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Abstract

Receptor-mediated endocytosis plays an important role in albumin reabsorption by renal proximal
tubule epithelial cells. Kidney injury molecule-1 (KIM-1) is a scavenger receptor that is
upregulated on the apical membrane of proximal tubules in proteinuric kidney disease. In this
study, we examined the cellular localization and functional role of KIM-1 in cultured renal tubule
epithelial cells (TECs). Confocal immunofluorescence microscopy reveals intracellular and cell
surface localization of KIM-1 in primary renal TECs. Albumin stimulation resulted in a
redistribution of KIM-1 and tight junction protein zonula occludens-1 in primary TEC monolayer.
An increase in albumin internalization was observed in both primary TECs expressing endogenous
KIM-1 and rat kidney cell line (NRK-52E) overexpressing exogenous KIM-1. KIM-1-induced
albumin accumulation was abolished by its specific antibody. Moreover, endocytosed KIM-1 and
its cargo proteins were delivered from endosomes to lysosomes for degradation in a clathrin-
dependent pathway. Supportive evidence includes (1) detection of KIM-1 in Rab5-positive early
endosomes, Rab7-positive late endosomes/multivesicular bodies, and LAMP1-positive lysosomes,
(2) colocalization of KIM-1 and clathrin in the intracellular vesicles, and (3) blockade of KIM-1-
mediated albumin internalization by chlorpromazine, an inhibitor of clathrin-dependent
endocytosis. KIM-1 expression was upregulated by albumin but downregulated by transforming
growth factor-p1. Taken together, our data indicate that KIM-1 increases albumin endocytosis in
renal tubule epithelial cells, at least partially via a clathrin-dependent mechanism.

During progression of proteinuria and Kidney injury, the accumulation of certain proteins in
the lysosomes of the proximal tubules are thought, via mediators, to induce inflammation
and fibrogenesis in the interstitium (Remuzzi and Bertani, 1998). Filtered albumin is mainly
reabsorbed from the proximal tubular lumen by receptor-mediated endocytosis. There are
three major endocytic pathways involved in receptor-mediated endocytosis with respect to
vesicle formation: (1) endocytosis via clathrin-coated pits, (2) caveolae-mediated
endocytosis, and (3) clathrin- and caveolae-independent endocytosis by a largely unknown
mechanism (Mukherjee et al., 1997; Schmid, 1997; Conner and Schmid, 2003; Gekle,
2005). In renal proximal tubule epithelial cells (TECs), clathrin-mediated endocytosis is the
predominant pathway for uptake of filtered proteins (Gekle et al., 1997; Gekle, 1998;
Christensen and Birn, 2002).
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Megalin and cubilin are the major scavenger receptors for physiologic reabsorption of
filtered albumin by proximal tubular cells (Christensen and Willnow, 1999; Birn et al.,
2000a; Birn et al., 2000b; Zhai et al., 2000; Verroust and Kozyraki, 2001; Amsellem et al.,
2010). The megalin-cubilin complex accepts a variety of ligands including albumin, vitamin
binding proteins, hormone binding proteins, hormones, and light chains (Christensen et al.,
1999; Christensen and Willnow, 1999). Cubilin and/or megalin-deficient mice exhibited
markedly decreased uptake of aloumin by proximal tubule cells and resultant albuminuria
(Amsellem et al., 2010). Additionally, analysis in megalin knockout mosaic mice revealed
that megalin-positive tubular cells preferentially accumulated albumin and expressed injury
markers following glomerular podocyte injury (Motoyoshi et al., 2008). However, a recent
report indicate that increased albumin accumulation in the lysosomes of proximal tubules
after onset of proteinuria is associated with unchanged levels of megalin and cubilin in a
mouse model of focal segmental glomerulosclerosis (Nielsen et al., 2013), suggesting that
megalin/cubilin complex may not be responsible for abnormally high protein trafficking in
proteinuric kidney disease.

Recently, CD36, a class B scavenger receptor, has been shown to be upregulated and act as a
novel mediator influencing binding and uptake of albumin in the proximal tubule in
proteinuric renal disease (Baines et al., 2012). Similar to CD36, as an epithelial scavenger
receptor, kidney injury molecule-1 (KIM-1) or T-cell Ig and mucin domain (TIM-1, also
known as HAVCR1) is robustly induced in activated proximal tubular epithelium in
proteinuric, toxic and ischemic kidney diseases (Kuehn et al., 2002; van Timmeren et al.,
2006; Kramer et al., 2007, 2009; Bonventre, 2009; Chaturvedi et al., 2009). Our previous
studies performed in a rat model of type 2 diabetes indicated that KIM-1 protein was
gradually increased and mainly present on the apical membrane of proximal tubular
epithelium during the progression of proteinuria (Li et al., 2010; Zhao et al., 2011), whereas
its level was negligible in the kidney of normal rats. KIM-1 expression on the apical
membrane of tubular epithelium following injury to the kidneys has been shown to confer
endocytic and phagocytic phenotypes on epithelial cells with resultant internalization of
lipoproteins and apoptotic cells (Ichimura et al., 2008). Therefore, we hypothesized that
KIM-1 might serve as an endocytic scavenger of filtered protein, notably albumin, in
proteinuric kidney disease. The present study was designed to investigate the role of KIM-1
in albumin uptake by proximal tubular cells and to characterize the intracellular
compartments through which endocytosed KIM-1 and cargo proteins are processed.

