bars. Intron A (Int A) contains enhancer elements.
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suggest that most hypertensive African Americans are not at
extreme risk for developing subsequent nephropathy, a result
that has clearly been demonstrated in the Multiple Risk Factor
Intervention Trial and Hypertension Detection and Follow-up
Program cohorts. Longitudinal studies in African Americans
subjects with MYH?Y risk alleles are required to determine
whether high blood pressure is the result of a primary kid-
ney disease such as FSGS or whether nephrosclerosis with
albuminuria develops in hypertensive subjects homozygous
for MYHY risk SNPs and haplotypes. Further, this study
revealed that MYHY is strongly associated with biopsy-proven
idiopathic and HIV-associated FSGS and clinically diagnosed
‘hypertension-associated’ ESRD in African Americans. How-
ever, its role in type 2 diabetes mellitus (T2DM)-associated
ESRD is not very clear. These disparate kidney diseases often
cluster in African American families, with family members
having ESRD attributed to T2DM.

It is possible that MYH9 polymorphisms are associated
with CKD in a subset of T2DM-associated ESRD cases,
particularly in multiplex-affected families. Although initial
analyses of MYH9 and DM-associated ESRD did not reveal

any association,''?

another study was conducted on a larger
cohort of African Americans with clinically diagnosed
T2DM-ESRD. This study revealed a unifying major genetic
factor. African Americans develop ESRD attributed to
diabetes mellitus four times more often than European
Americans, although MYHY associations are clearly weaker
in diabetic, relative to nondiabetic, forms of ESRD. It is
interesting to note that in a recent report, regardless of the
actual underlying histology, African Americans who appear
to have T2D-associated ESRD on clinical grounds may have
MYHY-associated disease. Evaluation of renal biopsies in
diabetic subjects with early stages of nephropathy may be
required to clarify whether the disease is MYH9-associated
FSGS or classic DN. Among African Americans who have
longstanding diabetes mellitus and albuminuria, is MYH9
associated with the classic histological changes attributed
to DN (eg, diffuse thickening of the glomerular base-
ment membranes, mesangial expansion and/or nodular
glomerulosclerosis) or with diseases in the FSGS-global
glomerulosclerosis spectrum? The different frequencies of
genetic variants between African Americans and European
Americans have potential implications for future screening
strategies for African Americans with hypertension. These
studies indicate that the MYH9 gene is the location of the
disease-causing variations, but the specific variants have not
yet been definitively identified. Various studies available on
MYHY in literature are summarized in Table 2.

Nelson et al'"® carried out the dense mapping of MYH9
and found that there exist a strongest associations of kidney
disease to the region of introns 13—15. The strongest SNP
associations reported by them are for three SNPs in introns
13-15 (P Y44 _ 10227 for rs2413396 in intron 14 for com-
bined FSGS, P %4 3 _ 10222 for rs5750250 in intron 13 for
H-ESKD). The multiple associations of SNPs spanning
MYHO are largely due to extensive LD within and between
haplotype blocks; however, this study and others suggest
that multiple SNPs within the MYH9 gene predict renal
disease.!'>!?* They found that independent associations
remain, after conditioning on rs2413396 or rs5750250 and
controlling for ancestry for SNPs, in introns 1, 12, 33, and
exon 40 (encoding the 30-UTR). An independent association
of rs11912763 in intron 33, in the region previously reported
in Freedman et al,''? is notably robust.

