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SUMMARY

Minichromosome maintenance 6 (MCM6) has been implicated in the progression of various malignant
tumors; however, its exact physiological function in kidney diseases remains unclear. Here, we demon-
strated that MCM6 levels showed a significant increase in the proximal tubular cells during progressive
renal fibrosis in two unrelated in vivo fibrotic models, including unilateral ureteral obstruction (UUO)
and unilateral ischemia-reperfusion injury (UIRI). Depletion of MCM6 aggravated partial epithelial-mesen-
chymal transition, extracellular matrix accumulation, and myofibroblast activation in the kidneys of UUO
or UIRI mice. Conversely, overexpression of MCM6 promoted the recovery of E-cadherin and retarded
UUO- or UIRI-induced renal fibrosis. In addition, DUSP6 expression substantially decreased in fibrotic
kidneys, and it might be involved in MCM6-induced renal fibrosis by regulating the activation of ERK/
GSK-3b/Snail1 signaling. In conclusion, our results highlight the significance of MCM6 in renal fibrosis,
providing a potential therapeutic target for patients with chronic kidney disease.

INTRODUCTION

Chronic kidney disease (CKD) is a clinical syndrome characterized by persistent urinary and structural abnormalities or impaired excretory

renal function with a high prevalence and eventual progression to end-stage renal disease.1 Renal fibrosis is a pathological process charac-

terized by abnormal activation of myofibroblasts, excessive deposition of extracellular matrix (ECM) in the interstitium, and destruction of the

normal kidney architecture as an inevitable outcome in all types of progressive CKD.2,3 Renal tubulointerstitial fibrosis (TIF), which is charac-

terized by epithelial-to-mesenchymal transition (EMT) of renal tubular epithelial cells (TECs) and excessive deposition of ECM, is a crucial

pathological factor of renal fibrosis.4 EMT is defined as a biological process in which injured TECs undergo phenotypic transformation

into myofibroblasts with the consequent production of ECM and various pro-fibrotic molecules, which is regarded as an integral part of inter-

stitial fibrosis.5 Although, based on evidence, complete EMT of TECs is not a major contributor to interstitial myofibroblasts in kidney fibrosis,

partial EMT, where damaged TECs remain associated with their basement membrane and co-express both epithelial and mesenchymal

markers, is an indispensable stage for fibrogenesis in the interstitium.2,6,7 Preventing the acquisition of an EMTprogram in injured TECs results

in restoration of functional TECs, inhibition of the pathological secretome, and alleviation of cell-cycle arrest, thereby facilitating the repair

and regeneration of the fibrotic kidney.8,9

SNAI1 is a key transcription factor that activates the EMT program during embryonic development, fibrogenesis, and tumor progression

by regulating the expression of multiple pro-fibrotic genes.10,11 In mouse models of experimentally induced renal fibrosis, conditional

deletion of Snail1 in proximal TECs resulted in inhibition of the EMT program, maintenance of TEC integrity, restoration of cell proliferation,

dedifferentiation-associated repair and regeneration of the kidney parenchyma, and attenuation of interstitial fibrosis.7 Snail1-induced

fibrosis can be reversed in vivo, and obstructive nephropathy can be therapeutically ameliorated in mice by targeting Snail1 expression.6

These results confirm the vital role of Snail1 in the progression of renal fibrosis. Glycogen synthase kinase-3b (GSK-3b) binds to and phosphor-

ylates Snail1 at two Ser-rich motifs to regulate the transcriptional activity and function of this protein.12 Together with Snail1, GSK-3b function

is considered a molecular switch that triggers an EMT program. Several pathways increase Snail1 activity by influencing GSK3b-mediated

phosphorylation including Wnt/b-catenin, PI3K/AKT, ERK, nuclear factor-kB (NF-kB), and Notch signaling.13–16 Therefore, the GSK3b/Snail

axis plays an important role in renal fibrogenesis.

Minichromosome maintenance 6 (MCM6) belongs to the MCM protein family, which forms the catalytic core of eukaryotic replicative

helicase.17 Existing evidence indicated that MCM plays an important role in DNA replication and DNA damage repair.18 Recently, MCM is

considered a potential marker of cell proliferation, especially in malignant cells, and is associated with the progression and prognosis of

malignant tumors.19 MCM6 has been identified as a driver of S/G2 cell-cycle progression and a potential diagnostic and prognostic marker
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Figure 1. Minichromosome maintenance 6 (MCM6) increases in proximal tubular epithelial cells during renal fibrogenesis

(A) Graphical representation showing the relative expression patterns of MCM2-7 in chronic kidney disease (CKD). The data are obtained from the Nephroseq

website.

(B) Graphical representation showing themRNA level ofMCM2-7 in the fibrotic kidney of unilateral ureteral obstruction (UUO) and unilateral ischemia reperfusion

injury (UIRI) mice models. n = 6 mice per group.

(C and D) Immunohistochemical staining and summarized data showing the expression of MCM6 in UUO models. Scale bar, 50 mm.

(E and F) Representative western blots and summarized data showing the renal expression of MCM6, fibronectin, vimentin, and E-cadherin in UUO mice. n = 6

mice per group.

(G) Colocalization staining of MCM6 (red) and lotus tetragonolobus lectin (LTL, green) in the kidneys of UUO model mice. LTL, a proximal tubule marker. Scale

bar, 25 mm.

(H and I) Immunohistochemical staining and summarized data showing the expression of MCM6 in UIRI models. Scale bar, 50 mm.

(J and K) Representative western blots and summarized data showing the renal expression ofMCM6, fibronectin, vimentin, and E-cadherin in UIRImice. n = 6mice

per group.
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in hepatocellular carcinoma (HCC).20 And it was reported that MCM6 promotes EMT by regulating MEK/ERK signaling in HCC.21 Moreover,

the serum MCM6 level is a promising independent biomarker to detect preclinical early recurrence of HCC, especially in alpha-fetoprotein-

negative patients with small HCC.22 Although many studies have clarified the significance of MCM6 in a variety of malignancies, its role in

kidney disease is poorly understood. Recently, MCM6 was involved in karyomegalic interstitial nephritis by regulating cell-cycle activity.23

However, owing to the limited studies on MCM6-deficient animal models, the biological function of MCM6 in renal pathology is largely

unknown.

In the present study, we identified for the first time that tubular injury triggered the upregulation of MCM6 in proximal TECs and evaluated

the kidney protective role of MCM6 in renal fibrogenesis, which is associated with the activation of ERK/GSK-3b/Snail1 signaling. In addition,

our findings revealed the downregulation of DUSP6 in the fibrotic kidneys and the potential role of DUSP6 in regulating ERK activity. In sum-

mary, endogenous MCM6 level was of great importance for maintaining tubular epithelial integrity and TECs function, and it could be a

potential target for antifibrotic therapeutic strategies in patients with CKD.

