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HIV-1–associated nephropathy (HIVAN) is a common complication of 
HIV-1 infection, and its skewed incidence in certain ethnic groups suggests 
that there is a genetic basis to HIVAN susceptibility. In their study reported 
in this issue of the JCI, Papeta and colleagues used a combination of gene 
expression profiling and linkage analysis to identify three genomic loci that 
regulate a network of genes expressed by podocytes — cells that are crucial to 
the filtration of fluid and waste by the kidney (see the related article begin-
ning on page 1178). Surprisingly, two of these loci confer disease suscep-
tibility in a transgenic mouse model of HIVAN. This report confirms the 
central role of podocytes in the pathogenesis of HIVAN and demonstrates 
the power of this combination of genomic analysis techniques in elucidating 
the pathogenesis of glomerular disease.

HIV-1–associated nephropathy (HIVAN) is 
a leading cause of morbidity and mortal-
ity in HIV-1–infected patients. There is a 
significant component of genetic risk in 
HIVAN, as it occurs almost exclusively in 
patients of African descent (1). Histologi-
cally, the renal lesion is characterized by 
collapsing glomerulopathy, epithelial cell 
proliferation, tubuloreticular inclusions, 
microcystic dilation of the tubules, and 
tubulointerstitial inflammation (reviewed 
in refs. 2, 3). Over the past decade, much 

has been learned about the pathogenesis of 
HIVAN at a cellular level (reviewed in ref. 
2). Although the involvement of tubular 
epithelial cells, endothelial cells, and T cells 
has been reported, emerging data have sup-
ported a major role for the podocyte in the 
development of HIVAN (4–6).

Podocytes and the glomerular 
filtration barrier
Podocytes (also known as glomerular 
visceral epithelial cells) are unusual cells 
that are only found in the renal glomeru-
lus. Together with glomerular endothelial 
cells and the intervening glomerular base-
ment membrane, they form the glomeru-
lar filtration barrier, a permselective sieve 
and the site of formation of the primary 
urinary filtrate (7) (Figure 1). The iden-
tification of mutations in genes that are 

expressed by podocytes has explained the 
cause of a number of Mendelian glomer-
ular diseases (8–13) and has placed the 
podocyte in a central position in studies 
of glomerular disease. In patients with 
HIVAN, direct HIV-1 infection of podo-
cytes has been documented, and viral pro-
teins induce podocyte proliferation, loss of 
cell contact inhibition, and upregulation of 
growth factors in immortalized podocytes 
in culture (14–17). The concept of a dys-
regulated podocyte phenotype in HIVAN 
has been proposed (15), and this pheno-
type is characterized by loss of expression 
of many genes typically seen in differen-
tiated podocytes, such as synaptopodin 
(SYNPO), nephrosis 1 homolog (NPHS1; 
which encodes the slit-diaphragm protein 
nephrin), and NPHS2 (which encodes the 
podocyte slit diaphragm protein podocin), 
and with the re-expression of embryonic 
genes such as paired box gene 2 (PAX2) that 
are normally only expressed in presumptive 
podocytes and podocyte progenitors dur-
ing glomerular development.

Genetic susceptibility and HIV
In North America, HIVAN is largely restrict-
ed to patients of African descent, suggest-
ing that genetic factors are important in 
the development of or susceptibility to 
this disease. Furthermore, the relative risk 
for developing end-stage renal disease is 

Conflict of interest: The author has declared that no 
conflict of interest exists.

Nonstandard abbreviations used: eQTL, expression 
quantitative trait locus; HIVAN, HIV-1–associated 
nephropathy; Myh9, myosin, heavy chain 9, non-mus-
cle; Nphs1, nephrosis 1 homolog; Synpo, synaptopodin.

