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Abstract
Background Autosomal dominant tubulointerstitial kidney disease (ADTKD) results from mutations in various genes, 
including REN, UMOD, MUC1, and HNF1B. ADTKD due to REN mutations (ADTKD-REN) is often characterized as a 
proteinopathy that triggers the endoplasmic reticulum stress (ERS) cascade, potentially sharing similarities with ADTKD-
UMOD and ADTKD-MUC1 at the cellular level. This study, inspired by a patient harboring a W17R mutation, investigates 
ERS activation by this mutation alongside two other renin variants, W10R and L381P.
Methods We established stable cell lines expressing both wild-type and mutated renin forms (W17R, W10R, and L381P). 
Using luciferase reporter assays, RT-qPCR, and confocal microscopy, we evaluated ERS activation, determined the cellular 
localization of the renin variants, and characterized the mitochondrial network in the W17R line.
Results The L381P line exhibited ERS activation, including transcriptional upregulation of MANF and CRELD2. No ERS 
activation was observed in the W17R line, while the W10R line exhibited intermediate characteristics. Notably, the W17R 
variant was misrouted to the mitochondria resulting in changes of the mitochondrial network organisation.
Conclusions ERS activation is not a universal response to different renin mutations in ADTKD-REN. The pathogenesis of 
the W17R mutation may involve mitochondrial dysfunction rather than the ER pathway, albeit further research is needed 
to substantiate this hypothesis fully. Testing CRELD2 and MANF as targeted therapy markers for a specific subgroup of 
ADTKD-REN patients is recommended. Additionally, fludrocortisone treatment has shown efficacy in stabilizing the renal 
function of our patient over a four-year period without significant side effects.

Keywords Autosomal dominant tubulointerstitial kidney disease · Renin · ADTKD-REN · ADTKD-UMOD · 
Mitochondrially inherited tubulointerstitial kidney disease (MITKD) · CRELD2 · MANF

Introduction

Autosomal dominant tubulointerstitial kidney disease 
(ADTKD) represents a spectrum of rare nephrological dis-
orders, characterized by interstitial fibrosis, tubular damage, 
and often bland urinalysis, leading progressively to kidney 
failure. The complexity of ADTKD arises from its varied 
genetic origins, with mutations in such genes as UMOD, 
MUC1, REN, SEC61A1, and HNF1B. This genetic diver-
sity, coupled with non-specific clinical presentations, poses 
a significant diagnostic challenge, requiring comprehensive 
genetic investigation for accurate diagnosis [1]. In this study, 
we detail the case of a young patient displaying symptoms 
of kidney disease, anemia, hyperkalemia, and hypotension, 
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which raised the suspicion of a mutation in the REN gene. 
Subsequent genetic testing confirmed a W17R substitution 
in renin, leading to a definitive diagnosis of ADTKD-REN.

Renin, a key player in the renin–angiotensin–aldosterone 
cascade, is crucial for regulating nephrogenesis, erythro-
poiesis, blood pressure, and fluid balance. Primarily synthe-
sized in the granular cells of the juxtaglomerular apparatus, 
renin originates as preprorenin. It undergoes processing in 
the endoplasmic reticulum (ER) where its signal peptide is 
cleaved, forming prorenin. Prorenin then navigates through 
the secretory pathway and can be either secreted directly 
or further processed into active renin. Interestingly, besides 
its conventional role in the kidneys, renin also influences 
local renin–angiotensin systems in various organs. Investi-
gations into these systems have uncovered alternative renin 
transcripts lacking exon 1, which encodes the signal pep-
tide. They bypass the ER and are translated by free ribo-
somes, leading to a form known as intracellular renin (renin 
b). Notably, renin b can be directed to the mitochondria, 
although its specific function in this location is still being 
investigated [2–7].

Certain mutations in renin can halt its synthesis com-
pletely. While heterozygous carriers of these mutations are 
usually not significantly affected, homozygous individu-
als develop severe renal tubular dysgenesis (RTD [MIM# 
267430]), often resulting in perinatal death [8]. Therefore, 
dominant renin mutations linked to ADTKD-REN are 
thought to induce a gain-of-function effect, predominantly 
due to the accumulation of malfunctioning proteins within 
cells, a consequence of disrupted transport processes.

The nature of these intracellular trafficking abnormali-
ties varies with the location of the mutation, as shown in a 
recent international cohort study. Mutations within the REN 
signal peptide, such as the W17R variant, typically impede 
translocation across the ER membrane, leading to the accu-
mulation of non-glycosylated preprorenin in the cytoplasm. 
Conversely, mutations in the mature renin and prosegment 
sections result in protein accumulation within the endoplas-
mic reticulum and the ER–Golgi intermediate compartment 
(ERGIC), respectively [9].

