Metabolism Clinical and Experimental 98 (2019) 95-103

journal homepage: www.metabolismjournal.com

Contents lists available at ScienceDirect

Metabolism Clinical and Experimental

=

I!'Ietabolism

al and Experimental

LC3 promotes the nuclear translocation of the vitamin D receptor and
decreases fibrogenic gene expression in proximal renal tubules

Check for
updates

Aimei Li ?, Hao Zhang ?, Hailong Han ®, Wei Zhang ?, Shikun Yang ?, Zhijun Huang ¢, Jieqiong Tan ®, Bin Yi **

2 Department of Nephrology, The Third Xiangya Hospital, Central South University, Changsha, Hunan 410013, China
b Center for Medical Genetics, School of Life Sciences, Central South University, Changsha, Hunan 410008, China
¢ Center for Clinical Pharmacology, the Third Xiangya Hospital, Central South University, Changsha, Hunan 410013, China

ARTICLE INFO ABSTRACT
Article history: Diabetic nephropathy (DN) is a major cause of end-stage renal disease (ESRD). Vitamin D receptor (VDR) belongs
Received 4 January 2019 to the nuclear receptor superfamily and exerts a renoprotective effect through inhibiting fibrosis. Microtubule-

Accepted 14 June 2019

Keywords:

LC3

Vitamin D receptor
Nuclear translocation

associated protein 1 light chain 3 (LC3), a key regulator of autophagy, is abundant in the nucleus, although its pri-
mary function is in the cytoplasm. The role of nuclear LC3 and the mechanism by which LC3 shuttles between the
cytoplasm and nucleoplasm has not been fully elucidated. We found that LC3 binds to VDR in an LC3-interacting
region (LIR)-independent manner and promotes the nuclear translocation of VDR. Further study indicated that
LC3 promotes the formation of the VDR:retinoid X receptor (RXR) heterodimer and inhibits fibrogenic genes ex-

pression in HK-2 cells induced by high glucose. Our result demonstrates that LC3 is a negative regulator of high
glucose-induced fibrogenic genes expression through its ability to promote VDR signaling.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Diabetic nephropathy (DN) is an important complication of diabetes
mellitus (DM) and is a major factor associated with increased mortality
and morbidity in diabetic patients, mainly due to cardiovascular disease
[1]. Due to the increasing incidence of diabetes, DN has become the
leading cause of end-stage renal disease (ESRD) worldwide. The patho-
logic changes of DN are characterized initially by glomerular and
tubuloepithelial hypertrophy, glomerular and tubular basement
membrane thickening, followed by hyperfiltration, albuminuria,
glomerulosclerosis, and tubulointerstitial fibrosis, leading eventually
to ESRD [2].

Vitamin D receptor (VDR) is a ligand-activated transcription factor
that belongs to the nuclear receptor superfamily. After being activated,
VDR forms heterodimer with retinoid X receptor (RXR) and enters the
nucleus, which regulates target gene transcription by interacting with
the promoters of these genes [3]. Studies have demonstrated that the
expression of VDR in chronic kidney disease, including DN, is decreased
[4,5]; this decrease is believed to contribute to the pathogenesis of kid-
ney disease. VDR can exert a renoprotective effect through multiple

Abbreviations: DN, diabetic nephropathy; ESRD, end-stage renal disease; VDR, vitamin
D receptor; LC3, microtubule-associated protein 1 light chain 3; LIR, LC3-interacting re-
gion; RXR, retinoid X receptor; AIM, Atg8-interacting motif.
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mechanisms, such as inhibiting inflammation, preventing fibrosis and
inhibiting the renin-angiotensin (RAS) system [6].

Microtubule-associated protein 1 light chain 3 (LC3), which is a key
regulator of autophagy, is a basic protein with arginine-rich sequences
[7]. The LC3 subfamily comprises LC3A, LC3B and LC3(, and all associate
with autophagosomes [8]. Although LC3 is mainly involved in the
autophagic process, studies have shown that it also participates in
other cellular activities [9-13]. LC3 is abundant in the nucleus, but its
primary function is in the cytoplasm, where autophagosomes and
autolysosomes are formed. Nuclear LC3 has been considered as a re-
serve for the cytoplasmic pool, shifting to the cytosol after nutrient dep-
rivation and subsequently being transformed to its lipidated form and
being incorporated into autophagic membranes [14]. However, the
role of nuclear LC3 is not yet clear. In our study, we demonstrated that
LC3 interacted with VDR and promoted the nuclear translocation of
VDR and the formation of the VDR:RXR heterodimer, thus regulating
the expression of fibrotic genes.