RESULTS

Elevated expression of MCM6 in fibrotic kidneys and cultured TECs

To determine the expression pattern ofMCMs proteins in the kidney during renal fibrogenesis, we first examined the expression of theMCMs

in patients with CKD using the Nephroseq website (Mendeley Data: http://nephroseq.org). We found that the expression of MCM3, MCM5,

MCM6, and MCM7 was higher in patients with CKD (Figure 1A). To confirm the role of the MCM family in the pathogenesis of CKD, two un-

related in vivo fibrotic models—UUO and UIRI—were used to establish chronic kidney fibrosis models. We examined the mRNA level of the

MCM family in fibrotic kidneys using qRT-PCR and found that the level of MCM6 was most significantly upregulated in both fibrotic models

(Figure 1B; prime sequences were seen in Table 1). Therefore, we choose MCM6 for further analysis. Compared with that in normal kidney

tissues, MCM6 was markedly increased in the tubulointerstitial area in UUO mice as observed in the immunohistochemistry results

(Figures 1C and 1D), which was further demonstrated by immunoblotting assay, accompanied by the upregulation of fibronectin and vimentin

levels (Figures 1E and 1F). To confirm the renal localization of MCM6, we dually stained cortex sections for MCM6 and Lotus tetragonolobus

lectin (LTL, a proximal tubular marker) and showed that LTL-positive proximal tubular cells (green) were co-localized with MCM6 (red), sug-

gesting that the increase in MCM6mainly occurred in proximal TECs after obstruction injury (Figure 1G). Consistently, MCM6 was also signif-

icantly increased in UIRI-induced renal fibrosis, as determined through immunohistochemistry (Figures 1H and 1I) and immunoblotting ana-

lyses (Figures 1J and 1K). In addition, to determine whether the upregulation of MCM6 was secondary to tubular epithelial injury, we treated

proximal TECs (NRK-52E) with transforming growth factor b1 (TGF-b1) or H/R stimulation. After TGF-b1 treatment for 12 h, we found that

MCM6 expression began to increase significantly in NRK-52E cells as well as in HK-2 cells (Figure S1), which preceded the changes of fibro-

nectin, vimentin, and E-cadherin—the three classic markers of tubular EMT (Figures 1L and 1M). And the upregulation of MCM6 was also

observed in NRK-52E cells in response to H/R stimulation (Figures 1N and 1O). In summary, these results indicate that renal fibrosis is asso-

ciated with an increase in MCM6 expression in the tubulointerstitial area, particularly in proximal TECs.

MCM6 deficiency promotes partial EMT program in TECs

To explore the possible role of MCM6 in renal fibrosis, small interfering RNA (siRNA) targeting MCM6 (si-MCM6) were transfected into NRK-

52E cells to disrupt MCM6 expression, and the inhibitory efficiency of MCM6 level was determined by immunoblotting (Figures 2A and 2B)

and qRT-PCR analyses (Figure 2C). TGF-b1 is a critical mediator implicated in renal TIF; therefore, we evaluated whether MCM6 expression

had an effect on the partial EMTprocess in TGF-b1-treated TECs. As shown in Figure 2D, TECs exhibited the loss of cell–cell contacts and their

typical epithelial cell morphology and acquired the elongated spindle-shapedmesenchymal phenotype after incubationwith TGF-b1 for 48 h,

and MCM6 deficiency aggravated these morphological changes in TECs. Simultaneously, partial EMT induction was confirmed through the

loss of E-cadherin and the accumulation of fibronectin, a-SMA, and vimentin in response to TGF-b1 stimulation, whereas silencing of MCM6

further promoted the tubular EMT process (Figures 2E–2G). And immunofluorescence data further revealed the disruption of E-cadherin and

the accumulation of fibronectin induced by MCM6 knockdown (Figure 2H). Consistent with TGF-b1-induced profibrotic changes, MCM6

deficiency aggravated H/R-induced levels of fibronectin, a-SMA, and vimentin, accompanied by the loss of E-cadherin (Figures 2I–2K; prime

sequences were seen in Table 1). These results indicate that MCM6 is involved in the tubular partial EMT process, ECM deposition, and my-

ofibroblast activation during the progression of renal fibrosis.

In vivo knockdown of MCM6 aggravates UUO-induced renal fibrosis

To further investigate the role of MCM6 in renal fibrogenesis, AAV harboring MCM6 (AAV-sh-MCM6) was delivered into mouse kidneys via

intraparenchymal injection to knock down the expression of MCM6 in renal tubules before establishing the UUO model (Figure 3A). Renal

expression of MCM6 was robustly blocked in UUO-induced mice that received AAV-sh-MCM6 as evidenced by the results of

Figure 1. Continued

(L and M) Representative western blots and summarized data showing the expression of MCM6, fibronectin, vimentin, and E-cadherin in transforming growth

factor (TGF)-b1-treated proximal tubular epithelial cells (TECs). n = 6.

(N and O) Representative western blots and summarized data showing the expression of MCM6, fibronectin, vimentin, and E-cadherin in TECs with hypoxia-

reoxygenation (H/R) treatment. n = 6. **p < 0.01, ***p < 0.001 versus sham group or Ctrl group. All data are graphed as mean G SEM. See also Figure S1.
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immunohistochemistry and immunoblotting analyses. Notably, hematoxylin-eosin (HE) andMasson’s trichrome staining showed that delivery

of AAV-sh-MCM6 resulted in more significant tubular injury and fibrotic lesions than that induced by the delivery of negative-control AAV

(AAV-sh-Ctrl) (Figures 3B–3D). And examination of fibrotic markers showed that knockdown of MCM6 expression further aggravated the

accumulation of fibronectin, vimentin, and a-SMA in the obstructed kidneys, accompanied with the loss of E-cadherin (Figures 3B–3G).

Furthermore, a-SMA-positive myofibroblasts and fibronectin accumulation were greatly increased in the interstitium of the obstructed kidney

in AAV-sh-MCM6 group mice compared with that in the AAV-sh-Ctrl group mice by immunofluorescence staining (Figure 3H). These data

suggest that MCM6 deficiency exacerbated UUO-induced renal fibrosis.

In vivo knockdown of MCM6 exacerbates UIRI-induced renal fibrosis

To further confirm the role of MCM6 in renal fibrosis, AAV-sh-MCM6 virions were delivered into mouse kidneys before establishing the UIRI

model (Figure 4A). As shown in Figures 4B–4E, the injured kidney displayed typical features of renal fibrosis after UIRI, whereas knockdown of

MCM6 expression further aggravated tubular damage and atrophy, the severity of TIF, and the area of interstitial fibrosis.When examining the

mesenchymal markers, we found that MCM6 ablation remarkably contributed to the accumulation of fibronectin, a-SMA, and vimentin in the

tubulointerstitial area as observed by immunostaining (Figures 4B–4E). And the changes in these fibrosis markers were further validated by

immunoblotting (Figures 4F and 4G) and immunofluorescence data (Figure 4H). These results showed that MCM6 deficiency accentuated

renal fibrosis in UIRI mice, which was consistent with the results observed in UUO mice, suggesting the significance of MCM6 in renal

fibrogenesis.

In vivo overexpression of MCM6 alleviates UUO-induced renal fibrosis

To clarify the therapeutic efficacy of targeting MCM6 in the progression of renal fibrosis, AAV harboring MCM6 (AAV-OE-MCM6) was

delivered into mouse kidneys via intraparenchymal injection to overexpress MCM6 in renal tubules before establishing the UUO model

(Figure 5A). Immunohistochemistry and immunoblotting analyses showed that kidney MCM6 expression greatly increased in the mice with

