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Shedding of the Urinary Biomarker Kidney Injury
Molecule-1 (KIM-1) Is Regulated by MAP Kinases and
Juxtamembrane Region
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ABSTRACT
Kidney injury molecule-1 (KIM-1) is markedly upregulated in renal proximal tubule cells by stimuli that
promote dedifferentiation, including ischemic or toxic injury, as well as in cases of tubulointerstitial
disease, polycystic kidney disease, and renal cell carcinoma. Structurally, KIM-1 possesses a single
transmembrane domain and undergoes membrane-proximal cleavage, which leads to the release of
soluble KIM-1 ectodomain into the urine. Urinary KIM-1 ectodomain is a promising sensitive and specific
biomarker for acute kidney injury in humans, and therefore it is important to determine what regulates
KIM-1 shedding. We found that constitutive cleavage of KIM-1 is mediated by ERK activation, and that
cleavage is accelerated by p38 MAP kinase activation. After cleavage, a 14-kD membrane-bound
fragment of KIM-1, which contains two highly conserved tyrosine residues, was tyrosine-phosphorylated.
Mutagenesis studies demonstrated that the juxtamembrane secondary structure, not the primary amino
acid sequence, was critical to the cleavage of KIM-1.
J Am Soc Nephrol 18: 2704 –2714, 2007. doi: 10.1681/ASN.2007030325

Kidney injury molecule-1 (KIM-1) is a type 1
membrane protein that is not expressed in normal kidney but is markedly upregulated in the
injured proximal tubular epithelial cells of the
human and rodent kidney in ischemic1 and toxic2
acute kidney injury. KIM-1, also known as T cell
Ig mucin (TIM-1)3 and hepatitis A virus cellular
receptor-1,4 is also expressed in other conditions
where proximal tubules are dedifferentiated, including renal cell carcinoma,5 chronic cyclosporine nephrotoxicity,6 a protein-overload model of
tubulointerstitial disease,7 and polycystic kidney
disease.8 Extrarenal functions for KIM-1 are described in the immune system, where the mouse
kim-1 gene3 is a susceptibility locus for experimental allergic asthma,9 and human KIM-1
(TIM-1) has been implicated in the regulation of
TH2 cytokine production. KIM-1 contains a sixcysteine Ig-like domain and a mucin domain in
its extracellular region and three tyrosine residues including a predicted tyrosine kinase phos2704
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phorylation motif in the cytosolic domain. Two
splice variants of the cytoplasmic domain are
expressed.10 The KIM-1a variant is mainly expressed by human liver and lacks the tyrosinekinase phosphorylation motif, whereas the
KIM-1b variant (referred to as KIM-1 hereafter)
is mainly expressed by human kidney and contains two conserved tyrosine residues, including
a predicted tyrosine kinase phosphorylation motif, QAEDNIY. A ligand for mouse TIM-1 has
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been reported to be TIM-4.11 The regulated shedding of
KIM-1 ectodomain should contribute to regulation of ligand binding during the reparative response of the injured
proximal tubule and potentially during the TH2 immune
response as well.10
Many transmembrane proteins undergo proteolytic
cleavage, releasing soluble extracellular domain (ectodomain), which may have autocrine and paracrine signaling
functions.12,13 Shedding is generally enhanced by phorbol
ester (PMA)-mediated activation of protein kinase C, which
occurs in close proximity to the cell membrane and is
blocked by hydroxamate-based metalloproteinase inhibitors.12,13 There is no apparent sequence similarity at the
cleavage site of different proteins, and no minimal consensus shedding sequence has been identified.14,15 It has been
hypothesized that structural changes may allow access of a
protease to a membrane-proximal region of cleaved proteins.16
KIM-1 is shed constitutively into the culture medium of cell
lines expressing endogenous or recombinant KIM-1 by
membrane-proximal cleavage in a metalloproteinase-dependent
manner.10 Soluble KIM-1 is a very sensitive urinary biomarker
of human tubular injury17,18 and is under investigation as a
tissue and urinary biomarker of renal cell carcinoma.5,19 Despite the mounting evidence of its clinical utility, the regulation
and underlying mechanism for KIM-1 cleavage are poorly
characterized. We undertook this study to understand the molecular mechanisms that regulate urinary levels of this important biomarker. Here, we demonstrate that KIM-1 shedding is
enhanced dramatically by pervanadate, a potent inhibitor of
protein tyrosine phosphatases. We show that separate mitogen-activated protein kinases (MAPKs) regulate constitutive
and pervanadate-induced shedding and investigate the structural requirements for KIM-1 cleavage. We also show that a
14-kDa tyrosine-phosphorylated cell membrane–associated
fragment of KIM-1 can be detected after cleavage of the KIM-1
ectodomain.