2. Experimental procedures
2.1. Reagents, antibodies and plasmids

DMEM was from HyClone (SH30022.01, SH30023.01). Fetal bovine
serum was from Gibco (16000-044). The complete protease cocktail
was from Roche. Lipofectamine 2000 was from Invitrogen. Protein G
agarose was from KPL (223-51-01). Mouse anti-Flag (M2) affinity gels
were from Sigma-Aldrich (A2220). The following antibodies were
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used: anti-VDR (Santa Cruz Biotechnology, SC-13133); anti-LC3A (Cell
Signaling, 4599); anti-LC3B (Cell Signaling, 2775); anti-LC3C (Cell Sig-
naling, 14736); anti-histone H3 (Cell Signaling, 14269); anti-Flag tag
(Cell Signaling, 2368); anti-p62 (Sigma-Aldrich, PO067); and anti-
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sequence encoding the human VDR into GV141. GV141 (negative con-
trol plasmid) was provided by GeneChem. All plasmids were confirmed
by sequencing.

2.2. Patients and animal tissue samples

Kidney biopsy samples from type Il DM (T2DM) patients pathologi-
cally diagnosed with DN by percutaneous renal biopsy and from age-
and gender-matched nondiabetic patients who underwent renal resec-
tion because of renal carcinoma (n = 3, NC group) were obtained from
our previous study [4]. Eight-week-old male C57BL/6 mice were pur-
chased from the Model Animal Research Center of Nanjing University.
For DM induction, mice received intraperitoneal (i.p.) injections of ei-
ther sodium citrate (pH 4.5, NC group) or 50 mg/kg streptozocin (STZ)
(dissolved in sodium citrate, pH 4.5, DN group) for 5 consecutive days.
One week later, mice with a casual blood glucose level above
16.7 mmol/L were used for the subsequent experiments. Kidneys were
harvested 12 weeks after diabetes was induced. Sagittal kidney sections
were fixed via the ventricular perfusion of 4% paraformaldehyde and
embedded in paraffin. This study adhered to the Declaration of Helsinki.
Ethical approval was obtained from the Third Xiangya Hospital of Cen-
tral South University, and the patients were provided informed consent.

2.3. Cell culture and transfection

HEK293 cells and HK-2 cells were from the American Type Cul-
ture Collection (ATCC). HEK293 p62 knockout (KO) cells and HK-2
VDR KO cells were generated by using the CRISPR/Cas9 system.
The sgRNA sequence for p62 KO is 5'-CGGCTTCCGCCTCAGGCTCG-
3’, and the sgRNA sequence for VDR KO is 5'-ACGTTCCGGTCAAAGT
CTCC-3’. HEK293 cells were cultured in DMEM with high glucose
supplemented with 10% fetal bovine serum, 100 U/mL penicillin
and 100 pg/mL streptomycin. HK-2 cells were cultured in DMEM
with F12 (1:1) supplemented with 10% fetal bovine serum,
100 U/mL penicillin and 100 pg/mL streptomycin. Cells were incu-
bated in a humidified incubator with 5% CO, at 37 °C. Cells were
serum-starved overnight before treatment with low p-glucose
(5 mM, LG), mannitol (25 mM mannitol + 5 mM b-glucose, LG
+ M) or high p-glucose (30 mM, HG) [15,16]. Transient transfec-
tions were performed using Lipofectamine 2000 according to the
manufacturer's instructions (Invitrogen). Cells were harvested 24-
48 h after transfection for the associated experiments.

2.4. RNAi

Small interfering RNA (siRNA) transfection was performed with
20 nM siRNA using Lipofectamine 3000 according to the manufacturer’s
instructions (Invitrogen). Cells were harvested 72 h after transfection.
The siRNAs targeted the following sequences [17,18]: LC3A (5'-GGCT
TCCTCTATATGGTCTACGCCT-3'), LC3B (5'-GCCUGUGUUGUUACGGAAA
TT-3’), and LC3C (5’-GCTTGGCAATCAGACAAGAGGAAGT-3’). The
siRNA 5'-TGGTTTTACATGTCGACTAA-3’ was used as the negative con-
trol (referred to as siRNA control).