Table 1. Prime sequences used in qRT-PCR

Gene Species Sequence

MCM2 Mouse Forward: GTCAGCTCTATCTCGTCCCC

Reverse: ATCAGAACTACCAACGTATCCGC

MCM3 Mouse Forward: AGCGCAGAGAGACTACTTGGA

Reverse: GCGGTTAGCCCTCTTTTCATTC

MCM4 Mouse Forward: TTTGTGCGCGTTTGCAACTA

Reverse: GTGACGACCTGCTTTCCTCA

MCM5 Mouse Forward: TCTAGGAGGGCTGAGGTACAG

Reverse: ACTCCTTGAATCGCCTCTGC

MCM6 Mouse Forward: GAATCATTGGGGAGCGGTCA

Reverse: GACACCACAAAAAGCCCACC

MCM7 Mouse Forward: TCGGAGATAGCTGCAGTAGAAA

Reverse: TTGAGTCGACCAACTCAGGGT

DUSP5 Mouse Forward: AGCGTGGTCTCTCCCAACTT

Reverse: GGTACGGAATGTGCAGTAGGT

DUSP6 Mouse Forward: ATAGATACGCTCAGACCCGTG

Reverse: ATCAGCAGAAGCCGTTCGTT

GAPDH Mouse Forward: TGGCCTTCCGTGTTCCTAC

Reverse: GAGTTGCTGTTGAAGTCGCA

MCM6 Rattus Forward: CGATGCTTGGGGACAGTTGA

Reverse: CAGGACAAGCACAAAGTGCC

Fibronectin Rattus Forward: CCCTTCCACACCCCAATCTT

Reverse: ACTGGGTTGTTGGTGGGATG

Vimentin Rattus Forward: GCAGCCTCTATTCCTCGTCC

Reverse: GAAGCGGTCATTCAGCTCCT

a-SMA Rattus Forward: TTGTCCACCGCAAATGCTTC

Reverse: TGAAGGCGCTGATCCACAAA

GAPDH Rattus Forward: GCATCTTCTTGTGCAGTGCC

Reverse: TACGGCCAAATCCGTTCACA
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Figure 2. MCM6 deficiency aggravated tubular partial epithelial–mesenchymal transition in TGF-b1-induced TECs

(A and B) Representative western blots and summarized data of MCM6 expression in TECs transfected with small interfering RNA (siRNA)-targeted MCM6 (si-

MCM6). n = 6.

(C) Graphical representation showing the mRNA level of MCM6 in TECs transfected with si-MCM6. n = 6.

(D)Representative imagesof thepolarizedmorphologyofTECs indifferentgroups.Cellswere transfectedwithsi-MCM6or si-NCandtreatedwithTGF-b1 for48h.n=6.

Scale bar, 50 mm.

(E and F) Representative western blots and summarized data showing the expression of MCM6, E-cadherin, fibronectin, a-SMA, and vimentin in four groups, as

indicated. n = 6.

(G) Graphical representation showing the mRNA levels of fibronectin, a-SMA, and vimentin in different groups. n = 6.

(H) Representative micrographs showing the immunofluorescence staining images of fibronectin and a-SMA in four groups, as indicated. Scale bar, 50 mm.
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AAV-OE-MCM6 delivery. Notably, the obstructed kidneys displayed typical features of renal fibrosis following UUO, and overexpression of

MCM6 significantly decreased the severity of TIF and the area of interstitial fibrosis (Figures 5B–5D). Immunostaining and immunoblotting

data showed that the increased levels of fibronectin, vimentin, and a-SMA were prominently attenuated in UUO-induced mice, particularly

in the tubulointerstitial area, after AAV-OE-MCM6delivery (Figures 5B–5G).Moreover, overexpression ofMCM6distinctly inhibited the loss of

E-cadherin, indicating that tubularMCM6 level maintains the integrity of epithelial cells (Figures 5F and 5G). Immunofluorescence data further

revealed that a-SMA-positive myofibroblasts and fibronectin accumulation were dramatically decreased in the AAV-OE-MCM6 group mice

compared with that in the negative-control group mice (Figure 5H). These data further confirmed the essential role of MCM6 such as main-

taining epithelial integrity and tubular function, protecting against tubular injury or dedifferentiation, and eventually involving in fibrogenesis.

Overexpression of MCM6 suppresses renal fibrosis in UIRI mice

To further examine the functional role MCM6 in renal fibrosis, AAV-OE-MCM6 virions were delivered into mouse kidneys to overexpress

MCM6before establishing theUIRImodel (Figure 6A). As shown in Figures 6B–6D, comparedwith that in the negative controlmice, the extent

of UIRI-induced tubular damage and interstitial area was substantially alleviated after the delivery of AAV-OE-MCM6. And UIRI-induced

accumulation of fibronectin, vimentin, and a-SMA was reversed by MCM6 overexpression, accompanied by the restoration of E-cadherin

expression (Figures 6B–6G). Moreover, immunofluorescence data showed the decreased level of a-SMA-positive myofibroblasts and fibro-

nectin deposition in UIRI mice after the delivery of AAV-OE-MCM6 (Figure 6H), which was consistent with the results observed in the UUO

model mice. These results further exhibited a potent effect of MCM6 on attenuating fibrotic response in renal fibrogenesis.

MCM6 modulates the activation of ERK/GSK-3b/Snail1 signaling pathway in tubular partial EMT progress

Snail1—a prominent inducer of EMT—is a highly labile protein and a critical transcriptional regulator of E-cadherin that represses epithelial-

related gene expression and contributes to the mesenchymal phenotype.16 To explore the potential cellular signaling pathways, we

examined GSK-3b-mediated Snail activity and ERK pathway upon MCM6 dysregulation conditions, which are known to play pivotal roles

in tubular EMT progress and the progression of kidney fibrosis. As shown in Figures 7A–7D, compared with that in the sham group, the

upregulation of phospho-ERK, phospho-GSK-3b, and Snail1 were observed in UUO mice, and these increases were further elevated in the

kidneys of UUO mice following the delivery of AAV-sh-MCM6; however, these increases were markedly inhibited in the kidneys of UUO

mice that were delivered AAV-OE-MCM6. In addition, in vitro studies showed that the induction of phospho-ERK and phospho-GSK-3b

were observed in NRK-52E cells treated with TGF-b1 for 1 h, and the expression of Snail1 was increased in TGF-b1-treated NRK-52E cells

for 48 h. MCM6 deficiency further aggravated the increase in phospho-ERK, phospho-GSK-3b, and Snail1 expression in TECs upon TGF-

b1 stimulation (Figures 7E–7H). These studies indicate a potential role of MCM6 in the regulation of ERK/GSK-3b/Snail1 signaling. To validate

the involvement of ERK/GSK-3b/Snail1 signaling in MCM6-induced renal fibrosis, a MEK1/2 inhibitor U0126 and a GSK-3b inhibitor SB216763

were used alone or combined to block ERK signaling and GSK-3beta activity in NRK-52E cells. As shown in Figures 7I–7K, pretreatment with

U0126 blocked the upregulation of phospho-ERK, phospho-GSK-3b, and Snail1 levels, pretreatment with SB216763 suppressed the increase

in phospho-GSK-3b and Snail1 levels, and co-pretreatment with U0126 and SB216763 further inhibited the expression of Snail1, in

MCM6-deficient NRK-52E cells. Collectively, our data demonstrate that MCM6 protects against renal fibrosis by regulating ERK/GSK-3b/

Snail1 signaling.