The mechanisms by which disruptions in renin protein 
processing and transport lead to cellular toxicity and chronic 
kidney disease are not fully understood. While research on 
ADTKD-UMOD and ADTKD-MUC1 has emphasized the 
role of endoplasmic reticulum stress (ERS) and the unfolded 
protein response (UPR) [1], the involvement of these path-
ways in ADTKD-REN, particularly with signal sequence 
mutations like W17R, remains less explored [10]. Investigat-
ing the ERS activation by W17R and similar mutations is 
crucial, as it represents one of the targets in ongoing molecu-
lar therapy research [11, 12]. Understanding these common 

molecular pathways is key to expanding treatment options 
for a broader patient group.

Our study aims to explore whether ERS can be a univer-
sal response to various renin mutations in ADTKD-REN, 
including W17R. To this end, we utilized HEK293T-derived 
cell lines expressing both wild-type renin and its mutated 
forms. Our analysis includes the patient's specific mutation, 
W17R, as well as the W10R variant, with the L381P muta-
tion serving as a control due to its established association 
with ER stress [13].

Moreover, our investigation extends to assessing the 
potential mitochondrial localization of the W17R renin vari-
ant. This endeavor was inspired by the observation of intra-
cellular renin's mitochondrial localization and the intriguing 
correlation between mitochondria and ADTKD. Specifically, 
an atypical form of TKD known as mitochondrially inherited 
tubulointerstitial kidney disease (MITKD), linked to mito-
chondrial DNA (mtDNA) mutations, leads to the ADTKD 
phenotype [14]. We hypothesized that if W17R targets the 
mitochondria, it might suggest a potential molecular similar-
ity with MITKD and unveil a novel direction in the explora-
tion of ADTKD-REN mechanisms.

Additionally, we examine the long-term effects of fludro-
cortisone treatment in a patient with the W17R renin muta-
tion. This treatment, suggested for managing aldosterone 
deficiency in ADTKD-REN [15], has limited documentation 
in prolonged use cases. Our study not only presents these 
clinical findings but also contributes to a deeper understand-
ing of the pathogenic mechanisms of ADTKD-REN, aiming 
to pave the way for patients with ADTKD-REN to benefit 
from emerging mechanism-based therapies.

Materials and Methods

Genetic evaluation

Genomic DNA was extracted from buccal swabs using Gen-
eMATRIX Swab-Extract DNA Purification Kit (Euryx). 
Exon 1 of the REN gene was amplified by PCR and subse-
quently subjected to Sanger sequencing. Additionally, ampli-
cons were cloned into the pGEM®T easy vector (Promega) 
following the manufacturer's protocol. Several clones from 
each tested individual were sequenced to validate the pres-
ence of both wild-type and mutant forms of the REN gene in 
affected individuals. All patients provided informed consent 
for genetic testing. To illustrate the position of the identi-
fied REN mutation in relation to the signal peptide regions 
(Online Resources 4), SignalP 6.0 was used to predict the 
N-terminal region, the hydrophobic central region, and the 
C-terminal region [16]. 
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Cell culture

HEK-293 T (CRL-3216) cell line was purchased from the 
American Type Culture Collection (ATCC, Manassas, VA, 
USA), LentiX-293 T was from the Hirszfeld Institute of 
Immunology and Experimental Therapy, Polish Academy 
of Sciences (HIIET, PAS, Wroclaw, Poland), while HMC1 
was a generous gift from Dr A. Walczak–Drzewiecka, Insti-
tute of Medical Biology of Polish Academy of Sciences, 
Łódź, Poland.

HEK-293 T and HEK LentiX were cultured in DMEM 
medium (HIIET, PAS, Wroclaw, Poland) supplemented 
with 2  mM glutamine, 4.5  g/L glucose, and 10% FBS 
(Sigma–Aldrich, St. Louis, MO, USA). HMC-1 mast cells 
were cultured in IMDM (HIIET, PAS, Wroclaw, Poland) 
supplemented with 10% heat-inactivated FCS, and 4 mM 
L-glutamine [17]. All cell lines were propagated under 
standard conditions at 37 °C in a humidified atmosphere 
containing 5%  CO2.

Construction of expression vectors coding 
for wild‑type hREN and its mutated forms

The hREN cDNA was obtained through reverse transcription 
of RNA extracted from HMC1 cells [18] followed by PCR 
amplification using Platinum™ SuperFi II Green PCR Mas-
ter Mix (Invitrogen). The primer sequences were designed 
to include the restriction sites (HindIII and BamHI) required 
for cloning into the pcDNA3 vector (Invitrogen). Plasmids 
were propagated in Escherichia coli HST08 cells (Takara), 
and the correct clones were selected based on sequencing 
analysis.

Mutant constructs were generated through site-directed 
mutagenesis using Platinum™ SuperFi polymerase and 
overlapping mutagenic primers with 3´-overhangs, follow-
ing the manufacturer’s recommendations (Invitrogen).