Materials and Methods

Animals

Male C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, Mass.).
The animals were housed in a temperature-controlled room with a 12:12-h light—dark cycle
and free access to normal mouse chow and water. All animal protocols were approved by the
Institutional Animal Care and Use Committee and were in accordance with the requirements
stated in the National Institutes of Health Guide for the Care and Use Laboratory Animals.
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Antibodies specifically against human KIM-1 (hKIM-1: AF1750, less than 0.1% cross-
reactivity with recombinant mouse or rat KIM-1), rat KIM-1 (rKIM-1: AF3689, less than
1%cross-reactivity with recombinant hKIM-1), and mouse KIM-1 (mKIM-1: AF1817, less
than 5% cross-reactivity with recombinant hKIM-1) were purchased from the R&D Systems
(Minneapolis, MN). Antibodies against clathrin heavy chain and caveolin-1 were from
Abcam Inc. (Boston, MA). Anti-p-actin antibody, chlorpromazine, and bovine serum
albumin (BSA) were from Sigma—Aldrich (St. Louis, MO). In addition to antibodies against
tight junction protein zonula occludens (Z0)-1, other reagents including CellLight Early
Endosome Rab5a-GFP, Late Endosome Rab7a-red fluorescent protein (RFP), and lysosomal
associated protein 1 (LAMP1)-GFP BacMam 2.0, BSA conjugated with fluorescein
isothiocyanate (FITC-BSA, green) or Alexa Fluor 594 (AF594-BSA, red), Dextran (10kDa)
conjugated with Alexa Fluor 594 (AF594-dextran, red), Lysotracker, and all tissue culture
reagents were from Life Technologies (Carlsbad, CA).

Cell culture and transfection

Normal renal proximal tubular cell lines from rat (NRK-52E) and human (HK-2) were
purchased from the American Type Culture Collection (Monassas, VA), and the cells were
maintained in DMEM/F12 supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 ug/ml streptomycin. Cells were subcultured (passage number < 30) twice
a week on reaching confluency.

Human KIM-1 coding sequence was obtained from ORF Gateway Entry and subcloned into
pcDNA-DEST or enhanced GFP-tagged pLenti7.3-DEST vector (Life Technologies) for
expression in mammalian cells. NRK-52E cells were transiently transfected with hKIM-1
constructs at ~ 50% confluence using Lipofectamine 2000 reagent (Life Technologies)
according to the manufacturer's instruction. Plasmid DNA/Lipofectamine mixtures were
added to the cells in 35-mm glass-bottom culture dishes. Similar to published studies (Zeng
et al., 2012; Sandbichler et al., 2013), the transfection efficacy of NRK-52E cells with
lipofectamine 2000 was 23%.

Primary culture of proximal tubule epithelial cells

Primary renal TECs were prepared from C57BL/6 mouse Kidneys as described previously
(Baines et al., 2012). Briefly, tubular fragments were collected and suspended in
DMEM/F12 medium, supplemented with 5% FBS, penicillin, and streptomycin. To test the
effects of albumin or TGF-B1 on KIM-1 expression, 80% confluent cells (day 6) were
washed with serum-free DMEM and incubated in culture medium with BSA (10 mg/ml) or
TGF-B1 (1 or2 ng/ml). The preparation of BSA has been shown to be essentially fatty acid
free and low endotoxin by the manufacturing company and its concentration is similar to
that used in previous studies (Wang et al., 1997; Zoja et al., 1998; Erkan et al., 2001).

Protein extraction and Western blot analysis

Whole-cell extracts were prepared by scraping cells in ice-cold RIPA buffer (50 mM Tris-
HCI pH 7.4, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM
phenylmethylsulfonylfluoride PMSF, and 1 mM NazVO, supplemented with proteinase
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inhibitor cocktail from Sigma-Aldrich). The lysate was centrifuged at 12,000 x g for 10 min
at 4°C and protein concentration was determined by the Bradford method (Bio-Rad
Laboratories, Hercules, CA). Proteins were separated by electrophoresis on a 10% stacking
Tris-glycine gel and transferred to a nitrocellulose membrane. The primary antibodies were
goat anti-hKIM-1 (1:1000), anti-mKIM-1 IgG (1:1000), rabbit anti-phospho Smad3 (1:500),
anti-E-cadherin (1:1000, Cell Signaling, Danvers, MA), and mouse anti-p-actin antibody
(Sigma—Aldrich). The blots were then washed in PBS-0.3% Tween-20 and incubated with
the second antibody (donkey anti-goat, anti-rabbit, or anti-mouse 1gG) conjugated to
horseradish peroxidase for 90 min at room temperature and washed. Detection was
accomplished by enhanced chemiluminescence Western blotting (ECL, Amersham), and
blots were exposed to X-ray film (Hyperfilm-ECL, Amersham). Western blots were
quantified by densitometry (Scion Image for Windows, Scion Corporation, Fredrick, MD).