2.5. Subcellular protein fractionation

Subcellular protein fractionation was performed according to the in-
structions for NE-PER nuclear and cytoplasmic extraction reagents
(Thermo Scientific™). Briefly, HK-2 cells were washed with PBS, and
ice-cold CER I was then added to the cell pellet. The tube was vortexed
vigorously for 15 s and incubated for 10 min. Ice-cold CER Il was
added to the tube, vortexed, and centrifuged at 16000 xg for 5 min at
4 °C. The supernatant was saved for analysis of cytoplasmic proteins,
and the cell pellet was further resuspended in ice-cold NER. The sample
was vortexed for 15 s, then placed on ice, and then for 15 s every 10 min
for a total of 40 min. The sample was then centrifuged at 16000 xg for
10 min at 4 °C. The levels of nuclear proteins in the supernatant were
assessed using Western blotting. 3-Actin and histone H3 were used as
the cytoplasmic and nuclear markers, respectively.

2.6. Western blotting

Total protein was collected as previously described [19]. Protein con-
centrations were measured using a BCA protein assay kit (Pierce). Ten to
30 pg of total protein, cytoplasmic protein or nuclear protein was sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE) and
electrotransferred to PVDF membranes (Millipore). The resulting mem-
branes were blocked with PBST containing 5% nonfat milk for 1 h before
incubation with primary antibodies at 4 °C overnight. After being
washed three times with PBST, the membranes were further incubated
with HRP-conjugated goat anti-mouse or anti-rabbit IgG at room tem-
perature (RT) for 1 h. Finally, protein expression was measured using
chemiluminescent staining reagent kits (SuperSignal West Femto) and
images of the immunoreaction were captured using Image Scanner.
The band intensities in the images were quantified with Image]
software.

2.7. Coimmunoprecipitation (Co-IP)

Cells were rinsed once with ice-cold PBS and lysed in co-IP buffer
(10 mM HEPES (pH 7.5), 142.5 mM KCl, 5 mM MgCl,, 1 mM EDTA, 1%
Triton X-100, and 10% glycerol) supplemented with protease inhibitors
for 15 min at 4 °C. Cells were scraped off into clean 1.5 mL tubes and in-
cubated with rotation for 1 h at 4 °C. The lysates were centrifuged at
13,000 rpm for 15 min at 4 °C, and the supernatant was immediately
transferred to new tubes. Total protein or subcellular protein was quan-
tified with a BCA assay, and the protein was diluted to 1 pg/uL in the co-
IP buffer. IP was performed by incubation with either an anti-Flag M2 af-
finity gel or with corresponding antibodies and protein G on a rotating
shaker at 4 °C overnight for 12 h. The samples were centrifuged at
14,000 xg for 5 min, and the beads were retained and washed with
cold PBS 5 times. Proteins bound to the beads were eluted with 40 pL
of SDS-PAGE sample buffer and heated to 95 °C for 10 min. The superna-
tant was collected for subsequent Western blotting.

2.8. Immunofluorescence staining

HK-2 cells were fixed in 4% paraformaldehyde in PBS for 10 min at
RT after being transfected with pEGFP-C1 or GFP-LC3 and were then

