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The loss of functional nephrons after kidney injury triggers the compensatory growth of the remaining ones to allow
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coinertia analysis revealed the existence of 2 waves of gene expression. Interestingly, we identified type I interferon (IFN)
response as an early (first-wave) and specific signature of the sensitive (FVB/N) mice. Activation of type I IFN response
was associated with G1/S cell cycle arrest, which correlated with p21 nuclear translocation. Remarkably, the transient
induction of type I IFN response by poly(I:C) injections during the compensatory growth resulted in renal lesions in
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Introduction
Chronic kidney disease (CKD), one of the major public health challenges of the 21st century, is character-
ized by the progressive decline of renal function to end-stage renal disease (ESRD) that may occur, irrespec-
tive of the cause of the renal damage, once a critical number of nephrons has been lost (1–3). Approximately 
10% to 15% of adults suffer from CKD, and the incidence of ESRD increases by 6% to 8% per year (1, 2). 
Despite efforts by the health care community, the survival and quality of life of patients with ESRD remain 
poor due in large part to the deleterious sequelae. Because of  the persistently poor outcome of ESRD, cur-
rent clinical research efforts focus on preventive strategies to slow down the rate of CKD progression.

The mechanisms of CKD progression are poorly understood. Attempts to dissect the molecular basis 
of CKD have been facilitated by the development of several experimental animal models. Among these, 
the subtotal nephrectomy model is a mainstay because this model recapitulates many features of human 
CKD, including hypertension, proteinuria, and glomerular and tubulointerstitial lesions (4–6). Over the 
last 50 years, the study of this model has led to the discovery of critical pathways and, more importantly, 
to the design of therapeutic strategies to delay CKD progression, such as renin-angiotensin inhibitors (7, 8).

It has been shown that the reduction of the number of functional nephrons triggers molecular and 
cellular events, promoting compensatory growth of the remaining ones to maintain kidney function (4–6).  

The loss of functional nephrons after kidney injury triggers the compensatory growth of the 
remaining ones to allow functional adaptation. However, in some cases, these compensatory events 
activate signaling pathways that lead to pathological alterations and chronic kidney disease. Little is 
known about the identity of these pathways and how they lead to the development of renal lesions. 
Here, we combined mouse strains that differently react to nephron reduction with molecular and 
temporal genome-wide transcriptome studies to elucidate the molecular mechanisms involved in 
these events. We demonstrated that nephron reduction led to 2 waves of cell proliferation: the first 
one occurred during the compensatory growth regardless of the genetic background, whereas the 
second one occurred, after a quiescent phase, exclusively in the sensitive strain and accompanied 
the development of renal lesions. Similarly, clustering by coinertia analysis revealed the existence 
of 2 waves of gene expression. Interestingly, we identified type I interferon (IFN) response as an 
early (first-wave) and specific signature of the sensitive (FVB/N) mice. Activation of type I IFN 
response was associated with G1/S cell cycle arrest, which correlated with p21 nuclear translocation. 
Remarkably, the transient induction of type I IFN response by poly(I:C) injections during the 
compensatory growth resulted in renal lesions in otherwise-resistant C57BL6 mice. Collectively, 
these results suggest that the early molecular and cellular events occurring after nephron reduction 
determine the risk of developing late renal lesions and point to type I IFN response as a crucial event 
of the deterioration process.
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In some cases, these compensatory events may activate pathways that lead to pathological changes 
marked by the development of glomerular sclerosis, tubular atrophy and cysts, interstitial fibrosis, and 
mononuclear cell infiltration (9, 10). The identity of the cellular pathways engaged during the renal com-
pensatory growth process and how they lead to the development of later renal lesions are still not known.

Epidemiological studies indicate that the rate of CKD progression can vary significantly among indi-
viduals. Although clinical observations have disclosed the importance of environmental factors in the bio-
logical processes leading to renal deterioration, several studies have highlighted the critical role played by 
genetic factors (1, 2). Similarly, experimental models of CKD have shown that the development of renal 
lesions is genetically determined in mice (11, 12). By applying subtotal nephrectomy to 6 mouse strains, we 
previously demonstrated that only 1, the FVB/N, develops severe renal lesions after nephron reduction, 
whereas the others undergo compensatory growth alone (9, 13, 14). The development of renal lesions in 
FVB/N mice is associated with an increase of cell proliferation. Notably, previous studies demonstrated 
that the pharmacological or molecular inhibition of cell proliferation attenuates, to some extent, the pro-
gression of renal lesions in several experimental models of CKD, indicating that cell proliferation is crucial-
ly involved in the deterioration process. More recently, it has been proposed that a cell cycle G2/M arrest 
may play a critical role in lesion development during CKD (15). Indeed, this arrest favors the expression of 
profibrotic genes. Nevertheless, tubular cell proliferation is also required for the renal compensatory growth 
that follows nephron reduction. Whether the same genetic networks trigger cell proliferation during the 
compensatory and deterioration phases is still unknown.

Here, we took advantage of 2 strains of mice, FVB/N and C57BL6, that differently react to nephron 
reduction to dissect the genetic networks that underlie renal compensation and deterioration. Using unbi-
ased temporal profiling of whole-kidney transcriptome, we identified type I interferon (IFN) response as 
a specific signature of the sensitive FVB/N mice during the first peak of cell proliferation. This signature 
was associated with a G1/S cell cycle arrest, which correlated with p21 nuclear translocation. Finally, we 
demonstrated that the early induction of type I IFN response led to glomerular lesions in initially resistant 
C57BL6 mice, suggesting that this pathway might be the critical link between the renal compensation and 
deterioration processes.