Immunofluorescence staining

To evaluate KIM-1 expression and localization, primary TECs or HK-2 cells were grown to
confluence on coverslips. The cells were washed with ice-cold PBS (pH 7.4), fixed in 4%
paraformaldehyde, and permeabilized with 0.2% Trixton x-100. For double staining, the
cells were incubated with primary antibodies of goat anti-mKIM-1 (1:100) and rabbit anti-
Z0-1 (1:50), rabbit anti-clathrin (1:100), or rabbit anti-caveolin-1 (1:100) overnight at 4°C.
After washing with PBS, the cells were then incubated with secondary antibodies
(Rhodamine Red, or FITC-conjugated donkey anti-goat or anti-rabbit 1gG, Jackson
ImmunoResearch) for 30 min and then counterstained with DNA dye Drag5. The cells
exposed to secondary antibodies only were used as negative controls. Stained cells were
viewed and imaged by Leica confocal microscope.

For colocalization analysis, the Pearson's correlation coefficient (PCC) between each pair of
confocal images was calculated using the colocalization tool in ImageJ-win32 (US National
Institutes of Health, Bethesda, MD). The PCC is a commonly used method to quantify the
degree of colocalizaiton of two markers using immunofluorescence microscopy (Dunn et al.,
2011). The negative control was provided by quantifying PCC for the same images, but after
rotation of one by 90°, a condition in which only random colocalization is observed (Dunn
et al., 2011). All colocalization calculations were performed on more than 20 cells from at
least two independent experiments.

Endocytosis assay

Cellular endocytosis experiments were performed at 37°C in a humidified atmosphere of 5%
COs in air. Cells grown in 35-mm glass-bottom dishes were cultured to 90-100%
confluence in growth medium, which was replaced by serum-free medium for 1 h. The cells
were then incubated with FITC-BSA, AF594-BSA, or AF594-dextran for 30-60 min at
37°C. For inhibition experiments, the incubation medium also included anti-hKIM-1
antibody (AF1750: goat 1gG, 10 pg/ml), anti-rKIM-1 antibody (AF3689: goat 1gG, 10 ug/
ml), anti-mKIM-1 antibody (AF 1817: goat 1gG, 10 pg/ml), or chlorpromazine (50 uM) for
60 min before the addition of conjugated BSA. After washing in PBS (pH 7.4), cells were
fixed in 4% paraformaldehyde and counterstained with Drag5. Alternatively, the fixed cells
were permeabilized, blocked for nonspecific binding, exposed to primary KIM-1 antibody,
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secondary antibody, and counterstained with Drag5. Cells were examined by confocal
microscopy. Quantification of AF594-BSA uptake by KIM-1-positive and negative cells was
performed using the ImageJ software (NIH). Fluorescence intensity is given in arbitrary
units as an average value per cell in 15-20 randomly selected fields.

Extraction of membrane lipid microdomains and sucrose density gradient flotation
centrifugation

Non-detergent sodium carbonate solution was used to extract lipid microdomains (Zhang et
al., 2005). HK-2 cells were grown to near confluence in 100-mm? dishes. After two washes
with ice-cold phosphate-buffered saline, two confluent dishes were scraped into 1 ml of 500
mM sodium carbonate, pH 11.0, in the presence of 1 mM PMSF and protease inhibitors
cocktail. Homogenization was carried out with 10 strokes using a tight-fitting Dounce
homogenizer, followed by three 20-sec bursts at 30% of maximal power to disrupt cellular
membranes. The homogenates were adjusted to 45% sucrose by addition of 1 ml of 90%
sucrose prepared in MBS [2-(A-morpholino) ethanesulfonic acid-buffered saline, 25 mM 2-
(MV-morpholino) ethanesulfonic acid, pH 6.5, and 0.15 M NaCl] and placed at the bottom of
an ultracentrifuge tube. A discontinuous sucrose gradient (6 ml of 35% sucrose and 4 ml of
5% sucrose, both prepared in MBS) was formed above and centrifuged at 39,000 rpm for 20
h in an SW40 TI rotor (Beckman Instruments). A light-scattering band was observed at the
3-35% sucrose interface. Twelve 1-ml fractions were collected from the top of the tubes,
and equal portion of each fraction was separated by SDS-PAGE for Western blot analysis as
described above. The primary antibodies were goat anti-hKIM-1, rabbit anti-clathrin, rabbit
anti-caveolin-1, and mouse anti-B-actin 1gG (Sigma—Aldrich).

Subcellular localization

HK-2 cells were plated on 35 mm glass-bottom culture dishes. Following transfection with
Rab5a-GFP (green), Rab7a-RFP (red), or LAMP1-GFP for 16 h, cells were fixed and then
stained for hKIM-1 as described above.

Statistical analysis

Data are expressed as mean £ SEM. All experiments were performed at least three times,
either with duplicates or triplicates. Statistical analysis was performed using the Student's #
test. A probability value of £< 0.05 was considered to indicate statistical significance.