DUSP6 is downregulated in renal fibrosis and associates with the activation of ERK signaling in MCM6-mediated partial

EMT progress

Dual-specificity phosphatases (DUSPs), which belong to the family of protein tyrosine phosphatases, are expressed in various types of kidney

cells at different levels and have been implicated in various kidney diseases.24 The expression of DUSPs can be divided into four groups ac-

cording to their basic expression level in the kidney; DUSP5 and DUSP6 are negative regulators of ERK signaling and belong to the low and

moderate expression groups, respectively.25 Based on data from the website of Nephroseq, we found that the expression of DUSP5 and

DUSP6 (especially that of DUSP6) was notably decreased in various types of humanCKD including immunoglobulin A (IgA) nephropathy, focal

segmental glomerulosclerosis, membranous glomerulonephropathy, minimal change disease, and thin basement membrane disease (Fig-

ure 8A). To clarify the expression of DUSP5 and DUSP6 in CKD, we examined their mRNA levels in fibrotic kidneys using qRT-PCR and found

that compared with that of DUSP5, the mRNA level of DUSP6 was more significantly downregulated in kidney from UUO and UIRI mice (Fig-

ure 8B). Therefore, we mainly discussed the role of DUSP6 in renal fibrosis and whether its expression is mediated by MCM6. As shown in

Figures 8C and 8D, compared with that in normal kidney tissues, DUSP6 expression was dramatically decreased in fibrotic kidneys of mice

with UUO and UIRI. And immunostaining data further confirmed this result (Figures 8E and 8F). Moreover, TGF-b1 and H/R treatment led

to a significant decrease in DUSP6 expression in TECs (Figures 8G and 8H), suggesting a potential role for DUSP6 in renal fibrogenesis.

To corroborate the potential role of DUSP6 in ERK/GSK-3b/Snail1 signaling, MCM6 overexpress plasmid was transfected into NRK-52E cells

Figure 2. Continued

(I and J) Representative western blots and summarized data showing the expression of MCM6, E-cadherin, fibronectin, a-SMA, and vimentin in four groups, as

indicated. Cells were transfected with si-MCM6 or si-NC and then treated with H/R stimulation for 48 h. n = 6.

(K) Graphical representation showing themRNA levels of fibronectin, a-SMA, and vimentin in four groups, as indicated. n = 6. **p < 0.01, ***p < 0.001 versus si-NC

group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus si-NC + TGF-b1 or si-NC + H/R group. All data are graphed as mean G SEM. See also Figure S2.
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Figure 3. Knockdown of MCM6 aggravated UUO-induced renal fibrosis

(A) Experimental design. Red arrows show the delivery of AAV-sh-Ctrl or AAV-sh-MCM6 intomouse kidney through intraparenchymal injection. Blue arrows show

the time of renal UUO surgery.

(B) Representative micrographs showing hematoxylin and eosin (H&E) staining; Masson’s trichrome staining; and immunostaining of MCM6, fibronectin, a-SMA,

and vimentin in four groups, as indicated. Scale bar, 50 mm.

(C–E) Graphical representations showing the tubular damage score; fibrotic area; and the expression of MCM6, fibronectin, a-SMA, and vimentin in four groups, as

indicated.

(F and G) Representative western blots and summarized data showing the expression of MCM6, E-cadherin, fibronectin, a-SMA, and vimentin in four groups, as

indicated. n = 8 mice per group.

(H) Representative micrographs showing the immunofluorescence staining of fibronectin and a-SMA in four groups, as indicated. Scale bar, 50 mm. ***p < 0.001

versus AAV-sh-Ctrl group. ##p < 0.01, ###p < 0.001 versus AAV-sh-Ctrl + UUO group. All data are graphed as mean G SEM.
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Figure 4. Blockade of MCM6 aggravated UIRI-induced renal fibrosis

(A) Experimental design. Red arrows show the delivery of AAV-sh-Ctrl or AAV-sh-MCM6 intomouse kidney through intraparenchymal injection. Blue arrows show

the time of renal UIRI surgery.

(B) Representative micrographs showing H&E staining; Masson’s trichrome staining; and immunostaining of MCM6, fibronectin, a-SMA, and vimentin in four

groups, as indicated. Scale bar, 50 mm.

(C–E) Graphical representation showing the tubular damage score; fibrotic area; and the expression ofMCM6, fibronectin, a-SMA, and vimentin in four groups, as

indicated.

(F and G) Representative western blots and summarized data showing the expression of MCM6, E-cadherin, fibronectin, a-SMA, and vimentin in four groups, as

indicated. n = 8 mice per group.

(H) Representative micrographs showing the immunofluorescence staining images of fibronectin and a-SMA in four groups, as indicated. Scale bar, 50 mm.

***p < 0.001 versus AAV-sh-Ctrl group. ##p < 0.01, ###p < 0.001 versus AAV-sh-Ctrl + UIRI group. All data are graphed as mean G SEM. See also Figure S3.
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Figure 5. Overexpression of MCM6 attenuated UUO-induced renal fibrosis

(A) Experimental design. Red arrows show the delivery of AAV-OE-Ctrl or AAV-OE-MCM6 into mouse kidney through intraparenchymal injection. Blue arrows

show the time of renal UUO surgery.

(B) Representative micrographs showing H&E staining; Masson’s trichrome staining; and immunostaining of MCM6, fibronectin, a-SMA, and vimentin in four

groups, as indicated. Scale bar, 50 mm.

(C–E) Graphical representations showing the tubular damage score; fibrotic area; and the expression of MCM6, fibronectin, a-SMA, and vimentin in four groups,

as indicated.

(F and G) Representative western blots and summarized data showing the expression of MCM6, E-cadherin, fibronectin, a-SMA, and vimentin in four groups, as

indicated. n8 mice per group.

(H) Representative micrographs showing the immunofluorescence staining of fibronectin and a-SMA in four groups, as indicated. Scale bar, 50 mm. ***p < 0.001

versus AAV-OE-Ctrl group. ##p < 0.01, ###p < 0.001 versus AAV-OE-Ctrl + UUO group. All data are graphed as mean G SEM.
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Figure 6. Overexpression of MCM6 ameliorated UIRI-induced renal fibrosis

(A) Experimental design. Red arrows show the delivery of AAV-OE-Ctrl or AAV-OE-MCM6 into mouse kidney through intraparenchymal injection. Blue arrows

show the time of renal UIRI surgery.

(B) Representative micrographs showing H&E staining; Masson’s trichrome staining; and immunostaining of MCM6, fibronectin, a-SMA, and vimentin in four

groups, as indicated. Scale bar, 50 mm.

(C–E) Graphical representations showing the tubular damage score; fibrotic area; and the expression of MCM6, fibronectin, a-SMA, and vimentin in four groups,

as indicated.

(F and G) Representative western blots and summarized data showing the expression of MCM6, E-cadherin, fibronectin, a-SMA, and vimentin in four groups, as

indicated. n = 8 mice per group.

(H) Representative micrographs showing the immunofluorescence staining images of fibronectin and a-SMA in four groups, as indicated. Scale bar, 50 mm.

***p < 0.001 versus AAV-OE-Ctrl group. ##p < 0.01, ###p < 0.001 versus AAV-OE-Ctrl + UIRI group. All data are graphed as mean G SEM. See also Figure S3.
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Figure 7. ERK/GSK-3b/Snail1 signaling was activated in MCM6-induced renal fibrosis

(A and B) Representative western blots and summarized data showing the expression of ERK, phospho-ERK, GSK-3b, phospho-GSK-3b, and Snail1 in four groups,

as indicated. n = 8 mice per group. ***p < 0.001 versus AAV-sh-Ctrl, ###p < 0.001 versus AAV-sh-Ctrl + UUO.
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to induce MCM6 expression, and the overexpression efficiency of MCM6 level was determined by immunoblotting (Figure 8I). TGF-b1-

induced upregulation of phospho-ERK, phospho-GSK-3b, and Snail1 levels were remarkedly inhibited by DUSP6 overexpression, indicating

that DUSP6 negatively regulates the activation of ERK/GSK-3b/Snail1 signaling (Figures 8I and 8J). Given the role ofMCM6 in the regulation of

ERK/GSK-3b/Snail1 signaling, we suspected whether MCM6 participates in the regulation of DUSP6 expression. To validate our hypothesis,

we detected the expression of DUSP6 in fibrotic kidneys with MCM6 deficiency or MCM6 overexpression. And we found that DUSP6 expres-

sion was further decreased in the kidneys of UUOmice injected with AAV-sh-MCM6; however, this decrease was significantly reversed in the

kidneys of UUO mice injected with AAV-OE-MCM6, suggesting that MCM6 positively regulates DUSP6 expression (Figures 8K–8N). In sum-

mary, our results reveal the dysregulation of endogenous DUSP6 levels in kidney fibrosis and suggest a potential role of DUSP6 in the regu-

lation of ERK/GSK-3b/Snail1 signaling. Moreover, the functional role of DUSP6 in renal fibrosis is partially mediated by MCM6.

