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Introduction

Cell proliferation is a fundamental biological mechanism 
that involves transit through the cell cycle. It is regulated by 
a network of proteins including cyclins, cyclin-dependent 
kinases (CDKs) [1], and CDK inhibitors (CKIs) [2]. The 
CKI p27Kip1 (p27) is a negative regulator that halts progres-
sion from the G1 phase to the S phase in the cell cycle. p27 
is abundantly expressed in most normal quiescent cells, 
whereas its level declines when cells are stimulated to pro-
liferate in response to mitotic stimuli, allowing progression 
to the S phase [3, 4]. The ubiquitin-proteasome pathway 
for protein degradation plays an important role in regulat-
ing the abundance of cell cycle regulatory proteins [5, 6]. 
Protein degradation via the ubiquitin-proteasome pathway 
is rapid and substrate-specific, which is consistent with its 
role in controlling fluctuations in the intracellular concen-
trations of cyclins and CKIs. S-phase kinase-associated 
protein 2 (Skp2) is an F-box protein component of the 
Skp/Cullin/F-box (SCF)-type E3 ubiquitin ligase that plays 
important roles in regulating the progression to the S phase. 
p27 is phosphorylated at threonine residue 187 (Thr187) 
by CDK2/cyclin E. The SCF/Skp2 complex interacts with 
phosphorylated p27 to promote p27 degradation through the 
ubiquitin-proteasome pathway [7, 8]. The cdc kinase subu-
nit 1 (Cks1) is an essential cofactor for SCF/Skp2 ubiqui-
tin ligase to ubiquitylate p27. Cks1 recognizes and binds 
to Thr187-phosphorylated p27 and induces rigid binding 
between Skp2 and p27 [9, 10]. p27 is stabilized in Skp2-
deficient mice [11]. Therefore, proteasomal ubiquitin-
dependent degradation of p27 is specifically controlled by 
the SCF/Skp2/Cks1 complex.

In the kidney, cell proliferation is thought to represent 
a central response to renal injury culminating in end-stage 
renal disease caused by the progression of tubulointerstitial 

Abstract  S-phase kinase-associated protein 2 (Skp2) is an 
F-box protein component of the Skp/Cullin/F-box-type E3 
ubiquitin ligase that targets several cell cycle regulatory pro-
teins for degradation through the ubiquitin-dependent path-
way. Skp2-mediated degradation of p27, a cyclin-dependent 
kinase inhibitor, is involved in cell cycle regulation. Tubu-
lar epithelial cell proliferation is a characteristic feature of 
renal damage that is apparent in the early stages of nephrop-
athy. The p27 level is associated with the progression of 
renal injury, and increased Skp2 expression in progressive 
nephropathy is implicated in decreases of p27 expression. 
In Skp2−/− mice, renal damage caused by unilateral ureteral 
obstruction (UUO) was ameliorated by p27 accumulation, 
mainly in tubular epithelial cells. However, the ameliora-
tion of UUO-induced renal injury in Skp2−/− mice was pre-
vented by p27 deficiency in Skp2−/−/p27−/− mice. These 
results suggest that the Skp2-mediated reduction in p27 is 
a pathogenic activity that occurs during the progression of 
nephropathy. Here, we discuss the roles of the Skp2/p27 
axis and/or related signaling pathways/components in the 
progression of chronic nephropathy.

Keywords  Ubiquitin-proteasome · Ubiquitin ligase · 
Chronic nephropathy · p27 · Skp2

S. Suzuki · M. Kitagawa (*) 
Department of Molecular Biology, Hamamatsu University School 
of Medicine, 1-20-1 Handayama, Hamamatsu 431-3192, Japan
e-mail: kitamasa@hama-med.ac.jp

N. Ohashi 
Internal Medicine 1, Hamamatsu University School  
of Medicine, Hamamatsu, Japan



3278	 S. Suzuki et al.

1 3

fibrosis [12]. Disruption of the balance between cell prolif-
eration and apoptosis leads to unchecked apoptosis of dam-
aged tubular epithelial cells resulting in progressive tubular 
cell loss, renal tubular atrophy, and advanced interstitial 
fibrosis [13].