Both the wild-type and mutated versions of the hREN 
gene were amplified by PCR and then cloned into pRRL-
CMV-IRES-PURO – a self-inactivating lentiviral expres-
sion vector [19] – via MluI and XhoI restriction sites, 
using standard cloning techniques. The resulting plasmids 
were propagated in Escherichia coli NEB® Stable strain 
at a reduced temperature (30 °C), and the sequences of the 
inserts were confirmed by Sanger sequencing.

The constructed expression vectors were designated as 
pRRL-RenWT, pRRL-RenW10R, pRRL-RenW17R, and 
pRRL-RenL381P.

Lentiviral transduction of HEK293T cell line

Lentiviral particles were generated through transient trans-
fection of approximately 3 ×  106 HEK293T LentiX cells 

with 6 μg of one of the expression vectors (pRRL-RenWT, 
pRRL-RenW10R, pRRL-RenW17R or pRRL-RenL381P), 
3 μg of pMDL-g/p-RRE (a gift from Didier Trono: Addgene 
plasmid #12,251), 1.5 μg of pRSV-REV (a gift from Did-
ier Trono: Addgene plasmid #12,253) [20] and 1.5 μg of 
pMk-VSVG [19] using Transporter 5 Transfection Reagent 
(Polysciences). After 18–24 h the medium was changed. 
Culture supernatants containing viral particles were col-
lected 48–72 h after transfection, clarified through a 0.45 μm 
pore size filter (Millipore), and used for the transduction of 
HEK293T cells. Approximately 5 ×  104 cells were exposed 
to viral particles present in the culture supernatant (3 ml), 
along with polybrene (8 µg/mL, MilliporeSigma™), via 
centrifugation (367 × g) for 80 min at room temperature, 
followed by an overnight incubation period. Subsequently, 
the medium was replaced, and puromycin selection (2 μg/
mL) was implemented on both transduced cells and non-
transduced control cells to ensure the cultivation of only 
stably transfected cells. Cells selected for their consistent 
expression of the specified protein versions were labeled as 
WT, W10R, W17R, and L381P cell lines.

RNA isolation and reverse transcription

RNA from the cell lines was isolated using the ExtractME 
Total RNA Kit (BLIRT) following the manufacturer's 
instructions, with an additional digestion step using the 
TURBO DNA-free™ Kit (Thermo Fisher Scientific). After 
assessing its quality on an agarose gel, 5 μg of RNA was 
reverse-transcribed following the manufacturer's instructions 
for Superscript IV (Invitrogen).

RT‑qPCR analyses

RT-qPCR analyses were conducted using the PowerUp™ 
SYBR™ Green Master Mix (Applied Biosystems™) on 
the QuantStudio™ 3 Real-Time PCR System (Applied Bio-
systems™). The following steps were performed: an initial 
hold stage (50 °C for 2 min, 95 °C for 2 min), 40 cycles of 
amplification (94 °C for 15 s, 60 °C for 1 min), and a melt 
curve stage (95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s).

Each reaction utilized one microliter of cDNA or a non-
reverse-transcribed negative control. The primer sequences 
for amplifying the tested and control genes are available 
in Online Resource 1. Standard curves for each primer set 
were established using a series of fivefold dilutions of one of 
the template cDNAs. The expression levels of the analysed 
genes were normalized to an endogenous control and pre-
sented in relation to non-treated HEK 293 T cells, for which 
gene expression was arbitrarily set as 1. Product specificity 
was confirmed through melting curve analysis.
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Luciferase assay

Reporter constructs were obtained from Addgene: ATF6 
("p5xATF6-GL3") was generously provided by Ron Pry-
wes (Addgene plasmid #11,976) [21], ATF4 ("Mouse ATF4 
(CHOP11/cATF), 5'UTR and AUG-luc") was a kind gift 
from David Ron (Addgene plasmid #21,850) [22], and XBP1 
("pFLAG-XBP1u-FLuc") was generously provided by Jim-
tong Horng (Addgene plasmid #31,239) [23].

The WT, W10R, W17R, and L381P cell lines were 
seeded in 24-well plates at a density of 17 ×  104 cells per 
well. The following day, they were transfected with one of 
the reporter constructs: ATF6 (300 ng), ATF4 (455 ng), or 
XBP1 (500 ng) using Transporter 5 Transfection Reagent 
(Polysciences, Inc, Warrington, PA, USA). Additionally, 
for ATF6 and ATF4 constructs, a pRLTK plasmid (45 ng) 
encoding Renilla luciferase was co-transfected to serve as 
an internal control. After 48 h of transfection, the cells were 
lysed, and their firefly and Renilla luciferase activities were 
assessed using the Dual-Luciferase® Reporter Assay System 
(Promega) and a Luminometer TD-20/20 (Turner Designs). 
As a positive control, cells were induced with tunicamycin 
(2.5 μg/ml, SIGMA) for 20 h prior to the measurement.