RESULTS
Pervanadate Enhances Ectodomain Shedding of
KIM-1

769-P cells (human renal cell adenocarcinoma cell line) express high levels of endogenous KIM-1.10 Pervanadate, a
potent inhibitor of protein tyrosine phosphatases, enhances
tyrosine phosphorylation of cellular proteins whose steady
state of phosphorylation is normally reduced by phosphatases. Pervanadate was freshly prepared for each experiment
by mixing H2O2 (0.5 M) and orthovanadate (0.5 M) and was
used within 20 min of preparation.20 Pervanadate treatment
of 769-P cells results in the rapid appearance of a large
amount of a 90-kDa molecule in the culture medium that is
immunoreactive with antibody directed to the ectodomain
of KIM-1, AKG7 (Figure 1A). Induction of KIM-1 shedding
J Am Soc Nephrol 18: 2704 –2714, 2007
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Figure 1. Pervanadate enhances ectodomain shedding of
KIM-1. (A) Confluent 769-P cells were incubated in serum-free
medium in the presence of either 50 M H2O2 or orthovanadate (Na3VO4) or a combination of both (pervanadate) for 30
min. Shed KIM-1 was detected in conditioned medium using
an antibody against the ectodomain of KIM-1 (AKG7). (B) Cells
were incubated in serum-free medium in the presence of 50
M pervanadate for various times (top) or incubated for 30 min
with various concentrations of pervanadate (bottom), and conditioned media were subjected to Western blot analysis for
assessment of shed KIM-1 using AKG7.

does not occur when cells are exposed to similar concentrations of either orthovanadate or H2O2 alone (Figure 1A).
Pervanadate-induced ectodomain shedding of KIM-1 is
time dependent, with increased amounts in the culture medium apparent within 15 min of exposure and reaching a
peak at 30 min of incubation (Figure 1B, top). In a dosageresponse study, 50 M pervanadate achieved a maximal effect (Figure 1B, bottom).
Pervanadate-Induced Ectodomain Shedding of KIM-1
Is Inhibited by an Oxygen Free Radical Scavenger and
a Metalloproteinase Inhibitor

The underlying molecular mechanism for the inhibitory action
of pervanadate on protein tyrosine phosphatases is thought to
involve oxidation of an essential thiol at the active site of the
enzyme, explaining why the oxygen radical scavenger pyrrolidine dithiocarbamate blocks the effect of pervanadate on tyrosine phosphorylation of cellular proteins.21 Pyrrolidine
dithiocarbamate pretreatment of 769-P cells prevented pervanadate-induced ectodomain shedding of KIM-1 in a dosedependent manner (Figure 2A), indicating that oxidation is
required for pervanadate-stimulated KIM-1 shedding and
supporting the conclusion that pervanadate regulates KIM-1
shedding via inhibition of protein phosphatase activity. In
our previous study, we reported that GM6001, a hydroxamatebased broad-spectrum metalloproteinase inhibitor, completely blocked the constitutive shedding of KIM-1
ectodomain in 769-P cells.10 We found that GM6001 also inhibited the accelerated shedding stimulated by pervanadate in
a dose-dependent manner (Figure 2B). Thus, the accelerated
Regulation of KIM-1 Shedding
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Figure 2. Pervanadate-induced ectodomain shedding of KIM-1
is inhibited by an oxygen free radical scavenger and a metalloproteinase inhibitor. Confluent 769-P cells were preincubated in
serum-free medium with various concentrations of pyrrolidine
dithiocarbamate (PDTC), an oxygen radical scavenger (A), or
GM6001, a metalloproteinase inhibitor (B), for 30 min before the
addition of pervanadate (50 M final concentration for 30 min).
Shed KIM-1 was detected as in Figure 1.

shedding induced by pervanadate is also mediated by a metalloproteinase.
p-Aminophenylmercuric Acid Induces Ectodomain
Shedding of KIM-1

Because KIM-1 shedding is mediated by a metalloproteinase(s), we tested whether direct metalloproteinase activation
could stimulate KIM-1 shedding. Incubation of 769-P cells
with p-aminophenylmercuric acid (APMA), a metalloproteinase activator,22 significantly increased the amount of shed
KIM-1 present in the culture medium both time (Figure 3A,
left) and dosage (Figure 3A, right) dependently. GM6001 attenuated APMA-induced ectodomain shedding (Figure 3B),
supporting the conclusion that the shedding of KIM-1 ectodomain was induced by APMA via activation of a member of the
metalloproteinase family.
A KIM-1 Splice Variant Is Also Shed

As an initial step toward defining the structural requirements of shedding, the splice variant KIM-1a, which encodes a KIM-1 polypeptide with identical extracellular and
transmembrane domains to KIM-1 but a different cytosolic
domain (Figure 4A), was expressed in LLC-PK1 cells (porcine renal tubular epithelial cell line) that do not express
detectable endogenous KIM-1 (B.D.H. and J.V.B.,
unpublished observations, 2002). Cells were infected with
adenovirus encoding either LacZ (AdLacZ) or KIM-1a (AdKIM-1a). The ectodomain of KIM-1a was constitutively
shed into the culture medium (Figure 4B) and pervanadate
Journal of the American Society of Nephrology