Unilateral ureteral obstruction (UUO) and anti-thymocyte 
serum (ATS) are models of chronic nephropathy

UUO is a widely used model of kidney disease associated 
with progressive tubulointerstitial damage. This method 
has been used to identify many of the cellular and molecu-
lar events that occur during the progression of renal fibro-
sis, including events associated with cell proliferation and  
apoptosis [14–16]. UUO kidneys show elevated expression 
levels of monocyte chemoattractant protein-1 (MCP-1), 

vascular cell adhesion molecule-1 (VCAM-1), and inter-
cellular adhesion molecule-1 (ICAM-1), which promote 
monocyte infiltration and kidney inflammation [17, 18]. It is  
generally believed that renal tubule dilation occurs as a result 
of increased hydrostatic pressure following obstruction. 
However, it was also reported that decreases in renal blood 
flow and the glomerular filtration rate both promote mac-
rophage invasion into the renal interstitium. The infiltrated 
macrophages release various cytokines, including TNF-α 
[19]. The cytokine signals and hydrostatic pressure may 
act collaboratively to stimulate epithelial cell proliferation, 
which results in an increased number of tubular epithelial 
cells. We previously reported that tubule dilation is correlated 
with the increase in number of epithelial cells and enhanced 
tubular epithelial cell proliferation in the obstructed kidney 
[20]. Taken together, these results suggest that hydrostatic 
pressure and tubular epithelial cell proliferation are involved 

Fig. 1   The signal transduction pathways involved in the progres-
sion of chronic nephropathy. Following renal damage, infiltrated  
macrophages in the tubulointerstitium release cytokines such as 
tumor necrosis factor-α (TNF-α) and transforming growth factor-β1 
(TGF-β1). TNF-α binds to TNF receptor 1 (TNFR1) and forms a 
complex with TNFR-associated death domain (TRADD), TNF asso-
ciated factor 2 (TRAF2), and receptor interaction protein 1 (RIP1). 
This complex activates nuclear factor (NF)-κB, which induces Skp2 
and Cks1. Upregulation of Skp2/Cks1 promotes p27 degradation 
in tubular epithelial cells, allowing proliferation of tubular epithe-
lial cells and tubule dilation following the increase of tubular epi-

thelial cell number. The tubular epithelial cells undergo epithelial- 
mesenchymal transition (EMT) by stimulation of TGF-β1, and the 
resulting fibroblasts migrate to the tubulointerstitium. Cytokines 
including TGF-β1 activate fibroblasts; activated myofibroblasts  
produce extracellular matrix components, such as collagen, vimentin,  
and fibronectin. Meanwhile, TNF-α and TGF-β1 induce tubular  
epithelial cell apoptosis. IL-1 interleukin-1, ICAM-1 intercellular 
adhesion molecule-1, VCAM-1 vascular cell adhesion molecule-1, 
EGF epidermal growth factor, PDGF platelet-derived growth factor,  
FGF-2 fibroblast growth factor-2, FADD Fas-associated death 
domain protein, MAPK mitogen-activated protein kinase
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in tubule dilation. Renal tubular epithelial cell proliferation 
increases significantly and renal tubules start to dilate at 
3 days after UUO [20, 21]. The extent of tubule dilation is 
related to the progressive increase in tubular epithelial cell 
number caused by proliferation. This process ultimately 
results in the fracture of the tubular basement membrane 
of the dilated renal tubules. In damaged kidneys, tubular 
epithelial cells trans-differentiate into mesenchymal cells 
that express α-smooth muscle actin (α-SMA) in response 
to kidney inflammation. These cells enter the tubular inter-
stitium through the broken tubular basement membrane  
[22, 23]. The trans-differentiated tubular epithelial cells  
further differentiate into myofibroblasts (i.e., fibroblasts 
expressed α-SMA) in the interstitium. Concurrently, mac-
rophages in the renal interstitium release several cytokines, 
including epidermal growth factor (EGF), platelet-derived 
growth factor (PDGF), and fibroblast growth factor-2  
(FGF-2), which activate fibroblasts. The interstitial myofi-
broblasts undergo hyperproliferation because of their high 
cell responsiveness, resulting in irreversible progression of 
renal interstitial fibrosis (Fig. 1). There are many reports of 
establishing UUO in knockout mice and the roles of many 
cell cycle-related molecules in renal damage have been 
investigated in UUO kidneys [24].

