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Getting a grip on kidney 
disease
Diabetes, high blood pressure, and a fam-
ily history of kidney disease are major risk 
factors contributing to the high preva-
lence of kidney disease. While the genet-
ic origins of kidney diseases have been 
extensively studied in the past, research 
in recent years has shifted toward a better 
understanding of the epigenetic compo-
nents that make the kidney more vulner-
able to consecutive insults. For example, 

hyperglycemia in patients with diabetes, 
most of whom develop kidney disease 
over time, induces epigenetic changes 
and renders the kidney susceptible to 
injury (1). One way of getting a better 
grip on understanding the mechanisms 
contributing to kidney disease pathogen-
esis is to identify proteins within kidney 
cells that have universal cell-protec-
tive effects, mediate injury resistance, 
and safeguard the kidney from further 
insults. One could hypothesize that the 

reduced expression or function of such 
safeguards, for example, by genetic or 
epigenetic modifications, contributes to 
kidney injury, while maintaining their 
proper physiological activity might serve 
as a pharmacological opportunity for pre-
serving kidney function. If true, genetic 
variants of such safeguards should asso-
ciate with kidney disease.

DACH1 and the kidney
Dachshund homolog 1 (DACH1) transcrip-
tionally represses specific target genes by 
either directly binding to defined DNA 
sequences or indirectly acting as a cointe-
grator for other transcription factors. 
DACH1 is widely expressed in normal 
adult tissues and has various functions. 
DACH1 acts as a transcriptional repressor 
of cell-cycle genes and as a tumor sup-
pressor, and reduced expression levels of 
DACH1 correlate with poor prognosis in 
various types of cancer. DACH1 has also 
been shown to interact with components 
of the TGF-β signaling pathway and to 
promote epithelial-to-mesenchymal tran-
sition. During embryonic development, 
DACH1 plays a role in cell-fate determina-
tion, and studies in humans demonstrated  
that rare loss-of-function mutations in 
DACH1 can cause numerous congenital 
anomalies, including kidney developmen-
tal defects (2, 3). Mice with a homozygous 
Dach1 deletion die early, although no 
morphological or metabolic alterations in 
any organs were detected (4). In this issue 
of the JCI, Cao et al. report the develop-
ment of Dach1-deficient mice, which were 
born at expected Mendelian ratios, but 
died two days after birth, presenting with 
renal hypoplasia and dramatic glomerular 
anomalies, including podocyte maturation 
failure in the absence of gross abnormali-
ties in other major organs (5).

DACH1 and podocyte injury
Podocytes, together with the glomerular 
basement membrane and the fenestrated  
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reduced podocyte DACH1 expression 
levels in similar patient populations (6, 
7). More importantly, Cao et al. demon-
strate that reduced glomerular DACH1 
mRNA correlates with poor clinical out-
comes, such as albuminuria and reduced 
kidney function. To determine a poten-
tial causative role of podocyte DACH1 in 
kidney injury, the authors developed two 
mouse models for the podocyte-specific 
deletion and inducible overexpression 
of DACH1. Both models per se failed to 
develop a phenotype and maintained nor-
mal glomerular architecture. However, 
the mice exhibited different responses 
to hyperglycemia-induced injury. Mice 
with podocyte Dach1 deficiency, which 
per se do not show kidney injury, devel-
oped podocyte injury and albuminuria 
following streptozotocin (STZ) injections. 
In contrast, inducible overexpression of 
Dach1 in OVE26 mice, a transgenic model  
of severe early onset hyperglycemia, 
protected from glomerular injury and 
albuminuria. These studies suggest an 
important role for podocyte DACH1 as 
a susceptibility factor in hyperglycemia- 
induced kidney injury (Figure 1). To inves-
tigate a podocyte-specific role of DACH1 in 
nephrotic syndrome, the authors injected 
Dach1-deficient mice with adriamycin, a 
recognized agent that induces podocyte 
injury, and found that Dach1 deficiency 
rendered mice susceptible to adriamycin- 
induced nephropathy (5).

DACH1 and renal tubular injury
In this issue of the JCI, Doke et al. also 
identified DACH1 as a candidate gene for 
kidney disease using a powerful approach 
that included transcriptome-wide asso-
ciation studies (TWAS), single-cell epig-
enome analysis, and GWAS in combi-
nation with expression analysis, gene 
editing, and functional validation (13). 
Using CRISPR-Cas9 gene-editing tech-
nology in distal tubular cells, the research-
ers validated and defined the causal role 
of an estimated glomerular filtration rate 
(eGFR) GWAS SNP in regulating DACH1 
expression in tubular cells. Analysis of 
DACH1 expression by immunohisto-
chemistry indicated that DACH1 levels 
were decreased in the distal tubular seg-
ments in kidneys of patients with CKD. 
Gene expression analysis of microdissect-
ed human kidney tubule samples revealed 

associated with reduced kidney function 
and chronic kidney disease (CKD) (8–11), 
and DACH1 has been identified as a prom-
ising candidate gene for therapeutic inter-
vention in CKD (12).