Results
Tubular cell proliferation characterizes both compensatory growth and renal deterioration processes but in a 
strain-dependent manner. To better understand the nature of the events that lead to either the renal com-
pensatory growth or the lesion development after nephron reduction (via subtotal nephrectomy, Nx), we 
first studied the temporal modifications of renal architecture and the pattern of tubular cell proliferation 
in the sensitive FVB/N (hereafter named FVB) and resistant C57BL6 (hereafter named B6) mice at 
2, 28, and 56 days after Nx. Histological analysis showed acute tubular damage in both FVB and B6 
mice 2 days after Nx (Figure 1A and Supplemental Figure 1A; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.126183DS1). Tubular lesions, which were partic-
ularly severe in the scar regions, were similar between the 2 strains of mice (Supplemental Figure 1A). 
Consistently, the expression of LCN2, a marker of kidney injury, increased in remnant kidneys of both 
FVB and B6 mice (Supplemental Figure 1B). Ki-67 staining showed a first robust burst of tubular cell 
proliferation 2 days after Nx regardless of the genetic background (Figure 1B and Supplemental Figure 
1C). This was associated with a progressive increase of the kidney-to-body weight ratio, suggesting that 
proliferation thrusts the compensatory growth of remaining nephrons (Figure 1C and Supplemental Fig-
ure 2). Of note is the observation that compared with the estimated remnant kidney weight left at the 
time of surgery, kidney weight at day 2 increased about 30%. At day 28, apart from the surgical scars, 
the renal parenchyma displayed almost normal morphology regardless of the genetic background (Figure 
1A). Cell proliferation was also dramatically switched off and became almost undetectable (Figure 1B 
and Supplemental Figure 1C). Remarkably, after this “quiescent phase,” we observed a sudden second 
wave of cell proliferation but exclusively in the FVB mice. This was associated with the development 
of chronic renal lesions, i.e., glomerular sclerosis, tubular dilations, and interstitial fibrosis and inflam-
mation (Figure 1A and Supplemental Figure 3). A careful time course quantification of renal lesions 
showed that the severity of renal lesions was dramatically increased in all nephron compartments at day 
56, mainly in NxFVB mice (Supplemental Figure 3). This “deterioration phase” was characterized by a 
further increase of the kidney-to-body weight ratio in FVB mice (Figure 1C and Supplemental Figure 2).
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Consistent with the morphological data, 56 days after Nx, renal function was preserved in B6 mice, 
whereas it was severely affected in FVB mice (Supplemental Figure 4). Similarly, urine protein and albu-
min excretion dramatically increased at day 56, exclusively in NxFVB mice (Supplemental Figure 4). As 
expected, mean arterial blood pressure was increased in NxFVB mice 56 days after nephron reduction 
compared with sham-operated controls and NxB6 mice (138 ± 11, 110 ± 2.5, and 118 ± 10 mmHg, respec-
tively). However, the differences were not statistically significant.

To determine the relative contribution of the different nephron segments to the 2 waves of cell prolif-
eration, we performed colocalization experiments using specific tubular markers and Ki-67. We observed 
that the first proliferative wave predominated in the proximal tubules and collecting ducts regardless 
of the genetic background (Figure 1D). In contrast, the second wave, observed only in NxFVB mice, 
involved mainly the proximal tubules and, to a minor extent, the Henle loops (Figure 1D).

Moreover, colocalization experiments using antibodies directed against proliferating cell nuclear 
antigen (PCNA), another marker of cell proliferation, and α–smooth muscle actin (α-SMA), a marker 
of activated myofibroblasts, revealed that cell proliferation affected mainly tubular cells (Supplemental 
Figure 5). Notably, very few cells were stained by the 2 antibodies, indicating a low rate of fibroblast 
proliferation at day 56.

Gene expression after Nx is driven in a strain- and time-dependent manner. To identify the genetic net-
works that trigger the compensatory and the deterioration processes, we next performed a temporal 
analysis of whole-kidney transcriptome in FVB and B6 mice at 2, 28, and 56 days after Nx or Sh (Sup-
plemental Figure 6). Clustering by coinertia analysis of whole samples showed that gene expression 
was driven by 2 main components in a time-dependent manner (Figure 2A). The “strain effect” was 
the main determinant of renal gene expression, with FVB mice segregating in the upper part and B6 
mice in the lower part of the panel. The second component was the “Nx effect,” with Nx mice at day 2 
being the greatest outlier from the Sh cluster in both strains. This partition was time dependent because 
NxB6 and NxFVB mice migrated toward the respective Sh cluster at day 28. Nevertheless, contrary to 
NxB6, NxFVB mice did not reconvert toward the respective ShFVB cluster at day 56 but rather moved 
in the opposite direction (Figure 2A). Remarkably, consistent with the changes of renal morphology 
and the pattern of cell proliferation, this unbiased analysis disclosed a 2-wave pattern of global gene 
expression in NxFVB and a single wave in NxB6 mice. The analysis of the amplitude of the differential 
gene expression further supported this pattern, with the observation that the most prominent differences 
between the 2 strains were at day 56 as compared with other time points (Figure 2B).

Gene and pathway enrichment analysis identifies a temporal modulation of gene expression after Nx with com-
mon and distinct patterns in FVB and B6 mice. To determine the temporal course of the genes and pathways 
modulated by Nx, we compared Nx with Sh mice in each strain at each time point (Figure 3). A con-
spicuous number of genes were significantly upregulated or downregulated after Nx at each time point 
(Figure 3A). Nevertheless, the “Nx effect” was most remarkable at day 2 in both strains and at day 56 
in the sensitive FVB strain. This was still the case when more stringent criteria (FDR < 0.01; absolute 
log2 fold change [FC] ≥ 2) were used to restrain the number of genes (Table 1). Interestingly, a dramatic 
decrease of the number of differentially expressed genes was observed at day 28, which was consistent 
with the return to a homeostatic state and the concept of a “quiescent phase.” To determine the most 
relevant pathways Nx modulates, we then performed a gene set enrichment analysis (Figure 3B). A 
significant number of genes related to extracellular matrix and collagen synthesis and degradation were 
similarly induced by Nx in the 2 mouse strains from day 2 up to day 56 (Figure 3B). This was suggestive 

Figure 1. Nephron reduction leads to 2 waves of cell proliferation in sensitive FVB mice. (A) Representative cortical sections from FVB and B6 mice 
2, 28, and 56 days after sham operation (Sh) or subtotal nephrectomy (Nx) stained with periodic acid-Schiff (original magnification, ×200; n = 4–6 
and 10–12 for Sh and Nx, respectively, in each strain at each time point). (B) Representative images of Ki-67 immunostaining in B6 and FVB mice 2, 
28, and 56 days after Nx and quantification of tubular cell proliferation index (original magnification, ×400; n = 4 Nx mice at least in each strain at 
each time point). Data are shown as mean ± SEM. Mann-Whitney U test. NxFVB versus NxB6 mice: #P < 0.05. (C) Time course analysis of kidney-
to-body weight ratio in B6 and FVB mice 2, 28, and 56 days after Sh or Nx (n = 4–6 and 9–12 for Sh and Nx, respectively, in each strain at each time 
point). Data are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus Sh mice: *P < 0.05; ***P < 0.001. FVB versus B6 
mice: ###P < 0.001. (D) Tubular cells proliferation index by nephron segment in FVB and B6 mice 2, 28, and 56 days after Nx (n = 4 Nx mice in each 
strain at each time point) using coimmunostaining of Ki-67 and specific tubular markers: lotus tetragonolobus lectin (LTL) for proximal tubules, 
Tamm-Horsfall (TH) for the ascending Henle loop and distal convoluted tubules, and dolichos biflorus agglutinin (DBA) for collecting tubules. Data 
are shown as mean ± SEM. Mann-Whitney U test. NxFVB versus NxB6: #P < 0.05.
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of a remodeling of the extracellular matrix in response to Nx but could also be the consequence of the 
surgical scar formation, particularly in the early phase. The deterioration phase was characterized by an 
upregulation of many gene sets specifically in the NxFVB mice, including members of EGFR, ERKs, 
RAS, and nonintegrin membrane extracellular matrix interaction pathways. Many cell cycle pathways 
were induced in both strains at day 2 but only in NxFVB mice at day 56. Nevertheless, and most 
remarkably, a number of genes related to mitosis and G1/S transition were more specifically upregulat-
ed in NxB6 mice than in NxFVB during the compensatory phase (Figure 3B).