Results

Albumin increased KIM-1 expression and disrupted normal cell-cell contact in primary
tubular epithelial monolayer

Previous studies have demonstrated KIM-1 induction in damaged proximal tubule
epithelium in proteinuric kidney diseases. To examine whether protein overload upregulates
KIM-1 expression, primary cultured renal TECs were treated with albumin, the predominant
type of filtered protein for tubular reabsorption. As depicted in Figure 1A, Western blot
analysis revealed that KIM-1 protein was significantly increased in primary mouse TECs
when exposed to albumin (10 mg/ml) for 72 h. To further determine the subcellular
localization of endogenous KIM-1, we performed dual labeling for mKIM-1 and ZO-1 in
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primary mouse TECs. Under normal condition, primary renal epithelial monolayer showed
the presence of ZO-1 containing tight junction appearing at cell—cell contacts (Fig. 1B top).
KIM-1 exhibited punctuate plasma membrane distribution and was colocalized with ZO-1 at
sites of cell—cell contacts (Pearson's correlation coefficient = 0.572 + 0.031). We verified the
specificity of this calculated coefficient by rotating one channel 90° and the negative PCC
was 0.003 = 0.004 (Fig. 1C). Interestingly, an accumulation of KIM-1 in large perinuclear
vesicles was observed in association with a disruption of normal cell—cell contacts as
evidenced by ZO-1 redistributing from the tight junction to the cytosol when primary TECs
were exposed to albumin for 72 h (Fig. 1B bottom). Moreover, KIM-1 positive cells
underwent significant morphological changes being extruded from the monolayer.

KIM-1 expression increased albumin endocytosis in renal tubular cells

KIM-1 expression has been shown to increase endocytosis of lipoproteins and phagocytosis
of apoptotic cells in renal TECs (Ichimura et al., 2008). To determine if KIM-1 also plays a
role in tubular reabsorption of albumin, primary mouse TECs were incubated with
fluorescently labeled bovine serum albumin (FITC-BSA, green), and then stained for
mKIM-1. As shown in Figure 2A, FITC-BSA accumulation along the cell surface and in
vesicular punctuate structures was substantially enhanced in primary TECs expressing
KIM-1, whereas mild internalization of FITC-BSA was observed in mKIM-1-negative cells.

We also determined the ability of ectopic KIM-1 expression to concentrate BSA in rat
NRK-52E renal tubule epithelial cell line. Similar to porcine LLC-PK1 renal tubular
epithelial cell lines (Ichimura et al., 2008), NRK-52E cells do not express endogenous
KIM-1. We transiently expressed full-length human KIM-1 in NRK-52E cells to examine if
exogenous expression of KIM-1 can enhance albumin uptake. After transfection with
hKIM-1 subcloned into pcDNA-DEST, the cells were incubated with FITC-BSA at 37°C for
30-60 min and then stained for hKIM-1. FITC-BSA intensity was significantly greater in
NRK-52E cells expressing hKIM-1 compared to untransfected cells (Fig. 2B). The majority
of FITC-BSA puncta were colocalized with hKIM-1 in cytoplasmic vesicles after 60-min
incubation (as evidenced by PCC = 0.627 + 0.066, Fig. 2C).

To directly visualize KIM-1 expression and BSA uptake, NRK-52E cells were also
transfected with a fusion protein consisting of hKIM-1 and GFP (hKIM-GFP, green), and
then incubated with Alexa Fluor 594-labeled BSA (AF594-BSA, red). When the cells were
transfected with control GFP plasmid, AF594-BSA intensities did not differ significantly
between green (3.20 +0.15) and non-green (2.96 +0.06) cells (Fig. 3A and D). As expected,
a significant increase in AF594-BSA puncta was observed in NRK-52E cells expressing
hKIM-GFP (Fig. 3B: no hKIM Ab). AF594-BSA intensity averaged 5.57 £0.33 in hKIM-
GFP positive versus 2.45 £ 0.05 in hKIM-GFP negative cells (Fig. 3D). To further examine
if this effect is due to KIM-1 expression, we pretreated the cells with an antibody
specifically targeting human KIM-1 (Fig. 3D: +hKIM Ab). Pre-incubation of transfected
cells with hKIM-1 antibody significantly attenuated BSA-AF594 internalization in hKIM-
GFP cells (3.39 £ 0.15), whereas BSA uptake by hKIM-1-negative cells was not affected
(2.88 + 0.07). Preincubation with the antibodies against rKIM-1 (less than 1% cross-
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reactivity with hKIM-1) or against mKIM-1 (less than 5% cross-reactivity with hKIM-1)
resulted in a slight decrease in albumin accumulation in hKIM-GFP cells.

To test whether KIM-1 expression affects fluid-phase endocytosis of dextran, NRK-52E
cells were incubated with fluorescently labeled dextran (AF594-dextran). Following
incubation with AF594-dextran for 30-60 mins, there was no difference in dextran
intensities in KIM-GFP positive versus negative cells (Fig. 3C).