+

10
+

50
-

100
-

100
10
-

Shed KIM-1
Conditioned media

Conditioned media

2706

30 min

B

B
+
-

15

Shed KIM-1

Shed KIM-1

Pervanadate GM6001 (µM) Vehicle
-

5

APMA

Figure 3. Activation of metalloproteinase-induced ectodomain
shedding of KIM-1. (A) Confluent 769-P cells were incubated in
serum-free medium in the presence of the metalloproteinase
activator APMA (50 M) for various times (left) or incubated for 30
min with various concentrations of APMA (right), and conditioned
media were collected. (B) Effect of metalloproteinase inhibitor on
APMA-induced ectodomain shedding of KIM-1. 769-P cells were
preincubated in serum-free medium with 10 M of GM6001 or
vehicle (DMSO) for 30 min and then exposed to various concentrations of APMA for an additional 30 min. Shed KIM-1 was
detected as in Figure 1.
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Figure 4. Constitutive and accelerated ectodomain shedding of
KIM-1a, a splice variant of KIM-1. (A) Schematic representation of
the cytosolic domain of human KIM-1 (359 amino acids) and the
splice variant KIM-1a (334 amino acids). (B) Subconfluent LLC-PK1
cells were infected for 48 h with a recombinant adenoviral vector
expressing KIM-1a (AdKIM-1a) in culture medium supplemented
with 2% FBS. AdLacZ served as a control for infection. The multiplicity of infection (MOI) is indicated. At the end of infection, the
conditioned media were collected for analysis. (C) After infection
with AdKIM-1a or AdLacZ for 48 h, cells were incubated in serumfree medium with 50 M pervanadate for 30 min, and the conditioned media were assessed for shed KIM-1 as in Figure 1.
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Figure 5. Pervanadate activates p38 and ERK MAPK. (A) 769-P
cells were incubated in serum-free medium for 30 min with various concentrations of pervanadate, and activation of p38 in cell
lysates was determined by Western blot analysis using a p38
phospho-specific antibody (top lane). The same blot was stripped
and reprobed with an antibody against total p38 (bottom lane) to
control for protein loading. (B) For determination of the time
course for p38 activation, cells were incubated in serum-free
medium in the absence (Con) or presence of 50 M pervanadate
for various times, and both activated p38 and total p38 were
determined as in A. (C) Cells were incubated in serum-free medium for 30 min with various concentrations of pervanadate (top)
or in the presence of 50 M pervanadate for various times (bottom), and the activation of ERK in cell lysates was determined by
Western blot analysis using a phospho-specific antibody (top
lane). The same blot was stripped and reprobed with an antibody
against total ERK (bottom lane).
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Figure 6. p38 MAPK signaling pathway regulates pervanadateinduced ectodomain shedding of KIM-1. (A) Confluent 769-P cells
were preincubated in serum-free medium with various concentrations of SB202190, a p38 MAPK inhibitor, for 1 h before the
addition of pervanadate (50 M for 30 min). The conditioned
media were analyzed for shed KIM-1 as in Figure 1. (B) SB202190
was added to cells in serum-free medium for 1 h and then exposed to pervanadate (50 M) for an additional 30 min. The
activation of p38 in cell lysates was determined using a phosphospecific antibody. (C through E) Cells were preincubated in serum-free medium with various concentrations of U0126 (C),
genistein (D), the Src kinase inhibitor PP2 or its control PP3 (E) for
1 h before the addition of pervanadate (50 M for 30 min), and
KIM-1 shedding was assessed.