Cell cycle progression differs between sensitive and resistant strains during compensatory growth. Because our finding 
pointed to potential differences in cell cycle progression between the 2 strains, we next investigated this phe-
nomenon at days 2, 28, and 56 after Nx using colocalization experiments with Ki-67 and specific markers of S 
and G2/M cell cycle phases. Consistent with the transcriptomic analysis, we observed a higher proportion of 
cells in S and G2/M phases in NxB6 mice but exclusively 2 days after Nx. By contrast, the number of cells in 
G1 phase was significantly higher in FVB mice than B6 mice 2 days after Nx (Figure 4A), suggesting a potential 
cell cycle G1/S blockade. Cell cycle progression was similar at days 28 and 56 after Nx in the 2 strains of mice.

Figure 2. Temporal unbiased transcriptomic analysis revealed a distinct pattern of gene expression in sensitive and resistant strains. (A) Animal 
clustering using coinertia analysis. Sample partition by the 2 principal components (PCs): strain (dotted line, PC1) and surgery (dotted/dashed line, PC2); 
n = 4 mice per group (S, sham operation; N, subtotal nephrectomy) from each strain (C, B6; F, FVB) at each time point (2, 28, and 56 days). (B) Scatter 
plots comparing the amplitude of differential gene expression between FVB (y axis) and B6 mice (x axis) 2, 28, and 56 days after sham operation (Sh) or 
subtotal nephrectomy (Nx). Each point represents a single gene. The correlation coefficient (cor) is indicated in each panel.

https://doi.org/10.1172/jci.insight.126183
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Because p21 is a master regulator of the 
cell cycle, which has been implicated in the 
risk of  developing renal lesions after Nx, we 
next investigated whether changes in p21 
expression might account for the differences 
observed between the 2 strains. Analysis of 
mRNA expression revealed that Cdkn1a was 
induced 2 days after Nx and that the incre-
ment was similar in FVB and B6 mice (Figure 
4C). Nevertheless, immunohistochemistry 
showed that the protein was differentially 
expressed between the 2 strains. In fact, at 
day 2, p21 protein was significantly increased 
in FVB mice as compared with B6 mice in 
both Nx and Sh mice. More strikingly, the 
staining was prominently nuclear in FVB kid-
neys, particularly after Nx (Figure 4B), sug-
gesting that a differential p21 nuclear trans-
location or stabilization may account for the 
cell cycle G1/S arrest in FVB mice during the 
compensatory growth.

We then wondered if these changes affect-
ed the renal compensatory growth process. 
Ki-67 staining revealed that many tubular cells 
were still proliferating at day 7 (Figure 4D). 
However, the rate of cell proliferation was sig-
nificantly lower in NxFVB than in NxB6 mice 
(Figure 4D). Surprisingly, despite a lower pro-
liferation rate, the kidney-to-body weight ratio 
was higher in NxFVB mice than in NxB6 mice 
(Figure 4E), suggesting that cell hypertrophy 
together with hyperplasia may account for kid-
ney growth in NxFVB.

Gene expression analysis between sensitive and 
resistant strains identifies specific signaling signa-
tures after Nx. To identify the pathways that are 
selectively involved in the deterioration process, 
we next compared the Nx effect between FVB 
and B6 mice at each time point. To identify the 
most relevant candidates, we decided to use a 
stringent criterion, i.e., an FDR of less than 0.01 
and absolute log2 FC of 2 or more. As expected, 
we observed that the expression of many genes 

Figure 3. Impact of nephron reduction on genes and 
pathways in FVB and B6 mice. (A) Volcano plots 
showing differentially expressed genes 2, 28, and 
56 days after subtotal nephrectomy (Nx) compared 
with sham operation (Sh) in B6 and FVB mice. (B) 
Heatmap of the top upregulated and downregulat-
ed pathways between Nx and Sh mice in FVB and 
B6 strains at days 2, 28, and 56. Expression values 
are represented in colors, where the range of colors 
shows the range of expression values (red for high 
and green for low).

https://doi.org/10.1172/jci.insight.126183
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changed after Nx in a similar way in both resistant and sensitive strains (compare Figure 3A and Table 1 
with Figure 5A and Table 2). It is very likely that these genes reflect the common pathways involved in the 
compensatory processes Nx triggers. Remarkably, only a few genes were differentially expressed between 
NxFVB and NxB6 mice at each time point (Figure 5A and Table 2). A gene set enrichment analysis revealed 
a striking and early induction of type I IFN signature specifically in NxFVB mice at day 2 (Figure 5B). 
In contrast, no major and biologically relevant difference was observed at day 28 between NxFVB and 
NxB6 mice. However, many gene sets were selectively upregulated in NxFVB mice at day 56, including the 
EGFR, p38MAPK, and cell cycle pathways. Interestingly, several metabolic pathways, including gluconeo-
genesis, fatty acid β-oxidation, and citric acid TCA cycle, displayed a typical 2-wave pattern in FVB mice. In 
fact, they were significantly downregulated in NxFVB mice at day 2 as compared with NxB6 and returned 
to baseline at day 28, before being repressed again at day 56 (Figure 5B).

Type I IFN response is an early signature associated with later CKD progression. Because the induction of type 
I IFN response in FVB mice 2 days after Nx was particularly striking, we decided to better characterize 
this pathway. Using Ingenuity Pathway Analysis (QIAGEN) (16), we first observed that many upregu-
lated genes in NxFVB at day 2 were type I IFN–stimulated genes that were interconnected with Irf7, a 
key transcriptional regulator of type I IFN–dependent immune response (Figure 6A). Quantitative reverse 
transcription PCR (RT-PCR) confirmed that many of these genes, including Ifi202b, Ifi204, Irf7, Usp18, and 
Isg15, were significantly upregulated 2 days after Nx, exclusively in FVB mice (Figure 6B). As previously 
reported, we observed that Ifi202b was undetectable in B6 mice (17). The temporal analysis of IFN-induced 
transcripts confirmed that this signature is an early and transient event occurring before the onset of renal 
lesions. In fact, the expression of most of these genes was shut down from 28 days after Nx, and mRNA 
levels became similar to those of NxB6 (Supplemental Figure 7). Interestingly, we confirmed the early 
activation of type I IFN response in another widely used experimental model of CKD, the unilateral uret-
eral obstruction (UUO) (Supplemental Figure 8). In fact, a time course analysis revealed that IFN targets 
increased from 7 days after UUO before the development of overt glomerular lesions. However, at variance 
with Nx, the response endured over time in this model (Supplemental Figure 8).