Fig. 1. High glucose suppresses the expression of nuclear VDR and LC3 in proximal renal tubules. (A) Immunohistochemical staining of VDR and LC3 proteins in normal renal tissues from
nondiabetic kidneys (NC) and renal biopsies from T2DM patients with diabetic nephropathy (DN). VDR- or LC3-positive cells are stained brown, and nuclei are stained blue. Scale bar, 50
pm. The white arrows indicate examples of VDR- or LC3-positive cells. **P<0.01. (B) Immunohistochemical staining of VDR and LC3 proteins in normal renal tissues from control mice (NC)
and mice with diabetic nephropathy (DN). Scale bar, 50 um. The white arrows indicate examples of VDR- or LC3-positive cells. *P< 0.05, **P< 0.01. (C) Immunofluorescence staining of VDR
(red) and LC3 (green) in HK-2 cells treated with low glucose (LG, 5 mM), mannitol (25 mM mannitol + 5 mM p-glucose, LG + M) or high glucose (HG, 30 mM) for 2 days. DAPI (blue) was
used to stain nuclei. At least 10 microscopic fields were assessed in each experiment. The images are representative of three independent experiments. Scale bar, 10 um. The white arrows
indicate decreased expression of nuclear VDR or LC3. *P < 0.05. (D) Expression of the VDR and LC3 in HK-2 cells treated with LG, LG + M or HG for 2 days. Tubulin was used as the loading
control. (E) Quantitative analysis of the data in (D) by Image] software based on three independent experiments. *P < 0.05.
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permeabilized with 0.1% Triton X-100 in PBS for a further 10 min. After
the cells were blocked in bovine serum albumin in PBS for 1 h, they were
incubated with a human VDR (1:50) or LC3 (1:100) antibody at RT for
1 h. After being washed in PBST, the cells were incubated with an
Alexa Fluor-conjugated goat anti-mouse or goat anti-rabbit secondary
antibody for 1 h at RT. The cells were then stained with DAPI to visualize
nuclei. Confocal microscopy was performed using a Leica TCS SP laser
scanning microscope (Leica Microsystems, Exton, Pa.) fitted with a
100x Leica objective (Planaprochromatic; 1.4 numerical aperture) and
connected to Leica image software.

2.9. Immunohistochemical staining

The VDR and LC3 levels in the formalin-fixed, paraffin-embedded
tissues were evaluated using immunohistochemical staining. Briefly,
the tissue sections (5 pum thickness) were deparaffinized and
rehydrated, and microwave antigen retrieval was conducted in citrate
buffer. After cooling, endogenous peroxidase was blocked with 3% hy-
drogen peroxidase for 10 min at RT. Then, the slides were blocked
with 5% bull serum albumin for 1 h at RT and incubated overnight at 4
°C with primary antibodies against VDR (1:100) or LC3 (1:100). After
being washed in PBS, the sections were incubated with the appropriate
secondary antibody for 1 h at RT. After subsequent washes with PBS,
DAB was applied for visualization of the indicated proteins, followed
by counterstaining with hematoxylin to identify cell nuclei.

2.10. Real-time RT-PCR

HK-2 cells were incubated with LG, LG 4+ M, or HG for 24 h or 72 h.
Total RNA was extracted using TRIzol reagent (Invitrogen). cDNA was
synthesized using the reverse transcription kit ReverTra Ace qPCR RT
Kit (Thermo Scientific™) according to the manufacturer's instruction.
Real-time quantitative PCR analysis was performed using SYBR Green
PCR Master Mix (Thermo Scientific™) on an Applied Biosystems 7300
Sequence Detection System. PCR primers were designed using Oligo
6.0 software and synthesized by Shanghai Sangon. PCR was performed
with oligonucleotide primers (R&D Systems) specifically designed to
amplify VDR and genes implicated in renal fibrosis [6]: VDR (forward
primer: 5’-CCAAGACTACAAGTACCGCG-3’ and reverse primer: 5’'-
TCAGCTTCTTCAGTCCCACC-3’), COL1A1 (forward primer: 5'-CAAGAG
GCATGTCTGGTTCG-3' and reverse primer: 5'-TAGGTGATGTTCTGGG
AGGC-3’) and CTGF (forward primer: 5’-TACCAATGACAACGCCTCCT-3’
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and reverse primer: 5'-TGGGAGTACGGATGCACTTT-3’). The relative
amounts of mRNA were expressed as 2~ 24T values.

2.11. Statistical analysis

Data were analyzed using SPSS 16.0 statistical software and
expressed as the means + standard deviations (SDs). Student's t-test
was used to analyze the differences between groups with or without
treatment. P < 0.05 was considered statistically significant.

3. Results

3.1. HG suppresses the expression of nuclear VDR and LC3 in proximal renal
tubules

In the previous study, we found VDR protein was decreased in the
tubular epithelial cells in renal biopsies from T2DM patients, compared
with control. Next, we detected the proximal renal tubules expression
of VDR and LC3 in renal tissues from DN patients and DN mouse models
by immunohistochemical staining. The clinical characteristics of the
study participants were shown in Table S1. 12 weeks after diabetes
was induced, the diabetic mice had lower body weight and higher
blood glucose than NC group (Fig. S1). VDR and LC3 were localized
mostly in the nuclei of proximal renal tubular epithelial cells in normal
renal tissues. However, the nuclear levels of VDR and LC3 were appre-
ciably decreased in proximal renal tubular epithelial cells from DN pa-
tients (Fig. 1A) and DN mice (Fig. 1B). To confirm the effect of HG on
the expression of VDR and LC3, we treated HK-2 cells with HG
(30 mM) or controls for 2 days. Immunofluorescence results showed
that the expression of nuclear VDR and LC3 were decreased (Fig. 1C)
in the presence of HG, consistent with the in vivo results. Meanwhile,
HG decreased the protein expression of VDR and LC3 in HK-2 cells
(Fig. 1D-E).