KIM-1 induced albumin endocytosis via a clathrin-dependent endocytic pathway

Next, we examined if KIM-1 resides in cholesterol and sphingomyelin-rich membrane rafts
and if clathrin and/or caveolin-1 are co-purified with endogenous KIM-1 in renal epithelial
cells. Previous studies have shown that HK-2, a human proximal tubule cell line, expresses
endogenous KIM-1. Figure 4 shows that KIM-1 is predominantly found in low-density,
buoyant fraction (fraction 5) of HK-2 cells fractionated by sucrose gradients in the presence
of carbonate, in fractions (fractions 4—-6) commonly referred to as low-density membrane
rafts. Immunoblotting revealed that both caveolin-1 and clathrin were also enriched in
fractions 5-6 corresponding to membrane rafts. Together, our results indicated that KIM-1
was mainly co-distributed with caveolin-1 and clathrin in membrane rafts of HK-2 cells.

The spatial relationship between KIM-1 and clathrin or caveolin-1 was further confirmed
using multiple immunofluorescence labeling. Figure 5A shows that caveolin-1 was localized
mainly in the peripheral area and its level varied cell by cell, whereas KIM-1 was mainly
accumulated in large juxtanuclear vesicles in HK-2 cells. Moreover, less caveolin-1
expression was observed in cells with strong KIM-1 staining. In contrast, KIM-1 was
extensively co-localized with clathrin in the perinuclear area with little co-localization
adjacent to the plasma membrane of HK-2 cells (Fig. 5B). To confirm the role of clathrin in
KIM-1 endocytic trafficking, HK-2 cells were treated with chlorpromazine. When the cells
were treated with 50 mM chlorpromazine, clathrin showed a diffuse and rather homogenous
fluorescence with the disappearance of juxtanuclear accumulation. Accordingly, aggregation
of KIM-1 in the perinuclear area was blocked (Fig. 5B”). KIM-1 staining was observed in
smaller vesicles scattered throughout the cytoplasm and clustered beneath the plasma
membrane (Fig. 5B”). Since adaptor protein (AP)-2 can bind to the internalization signals of
a number of membrane receptors (or their cytoplasmic tail), drawing them into coated pits
and into the endocytosis process (Brown and Petersen, 1998), we assumed that inhibition of
the clathrin AP-2 by chlorpromazine could cause KIM-1 accumulation at the cell surface.
Figure 5C exhibits small KIM-1 and clathrin puncta with little colocalization within the
plasma membrane in non-permeabilized HK-2 cells. In the presence of chlorpromazine, we
often observed increased number and size of KIM-1 puncta on the cell surface, which were
dissociated with clathrin-positive vesicles (Fig. 5C”). These results support that KIM-1 is
constitutively endocytosed by a clathrin-dependent pathway.

Clathrin-mediated endocytosis plays a major role in internalization of various receptors and
ligands. A recent report indicates that KIM-1 is constitutively endocytosed through clathrin-
mediated vesicles in different epithelial cell lines (Balasubramanian et al., 2012). To further
determine if clathrin is required for KIM-1-mediated albumin internalization, the effect of
chlorpromazine on FITC-BSA uptake was evaluated in hKIM-NRK cells. As shown in

J Cell Physiol. Author manuscript; available in PMC 2018 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 8

Figure 6, albumin internalization was almost abolished by chlorpromazine in both
untransfected and hKIM-1-transfected NRK-52E cells, indicating that clathrin-dependent
process is involved in KIM-1-mediated albumin internalization by renal tubular epithelial
cells. An increase in albumin internalization was accompanied by the formation of large
lysosome-like vacuoles in hKIM-NRK cells (Fig. 6 top, DIC: differential interference
contrast) upon albumin stimulation. These large vacuoles were usually labeled with KIM-1
and mostly clustered around the nucleus. Pre-incubation of transfected cells with
chlorpromazine resulted in the formation of a few giant vacuoles with concomitant
disappearance of smaller ones in hKIM-NRK cells upon albumin stimulation (Fig. 6 bottom,
DIC), which was not observed in hKIM-negative NRK-52E cells. These giant vacuoles
appeared on the cell surface with localization of KIM-1 to the vacuolar membrane.

KIM-1 and its protein cargo localize to endocytic/lysosomal compartments

To confirm whether the vesicular structures associated with KIM-1 were endosomes, we
transfected HK-2 cells with Rab5a-GFP, Rab7a-RFP, or LAMP1-GFP for 16 h and then
stained for hKIM-1. As shown in Figure 7, Rab5a-positive early endosomes were partly
present throughout the cytoplasm and partly concentrated in the perinuclear region, whereas
Rab7a-positive late endosomes was mainly accumulated in the perinuclear region. An
association of KIM-1 with early and late endosomes was revealed by confocal microscopy,
which detected KIM-1 in juxtanuclear vesicles positive for Rab5a (Fig. 7A) or Rab7a (Fig.
7B). An association of KIM-1 with lysosomes was also indicated by colocalization of
KIM-1 with the lysosomal marker LAMP1 (Fig. 7C). Similar results were seen in 769-P, a
human kidney carcinoma cell line. When 769-P cells were transiently transfected with
LAMP1-GFP, some LAMP1-positive cells developed large vacuoles with colocalization of
KIM-1 and LAMP1 on the vacuolar membrane (data not shown). We also observed that
albumin internalization led to an increase in lysosomal activity, which was reflected by
increased lysotracker staining, a dye selectively accumulating in acidic compartments (Fig.
7D). Together, these data support that KIM-1 and its cargo protein traffic through early and
late endosomal/multivesicular compartments and are ultimately delivered to lysosomes.