DISCUSSION

Despite its implications in the progression of various malignant tumors, the exact physiological function of MCM6 in kidney diseases remains

unclear.26 Little is known about the functional contributions and prognostic value of MCM6 in renal fibrosis. In this study, we identified for the

first time that MCM6was significantly upregulated in fibrotic kidneys of UUO or UIRI mousemodels and cultured TECs in response to TGF-b1

or H/R stimulation. Knockdown ofMCM6 expression, both in vivo and in vitro, further aggravated tubular partial EMT progression, ECM accu-

mulation, and myofibroblast activation in UUO and UIRI mice. Whereas overexpression of MCM6 substantially inhibited the deposition of

these fibrotic markers and restored the expression of E-cadherin, indicating that MCM6 plays a critical role in maintaining epithelial integrity

and tubular function, eventually retarding renal fibrogenesis. In addition, we further evaluated the potential role of DUSP6 (a negative regu-

lator of the ERK pathway) in the regulation of ERK/GSK-3b/Snail1 signaling. And the involvement of DUSP6-mediated ERK/GSK-3b/Snail1

signaling in renal fibrosis was partially regulated by MCM6 expression. In summary, our studies provide direct evidence for the important

role of MCM6 in maintaining the tubular epithelial phenotype and protecting against renal fibrosis, indicating the significance of preserving

basal MCM6 levels in fibrotic kidneys as a therapeutic strategy to impede the progression of kidney fibrosis (Figure 9).

Previous studies have revealed that the expression of MCM6 in healthy tissues or paracarcinoma tissue is low, but its expression is upre-

gulated in multiple cancer cells in association with cell cycle, proliferation, immune response, and maintenance of the DNA replication sys-

tem.27–29 In addition, MCM6 is a member of the MCM2-7 complex, which exerts an essential role for DNA synthesis.18 Therefore, we wonder

whether changes in MCM6 expression affect the stoichiometry of the MCM complex and the cell-cycle progression. As shown in Figure S2,

knocking down of MCM6 expression strikingly decreased the expression of other MCM components (MCM2, MCM3, MCM4, MCM5, and

MCM7), which might be attributed to the disability of MCM2-7 complex. Moreover, to explore the effect of MCM6 expression on cell cycle,

we detected Ki67 level in UIRI mice and found that the number of Ki67-positive cells in the kidneys of UIRI mice was decreased by MCM6

knockdown, whereas increased by MCM6 overexpression (Figures 3B and S3A), suggesting that the expression of MCM6 affected general

proliferative activity in the injured kidneys. Furthermore, we found that MCM6 deficiency contributed to G1 phase arrest by flow cytometry

(Figures 3D and S3C), suggesting an important role ofMCM6 in controllingG1 to S phase transition. However, cell-cycle arrest at G2/Mphase

has been considered as the pivotal factor in the development renal fibrosis.30,31 And the reciprocal loop between partial EMT andG2/Marrest

of TECs during renal fibrogenesis was reported.7,32 Given the results that MCM6 has been associated with G1 phase arrest, the major func-

tional role ofMCM6 in the progression of renal fibrosis may not relate to cell-cycle arrest, but its role in the regulation of proliferative activity of

TECs and tubular partial EMT progress seems clear.

In addition, it was reported that MCM6 promoted the migration and invasive ability of tumor cells by regulating the EMT cascade.21 The

tubular EMT programplays an important role in renal fibrosis; therefore, we wonder whetherMCM6 contributes to renal fibrogenesis by regu-

lating tubular partial EMT. To verify our hypotheses, twowell-established experimental mousemodels of UUOandUIRI were used in vivo, and

TGF-b1- or H/R-stimulated TECs were used in vitro in this study. The upregulation of MCM6was observed in the tubulointerstitium of fibrotic

kidneys, as well as in cultured TECs in response to fibrotic stimulations. To explore the specific role of MCM6 in renal fibrosis, AAV harboring

MCM6 was delivered into mouse kidneys to knockdown or overexpress MCM6 in renal tubules before establishing the UUO or UIRI model.

Surprisingly, inhibition of MCM6 in the renal tubules further aggravated the partial EMT process and renal fibrosis in UUO and UIRI mice;

however, overexpression of MCM6 markedly attenuated UUO- or UIRI-induced renal fibrosis. Based on these findings, the role of MCM6

in partial EMT program and renal fibrogenesis warrants attention in future studies.

Figure 7. Continued

(C andD) Representative western blots and summarized data showing the expression of ERK, phospho-ERK, GSK-3b, phospho-GSK-3b, and Snail1 in four groups,

as indicated. n = 8 mice per group. ***p < 0.001 versus AAV-OE-Ctrl, ##p < 0.01, ###p < 0.001 versus AAV-OE-Ctrl + UUO. (E and F) Representative western blots

and summarized data showing the expression of ERK, phospho-ERK, GSK-3b, and phospho-GSK-3b in four groups, as indicated. TECs were transfected with si-

NC or si-MCM6 for 48 h and treated with TGF-b1 for 1 h. n = 6. ***p < 0.001 versus si-NC, ###p < 0.001 versus si-NC + TGF-b1 (1 h).

(G and H) Representative western blots and summarized data showing the expression of Snail1 in four groups, as indicated. TECs were transfected with si-NC or

si-MCM6 and treated with TGF-b1 for 48 h. n = 6. ***p < 0.001 versus si-NC, ###p < 0.001 versus si-NC + TGF-b1 (48 h).

(I and J) Representative western blots and summarized data showing the expression of ERK, phospho-ERK, GSK-3b, and phospho-GSK-3b in six groups, as

indicated. TECs were transfected with si-NC or si-MCM6 for 48 h, pretreated with U0126 (30 mM) or SB216763 (50 mM) for 1 h, and then treated with TGF-b1

for 1 h. n = 6. ***p < 0.001 versus si-NC, ##p < 0.01, ###p < 0.001 versus si-NC + TGF-b1 (1 h).

(K) Representative western blots showing the expression of Snail1 in six groups, as indicated. TECs were transfected with si-NC or si-MCM6, pretreated with

U0126 (30 mM) or SB216763 (50 mM) for 1 h, and then treated with TGF-b1 for 48 h. n = 6. All data are graphed as mean G SEM.
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Figure 8. DUSP6 was involved in MCM6-induced renal fibrosis

(A) Graphical representation showing the relative expression patterns of DUSP5 and DUSP6 in patients with CKD. The data are obtained from the Nephroseq

website. Ctrl, control samples from nephrectomized patients; IgAN, IgA nephropathy; FSGS, focal segmental glomerulosclerosis; MGN, membranous

glomerulonephropathy; MCD, minimal change disease; TMD, thin basement membrane disease. *p < 0.05, ***p < 0.001 versus Ctrl group.

(B) Graphical representation showing the mRNA levels of DUSP5 and DUSP6 in the fibrotic kidney of mice with UUO and UIRI. n = 6 mice per group. ***p < 0.001

versus sham group.