3.2. LC3 promotes the nuclear translocation of VDR

To investigate the role of LC3 in the redistribution of VDR, we si-
lenced the expression of LC3 subfamily members (LC3A, LC3B and
LC3C) or overexpressed LC3 in HK-2 cells. Western blot analysis
showed lower nuclear VDR and higher cytoplasmic VDR levels in
LC3 knockdown cells than control cells (Fig. 2A-B). Conversely, in
cells with LC3 overexpression, the expression of VDR was higher in
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Fig. 2. LC3 promotes the nuclear translocation of VDR. (A) Western blot analysis of cytoplasmic and nuclear VDR protein levels at 72 h post transfection with control siRNA or LC3 siRNA. 3-
Actin (Actin) was used as the internal control for the cytoplasmic portion. H3 was used as the internal control for the nuclear portion. n = 3; a representative image is shown.
(B) Quantitative analysis of the data in (A) by Image] software based on three independent experiments. *P < 0.05. (C) Western blot analysis of cytoplasmic and nuclear VDR protein
levels at 24 h post transfection with pEGFP-C1 or GFP-LC3. Actin was used as the internal control for the cytoplasmic portion. H3 was used as the internal control for the nuclear
portion. n = 3; a representative image is shown. (D) Quantitative analysis of the data in (C) by Image] software based on three independent experiments. *P < 0.05.
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Fig. 3. VDR interacts with LC3. (A) Cell lysates (INPUT) and Flag-tagged immunoprecipitates (IP) of HEK293 cells transfected with the indicated plasmid in expression vectors were ana-
lyzed by immunoblotting (IB). (B) Cell lysates (INPUT) and GFP-tagged IP of HEK293 cells transfected with the indicated plasmid in expression vectors were analyzed by IB. (C) Schematic
representation of LC3-interacting region (LIR) motifs in VDR sequence. (D) Cell lysates (INPUT) and Flag-tagged IP of HEK293 cells transfected with GFP-LC3 and/or different mutations of
the VDR sequence were analyzed by IB. (E) Cell lysates (INPUT) and Flag-tagged IP of HEK293 wild-type (WT) cells and HEK293 p62 knockout (KO) cells transfected with the indicated
plasmid in expression vectors were analyzed by IB. mutation 1: FRDL (TTCAGAGACCTC — AACAGAGACAAC); mutation 2: mutation1 + YRCL (ACCGCTGCCTC — GGCCGCTGCAAC); mu-
tation 3: mutation2 + FSNL (TTCTCCAATCTG — GCCTCCAATGCG). Tubulin was used as the loading control.

the nucleus and lower in the cytoplasm than that in control cells (Fig.
2C-D). Next, we investigated the effect of LC3 on VDR transcription.
As Fig. S2 showed, neither knockdown of LC3 nor overexpression of
LC3 regulated the expression of VDR (Fig. S2). From these results,
we hypothesized that LC3 regulates VDR via nuclear translocation in-
stead of inducing its expression. Vitamin D, as the ligand of VDR, also
promotes the nuclear translocation of the VDR. We found that
paricalcitol (an activated vitamin D analog, pari) promoted the nu-
clear translocation of VDR in the absence of LC3, suggesting this ef-
fect was LC3-independent (Fig. S3).

