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The UFMylation modification is a novel ubiquitin-like conjugation system, consisting of UBA5 (E1), UFC1

(E2), UFL1 (E3), and the conjugating molecule UFM1. Deficiency in this modification leads to embryonic

lethality in mice and diseases in humans. However, the function of UFL1 is poorly characterized. Studies on

Ufl1 conditional knockout mice have demonstrated that the deletion of Ufl1 in cardiomyocytes and in in-

testinal epithelial cells causes heart failure and increases susceptibility to experimentally induced colitis,

respectively, suggesting an essential role of UFL1 in the maintenance of the homeostasis in these organs.

Yet, its physiological function in other tissues and organs remains completely unknown. In this study, we

generate the nephron tubules specific Ufl1 knockout mice and find that the absence of Ufl1 in renal tubular

results in kidney atrophy and interstitial fibrosis. In addition, Ufl1 deficiency causes the activation of

unfolded protein response and cell apoptosis, which may be responsible for the kidney atrophy and

interstitial fibrosis. Collectively, our results have demonstrated the crucial role of UFL1 in regulating kidney

function and maintenance of endoplasmic reticulum homeostasis, providing another layer of understanding

kidney atrophy.

Copyright © 2021, The Authors. Institute of Genetics and Developmental Biology, Chinese Academy of

Sciences, and Genetics Society of China. Published by Elsevier Limited and Science Press. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Ubiquitin-like proteins are a family of small proteins involved in

post-translational modifications, including SUMO, NEDD8, FAT10,

ISG15, URM1, and UFM1 (Cappadocia and Lima, 2018). The

conjugation of these small proteins to their targets is catalyzed by an

enzymatic cascade comprising activating, conjugating, and ligating

enzymes. Of these modifications, UFMylation is the most recently

reported ubiquitin-like modification and is carried out by a specific

E1-like enzyme (UBA5), E2-like enzyme (UFC1), and E3-like ligase

(UFL1; also known as NLBP, KIAA0776, RCAD, and Maxer). The

process of UFMylation can be reversed by UFM1-specific proteases

(UFSPs) (Komatsu et al., 2004; Tatsumi et al., 2010). DDRGK1 (also
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known as UFM1-binding protein 1, UFBP1) is required for the

maintenance of UFL1 ligase activity (Yoo et al., 2014). All UFMylation

components are known to be highly conserved among most eu-

karyotes, implying their specific roles in multicellular organisms.

Genetic studies have revealed that variants of the human UBA5,

UFC1, and UFM1 genes are associated with a number of neuro-

developmental diseases, including infantile-onset encephalopathy

(Muona et al., 2016; Low et al., 2019), autosomal recessive cerebellar

ataxia (Duan et al., 2016), and microcephaly (Nahorski et al., 2018).

Germline deletion of the Uba5, Ufl1, and Ddrgk1 genes in mice led to

impaired erythropoiesis and embryonic lethality (Tatsumi et al., 2011;

Cai et al., 2015; Zhang et al., 2015). Cardiomyocyte-restricted Ufl1-

knockout mice developed cardiomyopathy and heart failure (Li et al.,

2018). The loss of Ufl1 or Ddrgk1 in intestinal epithelial cells impaired

the function of both Paneth and goblet cells, which increased sus-

ceptibility to experimentally induced colitis (Cai et al., 2019).

Furthermore, deletion of Ufl1 in the pancreas resulted in constitutive

amylase secretion and the disruption of endoplasmic reticulum (ER)
logy, Chinese Academy of Sciences, and Genetics Society of China. Published by
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homeostasis (Miller et al., 2017). These studies demonstrate the

importance of the UFMylation system in disease pathogenesis.

Nonetheless, the biological function of UFMylation in disease path-

ogenesis remains to be fully elucidated.