(C and D) Representative western blots and summarized data showing the renal expression of DUSP6 in UUO- and UIRI-induced mice. n = 6 mice per group.

***p < 0.001 versus sham group.

(E and F) Immunohistochemical staining showing the expression of MCM6 in UUO models. Scale bar, 50 mm.

(G and H) Representative western blots and summarized data showing the expression of DUSP6 in TECs in response to TGF-b1 or H/R stimulation. n = 6.

***p < 0.001 versus Ctrl group.
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Next, we sought to determine the possible regulatory mechanism of MCM6 in partial EMT program. Some studies have reported that

MCM6 expression was associated with MEK/ERK signaling and PI3K/AKT/GSK-3b signaling in tumorigenicity and metastasis.21,33 Multiple

signaling pathways such as TGF-b/WNT, PI3K/AKT, p38 MAPK, ERK/MAPK, Jun N-terminal kinase, and Notch cooperate in the initiation

and progression of EMT; some of these pathways often activate Snail1, which is a prominent transcription factor of EMT.10 GSK-3b, a

negative regulator of Snail1, promotes Snail stabilization, nuclear translocation, and subsequent EMT induction.12 ERK suppresses GSK-

3b activation, eventually leading to Snail nuclear retention and promotion of mesenchymal phenotypic changes.34 Based on these studies,

we mainly focused on the role of MCM6 in the regulation of ERK/GSK-3b/Snail1 signaling in tubular partial EMT progress. We found that

phospho-ERK, phospho-GSK, and Snail1 levels were upregulated in fibrotic kidneys of UUO mice, and these increases were further

increased by MCM6 knockdown; however, these increases were significantly inhibited by MCM6 overexpression. In vitro experiments

also clarified the negative regulatory effect of MCM6 on ERK/GSK-3b/Snail1 signaling. To further verify the involvement of ERK/GSK-

3b/Snail1 signaling in MCM6-induced tubular EMT, U0126 (a MEK1/2 inhibitor) and SB216763 (a GSK-3b inhibitor) were used alone or com-

bined to block ERK signaling and GSK-3beta activity. We found that MCM6-induced GSK-3b phosphorylation was abolished by the MEK

inhibitor, implying that MEK/ERK signaling is required for MCM6-induced inactivation of GSK-3b. In addition, both the MEK and the GSK-

3b inhibitors significantly attenuated the expression of Snail1 in TECs with MCM6 deficiency, and the combination of two inhibitor further

suppressed the expression of Snail1, indicating the role of ERK signaling and GSK-3beta activity in the regulation of MCM6-induced Snail1

expression. In our study, we concentrated on the correlation between MCM6 and ERK/GSK-3b/Snail1 signaling and showed positive

results; however, multiple molecular pathways are involved in renal fibrogenesis, and the exact function of MCM6 in renal fibrosis still

needs further exploration.

DUSPs are also known as MAPK-specific phosphatases and are classified into typical and atypical DUSPs according to their structural

discrepancy. Based on the expression level in normal kidney tissues, they can be arbitrarily divided into 4 groups: high expression, moderate

expression, low expression, and unexpressed groups.24 Reduced DUSP1, DUSP4, DUSP6, DUSP10, and DUSP26 expression has been re-

ported in diabetic nephropathy.35–37 DUSP1 and DUSP5 are downregulated in hypertensive nephropathy,38,39 DUSP1 is decreased in acute

kidney injury,40 andDUSP1 andDUSP4 are upregulated in CKD.41,42 However, the expression and function of DUSP6 as a negative regulator of

ERK signaling in renal fibrosis remain unclear. In this study, we detected the expression of DUSP6 in a various type of human CKD and, for the

first time, identified that the expression of DUSP6 was substantially decreased in fibrotic kidneys of UUO or UIRI mice and cultured TECs in

response to TGF-b1 or H/R stimulation, suggesting a potential role of DUSP6 in renal fibrogenesis. Andwe further revealed the involvement of

MCM6 in the regulation of ERK/GSK-3b/Snail1 signaling. Given the evidence that DUSP6 andMCM6 are both involved in ERK/GSK-3b/Snail1

signaling, there is a reason to hypothesize that MCM6 may regulate DUSP6 expression, contribute to the activation of ERK/GSK-3b/Snail1

signaling, and then push forward the progress of renal fibrosis. To validate our hypothesis, we detectedDUSP6 levels underMCM6deficiency

or overexpression conditions and found thatMCM6deficiency further downregulated the expression of DUSP6 in UUO-induced renal fibrosis;

however, overexpression of MCM6 obviously reversed the decrease in DUSP6 in fibrotic kidneys. Although no direct evidence exists that

MCM6 regulates ERK signaling via DUSP6, our results provide indications of the role of DUSP6 in MCM6-induced renal fibrosis; the specific

regulatory mechanism of DUSP6 needs to be further investigated. Moreover, the expression patterns and function of DUSP6 in other kidney

diseases require further exploration, particularly in disease models.

In conclusion, to the best of our knowledge, our results are the first to identify the upregulation of MCM6 in fibrotic kidneys and further

provide direct evidence that MCM6 plays an important role in maintaining the tubular epithelial phenotype and protecting against renal

fibrosis. More importantly, we demonstrated that the ERK/GSK-3b/Snail1 signaling pathwaymay be a key pathway linkingMCM6 to the regu-

lation of the tubular partial EMT program, ECM accumulation, andmyofibroblast activation in renal fibrogenesis. Although further studies are

needed, our findings highlight the potential of MCM6 as a therapeutic target for the treatment of renal fibrosis. Targeting DUSP6-mediated

ERK/GSK-3b/Snail1 signaling might be a plausible therapeutic strategy to disrupt tubular partial EMT progress, therefore alleviating renal

fibrosis.

Limitations of the study

Tubular-specific MCM6 knockout mice would represent the ideal model to investigate the specific role of MCM6 in renal fibrosis in vivo.

However, owing to the lack of such a knockout mouse model, the exact role and regulatory mechanisms of MCM6 in renal fibrogenesis

remain to be further elucidated. In addition, we discovered the dysregulated DUSP6 activity in MCM6 knockdown kidneys, but there was

an unclear mechanistic link between MCM6 and DUSP6 signaling in regulating outcomes after kidney injury. Therefore, future studies

should explore the specific regulatory mechanism of MCM6 in the regulation of DUSP6. In our study, dissection of tissues was carried

Figure 8. Continued

(I and J) Representative western blots and summarized data showing the expression of ERK, phospho-ERK, GSK-3b, phospho-GSK-3b, and Snail1 in four groups,

as indicated. TECs were transfected with OE-Ctrl or OE-DUSP6 plasmids for 48 h and then treated with TGF-b1 for 1 h or 48 h. n = 6. ***p < 0.001 versus OE-Ctrl,
###p < 0.001 versus OE-Ctrl + TGF-b1 (1 h or 48 h).

(K and L) Representative western blots and summarized data showing the expression of DUSP6 in four groups, as indicated. n = 8 mice per group. ***p < 0.001

versus AAV-sh-Ctrl group, ##p < 0.01 versus AAV-sh-Ctrl + UUO group.