3.3. LC3 interacts with VDR

To determine how LC3 promotes the nuclear translocation of VDR, co-
IP was performed to examine whether LC3 interacted with VDR. HEK293
cells were transfected with GFP-tagged LC3 and Flag-tagged VDR or with
the corresponding controls and examined with Flag-tagged IP. The results

showed interaction between LC3 and VDR (Fig. 3A). Conversely, with
GFP-tagged IP, the interaction was also seen (Fig. 3B). LC3-interacting
proteins contain a short linear LC3-interacting region (LIR) motif, which
is responsible for their interaction with LC3-family proteins [20]. The
known consensus sequence for the core LIR motif is W/F/Y-x-x-L/I/V
[21]. Therefore, we examined VDR sequence in silico and found that
VDR possesses three putative LIR motifs (201FSNL206, 250FRDL255,
and 400YRCLA405) (Fig. 3C). Subsequently, we mutated the possible LIR
motifs in VDR sequence (mutation 1: FRDL (TTCAGAGACCTC — AACA
GAGACAAC); mutation 2: mutation1 4+ YRCL (ACCGCTGCCTC — GGCC
GCTGCAAC); and mutation 3: mutation2 + FSNL (TTCTCCAATCTG
— GCCTCCAATGCG)). Surprisingly, none of the mutations abolished the
binding of VDR to LC3 (Fig. 3D), which indicated that LC3 might not
bind to the VDR through the putative LIR motifs. During autophagy, LC3
interacts directly with p62 and recruits p62 into autophagosomes [22].
Moreover, p62 has been reported to interact directly with VDR and RXR
[23]. To exclude p62-mediated interaction between LC3 and VDR, co-IP
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Fig. 4. Mapping of VDR interaction with LC3. (A) Schematic representation of the VDR domain structure. (B) Cell lysates (INPUT) and Flag-tagged immunoprecipitation (IP) of HEK293 cells
transfected with GFP-LC3 and/or different VDR domains were analyzed by immunoblotting (IB). Tubulin was used as the loading control.
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Fig. 5. LC3 promotes the heterodimerization of VDR with RXRa. (A) Cell cytoplasmic and nuclear lysates (INPUT) and Flag-tagged immunoprecipitation (IP) of HEK293 cells transfected
with different VDR domains or corresponding controls were analyzed by immunoblotting (IB). Actin was used as the internal control for the cytoplasmic portion. H3 was used as the
internal control for the nuclear portion. (B) Cell lysates (INPUT) and Flag-tagged immunoprecipitates (IP) of HEK293 cells transfected with VDR-Flag and GFP-LC3 or corresponding
controls were analyzed by immunoblotting (IB). (C) Cell lysates (INPUT) and Flag-tagged immunoprecipitates of HEK293 cells transfected with VDR-Flag with/without LC3 siRNA were
analyzed by IB. (D) Cell cytoplasmic lysates (INPUT) and Flag-tagged immunoprecipitates (IP) of HEK293 cells transfected with VDR-Flag and GFP-LC3 or corresponding controls were
analyzed by immunoblotting (IB). (E) Cell lysates (INPUT) and Flag-tagged immunoprecipitates (IP) of HK-2 WT and VDR KO cells transfected with RXR-Flag and GFP-LC3 or
corresponding controls were analyzed by immunoblotting (IB).Tubulin was used as the loading control.

was performed in p62-null HEK293 cells. The results showed that the in-
teraction between LC3 and VDR was independent of p62 (Fig. 3E).

3.4. Identification of the LC3-interacting domain of VDR

Subsequently, we mapped the region(s) of VDR responsible for its
interaction with LC3. HEK293 cells were transfected with different
Flag-tagged VDR domains, GFP-tagged LC3, or the corresponding con-
trol vectors. The results showed that the interaction of VDR and LC3
was abrogated in cells expressing only the N-terminal region of the
VDR (VDR—N), encompassing amino acids 1-109, establishing that
VDR interacts with LC3 through the VDR ligand-binding domain
(LBD), which encompasses amino acids 110-408 (VDR-M or VDR—C)
(Fig. 4). Pari is VDR ligand that binds to its LBD domain, so we test if
pari interferes the binding of LC3 and VDR. The result showed after
pari treatment, the binding of LC3 and VDR was decreased (Fig. S4).
This decrease perhaps due to both LC3 and pari interact with VDR
through the same LBD domain, but its mechanism needs further study.