SDS‑PAGE and western blot

The western blot analysis was conducted on both the culture 
media and cell lysates of the WT, W17R, W10R, L381P, and 
NT lines. A detailed protocol, including the antibodies used, 
is provided in Online Resource 2.

Renin activity measurement

Cells were seeded  in 24-well plates (25 ×  104  cells/
well). On the following day, the medium was substituted 
with fresh low serum medium (1.7% FBS) devoid of phenol 
red. After 24 h, the activity of the renin secreted into the 
medium was assessed using Sigma-Aldrich Renin Assay 
Kit (MAK157). Before measurement, renin was activated 
through trypsin treatment: 25 µl of the medium was incu-
bated at 37 °C for 20 min in a 50 µl assay buffer reaction 
containing 0.4 µg of trypsin. The reactions were stopped 
by adding 1 µl of 100 mM PMSF. Subsequently, 50 µl of 
diluted renin substrate was introduced, and the fluorescent 
signal (λex = 540/ λem = 590) was monitored every 5 min for 
130 min at 37 °C using Synergy H4 Hybrid Reader.

Immunofluorescence

The immunofluorescence method was used to determine 
the localization of prorenin in cells and in the analysis of 
mitochondrial network morphology. Detailed procedures 

for preparation of samples, including the specific antibodies 
used and the conditions under which images were obtained, 
are described in the Online Resource 2.

Colocalization analysis

The colocalization of renin with the ER marker P4HB, as 
well as renin with mitochondria (MitoTracker™), was quan-
tified using the JACoP plugin in FIJI [24, 25].

Cells revealing high signal originating from renin were 
chosen for the colocalization measurement. Before the colo-
calization measurement both analysed images (showing 
ER and renin) were filtered using Gaussian Blur filter with 
sigma parameter (radius) set to 1 pixel. Colocalization was 
expressed as Mander`s Coefficients (which represent frac-
tion of renin overlapping ER) determined for thresholded 
images. Thresholds were set manually for each image to 
cover regions showing the most intense fluorescence signals.

The measurement of the colocalization between renin and 
mitochondria labeled with MitoTracker was also conducted 
on individual cells. In this case, colocalization was deter-
mined using the Pearson's correlation coefficient.

Mitochondrial morphology and network analysis

The initial assessment of mitochondrial morphology 
involved counting cells exhibiting small, tubular, or round 
mitochondrial structures. Calculations were performed on 
five regions from each investigated group, encompassing a 
minimum of 30 cells in each region.

3D analysis of the mitochondrial network was conducted 
using the Mitochondria Analyser plugin within the ImageJ 
software [25–27], according to the pipeline presented in 
Online Resource 3.

Statistical analysis

The statistical analysis was conducted using the Micro-
soft Excel program with the addition of the Real Sta-
tistics Resource Pack software (Release 6.8), copyright 
(2013–2020) Charles Zaiontz. The type of statistical test 
used, the number of experiment replicates, and the p-value 
have been detailed in the descriptions of figures presenting 
the results of each specific experiment.

Results

Clinical findings

A ten-year-old boy, born at 36 weeks of gestation with a 
body mass of 2460 g, was in good condition. Early childhood 
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urine sediment tests were normal, showing no proteinuria, 
and abdominal ultrasound revealed no abnormalities. Since 
the age of one, he had been under hematological care for 
anemia, responding temporarily to iron supplementation. His 
psychomotor development was normal. Family history noted 
his father had gout, and his paternal grandfather had both 
gout and chronic kidney disease (CKD) stage 5.

At six years old, he was admitted to our department with a 
mild fever and minor gastrointestinal symptoms. Laboratory 
tests indicated high inflammatory parameters (C-reactive 
protein 240.4 mg/l, procalcitonin 6.7 ng/ml), signs of kid-
ney injury (urea 149.8 mg/dl, creatinine 1.4 mg/dl, uric acid 
13.9 mg/dL), anemia (hemoglobin level of 8.7 g/dl), elec-
trolyte imbalances (hyponatremia and hyperkalemia), and 
metabolic acidosis. Low blood pressure (86/50 mmHg) was 
also observed. Treatment included antibiotics, intravenous 
fluids, and rasburicase. Although there was initial improve-
ment, kidney injury parameters worsened and blood pressure 
remained low upon cessation of intravenous hydration.