Citation for this article: J. Clin. Invest. 119:1085–1089 
(2009). doi:10.1172/JCI39254.



commentaries

1086	 The Journal of Clinical Investigation      http://www.jci.org      Volume 119      Number 5      May 2009

increased 51-fold in black patients com-
pared with patients of European descent 
diagnosed with AIDS or an AIDS-defining 
illness (18). Recently, SNP polymorphisms 
in the myosin, heavy chain 9, non-muscle 
(MYH9) gene, which expresses a protein 
that likely forms part of the actin cytoskel-
eton in podocytes, were associated with 
non-diabetic glomerular disease, including 
HIVAN, in African Americans (19, 20). The 
significance of these SNPs with respect to 
podocyte or glomerular function is not yet 
clear, although coding mutations in MYH9 
have been identified in rare syndromes asso-
ciated with glomerulonephritis (21–23).

Genetic mapping for HIVAN 
susceptibility loci
In order to identify modifying genes respon-
sible for the development and progression 
of HIVAN, Papeta, Gharavi, and associates, 
in their study in this issue of the JCI, used 
an established transgenic mouse model of 
HIVAN with major, strain-specific differ-
ences in disease susceptibility depending on 
the genetic background of the mouse (24) 
(Table 1). In this murine model, a replica-
tion-deficient strain of HIV-1 is randomly 
integrated as a transgene into the genome 
of the mouse (4). On an FVB/NJ back-
ground, HIV-1 TgFVB/NJ mice develop 
glomerular disease with many features of 
HIVAN, including microcystic tubular dila-

tion, epithelial cell proliferation, and glo-
merulosclerosis. When crossed to a number 
of other inbred mouse strains (25) the renal 
disease was modified, ranging from severe 
renal disease to no renal disease at all.

Using genetic linkage analysis of back-
crosses between HIV-1 TgFVB/NJ mice and 
one of these inbred strains, CAST/EiJ mice, 
Gharavi et al. previously found a major sus-
ceptibility locus for nephropathy on chro-
mosome 3 (called HIVAN1) (Table 2) (25). 
The risk of more severe renal disease mapped 
to a susceptible CAST allele. In their current 
JCI study (24), the authors extended their 
previous mapping studies and produced 
an F2 intercross between C57BL/6J and the 
HIV-1 TgFVB/NJ mouse strains, allowing 

the identification of two additional loci reg-
ulating the severity of renal disease, called 
HIVAN2 and HIVAN3, on chromosome 13 
and chromosome 4, respectively (Table 2). 
Interestingly, at HIVAN2 the FVB allele con-
ferred increased risk of renal injury, while 
at HIVAN3 the C57BL/6J allele conferred 
increased risk of renal injury. More often 
than not in expression quantitative trait 
locus (eQTL) mapping studies, both suscep-
tibility and resistance loci for the trait under 
investigation may be identified to originate 
in the same strain of mouse, regardless of 
whether the mouse strain on a pure inbred 
background is resistant or susceptible to the 
trait overall; this is a reflection of the com-
plexity of modifier genes and phenotypes.

Figure 1
The glomerular filtration barrier. The glomerular filtration barrier consists of podocytes, endothelial cells, and an intervening glomerular basement 
membrane (GBM). The slit diaphragm is a specialized intercellular junction and signaling center that connects adjacent podocyte foot processes. 
Blood entering the glomerular capillaries is filtered across the endothelium and the GBM and through the filtration slits to produce the primary 
urinary filtrate. Genomic regions that contain HIVAN susceptibility loci regulate a network of podocyte-expressed genes that encode proteins 
found in the slit diaphragm, including nephrin, podocin, CD2-associated protein (CD2AP), and kirrel as well as actin cytoskeleton–associated 
proteins, including Synpo, and possibly MYH9. Phospholipase C, ε1 (PLCE1) is an enzyme found in podocytes. Inset adapted with permission 
from Nature Genetics (36).