Another experimental model of chronic progressive glo-
merulonephritis can be induced in rats by repeated injec-
tions of ATS. In this model, irreversible glomerulosclerosis 
and tubulointerstitial fibrosis are induced after the second 
ATS injection and are associated with a gradual decline of 
renal function [25–27]. Alternatively, chronic renal failure 
can also be studied in the 5/6 nephrectomy model [28, 29] 
and in diabetic nephropathy [30, 31].

Signal transduction pathways involved in renal damage

Transforming growth factor-β1 (TGF-β1)/Smad pathway

TGF-β1 is a multifunctional signaling protein that regulates 
cell cycle, apoptosis, differentiation, and extracellular matrix 
accumulation [32]. TGF-β1 also has a significant role in the 
progression of renal fibrosis in clinical and experimental 
kidney diseases [25, 33]. Following the onset of nephropa-
thy, TGF-β1 is released from macrophages in the damaged 
renal interstitium and influences the tubular epithelial cells. 
The damaged tubular epithelial cells also release TGF-β1, 
which exacerbates renal damage. TGF-β1 was also reported 
to stimulate the epithelial-mesenchymal transition (EMT) 
[34–36]. Finally, tubular epithelial cells that acquire a fibro-
blastic phenotype via EMT migrate into the interstitium, 
probably through the ruptured tubular basement membrane. 
TGF-β1 also promotes the differentiation of interstitial fibro-
blasts to myofibroblasts and their production of extracellular 

matrix [37, 38]. The accumulation of extracellular matrix  
in the tubulointerstitium and in the glomerulus is also  
stimulated by TGF-β1. Conversely, TGF-β1 promotes apop-
tosis of tubular epithelial cells via a p38 mitogen-activated 
protein kinase-dependent mechanism [39, 40]. Overall, 
upregulation of TGF-β1 contributes to EMT during renal 
fibrosis and apoptosis, and it induces the progression of 
nephropathy.

In terms of the TGF-β1 signaling pathway, Smad pro-
teins play important roles as signal transducers downstream 
of TGF-β1 receptors [41, 42]. TGF-β1 binds to the TGF-β 
type II receptor, which recruits and phosphorylates the 
TGF-β type I receptor, ALK5. In turn, ALK5 phosphoryl-
ates Smad2 and Smad3, which then bind to Smad4 [43, 44]. 
The resulting complexes can then enter the nucleus [45–47]. 
Another Smad, Smad7, has an inhibitory role in the TGF-
β1 signaling pathway [48]. It was also reported that chronic 
progressive renal injury can be suppressed by inhibiting 
the TGF-β/Smad axis using an anti-TGF-β antibody [27]. 
Although TGF-β1 signaling is also mediated by ALK1, 
another TGF-β type I receptor that phosphorylates Smad1/5 
[49], little is known about the roles of the ALK1/Smad1/5 
pathway in renal injury. It was also suggested that TGF-β 
promotes translocation of Skp2 into the nucleus, where it 
is degraded by the anaphase-promoting complex/cyclosome 
(APC/C)-Cdh1 E3 ligase. In addition, TGF-β decreases 
Cks1 mRNA expression, which allows p27 to accumulate 
following G1 arrest [50–52]. Taken together, these findings 
indicate that TGF-β is an important upstream signal that 
regulates the Skp2/p27 axis.

Tumor necrosis factor-α (TNF-α)/nuclear factor  
(NF)-κB pathway

TNF-α is a multifunctional cytokine that induces a wide 
range of cellular responses, including proliferation, differen-
tiation, and activation of apoptosis [53]. TNF-α is produced 
by activated macrophages, and it stimulates the proliferation 
and apoptosis of renal tubular epithelial cells and interstitial 
cells in renal injury [54–56]. TNF-α binds to two different 
TNF receptors (TNFR), type 1 and type 2 receptors [57, 58]. 
On binding of TNF-α to TNFR1, TNFR1 recruits TNFR-
associated death domain (TRADD) as an adaptor protein 
thorough death domain within 2  min. In turn, TRADD 
serves as an assembly platform protein to arborize TNFR1 
signaling between apoptosis and anti-apoptosis/prolifera-
tion. TRADD recruits Fas-associated death domain protein 
(FADD) to its death domain and activates the Caspase-8/-3 
cascade to induce apoptosis [59, 60]. TRADD also recruits 
TNF-associated factor 2 (TRAF2) and receptor interaction 
protein (RIP), leading to the activation of NF-κB, which has 
anti-apoptotic effects [57, 61]. It has been reported that the 
TNFR1/TRADD/TRAF2/RIP complex is produced more 
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quickly than the TRADD/FADD complex because of the 
antagonistic effects of the TNFR1/TRADD/FADD on apop-
tosis signaling pathways.