(M and N) Representative western blots and summarized data showing the expression of DUSP6 in four groups, as indicated. n = 8 mice per group. ***p < 0.001

versus AAV-OE-Ctrl group, ###p < 0.001 versus AAV-OE-Ctrl + UUO group. All data are graphed as mean G SEM.
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out at 7 days after UUO or UIRI operation for investigating the functional role of MCM6 in the early stage of renal fibrosis; the potential of

MCM6 in longer recovery from UUO or UIRI should be conducted in future experiments. To maintain hormonal stability and reduce vari-

ability, male mice were used in this study. Future studies will be needed to consider the possibility of the effect of MCM6 on gender in

patients with CKD.
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Figure 9. Hypothetical model showing the role of MCM6 in renal fibrosis

Tubular injury triggers the upregulation ofMCM6 in proximal TECs. MCM6deficiency potentiates signal transduction and activates ERK/GSK-3b/Snail1 signaling,

contributing to tubular EMT program, extracellular matrix deposition, and myofibroblast activation before eventually leading to renal fibrosis. DUSP6 may be

involved in MCM6-induced renal fibrosis by regulating ERK phosphorylation.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-MCM6 Abcam Cat# ab201683; RRID: AB_2924827

anti-Fibronectin Sigma-Aldrich Cat# F3648;

RRID: AB_476976

anti-Vimentin Cell Signaling Technology Cat# 5741;

RRID: AB_10695459

anti-a-SMA Proteintech Cat# 14395-1-AP; RRID: AB_2223009

anti-E-cadherin Proteintech Cat# 20874-1-AP; RRID: AB_10697811

anti-phospho-ERK Cell Signaling Technology Cat# 4370;

RRID: AB_2315112

anti-ERK Cell Signaling Technology Cat# 4695; RRID: AB_390779

anti-phospho-GSK-3b Cell Signaling Technology Cat# 5558; RRID: AB_10013750

anti-GSK-3b Cell Signaling Technology Cat# 12456; RRID: AB_2636978

anti-Snail1 Proteintech Cat# 14395-1-AP; RRID: AB_2223009

anti-DUSP6 Abcam Cat# ab76310; RRID: AB_1523517

anti-Lotus Tetragonolobus Lectin Vector Laboratories Cat# FL-1321, RRID: AB_2336559

anti-GAPDH Proteintech Cat# 10494-1-AP; RRID: AB_2263076

Bacterial and virus strains

Adeno-associated viral vectors

harboring MCM6 (AAV-sh-MCM6)

Vigenebio N/A

Adeno-associated viral vectors

harboring MCM6 (AAV-OE-MCM6)

Vigenebio N/A

Chemicals, peptides, and recombinant proteins

High-glucose DMEM medium Gibco Cat#C12430500BT

Fetal bovine serum Gibco Cat#10099-141C

Penicillin-streptomycin solution Sigma-Aldrich Cat#P4333

RIPA buffer Beyotime Cat#P0013B

PVDF membranes Millipore Cat#IPVH00010

Triton X-100 Servicebio Cat#GC204003

RNAiso Plus Takara Cat#D9108A

Hematoxylin Solarbio Cat#G1120

DAPI Servicebio Cat#G1012

Recombinant human transforming growth factor b1 R&D Systems Cat#7754-BH

U0126 Selleck Chemical Cat#1173097-76-1

SB216763 Selleck Chemical CAt#280744-09-4

Lipofectamine 2000 Invitrogen Cat#11668019

Critical commercial assays

PrimeScript RT Master Mix Takara Cat#RR036A

SYBR Green PCR kit Takara Cat#RR820A

DAB kit Servicebio Cat#G1212

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Rat renal proximal TECs (NRK-52E) ATCC RRID: CVCL_0468

Human renal proximal TECs (HK-2) ATCC RRID: CVCL_0302

Experimental models: Organisms/strains

Mouse: C57BL/6J Charles River N/A

Oligonucleotides

siRNA targeting sequence of MCM6;

50-ACGGCAATGATGAAGTAAA-30
This paper N/A

Forward primer for mouse MCM2;

GTCAGCTCTATCTCGTCCCC

This paper N/A

Reverse primer for mouse MCM2;

ATCAGAACTACCAACGTATCCGC

This paper N/A

Forward primer for mouse MCM3;

AGCGCAGAGAGACTACTTGGA

This paper N/A

Reverse primer for mouse MCM3;

GCGGTTAGCCCTCTTTTCATTC

This paper N/A

Forward primer for mouse MCM4;

TTTGTGCGCGTTTGCAACTA

This paper N/A

Reverse primer for mouse MCM4;

GTGACGACCTGCTTTCCTCA

This paper N/A

Forward primer for mouse MCM5;

TCTAGGAGGGCTGAGGTACAG

This paper N/A

Reverse primer for mouse MCM5;

ACTCCTTGAATCGCCTCTGC

This paper N/A

Forward primer for mouse MCM6;

GAATCATTGGGGAGCGGTCA

This paper N/A

Reverse primer for mouse MCM6;

GACACCACAAAAAGCCCACC

This paper N/A

Forward primer for mouse MCM7;

TCGGAGATAGCTGCAGTAGAAA

This paper N/A

Reverse primer for mouse MCM7;

TTGAGTCGACCAACTCAGGGT

This paper N/A

Forward primer for mouse DUSP5;

AGCGTGGTCTCTCCCAACTT

This paper N/A

Reverse primer for mouse DUSP5;

GGTACGGAATGTGCAGTAGGT

This paper N/A

Forward primer for mouse DUSP6;

ATAGATACGCTCAGACCCGTG

This paper N/A

Reverse primer for mouse DUSP6;

ATCAGCAGAAGCCGTTCGTT

This paper N/A

Forward primer for mouse GAPDH;

TGGCCTTCCGTGTTCCTAC

This paper N/A

Reverse primer for mouse GAPDH;

GAGTTGCTGTTGAAGTCGCA

This paper N/A

Forward primer for Rattus MCM6;

CGATGCTTGGGGACAGTTGA

This paper N/A

Reverse primer for Rattus MCM6;

CAGGACAAGCACAAAGTGCC

This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chun Zhang

(drzhangchun@hust.edu.cn).

Materials availability

Plasmids and adeno-associated viral generated in this study are available from the lead contact upon reasonable request with a completed

Materials Transfer Agreement.

Data and code availability

� This paper does not report original code.
� This paper does not have any genomic or sequencing data.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

C57BL/6J male mice (8 weeks old) were obtained from Charles River (Beijing, China). Mice were subjected to unilateral ureteral obstruction

(UUO) or unilateral ischemic reperfusion injury (UIRI) surgery as described in previous studies.43 To establish the UUOmodel, the left ureter of

the mice was ligated using a 4-0 silk suture in a midline abdominal incision when the mice were under anesthesia with sodium pentobarbital.

The mice were euthanized 7 days after UUO surgery and the kidney tissues were harvested for various analyses. For establishing the UIRI

model, the left renal pedicle of the mice was clipped using a microaneurysm clamp for 35 min in a dorsal incision when the mice were under

anesthesia with sodiumpentobarbital. After inducing ischemia, the clampwas removed for reperfusion. During the ischemic period, the body

temperature was maintained between 37�C and 38�C. And the mice were euthanized 7 days after UIRI surgery. Serum and renal tissues were

harvested for experimental analyses.