Another study'?® describes generally similar, and
correspondingly highly significant, associations for
MYH9 SNPs and haplotypes with hypertensive ESKD in
a New York-based Hispanic cohort. They have proposed
that the strongest associations are deep inside the gene, the
SNPs rs2413396 and rs5750250 and are more than 75 Kb
from the start of transcription, and separated from it by a
recombination hotspot. These independent associations
could indicate either multiple functional polymorphisms, or
a complex pattern of medium-range LD reflecting differing
patterns of recombination in ancestral populations carrying
the risk variant, or both. Considering the positional data,
a splicing change seems a plausible functional variation.
The SNP rs2413396, the strongest recessive association for
FSGS, and rs4821480, in the strongest region of association
in the earlier report, intron 23, was predicted to modify
splice-determining motifs. The risk variant for rs2413396
decreases the predicted strength difference between the
known splice site and a possible alternative by 20%;
although this is a small predicted effect, it is of interest given
the strength of association for this SNP. A much stronger
effect is predicted for the intron 23 SNP rs4821480; with
the protective alleles of rs4821480, an alternate donor site
has equal predicted strength as the standard site for the start
of exon 24, whereas with the risk allele the alternate motif
is substantially weaker. Thus, the risk allele could plausibly
abrogate alternate splicing. Although the possible splice
variation is in frame, it contains two stop codons, indicating
that it would have a knockout effect, eliminating the last
20 exons. This possible splice change cannot be the single
primary functional effect, as rs4821480 is not significant
when conditioned on rs2413396, but it could contribute to
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Table 2 MHY9 gene mutations in end stage renal disease

No. of Patients studied Observation Reference
subjects
2 Chinese patients Renal failure and thrombocytopenia, sensorineural hearing deficit 113
mutations in the gene encoding myosin heavy chain (MHY9)
751 African Americans with T2DM Polymorphisms in the nonmuscle myosin heavy chain 9 gene 112
with nephropathy, ESRD (MYH?9) are strongly associated with ESRD attributed to
hypertension
227 African Americans with T2DM 112
without nephropathy
925 African Americans with T2DM-associated ESRD; coincident nephropathy have primary 112
nondiabetic nephropathy (controls) MYH9-related kidney diseases (FSGS or global glomerulosclerosis)
12 families 12 families with Epstein and Wide expression of MYH9 in fetal and mature kidneys, MYH9 114
Fechtner syndromes mutations associated with macrothrombocytopenia and
progressive nephropathy. MYH9 mutation associated with
hereditary deafness
175 African Americans with chronic Hypertension-associated ESRD in African Americans is 112
glomerulonephritis-associated associated with 13 MYH9 polymorphism previously reported
ESRD as El haplotypes; these patients are poor responders to
948 Controls without kidney disease antihypertensive drugs
199 African Americans: FSGS Essential hypertension with ESRD associated with 2a MYH9 gene 115
222 African American controls
I 5-year-old girl with 2 mutations C99G—T C103 C—G in exon | of MYH9 cause e
macrothrombocytopenia Alport syndrome
19 families May—Hegglin anomaly, Sebastian These diseases are MHY9-related diseases and identify all patients 117
12 new cases at risk of developing renal hearing and visual defects
| Epstein syndrome Rapid progression of ESRD 118

Abbreviations: T2DM, type 2 diabetes mellitus; ESRD, end-stage renal disesase; FSGS, focal segmental glomerulosclerosis.

a more complex pattern of splice and possibly expression
variation.

Authors have made an attempt to study the mechanisms
by which the MYHO9 variation reported here could exclusively
or primarily affect the kidney. One possibility is that MYH9
expression in podocytes is characterized by unique mRNA
splicing patterns, which might be affected by the SNPs
described here. However, to this hypothesis there exists no
evidence. An alternative hypothesis is that the special struc-
ture and function of podocytes places particular functional
demands on the myosin—actin cytoskeleton in maintaining
the podocyte foot processes so that minor changes in MYH9
protein structure, or MYH9 expression affecting the rela-
tive frequency of the different myosin heavy chain proteins,
become critical. They have applied different statistical tools
and have suggested that it is worth investigating whether,
individuals with HIV disease who have susceptible combined
genotypes of rs5750250 and rs11912763, initiation of anti-
retroviral therapy prior to the onset of kidney disease or with
the appearance of microalbuminuria might reduce the burden
of kidney disease among African descent individuals.