accelerated the shedding pathway (Figure 4C). Despite different cytosolic domains, shedding of KIM-1a is regulated
in a similar manner to KIM-1.
Regulation of KIM-1 Shedding
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Figure 7. ERK MAPK signaling pathway regulates the constitutive shedding of KIM-1 ectodomain. (A and B) Confluent 769-P
cells were maintained in medium supplemented with 2% FBS in
the presence of SB202190 (A), at various concentrations, or other
inhibitors (B), including GM6001 (25 M), U0126 (20 M),
genistein (100 M), and PP2 (100 M). The conditioned media
were collected for 24 h and then subjected to Western blot
analysis for assessment of shed KIM-1. (C) For determination of
whether constitutive activation of ERK MAPK would stimulate
shedding, subconfluent 769-P cells were infected for 48 h with a
recombinant adenoviral vector expressing MEK1-DD (AdMEKDD; the constitutively activated MEK1 mutant) in culture medium
supplemented with 2% FBS. AdLacZ served as a control for in2708
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The rapid increase in KIM-1 ectodomain shedding after pervanadate treatment suggests that this effect is not dependent
on gene expression. Indeed, we observed that pretreatment of
769-P cells with cycloheximide, a protein synthesis inhibitor,
had no effect on pervanadate-induced KIM-1 shedding (data
not shown). Because the MAPK family regulates shedding in
other systems, we investigated whether such signaling pathways regulate pervanadate-induced KIM-1 ectodomain shedding. Extracellular signal–regulated kinase (ERK) and p38
MAPK activation were assessed using phospho-specific antibodies that recognize only activated ERK or p38. Pervanadate
treatment induced dosage-dependent (Figure 5A) and rapid
p38 phosphorylation with activation by 5 min and peaking by
15 min (Figure 5B). This is well before the peak of activation of
KIM-1 ectodomain cleavage at this dosage (Figure 1B). ERK
activation was also observed upon pervanadate treatment (50
M), occurring within 15 min and reaching a peak at 30 min
(Figure 5C). The rapid activation of P38 and ERK suggested
that these kinases might be involved in pervanadate-induced
KIM-1 shedding.
SB202190, a potent and specific inhibitor of p38 MAPK,
efficiently blocked pervanadate-induced ectodomain shedding
of KIM-1 (Figure 6A). The inhibitory effect was observed at
dosages of 10 M and greater. The dosage-response relationship of p38 MAPK phosphorylation paralleled that of inhibition of KIM-1 ectodomain shedding with SB202190 upon
treatment with pervanadate (Figure 6B). A similar dosage of
this inhibitor was used in other studies to block pervanadatemediated tyrosine phosphorylation of keratins 8 and 19 via a
p38 MAPK pathway.23 By contrast, the MEK inhibitor U0126
at various concentrations showed only minimal inhibition of
pervanadate-induced KIM-1 shedding (Figure 6C). These experiments suggest that the pervanadate-induced ectodomain
shedding of KIM-1 is mediated by the p38 MAPK pathway.
Although shedding of certain transmembrane proteins is sensitive to the receptor tyrosine kinase inhibitor genistein and the
Src kinase inhibitor PP2, neither of these agents had any effect
on pervanadate-induced ectodomain shedding of KIM-1 (Figure 6, D and E).24,25
769-P cells exhibit constitutive shedding in the absence of
pervanadate that is detectable with longer supernatant collection periods. Unlike its ability to block pervanadate-induced
fection. The MOI is indicated. After infection, cells were maintained in serum-free medium for 24 h, and the conditioned
media were assessed for shed KIM-1 (top). Activated ERK
(p-ERK, top lane of bottom) and total ERK (t-ERK; bottom lane
of bottom) were determined as described in Figure 5C. (D)
After infection with AdMEK-DD or AdLacZ for 48 h, medium
was changed to serum-free medium for an additional 24 h in
the presence or absence of U0126 (20 M). The conditioned
media were analyzed for shed KIM-1 (top). p-ERK (top lane of
bottom) and t-ERK (bottom lane of bottom) were determined
as described in Figure 5C.
J Am Soc Nephrol 18: 2704 –2714, 2007

www.jasn.org

KIM-1 shedding, basal KIM-1 shedding was unaffected by p38
inhibition (Figure 7A). Like pervanadate-induced shedding,
the constitutive shedding pathway is inhibited by the metalloproteinase inhibitor GM6001 (Figure 7B). In contrast to its
lack of an effect on pervanadate-induced shedding of KIM-1
ectodomain, U0126, a specific inhibitor of MEK, significantly
blocked the constitutive shedding of KIM-1 ectodomain (Figure 7B), suggesting the involvement of the ERK MAPK pathway in this process. Genistein was also without effect (Figure
7B). By contrast, the Src kinase inhibitor PP2 enhanced constitutive shedding of KIM-1 ectodomain (Figure 7B). These
experiments indicate that the constitutive and accelerated
shedding pathways are differentially regulated.
For further examination of the role of the ERK MAPK pathway on the regulation of constitutive shedding of KIM-1
ectodomain, cells were infected with adenovirus encoding
MEK1-DD (AdMEK-DD), a constitutively active upstream kinase of ERK. 769-P cells infected with AdMEK-DD had increased levels of constitutive shedding of KIM-1 compared
with AdLacZ-infected control cells (Figure 7C). The activation
of ERK MAPK after viral infection was confirmed using
anti–phospho-ERK antibody (Figure 7C). Enhanced constitutive shedding of KIM-1 with MEK1-DD is abolished in the
presence of U0126 (Figure 7D, top), suggesting that the effect
of MEK1-DD on constitutive shedding of KIM-1 was indeed
due to activation of ERK MAPK pathway. The detection of
KIM-1 shedding in conditions without ERK activation indicates that other signaling pathways are also involved in the
constitutive shedding of KIM-1 ectodomain (Figure 7D).
Protein Secondary Structure in the Juxtamembrane
Region Is Important for the Cleavage of KIM-1
Ectodomain