TNF-α can also bind to TNFR2, which recruits TRAF2 
and activated NF-κB [62]. However, binding of TNF-α to 
TNFR2 promotes TRAF2 degradation through the ubiquitin-
dependent proteasome pathway, resulting in the suppression 
of NF-κB activation by inhibition of TRADD/TRAF2/RIP 
complex formation. In addition, TNF-α decreases TRADD 
protein levels by enhancing its ubiquitin-dependent degra-
dation in obstructive renal damage [20]. In the kidneys, it 
was reported that renal damage caused by cisplatin was less 
severe in TNFR2-deficient mice than in TNFR1-deficient 
mice [57]. However, renal damage in UUO mice was less 
severe in TNFR1-deficient mice than in TNFR2-deficient 
mice [63]. It was also reported that a reduction of TRADD 
inhibits TNFR1 signaling and that TNFR1-mediated TNF-α 
signaling may transfer to TNFR2 signaling in UUO mice 
[21]. Another report revealed that the two TNFRs may act 
collaboratively to regulate signal transduction [64, 65]. 
However, it has been unclear how TNFR2 regulates the 
TNF-α signaling pathway until now.

The transcription factor NF-κB, a downstream factor of 
TNF-α, is activated in renal damage and controls the activa-
tion of many genes related to inflammation [66, 67]. NF-κB 
is an inductive homo- or heterodimeric transcription factor 
composed of the Rel family members of DNA-binding pro-
teins, including p50/p105 (NF-κB1), p52/p100 (NF-κB2), 
RelA (p65), RelB, and c-Rel [68]. Activated NF-κB behaves 
as an important regulator of inflammation and immune 
responses by mediating the expression of pro-inflamma-
tory genes, including cytokines, chemokines, growth fac-
tors, and adhesion molecules, which are implicated in the 
progression of renal inflammatory disease [69, 70]. The 

downstream targets of NF-κB are also important regulators 
of cell proliferation. For example, the IκB-inducing kinase 
(IKK)-regulated signaling pathway accelerates cell prolif-
eration. Furthermore, IKK-α, an essential component of the 
NF-κB pathway, affects many physiologic activities in both 
healthy and disease states [71], including mammary epithe-
lial cell proliferation [72]. In renal injury, NF-κB stimulates 
tubular epithelial cells and fibroblasts, and induces their 
proliferation and differentiation, which ultimately promote 
the progression of renal fibrosis [73]. It was reported that 
the NF-κB pathway regulates Skp2 expression [74, 75]. As 
described below, we have suggested that TNF-α stimulates 
Skp2 and Cks1 mRNA expression via the NF-κB pathway 
in chronic nephropathy [76]. Therefore, TNF-α is likely to 
participate in Skp2/Cks1-dependent degradation of p27 as a 
precipitating factor of chronic nephropathy.

Role of the Skp2/p27 axis in the progression of renal 
damage

Skp2

The SCF/Skp2 ubiquitin ligase complex targets several 
important regulator proteins that control the cell cycle, 
including p27, p21, p57, cyclin E, cyclin A, and cyclin 
D1 [77], by promoting their degradation via the ubiquitin 
proteasome-dependent pathway. In this way, Skp2 ubiqui-
tin ligase promotes cell cycle progression to the S-phase by 
stimulating the degradation of negative cell cycle regulators, 
such as the CKI p27 [7, 8, 78] (Fig. 2). Moreover, it has been 
reported that Kip1 ubiqutination-promoting complex (KPC) 
[79] and Pirh2 [80] act as E3 ligases for p27, whereas it 
has not been clarified whether p27 is accumulated in their 

Fig. 2   The mechanism of 
p27 degradation by Skp2 
E3 ubiquitin ligase. SCF 
(Skp1/Cul1/Skp2 as F-box) 
ubiquitin ligase induces p27 
degradation by a proteasome-
dependent pathway. Cks1 is 
an essential cofactor for p27 
degradation by SCF/Skp2 that 
induces rigid binding between 
Skp2 and p27. Conversely, 
Skp2 has multiple targets and 
may also regulate p21, cyclin E, 
b-Myb, and c-Myc protein lev-
els in unilateral ureteral obstruc-
tion (UUO). However, Skp2 
did not affect the regulation of 
cyclin A, cyclin D1, TOB1, p57, 
or p130 in UUO kidneys
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knockout mice. In human cancers, it was demonstrated that 
Skp2 overexpression stimulates the degradation of p27, 
indicating that Skp2 overexpression facilitates accelerated 
tumor growth and malignant potential [77]. However, the 
proteins that are targeted by Skp2 for degradation in spe-
cific biological processes or diseases have not been fully 
characterized.