In a recent study, we reported that the expression of UFL1 and

DDRGK1 is downregulated in renal cell carcinomas and that lower

UFL1 and DDRGK1 expression is closely associated with poorer

overall survival in patients with kidney renal clear cell carcinoma (Liu

et al., 2020). Clinically, the expression of DDRGK1 has been

observed in the lumen of the kidney tubules; the secretion of

DDRGK1 in the urine might represent an indicator of tubular cell injury

in intensive care patients (Neziri et al., 2016). These findings suggest

the involvement of the UFMylation system in kidney function and lead

us to investigate the potential role of UFL1 in the kidney. In this study,

we generated nephron tubule-specific Ufl1-knockout mice, which

exhibited renal atrophy and activation of the unfolded protein

response (UPR) in the kidney. Our results suggest that UFL1 plays an

important role in kidney function, potentially by maintaining ER ho-

meostasis, thus providing deeper insight into the molecular basis of

kidney atrophy.
Results

Generation of Ufl1fl/fl PAX8Cre/þ mice

To investigate the potential role of UFL1 in the kidney, conditional

knockout mice were generated via two steps: (1) the Ufl1 gene was

modified by the insertion of two loxP sites into the introns before exon

3 and after exon 5 and (2) the floxed mice were crossed with PAX8-

Cre mice to create nephron tubule-specific Ufl1-knockout mice

(Ufl1fl/fl PAX8Cre/þ, hereafter referred to as CKO mice) (Fig. 1A).

Insertion of the loxP sites in the Ufl1 gene was confirmed by PCR

analysis of genomic DNA from the mice (Fig. 1B). The expression of

Ufl1 was analyzed by quantitative real-time PCR (qPCR), Western

blotting, and immunohistochemistry staining in the kidneys of CKO
Fig. 1. Generation of Ufl1fl/fl PAX8Cre/þ mice. A: Strategy used to generate floxed alleles of Ufl

tubule-specific knockout of Ufl1 was achieved by crossing Ufl1fl/fl mice with PAX8Cre/þ mice. B

bp; and wild-type, 220 bp). C: qRCR analysis of Ufl1 mRNA expression in the kidneys of 1-mon

Western blot analysis of UFL1 expression in the hearts, spleens, lungs, and kidneys of 1-month

1-month-old WT and CKO mice. Scale bars, 50 mm. SEM, standard error of the mean.
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mice and wild-type mice (Ufl1fl/fl, hereafter referred to as WT mice),

and the results showed that Ufl1 was deleted in the kidney (Fig. 1C‒

1E). Consistent with this observation, the expression of UFM1-

conjugated (UFMylated) proteins was also significantly reduced in

the kidneys of CKO mice compared with those of WT mice (Fig. S1).

These results demonstrated that kidney-specific Ufl1-knockout mice

had been successfully generated.

Gross abnormalities in Ufl1fl/fl PAX8Cre/þ mice

The CKO mice showed no obvious abnormalities at birth,

although weight loss was observed in adulthood (at approximately 6

months of age) (Fig. 2A upper panel and 2B). Notably, Ufl1 deficiency

caused a significant decrease in kidney size (Fig. 2A lower panel and

2C) and a significant reduction in kidney weight normalized to body

weight (K/B ratio) (Fig. 2D). Histologic examination of the kidneys

from CKO mice at 6 months of age revealed alterations in the

morphology, including cortex shrinkage and atrophy, atrophy of the

glomeruli and tubules, and papilla atrophy (Fig. 2E). We found that the

glomeruli became smaller, with a decreased population of the

cuboidal parietal epithelium; however, there was a compensatory

increase in the number of glomeruli per nephron (Fig. 2F‒2H). Atro-

phic tubules were characterized by wrinkled tubular basement

membranes and contracted tubular lumens (Fig. 2I). Normally,

increased tubular atrophy is accompanied by interstitial fibrosis

(Lusco et al., 2016). As expected, a certain degree of interstitial

fibrosis was found to separate the tubules (Fig. 2J). Together, these

results showed that kidney-specific Ufl1-knockout mice exhibited

remarkable features of renal atrophy, indicating a critical role for

UFL1 in kidney function.