One mAb to KIM-1 (Figure 8A), ABE3, blocks constitutive
cleavage, indicating that the cleavage site may overlap the
ABE3 binding site.10 We investigated whether ABE3 also
blocked pervanadate-induced KIM-1 shedding, and indeed
ABE3 did inhibit the accelerated shedding pathway dosage dependently (Figure 8B). A different KIM-1 mAb, ACA12, whose
epitope is farther from the KIM-1 transmembrane domain
than ABE3, did not inhibit KIM-1 shedding (Figure 8B).
For further characterization of the structural requirements
for KIM-1 shedding, KIM-1 protein secondary structure was
predicted with the NNPREDIT program (http://www.cmpharm.ucsf.edu/⬃nomi/nnpredict.html). The model predicts a
helical polypeptide structure in the juxtamembrane region,
partially overlapping with the ABE3 binding site (Figure 9A).
To distinguish whether the primary amino acid sequence
and/or the secondary structure at the cleavage site is important
for the cleavage of KIM-1 ectodomain, we constructed several
deletion mutants as depicted in Figure 9B. These mutants,
along with the wild-type KIM-1 construct, were transiently
transfected into COS-7 cells that do not express endogenous
KIM-1.1 Mutant ⌬246 to 273, in which a region between the
end of the ACA12 binding site and part of the ABE3 binding
J Am Soc Nephrol 18: 2704 –2714, 2007
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Figure 8. Antibody directed to the juxtamembrane region of
KIM-1 blocks the cleavage of KIM-1 ectodomain. (A) Schematic
representation of the 359 –amino acid human KIM-1 protein structural domains and the relative site of KIM-1 cleavage. The approximate sites of antibody (AKG7, ACA12, ABE3, and 1400)
recognition are indicated. (B) Effect of mAb against various regions of KIM-1 ectodomain on pervanadate-induced ectodomain
of KIM-1. Confluent 769-P cells were preincubated in serum-free
medium with various dilutions of ABE3 (top) or ACA12 (bottom)
for 30 min and then exposed to pervanadate (50 M, final concentration) for an additional 30 min. The conditioned media were
subjected to Western blot analysis for assessment of shed KIM-1
using AKG7Ab. S, signal peptide; TM, transmembrane domain.

site is deleted, was robustly shed in response to pervanadate,
generating an appropriately smaller shed fragment compared
with the wild-type protein (Figure 9C, left). Another mutant,
⌬264 to 281, in which the entire ABE3 binding site is deleted,
had a similar shedding response to pervanadate (Figure 9C,
left). Of note, the juxtamembrane helical structure is predicted
to remain intact for both mutants (Figure 9B). By contrast, a
mutant in which the helical structure is predicted to be disrupted by deletion of six amino acids just outside the ABE3
binding site (⌬278 to 283) exhibited dramatically reduced
shedding in response to pervanadate with shed KIM-1 virtually
absent in the conditioned medium (Figure 9C, left). The expression of KIM-1 mutants in transfected cells was confirmed
in cell lysates by Western blot analysis (Figure 9C, right). The
higher molecular mass mature KIM-1 band for ⌬246 to 273 is
reduced in comparison with the wild-type KIM-1 (Figure 9C,
right), despite robust shedding of the ⌬246 to 273 ectodomain
(Figure 9C, left). This suggests that either the ⌬246 to 273
mutant is shed more efficiently than the wild-type KIM-1 or
the ⌬246 to 273 mature protein is unstable. Taken together, we
conclude that the secondary structure in the juxtamembrane
region is critical for cleavage. Because the mutant with the least
pervanadate-induced shedding also was predicted to disrupt
Regulation of KIM-1 Shedding
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recognition are underlined. Protein secondary structure was predicted using the NNPREDICT program and predicted helix and
strand regions marked. (B) The predicted protein secondary structure in the juxtamembrane region of wild-type KIM-1 and its
deletion mutants. The deleted amino acids are boxed. (C) Effect
of pervanadate on ectodomain shedding of KIM-1 in KIM-1 deletion mutants. Subconfluent COS-7 cells were transfected with
cDNA of either wild-type KIM-1 (WT) or its deletion mutants
(⌬246 to 273, ⌬264 to 281, and ⌬278 to 283) for 48 h and then
incubated with pervanadate (50 M) in serum-free medium for 30
min. The conditioned media were analyzed for shed KIM-1 as in
Figure 1 (left). Total KIM-1 expression was evaluated by Western
blot analysis in cell lysates using AKG7 (right). H, helix; E, strand.

the juxtamembrane helical structure the most, we conclude
that KIM-1 secondary structure determines the accessibility of
the protease to its substrate. This conclusion is supported by
the lack of effect of ⌬264 to 281 on shedding even though the
ABE3 antibody, which recognizes an epitope in this region, did
inhibit shedding.
A 14-kDa Tyrosine-Phosphorylated and Cell
Membrane–Associated Fragment of KIM-1 Is
Generated after Ectodomain Cleavage of KIM-1

As shown in Figure 10A, pervanadate treatment of 769-P cells
results in an increased amount of a 14-kDa fragment of KIM-1,
representing the remnant transmembrane and cytosolic domain that remain after ectodomain cleavage. This fragment is
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Figure 10. A tyrosine-phosphorylated and cell membrane–
associated fragment of KIM-1 is generated after pervanadate
treatment. (A) A 14-kDa fragment of KIM-1 is generated after
pervanadate treatment. Confluent 769-P cells were incubated in
serum-free medium in the presence or absence of pervanadate
(50 M) for 30 min, and total KIM-1 in cell lysates was determined
by Western blot analysis using an antibody against the cytosolic
domain of KIM-1 (1400). (B) The 14-kDa fragment of KIM-1 is
associated with cell membranes. After incubation with or without
pervanadate, confluent 769-P cells were mechanically disrupted
in isotonic buffer solution without detergents and separated into
soluble (cytosolic) and insoluble (membrane) fractions. Aliquots of
each fraction were examined for KIM-1 protein by Western blot
analysis using 1400. (C) The 14-kDa fragment of KIM-1 is tyrosine
phosphorylated. Confluent 769-P cells were incubated in serumfree medium in the presence or absence of pervanadate (50 M
of final concentration) for various times. The cell lysates were
immunoprecipitated using 1400 followed by Western blot analysis with an antibody against phosphotyrosine (top). The same blot
was stripped and reprobed with the 1400 antibody (bottom).
Control cells were kept for 30 min in serum-free medium in the
absence of pervanadate.