Type I IFN response correlates with an imbalance between silent and immunogenic cell deaths and immune cell 
activation. We next investigated which cellular events account for the induction of type I IFN response in 
NxFVB. It is known that DNA damage accompanies acute tubular necrosis, a lesion that we observed 2 
days after Nx. Because DNA damage may trigger type I IFN expression, we next studied the expression of 
phospho–histone H2AX (p-H2AX), a marker of DNA damage. Immunohistochemistry and Western blot 
experiments revealed a substantial increase of p-H2AX expression 2 days after Nx. However, the increase 
was comparable in NxFVB and NxB6 mice (Figure 7A). Because cell death and immunogenic cell death 
may also trigger type I IFN expression, we next investigated the balance between silent and immunogenic 
cell death. Interestingly, we observed that expression of Ripk3 and its downstream target Mlkl, 2 markers of 
necroptosis, was significantly increased in FVB mice 2 days after Nx (Figure 7B). In contrast, we did not 
detect any major difference in apoptosis between the 2 strains, as judged by TUNEL staining (Figure 7C). 
Nevertheless, we observed a strong induction of kidney injury molecule–1 (KIM1), a molecule involved 
in the clearance of apoptotic cells, but predominantly in B6 mice (Figure 7, D and E). Together, these 
data suggest that reduced clearance of apoptotic debris in NxFVB mice might result in an immunogenic 
response in FVB mice. Consistent with this idea, we showed that plasmacytoid dendritic cells (pDCs), 

Table 1. Nephrectomy effect on gene expression

Time (Day) Group Up Down Total

2
B6 182 33 215

FVB 276 25 301

28
B6 31 2 33

FVB 40 4 44

56
B6 49 4 53

FVB 266 63 329

Number of significantly and differentially expressed genes 2, 28, and 56 days after Nx in B6 and FVB mice. The genes were considered significantly and 
differentially expressed when the FDR was less than 0.01 and the |logFC| was at least 2.
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Figure 4. Nephron reduction results in G1 cell cycle arrest during compensatory growth in FVB mice. (A) Representative images (left) and quanti-
fication (right) of cell cycle progression study in B6 and FVB mice 2, 28, and 56 days after subtotal nephrectomy (Nx) (n = 4 mice per group in each 
strain at each time point). Data are shown as mean ± SEM. (B) Representative images (left) and quantification (right) of p21 expression in B6 and 
FVB mice 2 days after sham operation (Sh) or Nx (original magnification, ×200, inset 3×; n = 4 and 6 for Sh and Nx, respectively, in each strain). Data 
are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus Sh mice: *P < 0.05. FVB versus B6 mice: #P < 0.05; ###P < 
0.001. (C) Cdkn1a mRNA expression (n = 5–6 and 10 for Sh and Nx, respectively, in each strain). Data are shown as mean ± SEM. ANOVA was followed 
by the Tukey-Kramer test. Nx versus Sh mice: ***P < 0.001. (D) Representative images of Ki-67 immunostaining (left, original magnification, ×400) 
in B6 and FVB mice 7 days after Nx, and quantification of tubular cell proliferation index (right, n = 4 Nx mice at least in each strain). Data are shown 
as mean ± SEM. Mann-Whitney U test. NxFVB versus NxB6 mice: #P < 0.05. (E) Time course analysis of kidney-to-body weight ratio in B6 and FVB 
mice 7 days after Sh or Nx (n = 5–6 and 10–12 for Sh and Nx, respectively, in each strain). Data are shown as mean ± SEM. ANOVA was followed by the 
Tukey-Kramer test. Nx versus Sh mice: *P < 0.05. FVB versus B6 mice: ###P < 0.001.

https://doi.org/10.1172/jci.insight.126183


9insight.jci.org   https://doi.org/10.1172/jci.insight.126183

R E S E A R C H  A R T I C L E

known to produce large amounts of type I IFN in almost all the tissues, were strongly upregulated in FVB 
mice 2 days after Nx, as judged by the massive increase of SiglecH and Tlr7, 2 markers of pDCs (Figure 
8A). We also observed a significant increase of CD3, a marker of T lymphocytes, exclusively in FVB mice 
2 days after Nx (Figure 8, B and C). In contrast, macrophage infiltration significantly increased in both B6 
and FVB mice 2 days after Nx (Figure 8, D and E). Together, these results point to a distinct profile of renal 
inflammatory cells in kidneys of FVB mice, which could account for the specific type I IFN pathway acti-
vation in the early phase after Nx. However, this pattern seems to be specific to the compensatory phase. 
In fact, a careful time course quantification of infiltrating inflammatory cells revealed that CD3+ cells 
increased the same magnitude in B6 and FVB mice from day 28 after Nx, whereas F4/80+ cells exhibited a 
2-wave pattern in both B6 and FVB mice (Supplemental Figure 9). It is worth noting that Ly6B, a marker 
of neutrophils, was almost undetectable in both Sh and Nx mice, regardless of the genetic background and 
the experimental time point (data not shown).

Early activation of type I IFN response results in albuminuria and glomerular lesions in initially resistant mice. 
Finally, we tested the hypothesis that the molecular pathways activated during the compensatory phase, 
i.e., the type I IFN response, may be critically involved in later lesion development. To test this hypothesis, 
we injected poly(I:C), a potent activator of TLR3 and inducer of type I IFN signature in initially resistant 
NxB6 mice. Poly(I:C) was injected every 48 hours during the first week after the first Nx (Figure 9A). We 
used this protocol because we previously showed that this schema of injection resulted in a transient induc-
tion of IFN targets that returned to baseline levels after 1 week (our unpublished observations). Consis-
tently, we confirmed that, in this study, the expression of Irf7 and SiglecH was upregulated 7 days after the 
first Nx only in the kidney of mice treated with poly(I:C) (Figure 9B). As expected, vehicle-treated B6 mice 
did not develop renal lesions after Nx. Remarkably, however, poly(I:C)–treated mice developed signifi-
cant glomerular lesions 16 weeks after Nx (Figure 9C). Lesions consisted mainly of mesangial expansion, 
which was particularly severe at the vascular pole. Notably, 62% of glomeruli displayed moderate to severe 

Figure 5. Genes and pathways are differentially modulated between the 2 strains in response to nephron reduction. (A) Volcano plots showing differentially 
expressed genes between FVB and B6 2, 28, and 56 days after subtotal nephrectomy (Nx) using sham-operated (Sh) animals in each strain and at each time 
point as controls. (B) Heatmap of the top upregulated and downregulated pathways between NxFVB and NxB6 mice using Sh animals as controls at day 2, 28, 
and 56. Expression values are represented in colors, where the range of colors shows the range of expression values (red for high and green for low).
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lesions (score 2 or 3) in poly(I:C)–treated Nx mice, whereas 58% of glomeruli displayed no or very mild 
lesions (score 0 or 1) in placebo-treated Nx animals. Consistently, albuminuria was significantly increased 
from 8 weeks after Nx (Figure 9, D and E). Surprisingly, the tubulointerstitial compartment appeared 
grossly normal. Together, these data show that the genetic programs activated during the compensatory 
growth may predispose mice to later glomerular lesion development.