3.5. LC3 promotes the heterodimerization of VDR with RXRa

VDR functions as an obligate heterodimer in complex with RXRat
[24], and our results showed that RXR can interact with VDR in both

cytoplasm and nucleus. However, RXR only interact with VDR-M and
VDR-C in cytoplasm because these two constructs cannot enter the nu-
cleus without ligands [25] (Fig. 5A). We demonstrated earlier that LC3
can promote the nuclear translocation of VDR. To investigate the poten-
tial role of LC3 in the formation of the VDR:RXR heterodimer, we
transfected HEK293 cells with VDR and either LC3 or vector and
assessed VDR:RXR dimerization. The interaction between VDR and
RXR was increased when LC3 was overexpressed (Fig. 5B) but de-
creased when LC3 was silenced (Fig. 5C). Then we demonstrated LC3
can promote the binding of VDR and RXR in cytoplasm as well (Fig.
5D). This pattern indicated that LC3 supports the formation of the
VDR:RXR heterodimer. Next, the relationship between LC3 and RXR
was examined, co-IP showed LC3 can interact with RXR, but the binding
was abrogated in VDR KO cells (Fig. 5E), suggesting the binding of RXR
and LC3 was VDR-dependent.

3.6. LC3 regulates the expression of fibrotic genes in HK-2 cells treated with
HG via promoting VDR nuclear translocation

We demonstrated that LC3 regulates the nuclear translocation of
VDR. Then, we investigated the potential role of LC3 in HK-2 cells
treated with HG. As Fig. 6A shown, LC3 didn't regulate the expression
of VDR. Compared with LG treatment, HG treatment can promote the

Fig. 6. LC3 regulates the expression of fibrotic genes in HK-2 cells treated with HG via promoting VDR nuclear translocation. (A) Western blot analysis of VDR protein levels at 48 h post high
glucose treatment and transfection with pEGFP-C1 or GFP-LC3. Tubulin was used as the loading control. (B) Western blot analysis of cytoplasmic and nuclear VDR protein levels at 48 h post high
glucose treatment and transfection with pEGFP or GFP-LC3. Actin was used as the internal control for the cytoplasmic portion. H3 was used as the internal control for the nuclear portion.
(C) Immunofluorescence staining of the VDR (red) in cells treated with high glucose (HG) for 24 h after pEGFP-C1 or GFP-LC3 (green) overexpression is shown. DAPI (blue) was used to
stain nuclei. At least 10 microscopic fields were assessed in each experiment. The images are representative of three independent experiments. Scale bar, 10 pm. The white arrow indicates
the recovery of nuclear VDR. Ratios of positive cells (VDR nuclear translocation) among pEGFP-C1- or GFP-LC3-transfected cells were shown. *P < 0.05. (D) Real-time quantitative PCR
analysis of the COL1A1 and CTGF mRNA expression levels in HK-2 cells post high-glucose treatment and transfection with different VDR domains (VDR-FL, VDR-M and VDR—C). n = 3. NS:
no significant. **P < 0.01. (E) Real-time quantitative PCR analysis of the COL1A1 and CTGF mRNA expression levels in HK-2 cells and HK-2 VDR KO cells post high-glucose treatment and

transfection with pEGFP-C1 or GFP-LC3. n = 3. NS: no significant. **P < 0.01.
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translocation of nuclear VDR to the cytoplasm. However, HG-
suppressed VDR nuclear distribution was partially recovered by the
co-overexpression of LC3 (Fig. 6B-C). To explore the biological signifi-
cance of LC3-mediated regulation of VDR distribution, VDR target
genes involved in fibrosis of DN were analyzed. First, we treated HK-2
cells with high-glucose and transfected with different VDR domains
(VDR-FL, VDR-M and VDR—C). As expected, the increased expression
of COL1A1 and CTGF induced by HG was abolished by ectopic expres-
sion of VDR-FL, but not VDR-M or VDR-C (Fig. 6D). Interestingly, we
showed that LC3 overexpression could also reverse HG-induced
COL1A1 and CTGF level increase (Fig. 6E), indicating possible
antifibrotic effect of LC3. We further employed VDR KO cells to investi-
gate whether such effect of LC3 was mediated by VDR. We found that
the expression of COL1A1 and CTGF was higher in VDR KO cells than
in wild-type (WT) HK-2 cells (Fig. 6E), consistent with the published
data in mice [6]. Moreover, the expression of fibrotic genes suppressed
by ectopic LC3 in the presence of HG was completely abrogated in
VDR KO cells (Fig. 6E).