Further investigation revealed low levels of plasma renin 
activity and aldosterone. A 24-h urine collection indicated 
low aldosterone levels, hypouricosuria, and increased 
sodium loss. Genetic testing confirmed a heterozygous 
c.49 T > C sequence variant in exon 1 of the REN gene, lead-
ing to a diagnosis of autosomal dominant tubulointerstitial 
kidney disease (ADTKD-REN, W17R) (Online Resource 
4). Treatment with allopurinol, increased fluid intake, a 
high-salt diet with potassium limitation, and fludrocorti-
sone (100 µg per day) was initiated, alongside qualification 
for darbepoetin therapy. This led to gradual normalization 
of blood test results and general condition. The decision 
was made to continue treatment to maintain normal blood 
pressure.

Currently, four years post-initiation of fludrocortisone 
treatment, the patient demonstrates stable kidney function 
(Fig. 1), with no serious side effects noted during therapy. 
He undergoes regular ophthalmological exams and densi-
tometry, maintains a correct carbohydrate balance, and his 
growth is appropriate for his age. In 2020, this case was 
included for statistical analysis in an international cohort 
study [9], but the specific data presented here were not 
included in that article (Online Resource 5).

Molecular investigations

Characterization of REN variants stably expressed 
in HEK293T cells

We established polyclonal cell lines expressing wild-type 
renin and its mutated forms: W17R, W10R, and L381P. 
The expression of renin was confirmed and quantitatively 
evaluated using RT-qPCR. Although the REN mRNA levels 
varied over time in culture, the difference between cell lines 
did not exceed 2.5 times (not shown). Western blot analy-
sis verified the presence of renin protein within the cells, 
showing similar levels of total renin expression across lines 
(Fig. 2A, Fig. 2B), and revealed reduced secretion into the 
media for the W10R mutation, while the W17R and L381P 
forms exhibited no detectable secretion (Fig. 2A). This pat-
tern was corroborated by measuring renin activity in the 
media (Fig. 2C). Immunofluorescence analysis showed the 
strongest colocalization with the ER marker (P4HB) for 
L381P renin, confirming the previously reported retention 
of this form in the ER [13]. There was no colocalization of 
W17R with the ER, while the signal overlap level for W10R 
was similar to that of WT (Fig. 3). The lack of colocalization 
of the W17R variant with the ER in our cell line aligns with 
previous reports indicating that this form is not transported 
to the ER [9]. This observation also corresponds well with 
the results of the western blot analysis, where only the pre-
prorenin form was observed in W17R cells (Fig. 2A, 2B, 
Online Resource 6).

Evaluation of the activation of the ER stress markers

To assess the potential induction of ER stress by the W17R 
and W10R variants of renin, we examined the major mark-
ers of unfolded protein response (UPR) in cell lines where 
the wild-type or mutated forms of this protein were stably 
expressed. For comparison, we included a cell line express-
ing the L381P version of renin, as its ability to activate the 
UPR has been previously demonstrated in a cellular model 
[13]. The utilization of Xbp1, ATF4, and ATF6 luciferase 
reporter constructs [21–23] enabled us to assess the activ-
ity of the major upstream regulators of the three unfolded 

Fig. 1  Estimated glomerular filtration rate (eGFR) in a patient with 
W17R mutation before and after fludrocortisone treatment. GFR was 
estimated according to the Schwartz formula. The red arrow indicates 
the treatment initiation
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protein response (UPR) pathways: IRE1, PERK, and ATF6 
[28]. In our experiments, the expression of the renin W17R 
variant did not result in the activation of any of these path-
ways. In contrast, the control L381P line exhibited signs 
of activation across all three pathways, whereas the W10R 
line specifically activated the PERK pathway (as indicated 
by reporter ATF4) (Fig. 4A). Using RT-qPCR, we observed 
increased expression of the HSPA5 gene, which encodes BiP 
(Immunoglobulin heavy chain-binding protein) – a central 
regulator of UPR stress sensors, as well as two downstream 
UPR markers: CRELD and MANF, but only in the L381P 
line (Fig. 4B).

Mitochondrial localization of W17R renin 
and mitochondrial network analysis in the W17R cell line

To test whether W17R renin can be directed to mitochon-
dria, we performed confocal microscopy analysis, which 
confirmed the partial colocalization of the signals from the 
anti-renin antibody and the MitoTracker™ (Fig. 5).

Confocal microscope images also revealed variations in 
mitochondrial morphology among the analysed cell lines: 
WT, W17R, and the non-transduced HEK293T (NT) con-
trol. Three distinct morphological categories were ten-
tatively identified as "rounded," "tubular," and "small" 
(Fig. 6A). In the NT control line, elongated mitochondria 
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with a complex tubular network predominated. These cells 
constituted a notably smaller proportion in the remaining 
groups, not only in W17R but also in the WT cell line. Cells 
displaying rounded mitochondria represented a signifi-
cantly larger population within the WT cells, while the most 

prominent characteristic of the W17R line was the highest, 
statistically significant percentage of cells with small mito-
chondria (Fig. 6A).