recognized by polyclonal sera directed against the cytosolic domain of KIM-1 (1400) but not by the mAb recognizing the
ectodomain of KIM-1 (data not shown). The 14-kDa fragment
is associated primarily with the insoluble fraction of the cells
(Figure 10B), suggesting that it remains membrane bound.
For examination of whether the 14-kDa truncated fragment
is tyrosine-phosphorylated, cell lysates were immunoprecipitated with antibody 1400, followed by Western blotting with
anti-phosphotyrosine antibodies. A tyrosine-phosphorylated
band at 14 kDa was apparent after pervanadate treatment, and
it was confirmed to be the 14-kDa fragment of KIM-1 by stripping and reprobing the same blot with 1400 (Figure 10C).
Generation of the tyrosine-phosphorylated 14-kDa fragment was stimulated by APMA, and GM6001 completely
blocked formation of the tyrosine-phosphorylated 14-kDa
J Am Soc Nephrol 18: 2704 –2714, 2007
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fragment (data not shown). Taken together, these experiments
indicate that generation of the 14-kDa, tyrosine-phosphorylated C-terminal fragment is the consequence of metalloproteinase-mediated KIM-1 ectodomain cleavage. Tyrosine
phosphorylation does not seem to be required for cleavage,
however, because the KIM-1a splice variant, which lacks Y350
and Y356, still underwent pervanadate-induced ectodomain
cleavage (Figure 4).