4. Discussion

VDR is a member of the nuclear receptor superfamily [26]. Our
previous study showed that VDR expression was downregulated in
peripheral blood mononuclear cells (PBMCs) and renal tubular epi-
thelial cells from type 2 DN patients [4]. The most well-known func-
tion of VDR is maintaining calcium and phosphorus homeostasis;
however, accumulating evidence has demonstrated that VDRs per-
form renoprotective functions via their regulatory role in pathways
associated with the inhibition of profibrotic growth factors and in-
flammatory cytokines and the suppression of the RAS [27-30]. VDR
transcription depends on 1,25(0H),Ds. After binding to 1,25(0OH)
,D3, VDR forms a heterodimer with the RXR and enters the nucleus
to modulate the expression of target genes [3]. However, the
means by which VDR enters the nucleus still incompletely under-
stood. We found that LC3 supports the formation of the VDR:RXR
heterodimer and promotes the nuclear translocation of VDR, thus
inhibiting profibrotic gene expression in HG-treated HK-2 cells by
binding to the VDR.

LC3, a mammalian ortholog of yeast Atg8, is a key protein contribut-
ing to major steps in autophagy. Studies have verified that LC3-binding
proteins contain a short hydrophobic LIR, more commonly referred to in
yeast as the Atg8-interacting motif (AIM). Several autophagy receptors
such as p62, BNIP3, BNIP3L, FUNDC1, NBR1, NDP52, and optineurin can
interact simultaneously with autophagosomes through an interaction of
their LIR motif with LC3 [31]. The interaction between p62 and LC3 via
the LIR motif is necessary for autophagic degradation of p62-positive
bodies containing ubiquitinated proteins [31]. Although Bnip3 is suffi-
cient to induce the general autophagy response via its BH3 domain
[32], inducing autophagic degradation of mitochondria (mitophagy)
and the endoplasmic reticulum (ERphagy) requires the interaction of
its LIR with Atg8 proteins [33]. However, research has determined that
interaction with Atg8 family members does not necessarily require an
LIR sequence. Behrends et al. found that a substantial portion of LC3-
interacting proteins binds to LC3B in an LIR docking site-independent
manner [34]. Studies have demonstrated that LC3 has functions other
than mediating autophagy. LC3 is a microtubule-associated protein [9]
and an interacting protein of the dendritic-specific Ca?"-sensing pro-
tein [10]. Moreover, it regulates the level of fibronectin mRNA [11,12]
and contributes to the negative regulation of SOS1-dependent Rac1 ac-
tivation of membrane ruffling through interacting with SOS1, a guanine
nucleotide exchange factor [13]. We found that the VDR can bind LC3
via its LBD domain in an LIR-independent manner.

VDR is a transcription factor that needs to be localized in nuclei to
exert most of its function. Research has reported that importin 4 can
promote the nuclear translocation of the VDR in a ligand-independent
manner as a VDR-interacting protein [25] and, further, that CAN/

Nup214, a component of the nuclear pore complex, can interact with
the VDR and modulate its transcription factor activity [35]. However,
the molecular mechanisms underlying the nuclear translocation of the
VDR in a HG environment are unclear. We found that the levels of
both nuclear VDR and LC3 are decreased in a HG environment but that
overexpressed LC3 restores the nuclear VDR level, suggesting that HG
may inhibit the nuclear translocation of the VDR through decreasing
the level of nuclear LC3. LC3 is abundant in the nucleus, but its functions
in autophagy are primarily conducted in the cytoplasm. Mechanisms
underlying the nucleocytoplasmic shuttling of LC3 have been proposed,
and studies have indicated that the nucleocytoplasmic distribution of
LC3 is subject to regulation by protein-protein interactions in the cyto-
plasm [36,37]. Research by Rui Huang et al found that under nutrient
deprivation conditions, nuclear LC3 was deacetylated by sirt1 and
redistributed from the nucleus to the cytoplasm, while acetylation led
to the transport of LC3 back to the nucleus [14]. Chen et al have demon-
strated the nuclear import of LC3 was in a way dependent on importin-
o/p [38], and VDR associated with importin o and mediated nuclear im-
port of the VDR:RXR heterodimer [39], whether importin and LC3 coop-
erative in VDR's nuclear localization needs further study. Meanwhile,
the mechanism by which HG reduces the expression of nuclear LC3 is
not clear, and whether epigenetic modifications or protein-to-protein
interactions are involved needs further study.

In conclusion, we demonstrated that LC3 is transported to the nu-
cleus as a VDR-interacting protein and inhibits the HG-induced expres-
sion of fibrotic genes in HK-2 cells by promoting the formation of the
VDR-RXR dimer.
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