To provide a more precise characterization of mito-
chondrial morphology within distinct categories, randomly 

Fig. 3  Localization of renin variants relative to the endoplasmic retic-
ulum (ER). Immunofluorescence analysis conducted on WT, W17R, 
W10R, and L381P cell lines showing the localization of ER marker 
(polyclonal rabbit anti-P4HB antibody, green), renin (REN, mouse 
anti-renin antibody, red), and nuclei (DAPI, blue). Scale bar = 15 μm. 

The graph below depicts Mander`s coefficients between ER and renin 
signals. The letters (a, b, c) depict groups with statistically different 
values (p < 0.05), as determined by ANOVA with Games-Howell post 
hoc test; ± SD; SD, standard deviation
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selected cells from each experimental group underwent 3D 
analysis using the Mitochondria Analyser plug-in within the 
ImageJ software (Fig. 6B). Additionally, a pool of cells in 
the anaphase of the cell cycle selected from the NT group 
was included in the analysis. Taguchi et al. [29] observed 
that the mitochondrial network in metaphase and anaphase 
human cells exhibits a higher degree of fragmentation com-
pared to interphase cells. Therefore, the dividing cells were 
included as an additional control to assist in our analysis of 
mitochondrial network fragmentation features. As expected, 
these cells showed a decrease in both mitochondrial mean 
volume and mean surface area. However, we did not observe 
other hallmarks of fragmented mitochondrial networks, such 
as an increase in the number of mitochondria per cell or 
changes in their sphericity [26]. The W17R cell line did not 
significantly differ from NT cells in any of these parameters 
(Fig. 6B).

The structure of the mitochondrial network was 
described using parameters such as the number of mito-
chondrial branches, branch length, and the average branch 
diameter (Fig. 7A). The total branch length and the total 
branch length per mitochondrion were the lowest and sig-
nificantly different (p < 0.01) in dividing cells, as expected 
for cells with fragmented mitochondrial networks. How-
ever, this decrease in branch length was not accompanied 
by a reduction in the number of branches. The only param-
eter in which the W17R line differed statistically from all 
control cell lines was the average branch diameter, which 
was significantly lower even when compared to dividing 
cells (Fig. 7A).

Although the 2D microscope images showed some fea-
tures of mitochondrial network disruption in renin W17R 
expressing cells (decreased number of tubular mitochondria 
and increased number of small mitochondria) (Fig. 6A), the 

Fig. 4  Evaluation of ER stress 
markers activation in WT, 
W17R, W10R, and L381P cell 
lines. A Detection of XBP1 
splicing, ATF6, and ATF4 acti-
vation using luciferase-based 
reporter constructs. Luciferase 
activity is presented as mean 
values (n = 3) ± standard devia-
tion of relative light units per 
second (RLU/s). HEK293T 
cells treated with tunicamycin 
(2.5 µg/ml) served as the posi-
tive control (tun). The letters (a, 
b, c) depict groups with statisti-
cally different values (p < 0.05), 
as determined by ANOVA with 
Games-Howell post hoc test. 
B RT-qPCR analysis of ER 
stress markers: mRNA levels of 
BIP (Binding immunoglobulin 
protein), MANF (Mesencephalic 
astrocyte-derived neurotrophic 
factor), CRELD2 (Cysteine-rich 
with epidermal growth factor 
(EGF)-like domains 2), EDEM1 
(ER degradation-enhancing 
alpha-mannosidase-like protein 
1), CRT  (Calreticulin), and 
HSP90B1 (heat shock protein 
90 beta family member 1), nor-
malized to HPRT1 (Hypoxan-
thine Phosphoribosyltransferase 
1). HEK293T cells treated with 
brefeldin (2.5 µg/ml) served 
as the positive control (bref). 
A.U. = arbitrary unit; ± SD 
(n = 3); the asterisk depicts 
statistically different groups 
(p < 0.05) from the WT cell line 
(Student's t-test)



2371Pediatric Nephrology (2024) 39:2363–2375 

3D analysis of network morphology did not provide conclu-
sive evidence of whether it can be described as fragmented. 
Therefore, we conducted RT-qPCR to assess the expression 
levels of genes encoding proteins involved in fusion, such 
as optic atrophy 1 (OPA1) and mitofusin 1/2 (MFN1/2), as 
well as proteins participating in fission, such as dynamin-
related protein 1 (DNM1L) and mitochondrial fission protein 
1 (FIS1) [30, 31]. Across all cell lines, including W10R and 
L381P, which were included for comparison purposes, we 
did not observe any statistically significant differences in 
the mRNA levels of genes associated with the dynamic pro-
cesses of the mitochondrial network (Fig. 7B).