Cao and colleagues identified DACH1 
as a major regulator of podocyte structure 
and function (5). Analyzing available glo-
merular transcriptomic data sets, they 
found reduced DACH1 mRNA levels in 
different human glomerular diseases, 
including several forms of nephrotic syn-
drome and particularly in patients with 
DKD, an observation that is consistent 
with a previous report demonstrating 

endothelium, build the glomerular fil-
tration barrier. Podocyte injury is a hall-
mark of many kidney diseases, including 
nephrotic syndrome and diabetic kidney 
disease (DKD), leading to the loss of albu-
min in the urine (albuminuria).

A previous study demonstrated a cru-
cial role for DACH1 in zebrafish neph-
rocyte development and as an inducer 
of podocyte-specific proteins during dif-
ferentiation (6). Furthermore, DACH1 
seems to contribute to cell-cycle arrest in 
podocytes that are postmitotic (7). Several 
genome-wide association studies (GWAS) 
found that a SNP in the DACH1 locus is 

Figure 1. Decreased podocyte and tubular DACH1 expression is a susceptibility factor for various 
kidney diseases. In podocytes (left), DACH1 is a safeguard in the nucleus that limits histone H3 lysine 
4 trimethylation (H3K4Me3), thereby preventing transcriptional activation of several genes. DACH1 
interacts with pax transactivation-domain interacting protein (PTIP), an essential component of the 
H3K4Me3 complex, which results in reduced promoter methylation and transcriptional repression. 
Modifiers, which can be of genetic, epigenetic, or environmental origin, can lead to reduced DACH1 
expression and to transcriptional derepression of target genes, making podocytes more susceptible 
to a second insult. A second insult, such as high glucose levels, may ultimately cause podocyte injury 
and albuminuria. In tubular cells (right), DACH1 acts as a transcriptional suppressor of cell-cycle genes 
and of proinflammatory cytokines. Modifiers leading to reduced tubular DACH1 expression and to 
transcriptional derepression of target genes make the tubular cells more susceptible to a second 
insult, such as folic acid–induced kidney injury or hyperglycemia, ultimately causing tubular cell pro-
liferation or injury and eventually renal inflammation and fibrosis. For both cell types, modifiers and 
mechanisms that induce the reduction of DACH1 expression are currently unknown.
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screen of patients with CKD while exper-
imental studies were performed in folic 
acid–injected mice, a model of AKI and 
kidney fibrosis (13). Thus, further stud-
ies in mouse models of CKD are needed 
to investigate the role of tubular DACH1 
during chronic disease progression. It 
is also important to note that DACH1 
expression under the control of the Pax8 
promoter will increase DACH1 levels 
in proximal and distal tubules and the 
entire collecting duct system, while in 
human CKD, DACH1 reduction seems 
restricted to the distal tubules. There-
fore, the phenotypes detected in this 
particular mouse model might not accu-
rately reflect the human pathology.

While further experiments using ani-
mal models that better reflect human kid-
ney disease are needed, both studies clear-
ly demonstrate that reduced renal DACH1 
expression renders kidney cells, such as 
podocytes and tubular cells, susceptible 
to injury induced by consecutive insults, 
highlighting the possibility that DACH1 
could serve as a universal safeguard of the 
kidney. Because restoring DACH1 expres-
sion in podocytes or tubular cells alone is 
sufficient to reduce kidney injury in mice, 
restoring physiological DACH1 protein lev-
els might represent a desirable therapeutic 
goal. However, before pharmacological 
targeting of DACH1 can be considered as 
a valid therapeutic option, we have to gain 
a better understanding of the mechanisms 
leading to a reduction of renal DACH1 
expression in disease. Furthermore, deliv-
ery of DACH1 DNA, mRNA, or protein to 
the kidney and to specific cell types may 
prove challenging. The observation that 
DACH1 regulates many different genes 
and pathways and is widely expressed in 
different cell types may render DACH1 
targeting for therapeutic purposes difficult, 
as unwanted potential off-target effects 
are possible. In general, transcription fac-
tors and epigenetic regulators, although 
involved in many diseases, are barely 
tackled by existing therapies. On the other 
hand, many potential therapies for CKD 
have failed in clinical trials because they 
focus on blocking or augmenting only a sin-
gle pathway, whereas CKD is a multipath-
way disease. In conclusion, while therapeu-
tic targeting of DACH1 may prove difficult, 
it would offer the opportunity to correct 
multiple dysregulated signals simultane-