Franceschini et al'?! studied the association between
20 MYH9 SNPs with kidney function (eGFR) and CKD
(eGFR\60 mL/min/1.73 m? or renal replacement therapy

or kidney transplant) using age-adjusted, sex-adjusted, and
center-adjusted models and measured genotype within the
variance component models. MYH9 SNPs were not signifi-
cantly associated with kidney traits in additive or recessive
genetic-adjusted models among American Indians. MYH9
haplotypes were also not significantly associated with kid-
ney outcomes. In conclusion, common variants in MYH9
polymorphisms may not confer an increased risk of CKD
in American Indian populations. Identification of the actual
functional genetic variation responsible for the associations
found in African Americans may clarify the lack of replica-
tion or same study is performed among Indians settled in the
Indian subcontinent.

The renin—angiotensin system

Renin, angiotensinogen (AGT), angiotensin I-converting
enzyme (ACE), chymase (CMA), angiotensin II type I recep-
tor (AT1R), and aldosterone synthase (CYP11B2) all belong
to the RAS.The RAS plays an important role in the regula-
tion of blood pressure. A pathway where RAS is involved is
illustrated in Figure 2. The octapeptide angiotensin (Ang) 11
is obtained by the proteolytic cleavage of the larger precursor
molecule AGT, which is primarily synthesized in the liver
and to a lesser extent, in the kidney, brain, heart, adrenal,
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fat, and vascular walls. The human AGT cDNA is 1,455
nucleotides long and codes for a 485 amino acid protein.
AGT is first converted by renin to produce the decapeptide
Angl. Ang I is then converted to Ang II by the removal of a
C-terminal dipeptide by ACE. In experimental and clinical
studies, chronic administration of RAS inhibitors has proven
effective in lowering blood pressure. Therefore, genes that
encode components of the RAS are potential candidate genes
that may play a role in the regulation of blood pressure.
The plasma concentration of AGT is close to the Michaelis
constant of the enzymatic reaction between renin and AGT.
Increase in the plasma AGT levels can lead to a parallel
increase in the formation of Ang II that may ultimately result
in hypertension. There is a significant relationship between
plasma concentration of AGT and blood pressure in human
subjects. Elevation of blood pressure is observed in transgenic
animals that overexpress the AGT gene'? and reduction of
blood pressure seen in AGT gene-knockout mice.!?* Kim et al
have introduced up to 4 copies of the AGT gene in mice, with
each copy of the gene resulting in a successive increase in
blood pressure;'?* these results directly demonstrated that
small increase in plasma AGT levels can quantitatively
influence the fine control of renal vascular resistance and
increase blood pressure in a gene dose-dependent manner.

Renin genes AGT

<l
clearance

Renin
producing
signal

clearance

A similar ACE gene duplication in mice led to an increase
in plasma ACE levels but no increase in blood pressure,'*
which reflects the importance of greater AGT gene in human
hypertension.

Recently, many SNPs have been detected in the ACE
gene and the search for the location of functional polymor-
phisms became a topic of extensive investigation. Neverthe-
less, association studies on the I/D polymorphism and clinical
outcomes continued, mostly with conflicting results. It has
been suggested that a functional polymorphism is most likely
located between intron 18 and the 3" UTR region of the gene.
The potential existence of another functional polymorphism
in the 5 UTR, however, cannot be excluded.'?® The ACE
insertion/deletion (I/D) polymorphism has received much
attention in pharmacogenetic research because observed
variations in response to ACE inhibitors might be associated
with this polymorphism. Pharmacogenetic testing raises
the hope to individualize ACE inhibitor therapy in order to
optimize its effectiveness and to reduce adverse effects for
genetically different subgroups. However, the extent of its
effect modification in patients treated with ACE inhibitors
remains inconclusive.