KIM-1 expression is suppressed by TGF-p1 in tubular epithelial cells

TGF-B1 has been shown to downregulate the expression of albumin binding receptor
megalin and inhibit albumin uptake in renal tubule epithelial cells (Gekle et al., 2003; Russo
et al., 2007). Next, we performed Western blot and immunostaining analyses to evaluate the
effect of TGF-B1 on KIM-1 expression in renal tubular cells. As expected, TGF-p1
administration(1 or 2 ng/ml, 24 h) resulted in an increase in Smad-3 phosphorylation in
HK-2 cells (Fig. 8A). Meanwhile, KIM-1 and E-cadherin protein levels were significantly
reduced following TGF-B1 treatment for 24 or 48 h (Fig. 8B). Confocal microscopy
confirmed a decrease in KIM-1 staining in TGF-p1-treated HK-2 cells (Fig. 8). Similar
changes to TGF-B1 treatment were also detected in primary cultures of mouse and rat renal
TECs (data not shown).
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Discussion

We have previously reported that KIM-1 is gradually induced in activated proximal tubules,
in association with the levels of urinary protein/albumin, in a rat model of type 2 diabetes
(Zhao et al., 2011). In this report, we show that KIM-1 expression enhances albumin uptake
by renal TECs. KIM-1-induced albumin endocytosis appears to be mediated by a clathrin-
dependent pathway. This is supported by a colocalization of KIM-1 and clathrin in the
intracellular vesicles and blockade of KIM-1-mediated albumin internalization by
chlorpromazine, an inhibitor of clathrin-dependent endocytosis.

KIM-1 is upregulated and acts as a receptor for lipoproteins and apoptotic cells in activated
renal proximal tubules (Ichimura et al., 2008). Our results extend these observations by
showing that KIM-1 expression enhances albumin internalization in renal tubular cells.
Using fluorescence microscopy, we directly compared albumin uptake by KIM-1 positive
versus negative cells, since the cell monolayer consists of both KIM-1-positive and negative
cells that are exposed to the same quality and quantity of fluorescently-labeled protein. We
consistently observed that fluorescently conjugated BSA accumulated in primary mouse
TECs expressing endogenous KIM-1. Overexpressing human KIM-1 in NRK-52E cell line
also enhanced albumin uptake, which was prevented by specific KIM-1 antibody. An
inability to stimulate the uptake of fluid-phase marker dextran supports that KIM-1
expression specifically enhanced receptor-mediated albumin endocytosis in renal TECs.
However, the data do not allow the conclusion that KIM-1 is itself an albumin receptor. It
also remains possible that KIM-1 binds to moieties such as fatty acids carried by albumin
and/or other proteins, rather than the protein itself. This issue is currently under study in our
laboratory.

Clathrin-dependent endocytosis is a well-understood receptor-mediated endocytic pathway,
which occurs constitutively in all mammalian cells and carries out continuous uptake of
proteins and nutrients. A recent report has indicated that KIM-1 itself is constitutively
endocytosed through clathrin-mediated vesicles in different epithelial cell lines
(Balasubramanian et al., 2012). Therefore, we assumed that KIM-1 may increase albumin
uptake via a clathrin-dependent mechanism. This concept was confirmed by the observations
that KIM-1 and clathrin was colocalized in the juxtanuclear vesicles in renal TECs and that
KIM-1-induced albumin accumulation was inhibited by chlorpromazine treatment.
Following albumin stimulation, KIM-1 positive NRK-52E cells exhibited increased
formation of lysosome-like vacuoles. Inhibition of clathrin-dependent endocytic pathway
with chlorpromazine led to the formation of a few giant vacuoles with concomitant
disappearance of smaller ones in hKIM-NRK cells. These giant vacuoles appeared on the
cell surface with localization of KIM-1 to the vacuolar membrane. It is possible that ligand
activation of KIM-1 increases the propensity for the membrane to undergo fusion, leading to
the formation of large lysosome-like vacuoles by accelerating the fusion of smaller vesicles
to the growing endosomes through a clathrin-dependent pathway. Blockade of clathrin-
mediated endocytic pathway by chlorpromazine inhibits the clathrin-mediated membrane
from budding and pinching off from plasma membrane but may not affect KIM-1-mediated
vacuolar membrane fusion, triggering the generation of giant vacuoles at the cell surface. To
gain further insight into compartmental distribution of KIM-1 and the fate of internalized
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protein, we performed colocalization studies with KIM-1 and specific markers of the
endosomal and lysosomal pathways. We found that KIM-1 codistributed with early
endosome marker Rab5, late endosomal marker Rab7, and lysosomal marker LAMPL. In
canonical receptor-mediated endocytosis, early endosomes mature into late endosomes,
multivesicular bodies, and lysosomes (Luzio et al., 2009a; 2009b). Therefore, the proteins
internalized by KIM-1 cells are most probably sorted into a lysosomal compartment for final
degradation.