Discussion
In the present study, using unbiased profiling of whole-kidney transcriptome in mouse strains that dif-
ferentially react to nephron reduction, we showed that gene expression after Nx was driven in a strain- 
and time-dependent manner. Our results supported previous published findings on the deleterious role of 
EGFR pathway activation and metabolic pathway repression in CKD progression (7, 8, 13, 18, 19). Most 
remarkably, we showed that the early events occurring during the compensatory renal growth phase may 
dramatically influence the risk of developing progressive CKD. In particular, we observed that alterations 
of cell cycle progression, notably a G1/S cell cycle arrest and p21 nuclear translocation during the renal 
compensatory phase, correlated with later renal deterioration. We also identified type I IFN response as 
an early and potentially previously unrecognized signature associated with later CKD development. More 
importantly, we demonstrated that the induction of a transient type I IFN response during the compensa-
tory period in initially resistant B6 mice predisposes to lesion development. Collectively, our results reveal 
that the early cellular and molecular events occurring right after a renal injury may account for the risk of  
developing renal lesions later.

Because de novo nephrogenesis does not occur in mammals, compensatory growth of the remnant 
kidney can result only from a combination of tubular cell hyperplasia (i.e., increase in cell number) and 
hypertrophy (i.e., increase in cell volume) (3, 5). Because both processes require that the cell enters into the 
cell cycle, the balance between cell hypertrophy and hyperplasia must be tightly regulated. Interestingly, 
our transcriptional data suggested a potential imbalance in cell cycle progression during the early period 
after Nx, with a potential G1/S cell cycle arrest in FVB mice. This change was associated with the nuclear 
translocation of p21, a well-known regulator of the G1/S checkpoint. In a noteworthy addition to this 
observation, Megyesi et al. showed that p21-knockout mice were protected from CKD after Nx and sug-
gested that an imbalance between renal hypertrophy and renal hyperplasia may predispose to CKD (20). In 
agreement with this idea, we observed that the increase of kidney weight in the lesion-prone FVB mice was 
very likely associated with cell hypertrophy because cell proliferation decreased between 2 and 7 days after 
Nx as compared with the resistant B6 mice. One intriguing observation of our study is the absence of a cell 
cycle G2/M arrest during lesion development. In fact, previous studies reported that cell cycle G2/M arrest 
is associated with the development of interstitial fibrosis in various models of acute kidney injury (15, 21). 
Whether differences in the experimental models may account for this discrepancy deserves further study.

In the present study, we identified type I IFN response as an early signature associated with CKD 
onset. Type I IFNs, including IFN-α and IFN-β, are central regulators of antiviral immunity, but little is 
known about their roles in kidney diseases (22–24). IFN-α overexpression correlates with renal lesions, 
whereas IFN receptor deficiency abrogates autologous nephrotoxic serum nephritis (25). Inhibition of IFN 
receptors also attenuates glomerular lesions in lupus nephritis (26). On the other hand, it has been reported 
that type I IFN infusion induces podocyte and glomerular lesions in a model of adriamycin nephropathy 
(27) as well as proteinuria in APOL1-transgenic mice (28). In the present study, we demonstrated that type 
I IFN induction in initially resistant mice was associated with delayed but significant glomerular lesions 
and albuminuria (Figure 9, C and E). In line with this observation, IFN administration to newborn mice 

Table 2. Nephrectomy and strain effect on gene expression

Time (Day) Group Up Down Total
2 FVB vs. B6 19 4 23

28 FVB vs. B6 1 1 2
56 FVB vs. B6 49 34 83

Number of significantly and differentially expressed genes between NxFVB and NxB6 using Sh as a control at 2, 28, and 56 days after Nx. The genes were 
considered significantly and differentially expressed when the FDR was less than 0.01 and the |logFC| was at least 2.
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during the first week of life results in glomerulonephritis 8 months later (29). The delay required between 
type I IFN exposure and the onset of renal lesions is very intriguing. It is worth noting that in both condi-
tions IFNs act in a context of high tubular cell proliferation. Whether IFNs may prime proliferating cells to 
activate later genetic programs that finally trigger lesion development is an exciting hypothesis that requires 
further investigation.

Figure 6. Nephron reduction results in type I IFN response in FVB mice during compensatory growth. (A) Ingenuity 
Pathway Analysis showing a cluster of upregulated and interconnected type I IFN–induced genes in FVB compared with 
B6 mice 2 days after subtotal nephrectomy (Nx) using sham-operated (Sh) animals as controls. (B) mRNA expression 
of Ifi202b, Ifi204, Ifi205, Isg15, Usp18, and Irf7 in FVB and B6 mice 2 days after Sh or Nx (n = 5–6 and 10 for Sh and Nx, 
respectively, in each strain). Data are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus 
Sh mice: ***P < 0.001. FVB versus B6 mice: #P < 0.05; ###P < 0.001.
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Figure 7. Different patterns of tubular cell death in sensitive and resistant strains after nephron reduction. (A) Analysis of phospho–histone H2A.X 
(Ser139) expression by immunohistochemistry (left, original magnification, ×200, inset 2×; n = 4 mice per group in each strain) and Western blot 
(right) in FVB and B6 mice 2 days after sham operation (Sh) or subtotal nephrectomy (Nx) (n = 5–6 mice per group in each strain). Data are shown 
as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus Sh mice: **P < 0.01; ***P < 0.001. (B) Analysis of Ripk3 and Mlkl mRNA 
expression in FVB and B6 mice 2 days after Sh or Nx (n = 5–6 and 10 for Sh and Nx mice, respectively, in each strain). Data are shown as mean ± SEM. 
ANOVA was followed by the Tukey-Kramer test. Nx versus Sh mice: ***P < 0.001. FVB versus B6 mice: ###P < 0.001. (C) Representative images (left) 
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The original source of type I IFNs in the setting of Nx is difficult to ascertain because almost any cell 
type may produce type I IFNs upon stimulation (23, 30–32). Tubular cells may contribute to IFN pro-
duction in a cell-autonomous manner (33, 34). Alternatively, lymphocytes, which we found selectively 
increased in FVB mice 2 days after Nx, may participate in IFN production. IFN response may also result 
from pDC activation. Indeed, tubular cell damage can trigger pDC activation through the release of cellular 
debris in the extracellular milieu, whereby the danger signals are recognized to initiate immune responses 
(24). In line with these observations, the potential imbalance between immunogenic and silent tubular 
cell death that we observed in remnant kidneys of FVB mice may contribute to activate pDCs. Although 
apoptosis per se is not considered an immunogenic cell death, a defect in apoptotic cell clearance may 
also affect inflammatory responses (24). Interestingly, we observed that although apoptosis was similar 
in B6 and FVB remnant kidneys, the expression of KIM1, a molecule known to clear apoptotic cells, was 
dramatically increased but exclusively in B6 mice (35). Hence, it is conceivable to propose that because of  
the absence of KIM1 activation, the accumulation of apoptotic debris in FVB mice leads to cell apoptosis–
related immunogenicity, innate immunity, renal inflammation, and finally IFN response.