Table 1
Murine HIVAN strain distribution pattern

Strain	 Disease susceptibility/resistance	 Ref.
HIV-1 transgenic FVB/NJ	 Susceptible	 25, 37–39
HIV-1 transgenic C57BL/6J	 Resistant	 38–40
HIV-1 transgenic CAST/EiJ	 Unknown
HIV-1 transgenic A/J	 Unknown
HIV-1 transgenic F1 hybrid FVB/NJ × C57BL/6J	 Resistant	 24
HIV-1 transgenic F1 hybrid FVB/NJ × CAST/EiJ	 Resistant	 25
HIV-1 transgenic F1 hybrid FVB/NJ × Balb/cJ	 Resistant	 25
HIV-1 transgenic F1 hybrid FVB/NJ × A/J	 Susceptible	 Unpublished 
		  observations 
		  (Gharavi et al.)
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Successful eQTL mapping depends upon 
a robust quantifiable trait that can be used 
to distinguish or score a mouse as suscep-
tible or resistant to a disease. In this case, 
the investigators used histologic scoring of 
glomerular disease, which included assess-
ments of podocyte hypertrophy, tubular 
dilation, and glomerulosclerosis (24).

eQTL analysis
Over recent years, as the efficiency of gener-
ating gene expression profiles from specific 
tissues or cells has improved, the technique 
of eQTL analysis has emerged. With this 
approach, expression of a gene(s) or a gene 
set is treated as a quantitative trait (a trait 
that does not follow patterns of Mendelian 
inheritance and is attributable to 2 or more 
genes and their interaction with the envi-
ronment) in much the same way as histo-
logic scoring or phenotyping has been used 
in the past. The obvious benefit of such an 
approach is that alterations in gene expres-
sion are intermediate between genomic 
variation and a phenotype; genes already 
have a “genomic address,” whereas clinical 
phenotypes do not. Statistical models have 
been developed allowing the investigator to 
predict whether changes in gene expression 

are reactive to or causal for disease. In com-
plex diseases, such as obesity, this approach 
has proven very successful, allowing the 
identification of new genetic variants that 
are causally associated with obesity (26, 27). 
Furthermore, eQTL analysis can identify 
networked responses, reflected as chang-
ing transcript levels, underlying complex 
phenotypes. While eQTL analysis has been 
used to identify genes promoting hyperten-
sion in the spontaneously hypertensive rat 
(SHR) model (28), this approach has not 
been used previously to identify suscepti-
bility loci for glomerular diseases.

Both cis-eQTLs and trans-eQTLs can 
be identified. A cis-eQTL is defined as a 
region of the genome that is acting locally 
or is within the region of the gene whose 
expression is altered. As an example, this 
might include a change in the promoter 
region of the gene, which results in altered 

expression levels. On the other hand, a 
trans-eQTL regulates the gene(s) of inter-
est from a distance. The current study by 
Papeta et al. (24) provides what is believed 
to be the first eQTL analysis of a primary 
glomerular disease.

Analysis of podocyte  
gene expression
Rather than performing genome-wide 
expression analysis, Papeta et al. exam-
ined a number of candidate genes that are 
expressed by podocytes and associated with 
glomerular disease (24). In kidneys from 
mice with HIVAN, they found a 3-fold dif-
ference in the level of transcript of Nphs2 
that was highly strain dependent, making 
it an attractive gene for eQTL analysis. 
NPHS2 was originally identified as the gene 
responsible for a heritable form of autoso-
mal recessive, steroid-resistant nephrotic 

Table 2
Locus-specific HIVAN strain distribution pattern

Locus name	 Chromosome	 Mouse cross	 Strain with nephropathy-susceptibility allele	 Ref.
HIVAN1	 3A1–A3	 (FVB/NJ × CAST) F1 × FVB/NJ	 CAST/EiJ	 25, 41
HIVAN2	 13	 (FVB/NJ × CAST/EiJ) F1 × FVB/NJ	 FVB/NJ	 24
HIVAN2	 13	 (FVB/NJ × C57BL/6J) F2	 FVB/NJ	 24
HIVAN3	 4	 (FVB/NJ × C57BL/6J) F2	 C57BL/6J	 24

 