Ufl1 deficiency impaired kidney function

Kidney function was evaluated by assessing the concentrations of

analytes in the serum or urine. Data derived from routine blood and
1. Exons (numbered orange boxes) and loxP sites (red diamonds) are indicated. Nephron

: PCR-based genotyping of the Ufl1 allele (mutant, 310 bp; heterozygote, 310 bp and 220

th-old WT and CKO mice (n ¼ 4). Error bars indicate the mean ± SEM. ***, P < 0.001. D:

-old WT and CKO mice. E: Immunohistochemical staining of UFL1 in kidney sections from



Fig. 2. Gross abnormalities inUfl1fl/fl PAX8Cre/þmice.A: Representative photographs of kidneys (lower panel) from6-month-oldWTandCKOmice (upper panel).BeD: Bodyweight (B), kidney

weight (C), and K/B ratio (D) of 6-month-old WT and CKOmice (n¼ 10). E and F: Representative H&E-stained sections of kidneys (E) and glomeruli (F) from 6-month-old WT and CKOmice. c,

cortex; m,medulla; p, papilla.G andH: The glomerular area (mm2) (G) and the number of glomeruli per mm2 (H) in the kidneys of 6-month-oldWT andCKOmice. I: Representative H&E-stained

sections of renal tubules from 6-month-old WT and CKO mice. J: Representative Masson’s trichrome-stained kidney sections from 6-month-old WT and CKO mice. Error bars indicate the

mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bars, 1.25 mm (E); 50 mm (F, I, J). H&E, hematoxylin and eosin; SEM, standard error of the mean.
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urine analyses can reveal clinical signs for the diagnosis of kidney

diseases (Lees 2004; Gowda et al., 2010; Seki et al., 2019). There-

fore, we measured the concentrations of blood urea nitrogen (BUN),

serum creatinine (CRE), and urea acid (UA). As expected, the levels of

BUN were dramatically increased in the CKO mice compared with

the WT mice (Fig. 3A), whereas the levels of CRE and UA, as well as

potassium ions (Kþ) and sodium ions (Naþ), remained unchanged in

the CKO mice compared with the WT mice (Fig. 3B‒3E). Further-

more, we carried out a urine analysis of 24-h urine from the WT and

CKO mice. The results showed that the levels of CRE and calcium

(Ca2þ) were unchanged (Fig. 3F and 3G), whereas the levels of ke-

tone (KET) were increased in the CKO mice compared with the WT

mice (Fig. 3H), indicating a metabolic disorder in the CKO mice. In

addition, we found that the levels of urinary protein were dramatically

increased in the CKO mice compared with the WT mice (Table S1).

These results revealed that the loss of UFL1 led to renal atrophy with

signs of kidney dysfunction.
Ufl1 deficiency caused tubular and interstitial cell apoptosis in

the kidney

Multiple apoptosis pathways have been implicated in renal

tubular atrophy (Schelling, 2016). Therefore, we performed TUNEL

staining of kidney tissue sections to examine whether apoptosis

occurred in tubular epithelial cells. A significant increase of apoptosis

was observed in the kidneys of CKO mice compared with those of

WT mice (Fig. 4A). Consistently, the tubular and interstitial cells in the

kidneys of CKO mice were positive for active Caspase-3 (Fig. 4B).

qPCR analysis showed that Ufl1 deficiency significantly increased

the expression of BAX, BAK, DR5, and CHOP (Fig. 4C‒4F), a panel of

pro-apoptotic genes associated with ER stress, whereas the
Fig. 3. Ufl1 deficiency impaired kidney function. AeC: Concentrations of blood urea nitrogen

CKO mice (n¼ 5). D and E: Concentrations of serum Kþ (D) and Naþ (E) in 6-month-old WT and

(KET) (H) in 6-month-old WT and CKO mice (n ¼ 8). Error bars indicate the mean ± SEM. *,
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expression level of the anti-apoptotic gene Bcl-2 remained un-

changed (Fig. 4G). Furthermore, we found that the level of the pro-

liferation marker Ki-67 was decreased in the kidneys of the CKOmice

compared with those of the WT mice (Fig. S2). These results indi-

cated that Ufl1 deficiency-induced apoptosis might contribute to

kidney atrophy.