All animal experiments were approved by the Animal Ethics Committee of the Huazhong University of Science and Technology ([2022]

IACUCNumber: 3033). The procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the Na-

tional Institute of Health (Bethesda, MD, USA).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Forward primer for Rattus Fibronectin;

CCCTTCCACACCCCAATCTT

This paper N/A

Reverse primer for Rattus Fibronectin;

ACTGGGTTGTTGGTGGGATG

This paper N/A

Forward primer for Rattus Vimentin;

GCAGCCTCTATTCCTCGTCC

This paper N/A

Reverse primer for Rattus Vimentin;

GAAGCGGTCATTCAGCTCCT

This paper N/A

Forward primer for Rattus a-SMA;

TTGTCCACCGCAAATGCTTC

This paper N/A

Reverse primer for Rattus a-SMA;

TGAAGGCGCTGATCCACAAA

This paper N/A

Forward primer for Rattus GAPDH;

GCATCTTCTTGTGCAGTGCC

This paper N/A

Reverse primer for Rattus GAPDH;

TACGGCCAAATCCGTTCACA

This paper N/A

Recombinant DNA

GFP-RFP-DUSP6 plasmid GeneChem N/A

Software and algorithms

ImageJ National Institutes of Health https://mirror.imagej.net

GraphPad Prism GraphPad Software https://www.graphpad.com
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Cell line

The rat renal proximal TEC cell line (NRK-52E) and human renal proximal TEC cell line (HK-2) were purchased from the American Type Culture

Collection (Manassas, VA, USA). The cells were cultured in high-glucose DMEM medium (Gibco, USA) containing 10% fetal bovine serum

(FBS) and 1% penicillin-streptomycin solution (Sigma-Aldrich, USA) at 37�C in a humidified incubator containing 5% CO2. Both of cell lines

had been detected negative for mycoplasma contamination.

METHODS DETAILS

Intrarenal adeno-associated virus delivery

Two adeno-associated viral vectors harboring MCM6—AAV9 harboring MCM6 to knockdown MCM6 expression (AAV-sh-MCM6) and AAV9

harboring MCM6 to overexpress MCM6 expression (AAV-OE-MCM6)—were developed and obtained from Vigenebio (Shandong, China).

The viruses were delivered to the mouse kidneys via intraparenchymal injection 30 days prior to the establishment of the UUO or UIRI model.

Briefly, the mice were temporarily anesthetized and the abdominal cavity was opened to expose the bilateral kidneys. Then, 100 mL of MCM6

targeted-AAV9 or control AAV9 particles at a concentration of 83 1011 pfu/mLwere slowly delivered into the renal cortex (5–6 sites) of the left

kidney with a 31G needle. Approximately a month later, UUO or UIRI surgery was performed on the left kidney.

Histology and immunohistochemistry

Kidney tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned into 3 mm thick of sections, and stained with HE and

Masson’s trichrome according to the manufacturer’s instructions. For immunohistochemical staining, the sections were incubated overnight

at 4�C with the following primary antibodies: MCM6 (ab201683, Abcam, UK), anti-Fibronectin (F3648, Sigma-Aldrich, USA), anti-Vimentin

(5741, Cell Signaling Technology, USA), anti-a-SMA (ab5694, Abcam, UK), and anti-DUSP6 (ab76310, Abcam, UK). This was followed by incu-

bation with biotinylated secondary antibodies for 1 h at 37�C according to the standard protocol. After staining with 3,30-Diaminobenzidine

and counterstaining with hematoxylin, the density of the positively stained areas was calculated using Image-Pro Plus software.

Immunofluorescence staining

Kidney tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned in 4 mm slices. The cells and frozen tissue sections were

fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.3% Triton X-100 for 20 min, and blocked with 5% donkey serum for 1 h. The

tissue samples were incubated overnight at 4�C with the following primary antibodies: anti-MCM6 (ab201683, Abcam, UK), anti-Fibronectin

(F3648, Sigma-Aldrich, USA), anti-a-SMA (14395-1-AP, Proteintech, USA), anti-E-cadherin (20874-1-AP, Proteintech, USA), and anti-Lotus Tet-

ragonolobus Lectin (LTL) (FL-1321, VECTOR Laboratories, USA). Alexa Fluor 488-conjugated donkey anti-rabbit and Alexa Fluor

594-conjugated donkey anti-mouse antibodies (Invitrogen, USA) were used as secondary antibodies. The nuclei were counterstained with

DAPI (Beyotime Biotechnology, Shanghai, China) for 5 min. The images were captured using a confocal laser-scanning microscope.

Cell treatment and transfection

For transforming growth factor b1 (TGF-b1) treatment, NRK-52E cells were serum-starved for 12 h and then treated with recombinant human

TGF-b1 (5 ng/mL; R&DSystems,Minneapolis,MN, USA) for indicated times. For hypoxia-reoxygenation (H/R) injury, TECswere cultured in the

sugar-free DMEMmedium (Gibco, USA) and incubated in a tri-gas incubator (94%N2, 5%CO2, and 1%O2) at 37
�C for 24 h. Subsequently, the

cells were transferred to the normal conditions (5% CO2 and 95%O2) and incubated with fresh DMEMmedium with 10% FBS at 37�C for 24 h

for reoxygenations. For some experiments, the cultured cells were pre-treated with 30 mMU0126 (Selleck Chemical, Houston, USA) or 50 mM

SB216763 (Selleck Chemicals, Houston, USA) before the treatment of TGF-b1 or H/R.

For siRNA transfection, specific siRNA targeting MCM6 (si-MCM6) or scramble siRNA (si-NC) (RiboBio, Guangzhou, China) were trans-

fected into NRK-52E cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. After

culturing for 48 h, the knockdown efficiency of si-MCM6 was determined by immunoblotting and real-time PCR assay. The sequence of si-

MCM6 was 50-ACGGCAATGATGAAGTAAA-3’.

For plasmids transfection, DUSP6 overexpress plasmids or scramble plasmids (GeneChem, Shanghai, China) were transiently transfected

into NRK-52E cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. After culturing for

48 h, the overexpression efficiency of MCM6 was determined by immunoblotting assay.

Western blotting

Western blotting was performed as previously described.44 Briefly, total cellular and tissue proteins were extracted using RIPA buffer (Beyo-

time Biotechnology, Shanghai, China), separated using SDS-PAGE, and transferred to PVDF membranes (Merck Millipore, MA, USA). The

membranes were blocked with 5% milk for 1 h, incubated with primary antibody overnight at 4�C, incubated with secondary antibodies,

and detected using enhanced chemiluminescence solution. The densities of the images were analyzed using ImageJ software (National

Institutes of Health, Bethesda,MD, USA). The following primary antibodies were used in this study:MCM6 (ab201683, Abcam, UK), anti-Fibro-

nectin (F3648, Sigma-Aldrich, USA), anti-a-SMA (14395-1-AP, Proteintech, USA), anti-E-cadherin (20874-1-AP, Proteintech, USA), anti-Vimen-

tin (5741, Cell Signaling Technology, USA), and anti-phospho-ERK (4370, Cell Signaling Technology, USA), anti-ERK (4695, Cell Signaling
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Technology, USA), anti-phospho-GSK-3b (5558, Cell Signaling Technology, USA), anti-GSK-3b (12456, Cell Signaling Technology, USA), anti-

Snail1 (14395-1-AP, Proteintech, USA), anti-DUSP6 (ab76310, Abcam, UK), and anti-GAPDH (10494-1-AP, Proteintech, USA).

RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNAwas extracted using the Trizol RNA isolation system (Takara, Dalian, China) and reverse transcribed into cDNAusing PrimeScript RT

Master Mix (RR036A, Takara) according to the manufacturer’s instructions. The mRNA level target genes were measured using SYBR Premix

Ex TaqTM (RR820A, Takara) on a StepOnePlus Real-Time PCR system as described previously.44 Experiments were performed in triplicate.

The primers used in this study are shown in Table 1.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as mean G SEM. A t-test was used to compare two groups, and one-way analysis of variance followed by Duncan’s

multiple range test was used to compare more than two groups. p < 0.05 was considered statistically significant.
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