Figure 2
Genetic susceptibility to HIVAN. (A) In this 
issue of the JCI, Papeta et al. report that 
HIVAN1 and HIVAN2 represent susceptibility 
loci for the development of renal disease in a 
transgenic mouse model of HIVAN (24). These 
same two genomic loci regulate a network of 
genes expressed by podocytes, including 
Nphs1, Nphs2, Synpo, Kirrel, and Myh9, and 
thus represent trans-eQTLs — regions of the 
genome that regulate genes of interest from 
a distance. (B) In the absence of HIV-1 infec-
tion, mice carrying the trans-eQTLs HIVAN1 
or HIVAN2 have altered expression levels 
of podocyte genes but do not develop renal 
disease. However, when infected with HIV-1,  
there is further perturbation of podocyte 
gene expression in mice carrying HIVAN1 or 
HIVAN2 susceptibility loci and overt renal dis-
ease develops.
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syndrome (12). In later studies, it was also 
associated with sporadic cases of focal seg-
mental glomerulosclerosis (29). NPHS2 
interacts with proteins of the slit dia-
phragm and is required for proper traffick-
ing of NPHS1 to the lipid raft (Figure 1), 
which is also dependent upon cholesterol 
biosynthesis (30–32). In the current study 
(24), when the Nphs2 transcript level was 
treated as a quantifiable trait for genome-
wide mapping, a cis-eQTL was identified 
that accounts for approximately 40% of 
variability in NPHS2 expression. Direct 
sequencing showed tremendous variation 
in the promoter and regulatory region of 
the Nphs2 gene. Phylogenetic analysis of 
sequence variants showed that these altera-
tions were not random but rather fell into 
3 ancestral mouse haplotypes. This is not 
the first time that Nphs2 has been linked to 
a variable phenotype. Maternal strain has 
a major effect on the phenotype of Nphs2-
knockout mice, and although modify-
ing QTLs for proteinuria and glomerular 
injury have been identified for this mater-
nal influence on phenotype (33), they are 
distinct from the variants identified here. 
While intriguing, the reason for the high 
degree of genetic variation in Nphs2 is 
unclear and awaits future study.

Generation of a consomic mouse strain 
(an inbred strain with one of its chro-
mosomes replaced by the homologous 
chromosome of another inbred strain) by 
transferring the portion of chromosome 1 
containing the “low-expressing” Nphs2 cis-
eQTL from the A/J strain into the “high-
expressing” C57BL/6J strain confirmed 
that this cis-eQTL regulates Nphs2 expres-
sion (24). Moreover, levels of a number of 
slit diaphragm proteins known to interact 
with NPHS2 as well as the products of other 
podocyte genes including Nphs1, Synpo, 
Kirrel, Myh9, and Plce1 were upregulated 
in these mice, suggesting that this eQTL 
functions in trans to regulate a network of 
podocyte genes, perhaps as a compensatory 
response to maintain glomerular integrity.

Along with this locally acting cis-eQTL, 2 
trans-eQTLs were also identified for Nphs2 
that surprisingly mapped to the HIVAN1 
and HIVAN2 loci, suggesting that suscepti-
bility to HIVAN may be determined by a net-
work of genes expressed in podocytes (24). 
To test this possibility, the authors generat-
ed congenic strains (produced by transfer-
ring a portion of a chromosome containing 
a genomic variant from one genetic back-
ground to a specific inbred strain through 
repeated backcrossing) or consomic strains 

of mice carrying the HIVAN1 and HIVAN2 
susceptibility regions and determined the 
expression of Nphs2 and other genes in the 
podocyte network. Similar to the results 
of cis-eQTL consomic experiments, the 
authors observed alterations in the expres-
sion of multiple genes, although the expres-
sion patterns were not identical in both sets 
of experiments. Expression levels in mice 
without glomerular disease were also exam-
ined to exclude secondary or reactive chang-
es due to podocyte depletion in kidneys with 
scarred glomeruli. Indeed, it appears that at 
least two of the three identified HIVAN loci 
(i.e., HIVAN1 and HIVAN2) control a net-
work of podocyte-expressed genes. Given 
the central role of the podocyte in the glo-
merular pathology of HIVAN, this genetic 
model provides an appealing explanation of 
the pathophysiology of this disorder (Fig-
ure 2). In the absence of HIV-1 infection, 
mice carrying the trans-eQTLs exhibited 
altered levels of expression of NPHS2 and 
other podocyte genes but did not develop 
glomerular disease. When infected with 
HIV-1, mice carrying these trans-eQTLs 
or susceptibility loci for HIVAN could not 
compensate for the added stress and pre-
sumed podocyte injury and developed overt 
glomerular disease.