Ufl1 deficiency activated the UPR-PERK signaling pathway in

the kidney

Recent studies have demonstrated that ER stress in renal tubules

is associated with diabetic nephropathy (Brezniceanu et al., 2010;

Watanabe et al., 2014). Therefore, we examined whether Ufl1 defi-

ciency would disrupt ER homeostasis in the kidney. As expected, we

found that both the mRNA and protein levels of BiP, an ER chap-

erone, were dramatically upregulated in the kidneys of CKO mice

(Fig. 5A and 5B), and the expression of total PERK, phosphorylated

PERK, and eIF2ɑ (p-PERK and p-eIF2ɑ) was significantly increased in

the kidneys of CKO mice compared with those of WT mice (Fig. 5C).

We also observed the induction of CHOP expression (Fig. 4F), indi-

cating that Ufl1 deficiency disrupted ER homeostasis and activated

the UPR-PERK pro-apoptotic pathway in the kidney.

Ufl1 deficiency caused ER stress-induced apoptosis in renal

tubular cells

To further elucidate the molecular mechanisms underlying kidney

atrophy at the cellular level, we examined the regulatory role of UFL1

in ER stress responses in human kidney tubular cells (HK-2 cells).

qPCR analysis showed that the expression levels of BAX, BAK, DR5,

and CHOP were increased in HK-2 cells depleted of Ufl1
(BUN) (A), creatinine (CRE) (B), and urea acid (UA) (C) in the sera of 6-month-old WT and

CKO mice (n ¼ 3). FeH: Concentrations of urine CRE (F), urine Ca2þ (G), and urine ketone

P < 0.05. SEM, standard error of the mean.



Fig. 4. Ufl1 deficiency caused tubular and interstitial cell apoptosis in the kidney. A: TUNEL staining of kidney sections from 6-month-old WT and CKO mice. B: Immunostaining of

cleaved caspase-3 in kidney sections from 6-month-old WT and CKO mice. CeG: q-RCR analysis of BAX, BAK, DR5, CHOP, and Bcl-2 mRNA levels in the kidneys of 6-month-old WT

and CKO mice (n ¼ 6). Error bars indicate the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bars, 50 mm (A); 100 mm (B). SEM, standard error of the mean.

Fig. 5. Ufl1 deficiency activated the UPR-PERK signaling pathway in the kidney. A: qRCR analysis of BiP mRNA levels in the kidneys of 6-month-old WT and CKO mice (n ¼ 3).

Error bars indicate the mean ± SEM. *, P < 0.05. B: Western blot analysis of BiP expression in the kidneys of 6-month-old WT and CKO mice (n ¼ 3). The asterisk indicates nonspecific

bands. C: Western blot analysis of p-PERK, PERK, p-eIF2a, and eIF2a expression in the kidneys of 6-month-old WT and CKO mice (n ¼ 3). SEM, standard error of the mean.
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(Fig. 6Ae6E), whereas the expression level of Bcl-2 was significantly

reduced (Fig. 6F). Consistent with our observations in the kidney, the

expression of BiP was upregulated in Ufl1-depleted cells at both the

mRNA and protein levels (Fig. 6G and 6H). The expression levels of p-
407
PERK, p-eIF2a, CHOP, and cleaved Caspase-3 were also increased

(Fig. 6H). Together, these results suggest that activation of the UPR-

PERK signaling pathway caused by Ufl1 deficiency might contribute

to renal atrophy.