We previously reported that Skp2 mRNA expression 
was increased in UUO kidneys in the early stages of renal 
damage and that the progression of tubulointerstitial fibrotic 
damage in UUO kidneys is attenuated in Skp2-deficient 
mice [20]. Furthermore, as described above, the mRNA and 
protein levels of Skp2 were increased in the ATS model of 
chronic nephropathy in rats [76]. It was reported that the NF-
ĸB signaling pathway regulates the Skp2 promoter in cul-
tured cells [74, 75]. TNF-α was reported to enhance mRNA 
expression of Skp2 in a normal rat epithelial kidney cell line 
(NRK) but not in control cells, which suggests that TNF-α 
facilitates the induction of Skp2 in nephropathy. In damaged 
kidneys, exposure to TNF-α significantly increased in cyto-
plasm of tubular epithelial cells. RelB and p52 proteins are 
known as NF-κB, and they are mainly seen in the nuclei of 
tubular epithelial cells. Skp2 is also expressed in the nuclei 
of tubular epithelial cells, similar to RelB and p52. Skp2 and 
RelB are colocalized in renal damage [76]. These data sug-
gest that Skp2 is induced by the TNF-α/RelB/p52 signaling 
pathway in the early stages of renal injury and facilitates 
ubiquitin-dependent degradation of p27 in tubular epithelial 
cell proliferation and in the progression of chronic nephrop-
athy (Fig. 3).

Cks1

Cks1 is an essential cofactor for ligation of ubiquitin to p27. 
It recognizes Thr187-phosphorylated p27 and is essential for 
the rigid binding between p27 and Skp2 that results in Skp2-
mediated degradation of p27 [9, 10]. We previously reported 
that the mRNA and protein levels of Cks1 are increased in 
the early stages of renal damage [76]. Cks1 protein is mainly 
localized in the nuclei and to a lesser extent in the cytoplasm 
of tubular epithelial cells. Similar to Skp2, Cks1 colocalizes 
with RelB in the nuclei of tubular epithelial cells. These results 
suggest that Skp2 and Cks1 collaboratively promote p27 deg-
radation via the ubiquitin proteasome pathway and induce 
tubular epithelial cell proliferation in the early stages of renal 
damage, resulting in tubular dilation in chronic nephropa-
thy. The mRNA level of Cks1 is also significantly upregu-
lated in TNF-α-stimulated NRK cells. We also reported that 
a sequence (GGGACTTCC) in the rodent Cks1 promoter is 
similar to the putative NF-κB element (GGGACTTTCC) at 
nine of the ten nucleotides. Therefore, it is seems likely that 
the TNF-α/NF-κB signaling pathway promotes the transcrip-
tion of both Skp2 and Cks1 in renal injury [76].

p27

The CKI p27 is an important regulator of cell proliferation 
that negatively regulates the behavior of CDKs in the cell 
cycle [81, 82]. p27 is abundantly expressed in most normal 
quiescent cells, but its level decreases during progression 
to the S phase in response to a proliferative/mitotic stimu-
lus [3, 4]. In vitro studies have shown that an experimental 
decrease of p27 protein enhances the proliferative response 
to mitogens [83, 84], while forced overexpression of p27 
protein inhibits cell proliferation [4]. Additionally, p27 is 
destabilized in many types of human cancer, which is impli-
cated in the aggressiveness and poor prognosis of tumors 
[77, 85–87]. The protein level of p27 is controlled transcrip-
tionally and by proteolytic degradation of p27 protein via 
the ubiquitin-proteasome pathway. p27 is phosphorylated 
on Thr187 by CDK [9, 10], and Thr187-phosphorylated 
p27 is a specific target for the SCF/Skp2/Cks1 complex to 
induce its ubiquitin-dependent degradation [7, 11]. This is 
consistent with observations that Skp2-deficient mice and/or  