Types of genomic variation  
that result in eQTLs
What might the genomic fragments com-
prising these eQTLs contain that might 
explain the observed alterations in podo-
cyte gene expression? In the case of trans-
regulatory elements, perhaps they encode 
a transcription factor that has effects on 
multiple podocyte genes. However, no 
known transcription factors regulating 
podocyte gene expression, such as Lmx1b, 
Tcf21, Wt1, Foxc2, or MafB (reviewed in 
ref. 34), map to these regions. Further-
more, in exhaustive eQTL studies in yeast, 
transcription factors are not generally 
responsible for a trans-eQTL (35). Instead, 
the effects of a trans-eQTL are typically 
mediated by complex regulatory mecha-
nisms including microRNAs or changes in 
chromatin structure that affect other fac-
tors such as protein folding.

The study by Papeta et al. is believed to 
be the first report using eQTL analysis to 
successfully identify susceptibility loci 
for a glomerular disease (24). With this 
approach, the investigators have discov-
ered a novel genetic network controlling 
podocyte genes that affects susceptibility 
to kidney disease following HIV-1 infec-

tion. Further studies to identify the spe-
cific mutation or genetic variant affecting 
expression of these podocyte genes will 
provide insight into the mechanisms of 
susceptibility to HIVAN and other glomer-
ular diseases. Characterization of syntenic 
regions (conserved regions of the genome 
carrying common gene and intergenic 
regions between two species) in the human 
genome and determination of their effects 
on the severity of renal disease will be use-
ful for understanding genetic susceptibility 
to kidney disease in patients with HIVAN 
and likely other glomerulopathies.
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Coronary heart disease is a major cause of morbidity and mortality in West-
ern societies. The metabolic syndrome, characterized by obesity, insulin 
resistance, elevated blood pressure, elevated triglycerides, and low levels of 
high-density lipoprotein cholesterol, confers substantial risk of coronary 
heart disease. Current pathogenetic models suggest that postprandial hyper-
lipidemia is one specific metabolic abnormality that is typically associated 
with increased morbidity. In this issue of the JCI, Stanhope and colleagues 
demonstrate that consumption of fructose-sweetened but not glucose-sweet-
ened beverages for 10 weeks increases de novo lipid synthesis, promotes 
dyslipidemia, impairs insulin sensitivity, and increases visceral adiposity in 
overweight or obese adults (see the related article beginning on page 1322).

There is widespread agreement that a 
chronic, dietary-induced increase of adipos-

ity in humans, beyond a BMI of 30 kg/m2,  
is an unhealthy condition. In the event 
that any readers harbor some remaining 
skepticism, an unprecedented thorough 
analysis in close to 900,000 participants 
from almost 60 prospective studies was 
very recently published, proving beyond 
any possible doubt that progressive excess 
mortality is caused by increased body adi-
posity: Survival was found to be reduced by 
2–10 years as a consequence of a BMI in the 
range of 30–40 kg/m2 (1).

Dietary sugars and obesity
The average American consumed 64 kg of 
added (!) sugars and sweeteners in 2005, a 
19% increase since 1970 (2). Increased use of 
high-fructose corn syrup (HFCS) as a sweet-
ener (as frequently used in many sweetened 
beverages, including carbonated sodas) over 
the last several decades has been proposed 
as one potentially important dietary factor 
that may have contributed to the widespread 
and life-shortening increase in human obe-
sity observed in Westernized societies. While 
“normal sugar,” also known as sucrose, con-
tains equimolar amounts of fructose and 
glucose, HFCS contains about 5% more fruc-
tose than glucose. HFCS is manufactured by 
hydrolyzing corn starch into glucose, which 
then is partly isomerized into fructose by 
enzymatic measures. Fructose is preferred 
by food and soft drink manufacturers due 
to the fact that fructose exerts a significantly 
increased perception of sweetness. When 
we (the authors) were first exposed to clini-
cal medicine, we were still told that small 
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