Fig. 6. Ufl1 deficiency caused ER stress-induced apoptosis in renal tubular cells. AeG: qPCR analysis of Ufl1, BAX, BAK, DR5, CHOP, Bcl-2, and BiP mRNA levels in HK-2 cells with

Ufl1 depletion (n ¼ 3). Error bars indicate the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. H: Western blot analysis of p-IRE1a, IRE1a, ATF6, BiP, Cleaved Caspase-3, p-PERK,

PERK, p-eIF2a, eIF2a, and CHOP levels in HK-2 cells with Ufl1 depletion. si-RNA, small interfering RNA; NC, negative control. I: A model illustrating the role of UFL1 in the kidney. The

loss of UFL1 activates the pro-apoptotic UPR signaling pathway, which may result in kidney atrophy. SEM, standard error of the mean.
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Discussion

In summary, our results indicate that UFL1 is a novel regulator of

renal function that maintains ER homeostasis.Ufl1 deficiency causes

ER stress and the UPR, which in turn leads to kidney atrophy (Fig. 6I).

A previous report showed that the ablation of either Ufl1 or DDRGK1

in intestinal epithelial cells impaired the function of Paneth and goblet

cells (Cai et al., 2019). Interestingly, the deletion of Ufl1 caused a

dramatic reduction of DDRGK1 in cells (Wu et al., 2010), which might

explain why Ufl1 and DDRGK1 deficiency caused similar phenotypes

in mice (Cai et al., 2015; Zhang et al., 2015; Cai et al., 2019). Because

DDRGK1 deficiency can induce ER stress and activate the UPR-

PERK signaling pathway in intestinal epithelial cells (Cai et al.,
408
2019), we speculate that Ufl1 deficiency in the intestine may also

disrupt ER homeostasis and activation of the UPR-PERK signaling.

Another study reported that both germline and somatic deletion of

Ufl1 impaired hematopoiesis, which was also caused by activation of

the UPR in bone marrow cells (Zhang et al., 2015). These observa-

tions are in line with our findings observed in the kidney, suggesting

that UFL1 plays a protective role in different tissues and organs

through the maintenance of ER homeostasis. However, Li et al.

(2018) reported that Ufl1 depletion impaired PERK signaling and

sensitized cardiomyocytes to ER stress-induced apoptosis. It is

possible that UFL1 exerts tissue-specific and cell type-specific ef-

fects on the regulation of UPR activation. Therefore, a detailed

mechanistic understanding of the way in which UFL1 regulates
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different branches of the UPR needs further investigation, especially

under different physiological and pathologic conditions.

Kidney atrophy has been known for decades to be the hallmark of

chronic kidney disease (Liu 2011; Schelling 2016). Our findings that

Ufl1 deficiency resulted in kidney atrophy may provide insights for a

better understanding of the pathogenesis of kidney disease. Thus far,

there is no evidence that UFL1 has any uncharacterized molecular

functions beyond UFMylation; therefore, a bona fide UFMylation

target in the kidney remains to be determined.

Materials and methods

Generation of Ufl1fl/fl PAX8Cre/þ mice and genotyping

Ufl1-floxed mice (C57BL/6J background) were generated using

CRISPR/Cas9 technology by GemPharmatech (Nanjing, China). To

generate CKO mice, the Ufl1-floxed mice were crossed with

PAX8Cre/þ mice (GemPharmatech). All mice were maintained in a

specific pathogen-free facility. The primers used for PCR genotyp-

ing of the Ufl1-floxed mice and PAX8Cre/þ mice are described in

Table S2. All animal experiments were performed according to the

guidelines of the Animal Care and Use Committee of Hangzhou

Normal University.

Histology, immunohistochemistry, and TUNEL staining

Morphologic changes in kidney lesions from both WT and CKO

mice were determined by hematoxylin and eosin (H&E) staining and

Masson’s trichrome staining. Renal tissue specimens were fixed

overnight in 4% paraformaldehyde and embedded in paraffin. Three-

micrometer-thick sections were generated and then immunohis-

tochemically stained with antibodies against UFL1 (Bethyl Labora-

tories, A303-456A; dilution 1:100), Caspase-3 (Proteintech, 66470-2-

Ig, dilution 1:300), or Ki-67 (Abcam, ab16667, dilution 1:200). The

sections were scanned using an automated slide scanner to create

high-resolution digital images (KFBIO). TUNEL staining was per-

formed with a TUNEL detection kit (Recordbio Biological Technol-

ogy) according to the manufacturer’s instructions. Images were

acquired with an Eclipse C1 fluorescence microscope (NIKON).