We previously discovered that a hypomorphic variant of Mitfa, a gene encoding for a helix-loop-helix 
transcription factor, accounts at least in part for the increased susceptibility of FVB mice to renal lesions 
(14). In contrast, to the best of our knowledge, no polymorphism within the IFN genes has been reported to 
predispose to CKD. Only a microdeletion of Ifi202b gene was described in B6 mice (17). Whether IFN is a 
target of MITF-A is an interesting hypothesis that deserves further study.

Type I IFNs drive many cellular responses to stress and may notably activate the p53/p21 axis to 
inhibit cell proliferation and induce cell death or senescence (34, 36). IFN-β enhances p21 nuclear translo-
cation and contributes to preventing tumorigenesis (37, 38). In the kidney, IFN-α has been shown to induce 
parietal epithelial cell cycle arrest in the G1 phase through the induction of p21, which in turn impairs 
podocyte repair (27). Consistently, in the present study, we observed G1 arrest and p21 nuclear transloca-
tion in NxFVB mice during the first wave of cell proliferation, when IFN response was activated. Thus, it is 
possible that type I IFN response may exert an inhibitory effect on cell growth in the setting of Nx, notably 
through the induction of p21 and cell cycle arrest (36, 39).

Surprisingly, poly(I:C) administration in NxB6 mice led to glomerular lesions but did not affect the 
tubulointerstitial compartment that appeared grossly normal. On the contrary, FVB mice displayed both 
glomerular and tubulointerstitial lesions after Nx. This discrepancy could be explained by the fact that 
with the protocol used (Figure 9A), poly(I:C) induced only a mild activation of IFN response. In fact, it 
is known that the initial stimuli and cellular source may greatly influence the nature, intensity, duration, 
and potential effects of type I IFN production. Alternatively, it is also possible that different signaling path-
ways affect different nephron compartments. We have previously shown that EGFR activation is critically 
involved in the development of tubulointerstitial lesions in FVB mice after Nx (7, 8, 14). Remarkably, we 
observed that poly(I:C) infusion did not lead to any activation of EGFR in NxB6 mice (data not shown), 
which might be in favor of this hypothesis.

In conclusion, the present study revealed that the induction of type I IFN response and perturbations 
of cell cycle progression during the early phase after nephron reduction critically determine the risk of 
maladaptive renal compensatory growth and progression toward CKD. Hence, the activation of specific 
molecular signatures during the early phase after nephron reduction might define the fate of remaining 
nephrons toward compensation or deterioration.

Methods
Animals. All experiments were performed on 9-week-old female mice from C57BL6/J (B6) and FVB/N 
(FVB) strains (Janvier’s Lab). Animals were fed ad libitum and housed in a room with constant ambient 
temperature and a 12-hour light/12-hour dark cycle.

and quantification (right) of TUNEL apoptosis assay in FVB and B6 mice 2 days after Nx (n = 8 mice per group). Data are shown as mean ± SEM. (D) 
Representative images (left) and quantification (right) of KIM1 expression in B6 and FVB mice 2 days after Sh or Nx (original magnification, ×200, 
inset 3×; n = 4 mice, 5 for Sh and Nx, respectively, in each strain). Data are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. 
Nx versus Sh mice: *P < 0.05; ***P < 0.001. FVB versus B6 mice: #P < 0.05. (E) Kim1 mRNA expression in FVB and B6 mice 2 days after Sh or Nx (n = 
5–6 and 10 for Sh and Nx, respectively, in each strain). Data are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus Sh 
mice: ***P < 0.001. FVB versus B6 mice: ###P < 0.001.
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Figure 8. Inflammatory cell markers are increased in the sensitive FVB mice 2 days after nephron reduction. (A) Analysis of plasmacytoid dendritic 
cell markers using SiglecH and Tlr7 mRNA expression in B6 and FVB mice 2 days after sham operation (Sh) or subtotal nephrectomy (Nx) (n = 5–6 and 
10 for Sh and Nx, respectively, in each strain). Data are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus Sh mice: 
***P < 0.001. FVB versus B6 mice: ##P < 0.01; ###P < 0.001. (B) Representative images (left) and quantification (right) of T lymphocyte infiltration 
in B6 and FVB mice 2 days after Sh or Nx by CD3 immunohistochemistry (original magnification, ×200, inset 2×; n = 4 and 5 for Sh and Nx, respec-
tively, in each strain) Data are shown as means ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus Sh mice: ***P < 0.001. FVB versus 
B6 mice: ##P < 0.01. (C) Cd3 mRNA expression (n = 5–6 and 10 for Sh and Nx, respectively, in each strain). Data are shown as mean ± SEM. ANOVA 
was followed by the Tukey-Kramer test. FVB versus B6 mice: ##P < 0.01. (D) Representative images (left) and quantification (right) of macrophage 
infiltration in B6 and FVB mice 2 days after Sh or Nx by F4/80 immunohistochemistry (original magnification, ×200, inset 2×; n = 4 and 5 for Sh and 
Nx, respectively, in each strain) Data are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer test. Nx versus Sh mice: *P < 0.05; **P < 
0.01. (E) Mac1 mRNA expression (n = 5–6 and 10 for Sh and Nx, respectively, in each strain). Data are shown as mean ± SEM. ANOVA was followed by 
the Tukey-Kramer test. Nx versus Sh mice: ***P < 0.01.
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Protocols. Surgery was performed under xylazine (Rompun 2%; Bayer, Leverkusen, France) (6 μg/g 
of body weight) and ketamine (Clorketam 1000; Vetoquinol SA, Lirre, France) (120 μg/g of body weight) 
anesthesia. Subtotal nephrectomy (Nx) was performed as previously described (40). Briefly, the 2 poles 
of the left kidney were excised to reach 75% reduction of total renal mass (first Nx), and 1 week after, the 
right kidney (second Nx) was removed on 48 mice of each strain (12 mice for each time point). Thirty 
mice of each strain (6 mice for each time point) were subjected to sham operation (Sh) and used as con-
trols. After surgery, all mice were fed a defined diet containing 20% (w/w) casein and 0.5% sodium (41). 
Mice from each group (ShB6, NxB6, ShFVB, and NxFVB) were sacrificed at 2, 7, 28, and 56 days after 