DISCUSSION

Although KIM-1 shedding is not stimulated by the typical
sheddase activator PMA, we have demonstrated that pervanadate, a potent inhibitor of protein tyrosine phosphatases,
induces a striking increase in the shedding of KIM-1 ectodomain. We speculate that physiologic stimuli, such as growth
factors, may also regulate shedding in vivo and that pervanadate mimics this process; however, we have not identified a
more physiologic stimulus to date. Pervanadate activates the
shedding of a variety of cell surface proteins. Some of them,
such as HER4,26 MUC1,27 and L-adhesion molecule,24 are also
shed in response to PMA. By contrast, the shedding of HER2,28
betaglycan,29 and TNF-related activation-induced cytokine30
can be stimulated by pervanadate but not by PMA, although
protein kinase C–activated shedding of other proteins was
found in the cell lines tested.28 In our previous study,22 we
reported that hydroxamate metalloproteinase inhibitors, including BB-94 and GM6001, blocked the constitutive shedding
of KIM-1 ectodomain.10 This study demonstrates that pervanadate-induced ectodomain shedding of KIM-1 is inhibited
by GM6001 and activated by APMA, a general activator of
metalloproteinases. Thus, both accelerated and constitutive
KIM-1 shedding is mediated by a metalloproteinase.
Protein tyrosine phosphorylation is controlled by coordinate actions of protein tyrosine kinases and protein tyrosine
phosphatases.31 Growth factors, hormones, and cytokines shift
the balance by rapidly stimulating protein tyrosine kinase
activity, thereby inducing tyrosine phosphorylation and initiating signal transduction. However, inhibition of protein
tyrosine phosphatases mimics certain aspects of signal transduction that are normally triggered by tyrosine kinase activation. Cross-talk between protein tyrosine kinase and MAPKs
has been reported.32 Pervanadate, which is a potent inhibitor
of protein tyrosine phosphatases and therefore is able to sustain protein tyrosine phosphorylation-dependent events,33
also leads to activation of MAPKs.34,35
MAPKs are integral to many signal transduction pathways,
and pervanadate activates both ERK and p38 MAPK in 769-P
cells. Because pervanadate activates p38 before KIM-1 shedding is detected and because inhibition of p38 also strongly
attenuates pervanadate-induced shedding, we conclude that
the p38 pathway mediates pervanadate-induced, accelerated
KIM-1 shedding. Although ERK is also activated by pervanadate, the lack of effect seen with the MEK inhibitor suggests
J Am Soc Nephrol 18: 2704 –2714, 2007
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that this pathway is less important for regulation of accelerated
shedding. We did find evidence that the ERK (but not p38)
pathway regulates constitutive shedding of KIM-1 ectodomain. The differential regulation of constitutive KIM-1 shedding by the ERK pathway and accelerated shedding by the P38
pathway suggest that KIM-1 shedding is a physiologically important process under tight regulation. Our data contrast with
TGF-␣ in which the basal and growth factor–accelerated shedding of TGF-␣ are regulated by p38 and ERK pathways, respectively,36 suggesting that no simple rule can account for the
regulation of constitutive and accelerated shedding activities of
unrelated membrane proteins.
The mechanism linking MAPK pathways to the regulation
of ectodomain shedding of membrane proteins has not been
elucidated. TNF-␣– converting enzyme, a prototype sheddase,
is phosphorylated at threonine 735 by the ERK pathway,37 and
MAPKs have also been shown to mediate the expression and
activation of a variety of metalloproteinases, including matrix
metalloproteinases 1, 2, 3, 9, 10, and 13; membrane type 1
(MT1)-matrix metalloproteinase; and a disintegrin-like metalloproteinase domain with thrombospondin type 1 motifs.38 – 43 Thus, it is possible that MAPK pathways may lead to
direct activation of the metalloproteinases that mediate KIM-1
ectodomain shedding.
A mAb directed to the juxtamembrane region of KIM-1
(ABE3) effectively blocked the ectodomain shedding of KIM-1
that either occurs constitutively or is induced by pervanadate.
Deleting the ABE3 epitope had no effect on shedding, however,
suggesting that a mechanism other than peptide sequence
might regulate metalloproteinase recognition of KIM-1. Our
mutagenesis studies, based on prediction of KIM-1 secondary
structure, indicate that the protein structure in the juxtamembrane region is the most important factor determining the
cleavage of KIM-1. Specifically, maintenance of the helical
structure in the juxtamembrane region of KIM-1 may be the
critical variable for cleavage to occur, probably by regulating
accessibility of the protease to its substrate. Our findings are
consistent with other reports in which no apparent primary
sequence similarity at the cleavage site of various transmembrane proteins or minimal consensus shedding sequence were
identified.14,15
The functional significance of KIM-1 ectodomain shedding
is unknown. There are three tyrosine residues in the cytosolic
domain of human KIM-1, and two of them are conserved in
mouse and rat. In this study, a 14-kDa truncated membranebound fragment of KIM-1, in which the tyrosine residues are
phosphorylated, was generated after pervanadate treatment.
The generation of this tyrosine-phosphorylated 14-kDa
fragment also occurs after APMA treatment, which has no
independent effect on tyrosine phosphorylation. One interpretation is that phosphorylation of tyrosine residues in the
14-kDa fragment of KIM-1 is a consequence of KIM-1 ectodomain cleavage by metalloproteinases. Previous studies have
shown that ectodomain cleavage by metalloproteinases generates tyrosine-phosphorylated membrane-associated fragments
Regulation of KIM-1 Shedding
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that retain tyrosine kinase activities in the Heregulin receptor
ErbB-2, ErbB-4, and TrkA neurotrophin receptors.20,44,45
Phosphorylation is an important means of propagating intracellular signals. Although KIM-1 itself does not have a kinase
domain that could initiate a phosphorylation cascade, it does
have a predicted tyrosine kinase phosphorylation motif,
QAEDNIY, in its cytosolic domain. Tyrosine phosphorylation
of KIM-1 may provide docking sites for downstream transducers and effectors to regulate cellular functions. The regulated
shedding of KIM-1 may represent a mechanism to limit cell
exposure to a KIM-1 ligand, and soluble extracellular KIM-1
could bind and neutralize KIM-1 ligand. Testing this hypothesis requires identification of a KIM-1 ligand in kidney.
The shedding of KIM-1 into the urine of patients with acute
kidney injury is clinically significant, and elevated urinary
KIM-1 levels are associated with adverse outcomes in this population.18 In both preclinical and clinical studies using several
mechanistically different models of kidney injury, urinary
KIM-1 serves as an earlier and more specific diagnostic indicator of kidney injury when compared with any of the conventional biomarkers (plasma creatinine, blood urea nitrogen,
glycosuria, proteinuria, urinary N-acetyl-␤-D-glucosaminidase, ␥-glutamyltransferase, or alkaline phosphatase).17,46
Recently, a consortium of pharmaceutical companies the Preventive Safety Testing Consortium (PSTC), has been working
on identifying and qualifying protein biomarkers for predictive nephrotoxicity in preclinical drug development. The Consortium has concluded that KIM-1 is an excellent urinary
marker of nephrotoxicity when correlated with histopathology
in the rodent.47 Understanding the pathways that regulate the
appearance of KIM-1 ectodomain in human urine will be informative as we further qualify KIM-1 as a useful biomarker of
nephrotoxicity in humans.
We report that ectodomain shedding of KIM-1 is stimulated by pervanadate, a potent inhibitor of protein tyrosine
phosphatases. The constitutive and pervanadate-induced
shedding of KIM-1 is mediated by metalloproteinases and
regulated by ERK and p38 MAPK, respectively. We provide
evidence that the protein secondary structure in the juxtamembrane region of KIM-1 is important for its cleavage. We
also demonstrate that ectodomain cleavage of KIM-1 results in
generation of a truncated 14-kDa cell membrane–associated
and tyrosine-phosphorylated KIM-1 fragment. Because shed
KIM-1 is a sensitive urinary biomarker for kidney injury, understanding the regulation of KIM-1 shedding at the cellular
level will ultimately inform our interpretation of elevated urinary KIM-1 levels in human disease.

epithelial cell line, CRL-1390) were grown in DMEM supplemented
with 10% FBS and maintained at 37°C in 5% CO2. MAb against phosphotyrosine was purchased from Upstate Biotechnology (Upstate,
NY). Murine mAb against the extracellular domain of KIM-1 (AKG7,
ACA12, and ABE3) and rabbit polyclonal antibody against the cytosolic domain of KIM-1 (1400) have been described.10 GM6001 (Ilomastat) was from Chemicon Int. (Temecula, CA), and APMA was
from Sigma Chemical Co. (St. Louis, MO).