Fig. 3   Skp2/Cks1 is induced by the TNF-α/NF-κB signaling path-
way in nephropathy. In normal kidneys, tubular epithelial cells highly 
express p27 in the quiescent phase of the cell cycle. Following renal 
damage, TNF-α activates RelB/p52, known as NF-κB, via TNFR1. 
The activated RelB/p52 complex induces the expression of both Skp2 
and Cks1 in the nucleus. The induced Skp2/Cks1 degrades p27 in 
tubular epithelial cells in UUO kidneys, allowing tubular epithelial 
cell proliferation to increase [76]. Tubular dilation occurs as a result 
of the increase in the tubular epithelial cell number and ultimately 
leads to progressive nephropathy [20]
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Cks1-deficient mice exhibit cellular accumulation of p27 
and a small body size compared with wild-type mice [9, 10].

In normal kidneys, p27 is expressed in most tubular  
epithelial cells to maintain their quiescent status. The level 
of p27 protein decreases rapidly in UUO kidneys, allowing 
proliferation of tubular epithelial cells and tubule dilation in 
the early stages of nephropathy. The mRNA and protein lev-
els of p27 are subsequently upregulated in UUO mice [88, 
89]. It was reported that renal tubular epithelial cell prolifer-
ation and apoptosis are markedly increased in the obstructed 
kidney of p27−/− mice [90]. Additionally, the magnitude of 
p27 protein upregulation in obstructed kidneys is greater in 
Skp2−/− mice than in Skp2+/+ mice. In the UUO kidneys of 
Skp2−/− mice, tubular epithelial cell proliferation is inhib-
ited by the accumulation of p27, preventing an increase in 
tubular epithelial cell number. Furthermore, apoptosis and 
tubulointerstitial fibrosis are markedly attenuated in the 
obstructed kidneys of Skp2−/− mice [20]. It is well known 
that renal fibroblast activation and proliferation are involved 
in the progression of chronic kidney disease [19]. We also 
reported that UUO stimulates renal interstitial cell prolif-
eration and significantly increased the number of interstitial 
cells in the UUO kidney [20]. The enhanced interstitial cell 
proliferation and the increase in number of α-SMA-positive 
myofibroblasts were partially inhibited by Skp2-deficiency. 
p21 is the critical negative regulator of interstitial fibroblast 
proliferation [91]. We have shown that p21 accumulation in 
UUO kidneys is moderately enhanced by Skp2 deficiency 
[20]. In addition, the accumulation of p21 and p27 as a 
result of proteasome inhibition is associated with inhibition 
of interstitial fibroblast proliferation [92]. Therefore, p21 
and p27 are negative regulators of interstitial cell prolifera-
tion while upregulated Skp2 in the UUO kidney enhances 
their degradation to promote interstitial fibroblast prolifera-
tion and myofibroblast formation as critical stages in the 
EMT. Taken together, these results suggest that Skp2 has 
important roles in the control of p27 and p21 in the kidney. 
In addition, Skp2, as induced by renal damage, promotes 
the proliferation of tubular epithelial cells and interstitial 
fibroblasts by enhancing the degradation of p27 and p21. 
Although further investigation is required to determine 
whether renal function was recovered by Skp2 deficiency, 
the histopathological features of Skp2−/− UUO kidney were 
apparently improved compared with the WT UUO kid-
ney. Many other studies have demonstrated increased p27 
expression in other models of renal disease, including dia-
betic nephropathy [30, 31] and cisplatin-induced acute renal 
failure [93]. In kidney cells, mesangial cells (MC) play a key 
role in glomerular hypertrophy in early diabetic nephropa-
thy [94] by secreting extracellular matrix proteins that con-
tribute to the development of glomerulosclerosis. Increased 
p27 expression in the glomerulus causes proliferation arrest 
and hypertrophy of MCs during early diabetic nephropathy. 

p27 is also highly expressed in the normal quiescent rat glo-
meruli, but its expression decreases in proliferating MCs 
in the ATS model of nephropathy [95]. The p27 expression 
level returns to the basal level after the resolution of MC 
proliferation [96]. Podocyte proliferation is also markedly 
increased in association with glomerulonephritis in p27−/− 
mice [90]. These data indicate that p27 regulates the prolif-
eration of various types of renal cells, and its upregulation 
stops excessive renal cell proliferation to protect cells and 
tissues from inflammatory injury.