Figure 9. Early IFN activation induces glomerulosclerosis after nephron reduction in resistant B6 mice. (A) Experimental protocol used for IFN response 
induction in initially resistant B6 mice. Mice were injected intraperitoneally with poly(I:C) or placebo (saline buffer) every 2 days during the week after the 
first nephrectomy (Nx, n = 12 per group) or sham operation (Sh, n = 6 per group). The first Nx corresponded to the excision of the 2 poles of the left kidney. 
The contralateral (right) kidney (second Nx) was removed 1 week after the first surgery and mice were sacrificed 16 weeks after the second Nx. (B) Renal 
mRNA expression of Irf7 and SiglecH in placebo- and poly(I:C)–treated NxB6 mice at the time of the second Nx surgery (n = 11 per group). Data are shown 
as mean ± SEM. Mann-Whitney test. Poly(I:C)– versus placebo-treated mice: ###P < 0.001. (C) Representative images (left, periodic acid-Schiff staining; 
original magnification, ×400) and quantification (right) of glomerular lesions from ShB6 and NxB6 mice injected with placebo or poly(I:C) for 1 week and 
sacrificed 16 weeks afterward (n = 6 and 10–11 for Sh and Nx, respectively, in each group). Data are shown as mean ± SEM. ANOVA was followed by the 
Tukey-Kramer test. Nx versus Sh mice: ***P < 0.001. Poly(I:C)– versus placebo-treated mice: ##P < 0.01. (D) Representative urine Coomassie staining and 
(E) albumin-to-creatinine ratio in ShB6 and NxB6 mice injected with placebo or poly(I:C) for 1 week and sacrificed 16 weeks afterward (n = 6 and 10–11 for 
Sh and Nx, respectively, in each group). BSA served as the positive control. Data are shown as mean ± SEM. ANOVA was followed by the Tukey-Kramer 
test. Nx versus Sh mice: **P < 0.01. Poly(I:C)– versus placebo-treated mice: #P < 0.05.
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surgery (second Nx). At each time point, 4 Sh and 6 Nx mice were injected i.p. 4 hours before sacrifice 
with 5-ethynyl-2′-deoxyuridine (200 μg/g of body weight, Invitrogen, Thermo Fisher Scientific, A10044) 
in 0.9% saline. At the time of sacrifice, kidneys were removed, weighed, and analyzed by morphological 
studies, immunohistochemistry, Western blot, and real-time PCR.

For functional studies, 1 week before sacrifice, blood pressure was recorded in both Sh (n = 3 for 
each strain) and Nx (n = 3 for each strain) B6 and FVB mice for 3 consecutive days, using tail-cuff 
plethysmography and the BP-2000 system (Bioseb). Urine samples were also collected 24 hours before 
sacrifice (n = 6 and 9 for Sh and Nx mice, respectively, for each strain). Blood was collected by cava 
puncture at the time of sacrifice.

For poly(I:C) experiments, B6 mice were injected i.p. with 200 μg poly(I:C) (InvivoGen) or placebo 
(saline buffer) every 2 days during the week after the first Nx (n = 12 per group) or Sh (n = 6 per group). 
The contralateral kidney removed at the time of second Nx was used as an internal control to determine the 
activation of IFN-stimulated genes. Urine was collected regularly to determine the presence of proteinuria 
until sacrifice 16 weeks after Nx.

The UUO model was performed on 9-week-old B6 female mice. Briefly, the left ureter was exposed 
through a flank incision, and the ureter was ligated with 8-0 polydioxanone suture. The right kidney was 
used as an internal control. In parallel, sham operation was performed in control mice. Mice were sacri-
ficed 7, 14, and 21 days after surgery. At the time of sacrifice, kidneys were removed, weighed, and ana-
lyzed by real-time PCR. At each time point, 10 UUO mice and 5 Sh mice were studied.

Gene profiling and microarray analysis. At 2, 28, and 56 days after surgery, 4 Sh and 4 Nx mice of each 
strain (FVB and B6) were used for whole-kidney transcriptomic analysis (Supplemental Figure 2). mRNA 
was extracted from nitrogen-frozen whole kidney using QIAzol Reagent and the miRNeasy Kit (QIA-
GEN) according to the manufacturer’s instructions. Overall, the microarray analysis was performed on 48 
mice using GeneChip Mouse Genome 430 2.0 (Affymetrix, Thermo Fisher Scientific). Technical quality 
was checked by visual inspection of density, RNA degradation, and MA plots. All chips were of high tech-
nical quality with no irregular degradation pattern and were used for further analysis.

Renal function. Urinary protein, albumin, and creatinine concentrations were measured using an Olym-
pus AU400 multiparametric analyzer (Instrumentation Laboratory). In addition, Coomassie gels were 
used to visualize albuminuria. Plasma creatinine levels were determined using a Konelab 20i analyzer 
(Thermo Fisher Scientific).

Morphological analysis. Kidneys were fixed in 4% paraformaldehyde and paraffin-embedded, and 4-μm 
sections were stained with periodic acid-Schiff, Masson’s trichrome, H&E, and picrosirius red. Images were 
acquired using a Nikon Digital Camera Dx/m/1200. All sections were evaluated by a renal pathologist who 
was unaware of the group studied. The degree of acute tubular lesions at day 2 was evaluated using a semiquan-
titative injury score as previously described (42). The degree of glomerular lesions was evaluated at an original 
magnification of ×400 on 40 to 60 glomeruli per mouse using the following scoring system: 0, no lesion; 1, mild 
sclerosis involving up to 25% of the glomerulus; 2, moderate sclerosis involving 25% to 50% of the glomerulus; 
3, severe sclerosis involving 50% to 75% of the glomerulus; and 4, global sclerosis involving more than 75% of 
the glomerulus. The degree of tubular dilations was automatically quantified using NIS Elements AR software, 
version 3.00 (Laboratory Imaging Ltd.), as previously described (18). The extent of interstitial fibrosis was also 
quantified using NIS Elements AR software. Staining of all kidney samples with picrosirius was performed 
simultaneously, and red intensity above a defined threshold was defined as fibrosis. At least 10 random selected 
fields (original magnification, ×200) across the corticomedullary junction were analyzed per each kidney sec-
tion, and the results were expressed as percentages of the total area of the selected fields.

Immunohistochemistry. Four-micrometer sections of paraffin-embedded kidneys were submitted to 
heat-mediated antigen retrieval if required and incubated with primary antibodies against Ki-67 (1:100, 
ab16667, Abcam, Inc.), CD3 (1:100; ab16669; Abcam, Inc.), F4/80 (1:100; MCA497; AbD Serotec), Ly6B 
(1:100, ab53457, Abcam, Inc.), phospho–histone H3 (Ser10) (1:100; 9716, Cell Signaling Technology), 
p-H2A.X (Ser139) (1:100; 2577, Cell Signaling Technology), p21 (1:250, MilliporeSigma, clone OP76n, 
Calbiochem), and KIM1 (1:100, AF1817, R&D Systems, Bio-Techne), followed by the appropriate horse-
radish peroxidase–conjugated secondary antibodies.

For colocalization experiments, proliferative cells were detected using anti–mouse Ki-67 (1:100, 
ab16667, Abcam, Inc.) and specific tubular markers: fluorescein-labeled LTL (1:250; FL-1321, Vector Labs) 
for the proximal tubules, antibody against TH (1:250; 8595-0054, Bio-Rad) for the thick ascending Henle 
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loop and distal tubules, and biotinylated DBA (1:250; B10-35, Vector Labs) for the collecting ducts. Images 
were acquired using a Leica SP8 confocal microscope (Leica Microsystems) and the Leica imaging software.