Somatic ACE consists of an intracellular domain, a trans-
membrane domain and two similar extracellular domains:

AGT genes

ACE 0 ACE inhibition

ANG | genes

clearance

‘ ACE production

ACE clearance

KNG genes

o
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Figure 2 Role of ACE gene in blood pressure control. Figure demonstrates the gene products and their variables and factors affecting the ACE production clearance and

inhibition etc.
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the amino or N domain and the carboxy or C domain. The
structure of the ACE gene is the result of gene duplication; the
N and C domains are similar in sequence, and the homologous
exons encoding the N and C domains (exons 4-11 and 17-24,
respectively) are similar in size and have similar codon phases
at exon-intron boundaries. Each of the domains contains a
catalytically active site characterized by a consensus zinc-
binding motif (HEXXH in the single-letter amino acid code,
where X is any amino acid) and a glutamine near the carboxyl
terminus binds to zinc; ACE and its homologs, therefore,
make up the M2 gluzincin family.'?’

Most of the studies on IgAN in adults with ACE gene
deletion/insertion (D/]) reported that genotype DD is a poor
prognosis; however, the results are contradictory, which
could be explained by different sample size (48—204 patients)
included in different studies or there may be variable propor-
tions of severe forms, and unrecognized stratification of the
populations, different end points, and interference of renin—
angiotensin inhibitory drugs.

A recent meta-analysis performed by Niu et al'?® showed
that associations of ACE gene insertion/deletion (I/D) poly-
morphism with T2D have been inconsistent with the positive,
null, and negative results. They collected the case — control
studies from MEDLINE, EMBASE and Web of Science
as of December 10, 2009. A total of 14 studies with 1,985
patients with T2D and 4,602 controls were finally identified.
Random-effects model was applied irrespective of between-
study heterogeneity to these 1985 patients with T2D and 4602
controls. Study quality was assessed in duplicate. Compared
with ACE 1 allele, presence of D allele conferred a signifi-
cant increased risk for T2D (OR =1.33; 95% CI: 1.10-1.61;
P =0.003). This trend was potentiated after comparing
homozygotes of D allele with I allele with a 90% increased risk
(P =0.0008). Carriers of D allele had a moderate increased risk
for T2D compared with the II genotype carriers (OR =1.34;
95% CI: 1.04-1.72; P =0.02), whereas under recessive
model, this effect was significantly enhanced (OR = 1.73;
95% CI: 1.26-2.38; P =0.0008). Subgroup analyses indicated
significant association for population-based study design only
among populations from Africa and Europe ancestries rather
than from Asia ancestry. No publication bias was observed
using the fail-safe number at the level of 0.05. Their results
demonstrated that ACE D allele was significantly associated
with an increased risk of T2D, and this effect appeared to be
additive. Moreover, this association was more prominent for
population-based studies among Africans and Caucasians.
This is an important review indicating the importance of
population stratification in association studies.

The risk of ESRD is greater among Mexican Americans
and blacks.'?’ The most common renal pathological change
associated with nonmalignant hypertension is hyalinization
and sclerosis of the walls of preglomerular (afferent)
arterioles, referred to as hypertensive nephrosclerosis. '3
Familial aggregation of ESRD, including hypertensive
ESRD, has been documented both in blacks'' and in
whites.!*? In pursuit of human renal failure susceptibil-
ity genes, Freedman and colleagues'** conducted linkage
studies in black families affected by ESRD. Markers on
chromosome 10q spanning the homologous region of the
rodent Rf-1 gene did not show evidence for linkage with
ESRD; however, two adjacent markers on chromosome
10p approached significance in sib pairs with nondiabetic
ESRD.!** In other samples, evidence of linkage approached
significance for the gene coding for TGF-B2'** and evidence
of statistically significant association was found for alleles
at the plasma kallikrein gene'*> However, the most direct
evidence of renal failure susceptibility genes comes from
studies of the fawn-hooded rat.'*® Two genes, designated
Rf-1 and Rf-2, were determined to contribute substantially
to the development of renal impairment. Rf-/ explained
40% of the genetic component of renal impairment but
showed no significant linkage or association with blood
pressure levels, suggesting that the Rf-7 locus acts through
a mechanism other than by increasing blood pressure. The
second gene, Rf-2, mapped to a locus that influences blood
pressure, as well as influence renal damage through a mecha-
nism different from blood pressure.”® Angiotensin II type 1
receptor (AT1R) polymorphisms may influence intrarenal
angiotensin II activity. Healthy Caucasian carriers of the
A1166C polymorphism showed 7% lower basal GFR and
17% lower basal renal plasma flow, as well as enhanced GFR
following treatment with the AT IR blocker losartan.'*” Rate
of progression to ESRD in patients with nephropathies of
various etiologies was more rapid in individuals homozygous
for the AT1R A1166C polymorphism.'** Worobey et al have
found a similar association between homozygosity for the
ATIR A1166C polymorphism and an accelerated rate of
renal function decline.'*