It is of importance that KIM-1 enhances albumin uptake and delivery to the lysosomes as
many reports have validated changes in the levels of different inflammatory proteins and
transcription factors in response to protein load and lysosomal protein accumulation in the
proximal tubule (Abbate et al., 2006). Various mechanisms have been proposed to explain
the link between proteinuria, tubulointerstitial injury, and progressive chronic renal failure
(Nath, 1992). Some authors postulate that albuminuria may exert a toxic effect on renal
TEC, thus damaging the cells and initiating the process of interstitial fibrosis and scarring
(Thomas and Schreiner, 1993; Burton and Harris, 1996). The nephrotoxicity of albuminuric
states may be not only due to the protein molecule itself but that the toxicity resides in lipid
carried on albumin. For example, Thomas et al. (2002) have shown that renal
tubulointerstitial lesion is markedly more severe in animals injected with fatty acid-bearing
BSA than in those injected with fatty acid-free BSA, despite comparable levels of
proteinuria in both groups. Filtered albumin presents fatty acids to proximal tubule epithelial
cells in large quantities by an unusual and unregulated apical route in most proteinuric
kidney diseases including diabetic nephropathy. Thus, KIM-1 induction on the apical
membrane may contribute to tubulointerstitial inflammation and fibrosis by enhancing the
deleterious effects of these stimuli on proximal tubule cells. This concept is supported by the
report that KIM-1 positive tubules were located mainly in the tubulointerstitial regions
affected by inflammation or fibrosis in patients with different kidney diseases (Simic
Ogrizovic et al., 2013). We also found that KIM-1-positive tubules were often surrounded by
increased interstitial myofibroblasts revealed by strong interstitial staining for desmin and
alpha-smooth muscle actin in the kidney of diabetic rats (data not shown). Future studies are
warranted to further evaluate the role of KIM-1-induced albumin uptake in tubular
dysfunction and renal fibrosis under proteinuric condition.

In proteinuria, KIM-1 expression is dynamically upregulated in renal proximal tubules. A
direct stimulatory effect of albumin on KIM-1 expression was confirmed in primary cultured
renal TECs derived from mouse and rat (data not shown) kidney tissues. In contrast, TGF-p1
produced an inhibitory effect on KIM-1 expression in renal TECs, which is similar to the
previous finding that TGF-B1 downregulates the expression of albumin binding receptor
megalin and inhibit albumin uptake in renal tubule epithelial cells (Gekle et al., 2003; Russo
et al., 2007).

In conclusion, a new functional role of tubular KIM-1 was identified as an enhancer of
luminal albumin trafficking under proteinuric conditions. KIM-1-induced albumin uptake
was mediated by clathrin-dependent endocytic pathway, since albumin accumulation was
effectively inhibited by chlorpromazine. Furthermore, because albumin by itself stimulates
KIM-1 expression in cultured renal TECs, it is speculated that uptake of albumin would be
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increased, with great potential to accelerate renal injury induced by protein overload.
Therefore, KIM-1 appears to be closely associated with tubular injury and renal dysfunction.
Tubular KIM-1 may be a logical therapeutic target to prevent progressive renal functional
loss in proteinuric nephropathies.
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Fig. 1.
KIM-1 protein expression in primary cultures of mouse tubular epithelial cells (TECs)

following albumin stimulation. A: KIM-1 protein level was significantly increased when the
primary mouse renal TECs were incubated with bovine serum albumin (10 mg/ml) for 72 h.
An n of 3—4 epithelial cultures were treated for each condition; *~ < 0.05 versus untreated
control group. B: Double immunostaining for mKIM-1 and Zonula Occludens (ZO-1) show
that mKIM-1 red staining was present at the cell-cell border (green ZO-1) and in small
intracellular vesicles in untreated primary TECs (top). Following albumin stimulation for 72
h, mKIM-1 was concentrated in large perinuclear vesicles in association with a disruption of
cell—cell contacts (bottom). Images are Z-stack projections. C: Quantification of co-
localization of images as in panel B top using Pearson's correlation coefficient (PCC). The
negative control was provided by quantifying PCC for the same images, but after rotation of
one by 90°. The results represent more than 20 cells from at least n = 2 independent
experiments.
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Fig. 2.
Effect of KIM-1 expression on internalization of FITC-BSA by renal tubular cells. A:

Primary mouse renal TECs were incubated with FITC-labeled bovine serum albumin (FITC-
BSA, 100 pg/ml, green) for 1 h and then stained for mouse KIM-1 (mKIM-1, red).
Representative confocal images show an accumulation of FITC-BSA in mKIM-1 positive
cells. B: NRK-52E cell line was transfected with human KIM-1 (hKIM-1) subcloned into
pcDNA-DEST. Following transfection for 48 h, the cells were incubated with FITC-BSA
(green) at 37°C for 1 h and then stained for hKIM-1 (red). FITC-BSA signal was markedly
enhanced in hKIM-1-positive cells compared to negative ones. Additionally, BSA-FITC and
hKIM-1 were strongly co-localized with one another in the intracellular vesicles (arrows).
Staining was repeated at least three times with similar results. Images are Z-stack
projections. C: Quantification of co-localization from images in panel B using Pearson's
correlation coefficient (PCC). The negative control was provided by quantifying PCC for the
same images, but after rotation of one by 90°. The results represent more than 20 cells from
at least n = 2 independent experiments.
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Fig. 3.

KIgM-l mediated endocytosis of albumin was inhibited by specific KIM-1 antibody. A:
NRK-52E cells were transfected with control GFP (green) plasmid for 48 h and then
incubated with AF594-BSA (red) for 1 h. AF594-BSA intensities did not differ significantly
between GFP positive (green) cells and negative (non-green) ones. B: Following transfection
of NRK-52E cells with a fusion protein consisting of hKIM-1 and GFP (hKIM-GFP),
AF594-BSA was accumulated in hKIM-GFP cells compared to hKIM-GFP negative ones
(B: no hKIM Ab). Pre-incubation of the transfected cells with specific hKIM-1 antibody
markedly inhibited AF594-BSA accumulation in hKIM-GFP cells, but it had no effect on
endocytosis of AF594-BSA by hKIM-GFP-negative cells (B: +hKIM Ab). Staining was
repeated at least three times with similar results. Images are Z-stack projections. C: AF594-
dextran intensities were not different in hKIM-GFP-positive versus negative NRK-52E cells.
D: Quantification of AF594-BSA fluorescence was done using the ImageJ Software directly
on the microscopic images of labeled cells. n = 20-50 cells per group. *£< 0.01, **P<
0.001.
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Fig. 4.

Lgcalization of KIM-1 protein in lipid microdomains in HK-2 cells. Membrane fractions
were prepared from the HK-2 cells using non-detergent sodium carbonate extraction and
sucrose density gradient separation. Twenty-five microliter of each fraction (1-12) was
added on SDS-PAGE gels and proteins were detected by Western blot. KIM-1 was
colocalized with caveolin-1 and clathrin to the lipid raft domains.
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Fig. 5.
Colocalization of KIM-1 with clathrin in renal tubular epithelial cells. A: There was no

significant colocalization between KIM-1 and caveolin-1 in HK-2 cells. B: A colocalization
of KIM-1 and clathrin was evident in the perinuclear area of HK-2 cells. Removal of AP2
from the plasma membrane by chlorpromazine markedly increased the lateral diffusion of
clathrin and KIM-1 (B”) compared to their predominant perinuclear localization in the
absence of chlorpromazine (B). C-C”: In non-permeabilized HK-2 cells, chlorpromazine
administration increased the number and size of KIM-1 puncta on the cell surface (C")
compared to untreated cells (C). Staining was repeated at least three times with similar
results. Images are Z-stack projections.
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Fig. 6.
KIM-1-mediated albumin uptake was inhibited by chlorpromazine. hKIM-1-transfected

NRK-52E cells were incubated with FITC-BSA (100 pg/ml) at 37°C in the absence (top) or
presence (bottom) of chlorpromazine. Administration of chlorpromazine inhibited FITC-
BSA accumulation in hKIM-1-positive cells, which was associated with an appearance of
abnormally giant vacuoles on the cell surface. Staining was repeated at least three times with
similar results. Images are Z-stack projections.
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Fig. 7.
Endocytic trafficking of endogenous KIM-1 in HK-2 cells. A-C: HK-2 cells were

transfected with a plasmid encoding GFP-Rab5a, RFP-Rab7a, or GFP-LAMP1 for 16 h and
then immunostained with a goat anti-hKIM-1 antibody. Representative confocal images
show colocalization of KIM-1 with early endosomes (A, Rab5a), late endosomes (B,
Rab7a), and lysosomes (C, LAMP1). D: hKIM-1-transfected NRK-52E cells were incubated
with FITC-BSA (green) and LysoTracker (red) for 30 min at 37°C. A distribution of BSA in
acidic lysosomal compartments was evident in the merged image (yellow). Staining was
repeated three times with similar results. Images are Z-stack projections.
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Fig. 8.

Effect of TGF-B1 on KIM-1 protein in HK-2 cells. A: TGF-B1 (1 and 2 ng/ml) led to a dose-
dependent increase of Smad3 phosphorylation in HK-2 cells after 24 h. B: TGF-B1 (2 ng/ml)
significantly reduced hKIM-1 and E-cadherin protein levels after 24 and 48 h. C:
Representative confocal images show that hKIM-1 staining was reduced in HK-2 cells
treated with TGF-B1 (2 ng/ml) for 24 h (bottom) compared to untreated cells (top).
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