For PCNA and α-SMA colocalization experiments, sections were first incubated with a mouse 
anti-PCNA antibody (1:100, M0879, Dako) overnight at 4°C. Thereafter, sections were incubated with a 
secondary anti-mouse alkaline phosphatase–conjugated antibody (1:50, A1682, MilliporeSigma). Alkaline 
phosphatase activity was revealed using NBT/BCIP solution (11681451001, Roche). Sections were then 
fixed in 4% PFA for 15 minutes at 37°C and then incubated with a mouse anti–α-SMA antibody (1:2000, 
A-5228, MilliporeSigma) overnight at 4°C. Thereafter, sections were incubated with a secondary anti-
mouse horseradish peroxidase–conjugated antibody (1:200, A16084, Invitrogen, Thermo Fisher Scientific) 
for 30 minutes at room temperature. Peroxidase activity was revealed by DAB staining (K3468, Dako).

The overall tubular proliferation index was calculated as the number of Ki-67+ nuclei for the total 
number of tubular nuclei in at least 10 random fields per kidney section, as previously described (18). The 
tubular proliferation index per nephron segment was calculated as the number of Ki-67+ nuclei for the total 
number of tubular nuclei in a specific nephron segment (LTL+, TH+, or DBA+). All tubular sections of each 
field were scored in at least 10 randomly selected fields per mice.

For p21 quantification, the number of p21+ tubular nuclei was counted in at least 10 random fields per 
kidney section (original magnification, ×200), and the results were expressed as the average value per section.

For KIM1 quantification, the number of KIM1+ tubular sections was counted in at least 10 random 
fields per kidney section (original magnification, ×200), and the results were expressed as the average value 
per each section.

For quantification of CD3+ and F4/80+ renal cells, the degrees of cellular infiltrate were automatically 
quantified using ImageJ software (NIH) and expressed as the percentage of positive staining per field. At 
least 10 fields per section were examined at the original magnification of  ×200.

Detection of  5-ethynyl-2′-deoxyuridine and cell cycle progression studies. 5-Ethynyl-2′-deoxyuridine (EdU) 
labeling and coimmunostaining with anti–Ki-67 and anti–phospho–histone H3 (Ser10) antibodies were 
performed according to the manufacturer’s instructions. Briefly, after paraffin removal, sections were 
submitted to heat antigen retrieval and incubated with primary antibody to anti–mouse Ki-67 (1:100, 
ab16667, Abcam, Inc.). EdU detection was then performed according to the manufacturer’s instructions 
using the Click-iT EdU Alexa Fluor 488 imaging kit (Invitrogen, Thermo Fisher Scientific). Sections 
were finally counterstained with Hoechst and mounted for fluorescence microscopy using a Leica SP8 
confocal microscope (Leica Microsystems) and the Leica imaging software. Quantification analysis was 
performed using ImageJ software on at least 10 randomly selected microscopic fields from the cortex and 
corticomedullary junction in 4 Nx mice from each strain and at each time point. The overall number of 
tubular epithelial proliferating cells was determined using Ki-67 staining.

EdU incorporation and phospho–histone H3 (Ser10) staining were used to identify the number of cells 
in S and G2/M phases, respectively. Subsequently, the number of tubular epithelial cells in G1 phase was 
calculated by subtracting the number of cells in S phase (EdU+) and G2/M phase (phospho–histone H3+) 
from the total number of proliferating cells (Ki-67+). The percentage of cells in each phase was expressed 
relative to all Ki-67+ tubular epithelial cells.

TUNEL assay. Apoptosis was detected in 4-μm sections of paraffin-embedded kidneys by TUNEL 
assay using the In Situ Cell Death Detection Kit (Roche) according to the manufacturer’s protocol. All the 
microscopic fields of a whole kidney section were quantified, and results are presented as the number of 
TUNEL+ tubular cells per field.

Real-time RT-PCR. For mRNA analysis, reverse transcription was performed using the High-Capacity 
Reverse-Transcription Kit (Life Technologies). Quantitative real-time PCR was performed using the SYBR Green 
method and CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Primers (Eurogentec) are provided in 
Supplemental Table 1. Levels of expression were determined by normalization to the housekeeping gene Rpl13.

Western blot analysis. Western blot analyses were performed as previously described (8, 18). Briefly, 
protein extracts from kidneys were resolved by SDS-PAGE before being transferred onto the appropri-
ate membrane and incubated with primary antibodies against phospho–histone H2A.X (Ser139) (1:100; 
2577, Cell Signaling Technology) and GAPDH (1:10000; Mab374, MilliporeSigma) followed by the 
appropriate Alexa Fluor–conjugated secondary antibody at 1:5000 (Life Technologies). Fluorescence 
was acquired using a ChemiDoc MP Imaging System (Bio-Rad), and densitometry was performed using 
Image Lab software 5.0.

https://doi.org/10.1172/jci.insight.126183
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Microarray analysis. Raw data were normalized with the MAS5 method using the affy software package in 
R/Bioconductor and consequently log2-transformed. Chips were controlled for quality by an in-house pipeline 
that detects both technical and biological issues (43). Data were deposited in the National Center for Biotech-
nology Information’s Gene Expression Omnibus database (GSE148084). Between-sample normalization was 
performed using the quantile method implemented in the limma package. Unbiased clustering analysis was per-
formed using coinertia analysis implemented in the made4 package. Differential gene expression was detected by 
a linear model that considers strain (FVB or B6), surgery (Sh or Nx), time (day 2, 28, or 56), and all interactions 
among the 3 factors using limma. The quality of the model was checked and confirmed by visual inspection of 
P value histograms and volcano plots. Gene set enrichment analysis was performed using GSEA with 1000 
permutations (44). A collection of gene signatures from Pathway Interaction Database, Pathway Commons, and 
Reactome was used. GSEA results are reported in enrichment scores defined as ES = sign(NES)|log10(FDR)|, 
i.e., the sign of normalized enrichment score (NES) reported by GSEA (1 if NES > 0, 0 if NES = 0, and –1 if 
NES < 0) multiplied by the absolute log10 transformation of the FDR reported by GSEA. Enrichment scores 
range between –4 and 4, corresponding to cases where NES is negative or positive and P = 0.0001.

Statistics. Data are expressed as means ± SEMs. Differences between the experimental groups were eval-
uated using 1-way ANOVA followed, when significant (P < 0.05), by the Tukey-Kramer test. When only 2 
groups were compared, Mann-Whitney U test was used. A P value of less than 0.05 was considered significant. 
The statistical analysis was performed using GraphPad Prism software.

Study approval. Animal procedures were approved by the departmental director of “Services Vétéri-
naires de la Préfecture de Police de Paris” and by the ethical committee of the Paris Descartes University.
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