Renal damages in Skp2−/−p27−/− mice

Unlike the marked amelioration of renal injury associates 
with renal accumulation of p27 in tubular epithelial cells 
in Skp2−/− mice, Skp2−/−/p27−/− double knockout mice 
show marked progression of tubular dilatation as a result 
of the enhanced tubular epithelial cell proliferation that 
occurs through the loss of p27 [97]. Notably, the tubular 
epithelial cell number in UUO kidneys is much greater 
in Skp2−/−p27−/− mice than in wild-type mice. Further-
more, interstitial cell proliferation in UUO kidneys is also 
greater in Skp2−/−p27−/− mice than in Skp2−/− mice. The 
expression levels of vimentin, α-SMA, type I collagen, and 
fibronectin, components of the extracellular matrix, are sig-
nificantly decreased in the UUO kidneys of Skp2−/− mice. 
While extracellular matrix production and macrophage 
infiltration are more pronounced in these mice, tubuloint-
erstitial fibrosis progresses more in Skp2−/−p27−/− mice 
compared with Skp2−/− mice [20, 91]. These results sug-
gest that Skp2 may regulate extracellular matrix synthesis 
by modulating p27 expression/activity in renal diseases. 
Taken together, these results indicate that the ameliorative 
effects of Skp2 deficiency following UUO are canceled by 
p27 deficiency in Skp2−/−p27−/− mice. As described above, 
it has been reported that proliferation is inhibited, and that 
the expression of p21 and p27 is increased by proteasome 
inhibitors in two nasal fibroblast cell lines. In these cell 
lines, treatment with a proteasome inhibitor suppressed 
fibrosis together with reduced MCP-1 production and TGF-
β- and TNF-α-induced collagen mRNA expression. More-
over, the inflammatory response in fibroblasts is inhibited 
by suppression of IL-1β-/TNF-α-induced NF-κB activation 
and IL-1β-induced IL-6/8 production [92]. These results 
suggest that the accumulated p21 and p27 in fibroblasts can 
inhibit tissue inflammation and progressive fibrosis. In the 
UUO kidneys of Skp2−/− mice, extracellular matrix produc-
tion, inflammation, and renal fibrosis may be ameliorated by 
p27 accumulation.

In addition to p27, Skp2 targets several other proteins 
that control the cell cycle, including p21, p57, cyclin E, 
cyclin A, and cyclin D1, for degradation via the ubiquitin-
dependent proteasome pathway. Interestingly, the protein 
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levels of other Skp2 targets, including p57, p130, TOB1, 
cyclin A, and cyclin D1, in UUO kidneys were not signifi-
cantly increased in Skp2−/− mice compared with wild-type 
mice. Although the levels of p21, c-Myc, b-Myb, and cyclin 
E, in the UUO kidneys were slightly increased in Skp2−/− 
mice, the magnitudes of the increments did not reflect the 
accumulation of p27 [97]. These findings suggest that p27 is 
the main target of Skp2 and that the reduction in p27 levels 
has a pathogenic role in the progression of nephropathy.

Other cell cycle regulators involved in nephropathy

p21

The CKI protein p21 has important roles in controlling cell 
proliferation, terminal differentiation, cellular senescence, 
and apoptosis [81]. p21 inhibits the cell cycle progression by 
binding to cyclin/CDK complexes. p21 also directly binds 
to proliferating cell nuclear antigen (PCNA), which inhibits 
the involvement of PCNA in DNA replication [98, 99]. The 
protein level of p21 increases in Skp2−/− mouse embryo 
fibroblasts during the S-phase, and its degradation is low in 
Skp2−/− cells, which suggests that p21 is a target of Skp2 
degradation in the S-phase [100]. The p21 protein level is 
mainly controlled by transcription, but it is also subject to 
ubiquitin-independent and -dependent degradation [101]. In 
the kidneys, p21 is upregulated in the early stages of renal 
injury in UUO mice [102] and ATS nephropathy [95], as 
well as in ischemia [103] and cisplatin-treated mice [104]. 
p21 levels increase dramatically following growth arrest 
induced by the tumor suppressor protein p53 and in the 
early stage of differentiation [81, 105]. p21 is also induced 
in p53-mediated apoptosis, as the p53-dependent pathways 
are involved in transactivation of the p21 gene [106]. How-
ever, p21 mRNA expression was enhanced in p53-deficient 
mice with nephropathy, which suggests that p21 transcrip-
tional activation occurs via a p53-independent pathway in 
renal damage [104]. Huge et al. also reported that the prolif-
eration of interstitial cells, particularly myofibroblasts, was 
promoted in the UUO kidneys from p21−/− mice compared 
with wild-type mice resulting in progression of renal failure, 
although there was no difference in the rate of interstitial 
cell apoptosis between these two strains. Tubular epithe-
lial cell proliferation and apoptosis were also unchanged in 
the obstructed kidney from p21−/− mice [91]. p21 plays a 
limited role in the proliferation of myofibroblasts in renal 
damage, and is not essential for the regulation of tubular 
epithelial cell proliferation or apoptosis following UUO. 
However, it was reported that p21 expression is increased in 
experimental diabetic nephropathy and inhibits mesangial 
cell proliferation [107]. Moreover, glomerular cell prolif-
eration is significantly increased in glomerulonephritis in 