Discussion

Molecular evidence increasingly highlights how disruptions 
in protein trafficking through the secretory pathway, and the 
subsequent induction of ERS, contribute to the pathogen-
esis of rare kidney diseases, including ADTKD-UMOD and 

ADTKD-MUC1. This critical insight has driven the devel-
opment of mechanism-based therapies, potentially beneficial 
for a spectrum of diseases affecting not only the kidneys but 
also other organs [12, 32].

Despite being classified within this disease group, 
ADTKD-REN exhibits significant heterogeneity in its 
pathophysiology. For instance, mutations in the mature 
part of renin, such as the L381P variant, often lead to pro-
tein retention in the ER and subsequent activation of ERS, 
similar to what is observed in ADTKD-UMOD [9, 13]. Our 
study, utilizing a stable L381P renin expression model, con-
firmed the potential of this variant to induce the IRE1 and 
ATF6 branches of the UPR pathway. Interestingly, we also 
observed activation of the PERK branch, a novel finding 
that suggests the need for further investigation into model-
dependent variations.

A significant discovery in our research was the transcrip-
tional upregulation of MANF (encoding mesencephalic 
astrocyte-derived neurotrophic factor) and CRELD2 (encod-
ing cysteine-rich with EGF-like domains 2) in the L381P 

Fig. 5  Intracellular localization of W17R renin. Immunofluores-
cence analysis revealing the colocalization (merged yellow signals) 
of W17R renin (green, rabbit anti-prorenin 265–294 serum) with 
MitoTracker™ (red). Scale bar = 15  μm. The graph below depicts 

Pearson's correlation coefficient between MitoTracker™ and renin 
signals (n = 3 ± standard deviation). The asterisk depicts statistically 
different (p < 0.05) groups (Student's t-test)
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line, a finding not previously reported for ADTKD-REN 
mutations. Recognized as noninvasive urinary ER stress 
biomarkers, MANF and CRELD2 proteins offer promis-
ing opportunities for early diagnosis and treatment moni-
toring in ADTKD-UMOD patients [33]. If the observed 
increases in their expression levels are validated in patients 
with renin mutations, they could also serve as diagnostic 
markers for ADTKD-REN. Our findings, confirming and 
expanding upon the molecular commonalities between 
ADTKD-UMOD and ADTKD-REN due to mutations in 
the mature part of renin, gain additional significance in the 
context of recent research by Kim et al., whose study high-
lights MANF's role in protecting kidney function in a mouse 
model of ADTKD-UMOD and suggests its potential as a 
biotherapeutic agent [34].

However, the implications for patients with signal 
sequence mutations are not as straightforward. The effect 
of these mutations on protein trafficking depends on how 
they impact the signal sequence, as demonstrated by early 
analyses of mutations such as L16R and L16del. While 
L16R prevented ER cotranslational translocation, L16del 
merely reduced it [10]. Our study indicates a similar pattern 
for W17R and W10R mutations. However, the relationship 
between these variations and ER stress activation remains 
unclear. ER stress can be triggered both by the accumula-
tion of misfolded proteins within the ER and by aggrega-
tion events outside the ER [35, 36]. Although the L16del 
mutation showed signs of IRE1 pathway activation [10], it 
remains the only signal sequence mutation thoroughly inves-
tigated in this context. Our findings did not reveal ERS in 
the W17R cell line, and while the W10R mutation appeared 

Fig. 6  Morphological analy-
sis of mitochondria. A In the 
representative image, three 
distinct morphological catego-
ries of mitochondria are shown: 
rounded, tubular, and small. The 
graphs depict the percentage of 
cells with different morphologi-
cal forms. In the graph different 
letters represent groups with 
statistically different values 
(p < 0.05), as determined by 
ANOVA with Games–How-
ell post hoc test. The results 
are presented as mean values 
(n = 3 ± SD). B 3D morpho-
logical analysis was performed 
using ImageJ (Mitochondria 
Analyser) on the following cell 
lines: WT, W17R, NT (non-
transduced HEK293T cells), 
and D (dividing cells from NT). 
The graphs display the mean 
number of mitochondria per 
cell, mean volume of mitochon-
dria, mean surface area of mito-
chondria, and sphericity. Dif-
ferent letters represent groups 
with statistically different values 
(p < 0.05), as determined by 
ANOVA with Games–Howell 
post hoc test (group labeled as 
“ab” is different from neither 
“a” nor “b” groups). Data are 
presented as mean ± SD values 
based on measurements from at 
least 5 individual cells in three 
independent experiments (n = 3)
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to induce the PERK arm of the UPR, it was not accompa-
nied by increased BIP expression, highlighting the need for 
further research.

The W17R renin mutation, altering the signal sequence 
and preventing effective ER translocation, results in its cyto-
plasmic localization. Considering that cytosolic renin (renin 
b), lacking an ER signal sequence, is partly directed towards 
mitochondria [2], we investigated W17R's subcellular locali-
zation and confirmed its partial mitochondrial misrouting. 