Measurement of serum and urine analytes

The concentrations of serum BUN, CRE, UA, Kþ, and Naþ were

determined by Wuhan Servicebio Technology. The concentration of

urea KET was determined using a mouse KB ELISA Kit (Yingxin Bio).

The concentrations of urea CRE and Ca2þ were determined using a

creatinine assay kit and a calcium assay kit (Nanjing Jiancheng

Bioengineer Institute), respectively. Semiquantitative analysis of uri-

nary white blood cells, blood cells, nitrites, urobilinogen, glucose,

protein, specific gravity, and pH was carried out using a URIT-500B

urine analyzer by Wuhan Servicebio Technology.

Cell culture, reagents, and RNA interference

HK-2 cells were purchased from the National Science & Tech-

nology Infrastructure Center (Shanghai, China) and maintained in

Minimal Essential Medium (MEM) with 10% fetal bovine serum

(Procell, CM-0109). The antibodies used in this study were anti-UFL1

(Sigma, HPA030559; dilution 1:1000), anti-p-PERK (Santa Cruz

Biotechnology, sc-32577; dilution 1:1000), anti-PERK (Cell Signaling

Technology, 3192S; dilution 1:1000), anti-p-IRE1a (Novus, NB100-

2323; dilution 1:1000), anti-IRE1a (Cell Signaling Technology,

3294S; dilution 1:1000), anti-ATF6 (Abcam, ab37149; dilution

1:1000), anti-p-eIF2a (Cell Signaling Technology, 3597S; dilution

1:1000), anti-eIF2a (Cell Signaling Technology, 9722S; dilution
409
1:1000), anti-BiP (Cell Signaling Technology, 3177S; dilution 1:1000),

anti-CHOP (Abcam, ab11419; dilution 1:2000), anti-cleaved Cas-

pase-3 (Cell Signaling Technology, 9661S; dilution 1:1000), and anti-

GAPDH (HuaAn Biotechnology, M1310-2; dilution 1:5000). A mixture

of the following two previously described siRNAs against Ufl1 was

purchased from GenePharma (Liu et al., 2020); Ufl1-1: GGAACUU-

GUUAAUAGCGGA; Ufl1-2: GAGGAGUAAUUUUUACGGA. RNA

interference was performed with Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions.

Western blot analysis

HK-2 cells were lysed with 1� loading buffer (50 mM Tris-HCl [pH

6.8], 2% sodium dodecyl sulfate [SDS], 0.05% bromophenol blue,

10% glycerol, and 5% b-mercaptoethanol) and boiled for 20 min. The

samples were then subjected to sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), followed by West-

ern blot analysis. Kidney samples were lysed in lysis buffer (150 mM

NaCl, 50 mM Tris-HCl [pH 7.4], 1 mM EDTA, 1% NP40, and 0.1%

SDS) with protease inhibitors, followed by SDS-PAGE and Western

blot analysis.

qPCR assays

Total RNA was extracted from kidneys or HK-2 cells using TRIzol

reagent (Invitrogen); complementary DNA was then prepared using

5� FastKing-RT SuperMix (TIANGEN). Real-time PCR assays were

performed using SYBR Green Supermix (Bio-Rad) with a CFX96

Real-Time PCR Detection System (Bio-Rad). The sequences of the

primers used for qPCR are described in Table S3.

Statistics and reproducibility

Western blot images were acquired with an MP 5000 VersaDoc

imaging system (Bio-Rad). Image-Pro Plus 6.0 software was used to

count and measure glomeruli (Media Cybernetics). GraphPad Prism

8 was used for all statistical analyses (GraphPad Software). Each

experiment was repeated independently with similar results.
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