p21−/− mice [108]. Taken together, these results indicate 
that p21 regulates the proliferation of myofibroblasts and 
glomerular cells in nephropathy.

p57

The CKI protein p57 inhibits cell cycle progression into the 
S-phase. Overexpression of p57 induces G1-phase arrest 
[109, 110] and is implicated in cell cycle exit accompany-
ing terminal differentiation [111, 112]. p57 is constitutively 
expressed in terminally differentiated normal mature podo-
cytes [113, 114]. In glomerular diseases, p57 expression 
is decreased in podocytes, allowing mature podocytes to 
proliferate and acquire an immature phenotype in response 
to renal injury. In the ATS model, which is associated with 
podocyte injury, p57 expression is markedly decreased in 
proliferating podocytes [115]. However, the p57 protein 
level remains unchanged during differentiation in cultured 
podocytes. These properties suggest that p57 controls the 
proliferation of mature podocytes in nephropathy.

p53

p53 is associated with cell proliferation, DNA repair,  
maintenance of DNA integrity, and apoptosis [116]. p53  
regulates the induction of p21 and growth-arrested DNA 
damage protein 45 (GADD45) to control cell replication 
[117, 118]. p53 mRNA expression increases rapidly after 
UUO. p53 induces apoptosis of severely damaged tubular 
cells to limit renal damage [102]. However, tubular apop-
tosis after UUO is also mediated by p53-independent path-
ways [119].

Perspectives

The number of patients with end-stage renal disease 
requiring renal replacement therapy is steadily increasing 
worldwide. However, the most effective therapies for this 
devastating disease are dialysis or kidney transplantation. 
Therefore, it is important to develop novel molecular targets 
for chronic kidney disease and avoid its progression to end-
stage renal disease. Considering the results of that reports 
described above, it seems likely that proteasome inhibitors 
have some effects on Skp2-dependent protein degradation 
and may offer a new therapeutic drug for nephropathy, such 
as kidney obstruction. It has been reported that renal fibrosis 
is ameliorated by proteasome inhibitors in rat obstructive 
nephropathy [120]. Therefore, Neubert et al. [121] sug-
gested that proteasome inhibitors are effective for treatment 
of nephropathy, and Pujols et al. [92] reported that a pro-
teasome inhibitor could reduce proliferation, collagen pro-
duction, and inflammatory responses in nasal fibroblasts. 
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However, proteasome inhibitors reportedly show severe side 
effects because they accumulate many proteins by inhibition 
of proteasome-mediated degradation [122]. A described 
above, renal damage in UUO kidneys, including interstitial 
fibrosis, is markedly attenuated in Skp2−/− mice compared 
with wild-type mice. The decreased tubular epithelial cell 
proliferation and reduced tubule dilation may effect the inhi-
bition of EMT [22, 34–36] in the UUO kidneys of Skp2−/− 
mice. We suggest that the progression of renal damage is 
stopped at an early stage by Skp2 deletion, reducing the 
extent of renal fibrosis in UUO kidneys of Skp2−/− mice. 
Cks1 also increases p27 degradation in the early stage of 
renal damage, and Skp2 and Cks1 promote p27 degradation 
selectively in a collaborative manner. Therefore, we think an 
inhibitor for SCF-Skp2/Cks1 E3 ligase will offer a specific 
therapeutic target for renal injury and is likely to inhibit the 
progression of nephropathy.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribution, 
and reproduction in any medium, provided the original author(s) and 
the source are credited.
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