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RA signaling
Retinoic acid (RA) is the main derivative of 
vitamin A. After entering the cell, RA binds 
and activates the nuclear receptors retinoic 
acid receptor (RAR) and retinoic X receptor 
(RXR). The activated ligand/receptor com-
plex enters the nucleus and binds to a spe-
cific DNA sequence for the regulation of 
target gene expression (Figure 1). The RA 
signaling pathway contributes to various 
biological processes, ranging from devel-
opment and physiology to diseases (1–4).

In kidneys, in addition to its indispens-
able role in renal development (5), RA sig-
naling is beneficial in various kidney dis-
eases, acting by inducing protective genes 
or attenuating injurious factors (Figure 
1). RA signaling is repressed in adult kid-
neys, but it is reactivated following acute 
kidney injury (AKI), probably to aid with 
repair and regeneration (6). Indeed, RA 
ameliorates ischemic and nephrotoxic AKI 
by reducing renal tubular cell death and 
interstitial inflammation (6–10). In AKI, 
RA suppressed the expression of injuri-

ous factors, such as Nur77 and TNF-α (6, 
10). In contrast, RA signaling is impaired 
in chronic kidney disease and the impair-
ment is associated with the appearance 
of pathological hallmarks, such as renal 
fibrosis, inflammation, and glomerulo-
sclerosis (11–13). Treatment with RA or RA 
signaling agonists to reverse this impair-
ment can preserve functional kidney tis-
sues, including tubular cells, mesangial 
cells, and podocytes (11, 12, 14, 15). These 
beneficial effects may be associated 
with the induction of Kruppel-like factor 
15 (KLF15) and the reduction of BMP4, 
iNOS, and TGF-β1 (15–18). Notably, the 
protective mechanism of RA signaling has 
been examined in depth in podocytes in 
experimental models of focal segmental 
glomerulosclerosis (FSGS) and diabetic 
kidney disease (DKD). It has been shown 
that albumin overload due to proteinuria 
can neutralize RA to inactivate RA signal-
ing, leading to the suppression of podo-
cyte regeneration and differentiation (13). 
RA treatment as well as overexpression of 

RAR or retinol dehydrogenase 9 activates 
RA signaling and results in gene transcrip-
tion (12, 14, 19). RA signaling could fur-
ther activate the cAMP/cAMP-response 
element (CREB) pathway, leading to the 
expression of KLF15 for podocyte differ-
entiation and protection (16, 20).

RA signaling in podocytes in 
glomerular disease
Despite the documented beneficial effects 
of RA signaling, the clinical use of RA has 
raised concerns about its side effects (21–
23); however, the underlying mechanism 
remains largely unknown. In this issue of 
the JCI, Chen and colleagues have identi-
fied retinoic acid receptor responder pro-
tein 1 (RARRES1) as a key factor mediat-
ing the detrimental effect of RA signaling 
in podocytes in glomerular disease (24). 
This study started from the analysis of 
the Nephrotic Syndrome Study Network 
(NEPTUNE), a transcriptomic data set of 
human glomerular disease, in which RAR-
RES1 expression showed a positive cor-
relation with the decline of renal function. 
RARRES1 upregulation was also obvious 
in the glomeruli of DKD patients in the 
Nephroseq transcriptomic data set of kid-
ney disease and in the recently published 
single-cell sequencing study (24). In cul-
tured podocytes, both RA and TNF-α could 
induce RARRES1, suggesting that TNF-α 
may stimulate RARRES1 in glomerular  
disease. Overexpression of RARRES1 
potently induced podocyte apoptosis in 
vitro and glomerular injury in vivo, whereas  
knockdown of RARRES1 had the opposite 
effect, indicating the role of RARRES1 
in the development and progression of 
glomerular disease. These observations 
provide insight into the mechanism of the 
detrimental effects of RA treatment in clin-
ical settings. Certainly, RARRES1 may not 
account for all side effects of RA because 
podocytes are restricted to the glomeruli 
in kidneys and it is unclear whether RAR-
RES1 is expressed by other cells and in  
other tissues or organs. Nonetheless, the 
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Retinoic acid (RA) signaling is involved in various physiological and 
pathological conditions, including development, tumorigenesis, 
inflammation, and tissue damage and repair. In kidneys, the beneficial 
effect of RA has been reported in multiple disease models, such as 
glomerulosclerosis, renal fibrosis, and acute kidney injury. In this issue 
of the JCI, Chen et al. report a pathway activated by RA signaling that is 
mediated by the retinoic acid receptor responder protein 1 (RARRES1). 
Specifically, RARRES1, which is proteolytically cleaved to release the 
extracellular domain, was endocytosed by podocytes to induce apoptosis 
and glomerular dysfunction kidney disease. These findings unveil the 
contrasting aspects, a Janus face, of RA signaling that may guide its 
therapeutic use.
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in urine and whether it can be a biomarker 
for related renal diseases. Obviously, there 
is much more to learn about the regulation 
of RARRES1. Regardless, the discovery 
of the molecular processing of RARRES1 
opens a new door to the understanding of 
RA signaling and the design of efficacious 
therapeutic strategies.
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treatment. Whether specific inhibitors of 
MMPs can attenuate RARRES1-mediated 
podocyte injury and improve the thera-
peutic effect of RA remains unknown and 
warrants further investigation.