These observations, independently corroborated by Schaef-
fer et al.’s studies showing more pronounced mitochon-
drial mistargeting [37], reinforce the hypothesis of possible 
mitochondrial involvement in ADTKD-REN pathogenesis. 
This finding, along with model-dependent variations in the 
severity of effects, emphasizes the need to examine patient 
samples for a comprehensive understanding.

Schaeffer et al. [37] highlighted mitochondrial network 
fragmentation as a potential cellular-level pathogenic 

Fig. 7  Analysis of mitochon-
drial network. A 3D analysis of 
the mitochondrial network was 
conducted using ImageJ (Mito-
chondria Analyser) for the fol-
lowing cell lines: WT, W17R, 
NT (non-transduced HEK293T 
cells), and D (dividing cells 
from NT). The graphs illustrate 
the number of mitochondrial 
branches per cell, mean branch 
diameter, total branch length, 
and branch length per mito-
chondrion. Asterisk or different 
letters represent groups with 
statistically different values 
(p < 0.05), as determined by 
ANOVA with Games–Howell 
post hoc test. Data are presented 
as mean ± SD based on three 
independent experiments 
(n = 3). B RT-qPCR analysis 
of fusion and fission markers. 
The graphs present the mean 
(n = 3 ± SD) relative mRNA 
expression of OPA1 (OPA1 
Mitochondrial Dynamin Like 
GTPase), MFN1 (Mitofusin 1), 
MFN2 (Mitofusin 2) as fusion 
markers, and DNM1L (Dynamin 
1 Like) and FIS1 (Fission, Mito-
chondrial1) as fission mark-
ers, all normalized to HPRT1 
(Hypoxanthine Phosphoribo-
syltransferase) and compared to 
WT cell line (Student's t-test). 
A.U. = arbitrary unit

A

B
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mechanism. In our experimental model, we observed simi-
lar disruptions in the mitochondrial network of the W17R 
line, specifically a decrease in tubular mitochondria and an 
increase in small mitochondria. However, our 3D analysis 
did not confirm classic network fragmentation; instead, it 
revealed a notable reduction in the average branch diameter 
of the ADTKD network compared to control groups. The 
absence of significant differences in the mRNA levels of 
genes involved in mitochondrial fission and fusion dynam-
ics lends further credence to these findings. Such results 
underscore the necessity of employing 3D analysis in mito-
chondrial network studies and highlight the importance 
of conducting additional research to delineate the specific 
alterations caused by misdirected and damaged renin.

Further investigations into the role of mitochondria in 
ADTKD-REN pathogenesis may benefit from the estab-
lished links between mitochondrial anomalies and TKD. 
Considering the hypothesis that mitochondrial  tRNAPhe 
malfunction leads to the ADTKD phenotype in MITKD 
[8], it is compelling to investigate how renin variants local-
ized within mitochondria affect mitochondrial transcription 
and translation processes. This line of inquiry is reinforced 
by findings that the deletion of mitochondrial transcription 
factor A (TFAM) in mouse kidney tubule cells results in 
mitochondrial DNA leakage, triggering the STING (cyclic 
GMP–AMP synthase–stimulator of interferon genes) path-
way and causing renal inflammation and fibrosis [38]. Addi-
tionally, recent theories suggest that disruptions in mito-
chondrial homeostasis, activating the STING pathway, may 
provide the missing link between ERS activation and fibrosis 
in ADTKD-UMOD pathogenesis [34]. This discovery is piv-
otal as it bridges a critical gap in our understanding of how 
ERS transitions to fibrosis, a previously unclear aspect of the 
disease mechanism. Moreover, since this process occurs at 
the mitochondrial level, it could represent a common path-
way for both mutations that cause ERS and those that do 
not. Investigating whether this mechanism also plays a role 
in ADTKD-REN represents a significant direction for future 
research.

In conclusion, our research shows that while mutations 
causing ADTKD-REN may result in ERS activation, this is 
not a universal phenomenon. This suggests that if a common 
molecular mechanism underlies ADTKD-REN pathogen-
esis, it is more likely associated with mitochondrial dys-
function rather than ER stress. The potential of the MANF 
protein, given its crucial role in regulating mitophagy and 
mitochondrial homeostasis [34], as a therapeutic agent 
for diverse renin mutations, presents a promising avenue 
for future research. Currently, fludrocortisone remains the 
most effective treatment option for ADTKD-REN, as dem-
onstrated by the stabilization of renal function in our patient 
with W17R mutation over a four-year treatment period 
without significant side effects. The scarcity of reports on 

long-term fludrocortisone usage complicates the ability 
to conclude the treatment's universality among different 
mutation types and duration of renal protection across all 
ADTKD-REN cases. This gap underscores the importance 
of our report, contributing insights to the expanding body of 
knowledge on the subject.
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