Angiotensinogen gene

The M235T polymorphism within the angiotensinogen
(AGT) gene was associated with interstitial nephritis, where
235t allele was transmitted significantly more frequently than
expected and may thus play a significant role in progression
of disease in these patients.”® The A6G gene variant of
AGT gene is associated with increased susceptibility to
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essential hypertension with or without T2DM in Malaysian
subjects. !4

Aldosterone synthase (CYPI1B2 gene) is independent
of angiotensin II and is found to be associated with renal
dysfunction and glomerulosclerosis in remnant kidney
rat models and glomerular hyperfiltration in humans with
primary aldosteronism.'*! Earlier studies of aldosterone
synthase gene polymorphisms and hypertension have been
mixed,'*? and no prior study has found an association between
the aldosterone synthase polymorphism and progression of
renal disease.'®

Adducin is a membrane cytoskeleton-associated protein
consisting of an o subunit and either a B or y subunit that
promotes the assembly of the spectrin — actin network. In rats
and humans, mutations of the oi-adducin subunit lead to the
stimulation of Na(+), K(+)-ATPase activity in renal tubular
cells, increased renal Na(+) reabsorption and, subsequently,
low-renin hypertension. A familial aggregation study
demonstrated that low-renin hypertension was associated
with the o-adducin G460W polymorphism.'** In a study
of 260 ESRD patients matched to controls, the time from
diagnosis with renal disease to onset of ESRD was shorter
for patients homozygous for tryptophan (Trp) at the glycine
to tryptophan (G460W) polymorphism vs those homozygous
for glycine (Gly).'"* The o-adducin Trp polymorphism has
been associated with lower GFR in essential hypertensive
individuals when on a low-sodium diet but not when on a
normal-high sodium diet."® It was postulated that the Trp
polymorphism may be associated with increased GFR,
which balances the increased sodium reabsorption.!*® This
hyperfiltration might lead to steeper decline in renal func-
tion over time, especially in the presence of renal disease. In
contrast, it has been seen there might be protective effect of
the o-adducin Trp polymorphism on renal function decline.
Perhaps this polymorphism, which confers a greater sodium
resorptive capacity, may protect against volume depletion and
subsequent stimulation of the RAS system.'*’ Based upon
the knowledge of genetic polymorphism, various therapeutic
approaches have been tried with some success.

Future directions

ESRD seems to be the inevitable end point for a wide spectrum
of renal conditions. The rate at which this point is reached is
highly variable and hence offers many possibilities for thera-
peutic intervention. Even in conditions where prevention and
early diagnosis seems difficult, the ability to predict the rate of
progression and identify rapid and slow progressors would help
in improving therapy. An important issue is that identification

of affected individuals in some of these conditions requires an
invasive procedure and replacement with a noninvasive genetic
test would be invaluable. This review has illustrated some
important challenges regarding the use of genetic approaches
to investigate human diseases in which genetic contribution
is complex. However, several powerful resources have been
assembled around the world, and with the rapid advances in
methodologies there is a hope that some answers will emerge
and will help patients with ESRD.
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