mitotic and, within the spectrum of kidney 
diseases, cell-cycle reentry of podocytes 
is only specific to HIVAN and not to other  
kidney diseases, such as nephrotic syn-
drome or DKD. Thus, it remains unclear 
why in the latter diseases reduced DACH1 
expression does not result in podocyte 
proliferation. Furthermore, it would be 
interesting to determine whether loss of 
DACH1 in podocytes results in dedifferen-
tiation, as suggested by others (6), thereby 
contributing to podocyte dysfunction and 
loss, as found in diabetes and nephrotic  
syndrome. The observed severity of 
podocyte injury induced by STZ in podo-
cyte-specific Dach1-deficient mice is sur-
prising and reminiscent of a specific form 
of nephrotic syndrome rather than DKD.

The observation that tubular reduc-
tion of DACH1 and of its activity as a 
transcriptional suppressor is associated 
with a proinflammatory tubular cell phe-
notype and cytokine release, leading to 
macrophage infiltration, fibrosis, and 
CKD development, is interesting. Howev-
er, the mechanisms by which changes in 
tubular DACH1 expression lead to kidney 
fibrosis and tubular damage remain to be 
established. Furthermore, since glomeru-
lar injury likely precedes tubular injury in 
DKD and nephrotic syndrome, it would 
be interesting to determine whether a 
potential crosstalk between podocytes 
and tubular cells exists. If so, one might 
expect that podocyte-specific Dach1 
deletion and induced glomerular injury 
would result in tubular damage, which 
might or might not involve a reduction of 
tubular DACH1 expression. Furthermore, 
the potential effects of increased tubu-
lar cell proliferation on kidney structure 
and function remain unclear. A previous 
in vitro study reported that high glucose 
induces proliferation, apoptosis, and an 
inflammatory response in tubular cells 
with reduced DACH1 expression (15), 
which is consistent with the findings by 
Doke et al. (13). The authors also found 
that miR-218, which is elevated in DKD, 
negatively regulates DACH1 (15). Since 
miR-218 inhibits glucose uptake in cancer 
(16), it would be interesting to investigate 
the direct or indirect effects of DACH1 on 
glucose uptake in renal cells, for example, 
by regulating SGLT2.

Doke et al. identified DACH1 as a 
potential candidate gene in a genetic 

a positive correlation of DACH1 expres-
sion with kidney function and a negative 
correlation with kidney fibrosis, inflam-
mation, and cell proliferation (13).

To determine a potential causative 
role of tubular DACH1 in kidney injury, 
Doke et al. generated two mouse models, 
one with tubule-specific Dach1 deletion 
and another with inducible overexpression 
(13). Similarly to what was found in the 
study by Cao et al., which analyzed podo-
cyte-specific Dach1 deletion and overex-
pression (5), mice with tubular Dach1 dele-
tion or overexpression did not develop a 
phenotype per se (13). However, compared 
with control animals, the mice responded  
differently to injection of folic acid, a model  
of acute kidney injury (AKI), i.e., mice with 
tubule-specific Dach1 deficiency devel-
oped severe renal fibrosis and tubular 
damage, while mice with tubule-specific 
Dach1 overexpression were protected from 
folic acid–induced nephropathy. Similar-
ly, STZ injections combined with unine-
phrectomy in mice with tubule-specific 
Dach1 deficiency were associated with 
increased renal fibrosis and proteinuria. 
Taken together, the studies by Cao et al. 
and Doke et al. demonstrate that reduced 
tubular DACH1 expression levels predis-
pose to kidney injury, while increased 
tubular DACH1 expression levels are reno-
protective, suggesting a role of tubular 
DACH1 in kidney disease (5, 13) (Figure 1).

DACH1, a safeguard and drug 
target?
It is interesting that two independent 
studies identify DACH1 as a susceptibility 
factor for kidney diseases, including DKD 
and nephrotic syndrome, although each 
group focused on a different cell type, i.e., 
podocytes or tubular cells (5, 13). The find-
ing that diminished DACH1 expression in 
either cell type is insufficient to cause inju-
ry, but renders the cells susceptible to inju-
ry, supports the hypothesis of a multihit 
injury process in the pathogenesis of kid-
ney diseases. Of note, a previous in vitro 
mutagenic screen with the goal of identify-
ing susceptibility genes for HIV-associated 
nephropathy (HIVAN), which is character-
ized by podocyte proliferation, also detect-
ed reduced DACH1 expression (14). This 
finding is consistent with the well-estab-
lished role of DACH1 as a tumor suppres-
sor in other cell types. Podocytes are post-
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