Western Blot Analysis
Conditioned media were collected, and cell extracts from confluent
cell monolayers were prepared on ice in lysis buffer (1% Triton X-100,
20 mM HEPES [pH 7.4], 2 mM EGTA, 1 mM DTT, 50 mM ␤-glycerophosphate, 10% glycerol, 1 mM NaVO4, 2 M leupeptin, and 400
M PMSF). Samples were separated by SDS-PAGE, transferred to
polyvinylidene difluoride membranes, and subjected to Western
analysis using standard procedures. Each experiment was repeated
independently at least twice with similar results.

Construction of Recombinant Adenoviral Vectors
A recombinant adenoviral vector carrying a constitutive active mutant of MEK-1 (MEK1-DD) cDNA (AdMEK-DD) was constructed as
described previously,48 and the activation of ERK was confirmed in
LLC-PK1 cells infected with AdMEK-DD in our previous study.49 The
adenovirus carrying the Escherichia coli LacZ gene (AdLacZ) was provided by Dr. Roger Hajjar (Cardiovascular Research Center, Massachusetts General Hospital, Boston, MA).
For creation of an adenovirus for expression of human KIM-1a, a
KIM-1a cDNA was subcloned into the shuttle vector pAdTrackCMV. This was linearized with PmeI and transformed together with
supercoiled adenoviral backbone vector (pAdEasy-1) into E. coli
strain BJ5183. The recombinant adenoviral construct was amplified
in DH 5␣ cells and plasmid purified by CsCl banding. Virus was
created by transfecting PacI linearized adenoviral construct into 293
cells using Lipofectamine and OptiMEM (Life Technologies, Gaithersburg, MD).

Immunoprecipitation and Phosphotyrosine Detection
Cell lysates were prepared as described previously, immunoprecipitated with antibody against the cytosolic domain of KIM-1 (1400) for
2 h on ice, separated with protein A–agarose beads (Boehringer
Mannheim, Mannheim, Germany), and incubated for 1 h at 4°C with
end-over-end rotation. Beads were washed with lysis buffer, resuspended in 2⫻ SDS-PAGE sample buffer, and boiled for 5 min. Aliquots of the boiled samples were fractionated on 10% SDS-PAGE gels,
transferred to polyvinylidene difluoride membranes (Millipore, MA),
and subjected to Western analysis using standard techniques.

Fractionation of Soluble and Insoluble KIM-1 Proteins
CONCISE METHODS
Cells and Reagents
769-P cells (human renal cell adenocarcinoma, CRL-1933) and
COS-7 cells were grown in RPMI supplemented with 10% FBS and
maintained at 37°C in 5% CO2. LLC-PK1 cells (porcine renal tubular
2712

Journal of the American Society of Nephrology

Confluent cell monolayers were washed once with ice-cold PBS;
scraped; and sonicated briefly in isotonic buffer solution without detergents containing 130 mM KCL, 20 mM NaCl, 2 mM EDTA, 1 mM
EGTA, 50 mM Tris-HCl (pH 7.4), 1 mM PMSF, and 10 g/ml leupeptin on ice. The homogenates were centrifuged at 100,000 ⫻ g for
10 min at 4°C to recover the soluble and insoluble fractions in the
J Am Soc Nephrol 18: 2704 –2714, 2007
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supernatant and pellet, respectively. Equivalent amounts of supernatant and pellet were subjected to Western blot analysis using antibody
directed against the cytosolic domain of KIM-1 (1400).

Construction of KIM-1 cDNA and Mutagenesis
The coding region for human KIM-1 (amino acids 1 to 359) was
generated by PCR using phKIM1.2 as template and then subcloned
into the BamH1 and XhoI sites of eukaryotic expression vector
pcDNA3 (Invitrogen, Carlsbad, CA). Deletions in the juxtamembrane region of the KIM-1 ectodomain were produced using the
QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
The sequences of all constructs were confirmed by DNA sequencing.

Mammalian Cell Transfection
COS-7 cells were seeded in 6-cm tissue culture dishes at a density of
4 ⫻ 105 cells per dish and cultured for 24 h in complete medium. The
expression plasmids containing the cDNA encoding for wild-type
KIM-1 or its mutants (5 g each) were transfected into COS-7 cells
using Superfect reagent (Qiagen, Valencia, CA). Empty vector
(pcDNA3) served as a control for transfection. Experiments were performed 48 h after transfection.
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