Perspectives and conclusions
The crosstalk between different cells in kid-
neys is crucial to the development of renal 
diseases, including glomerulosclerosis, 
which may involve glomerular cells as well 
as extraglomerular cells (25). The Chen et 
al. study provides insights into RARRES1 
function and regulation, which includes 
MMP-mediated proteolysis, consequent 
release of its C-terminal fragment, endo-
cytosis of the fragment by podocytes, and 
the activation of RIOK1/p53 signaling for 
cell death (Figure 1). Although this study 
only examined autocrine action on podo-
cytes, the RARRES1 fragment released 
into the extracellular space may affect 
other cells in kidneys as well, especially 
the adjacent mesangial cells, parietal epi-
thelial cells, and capillary endothelial cells 
in glomeruli. In addition, the RARRES1 
fragment may leak into tubular lumen to 
affect renal tubular cells. Thus, it is not 
a far-fetched possibility that this RAR-
RES1 fragment may act as a messenger 
for intercellular crosstalk for the devel-
opment of glomerulopathy and chronic  
kidney disease. Also, it would be interesting 
to know whether this fragment is detectable 

work by Chen et al. suggests that blocking 
RARRES1 would limit the side effects of 
RA and improve the therapeutic benefits 
of RA for kidney or glomerular disease.

How does RARRES1 trigger podocyte 
injury? Chen et al. (24) demonstrated the 
proteolytic processing of RARRES1, which 
results in the release of its C-terminal, 
extracellular domain. Interestingly, the 
released fragment is endocytosed by podo-
cytes where it may bind to and antagonize 
RIOK1, a serine/threonine-specific protein 
kinase with antiapoptotic activities, lead-
ing to p53 activation and apoptosis (Figure 
1). These findings are fundamental to the 
understanding of the molecular mecha-
nism whereby RARRES1 induces podocyte 
injury and glomerular disease. Remark-
ably, mutation of the cleavage site in RAR-
RES1 diminished the detrimental effects 
of RARRES1 overexpressed in mice, sup-
porting a critical role of the proteolysis of 
RARRES1 in its pathogenic effect. Chen 
et al. also suggested the involvement of 
metalloproteinases (MMP) in the cleavage 
of RARRES1 in podocyte injury. While the 
identity of the responsible MMP remains 
elusive, MMP2 and MMP9 were induced, 
along with RARα, in podocytes in an 
experimental model of FSGS (19). Thus, 
in glomerular disease, the simultaneous 
induction of MMPs and RARRES1 by RA 
may activate a cell death pathway in podo-
cytes, contributing to the side effects of RA 

Figure 1. The yin and yang of RA signaling in podocyte injury and protection. RA binds to and acti-
vates nuclear receptors RAR/RXR, resulting in expression changes in protective or injurious genes. 
RARRES1, a gene induced by RA signaling, is cleaved by MMPs to release its C-terminal fragment, 
which is then endocytosed to activate the RIOK1/p53 apoptosis pathway in podocytes.
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