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CELL INJURY, REPAIR, AGING, AND APOPTOSIS
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Oxidative damage to renal tubular epithelial cells is a fundamental pathogenic mechanism implicated in both
acute kidney injury and chronic kidney diseases. Because epithelial cell survival influences the outcome of
acute kidney injury and chronic kidney diseases, identifying its molecular regulators could provide new
insight into pathobiology and possible new therapeutic strategies for these diseases. We have identified
transmembrane and immunoglobulin domain-containing 1 (TMIGD1) as a novel adhesion molecule, which is
highly conserved in humans and other species. TMIGD1 is expressed in renal tubular epithelial cells and
promotes cell survival. The extracellular domain of TMIGD1 contains two putative immunoglobulin domains
and mediates self-dimerization. Our data suggest that TMIGD1 regulates transepithelial electric resistance
and permeability of renal epithelial cells. TMIGD1 controls cell migration, cell morphology, and protects renal
epithelial cells from oxidative- and nutrient-deprivationeinduced cell injury. Hydrogen peroxide-induced
oxidative cell injury downregulates TMIGD1 expression and targets it for ubiquitination. Moreover, TMIGD1
expression is significantly affected in both acute kidney injury and in deoxy-corticosterone acetate and
sodium chloride (deoxy-corticosterone acetate salt)-induced chronic hypertensive kidney disease mouse
models. Taken together, we have identified TMIGD1 as a novel cell adhesion molecule expressed in kidney
epithelial cells that protects kidney epithelial cells from oxidative cell injury to promote cell survival.
(Am J Pathol 2015, 185: 2757e2767; http://dx.doi.org/10.1016/j.ajpath.2015.06.006)
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Kidney failure occurs when the kidneys lose their ability to
function because of acute or chronic diseases.1 Both acute
kidney injury (AKI) and chronic kidney disease (CKD) are
major kidney diseases associated with high rates of
morbidity and mortality.2 Although two distinct entities,
emerging evidence strongly indicates close interconnection
between AKI and CKD, wherein the occurrence of one
strongly predicts the risk of the other.3,4 This interconnec-
tion also points to the presence of possible common un-
derlying molecular mechanisms in AKI and CKD.4 Renal
tubular epithelial cells constitute most of the renal mass and
are the common damaged cell type in both AKI and CKD.5,6

Hypoxia, ischemia reperfusion (IR) injury, and oxidative
stress damage are common pathologic assaults that inflict
injury on epithelial cells, and the endurance of these cells
strongly influences the clinical outcome.7,8
stigative Pathology.
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Cell adhesionplays amajor role inkidney injury and repair. In
response to insults such as ischemia or toxins, kidney epithelial
cells lose their cellecell and cellematrix interactions, leading to
loss of cell polarity, increased permeability, and cell death.9e11

These events contribute to intraluminal aggregation of cells and
proteins, causing tubular obstruction.12,13 The loss of cell
adhesion in injured cells proceeds changes in the distribution of
actin and actin-binding proteins with altered structural charac-
teristics and cytoskeletal changes10 that lead to reduced sodium
transport and other impairments.14 Kidney epithelium has a
remarkable regenerative capacity after ischemic/toxic injury.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:nrahimi@bu.edu
http://dx.doi.org/10.1016/j.ajpath.2015.06.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2015.06.006&domain=pdf
http://dx.doi.org/10.1016/j.ajpath.2015.06.006
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2015.06.006


Arafa et al
During the repair process, kidney tubular epithelial cells undergo
a complex series of regenerative events such as proliferation,
migration, and epithelialemesenchymal transition, leading to
restoration of functional tubular epithelial cells.15 Cell adhesion
plays a prominent role in these regenerative processes.16

Recently,we identified immunoglobulin (Ig) and proline-rich
receptor-1 (IGPR-1) as a novel cell adhesion molecule encoded
by transmembrane and Ig domain-containing 2 (TMIGD2).17

IGPR-1/TMIGD2 is expressed in human endothelial and
epithelial cells but is absent in the mouse genome. IGPR-1 is
involved in angiogenesis, and its activity regulates endothelial
capillary tube formation and cell migration.17 Our further
investigation resulted in the identification of TMIGD1, the
second family member of IGPR-1. TMIGD1 is predicted to be
expressed in humans, mice, and other species. A recent study
suggests that TMIGD1 is expressed in normal human colon
epithelial cells, and its expression appears to be down-regulated
in human colon tumors.18 The data presented here suggest that
TMIGD1 is expressed in kidney tubular epithelial cells and that
it acts to protect kidney epithelial cells fromoxidative cell injury.
TMIGD1 expression changes in mouse AKI and in deoxy-
corticosterone acetate (DOCA) and sodium chloride (DOCA
salt)-induced chronic hypertensive kidney disease models,
suggesting a possible role for TMIGD1 in kidney cell injury.

Materials and Methods

Plasmids, shRNA, and Antibodies

A mouse TMIGD1 clone (cDNA clone MGC:74197,
IMAGE:30311543) was purchased from Open Biosystems
(Huntsville, AL) and subsequently was cloned as aMyc (alias c-
myc) tag in its C-terminus into retroviral pQCXIP vector via
NotI and BamH1 sites. Myc-tagged TMIGD1 was further
sequenced to confirm its sequence identity. Rabbit polyclonal
anti-TMIGD1 antibody was made against a peptide that cor-
responded to 20 amino acids in the extracellular domain of
TMIGD1. TMIGD1 shRNA (catalog SC 94146-sh) was pur-
chased from Santa Cruz Biotechnology (Dallas, TX). It consists
of a pool of three to five lentiviral vector plasmids, each
encoding TMIGD1-specific 19 to 25 nt (plus hairpin) shRNAs.

Cell Lines

Human embryonic kidney epithelial HEK-293 cells and human
kidney tubular epithelial HK2 cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplemented with 10%
fetal bovine serum plus antibiotics. HEK-293 cells were used to
express the TMIGD1 construct. The pMSCV-puro retroviral
vector was used to clone Myc-tagged TMIGD1. Viruses were
produced in 293-GPG cells as described.19

Cell Viability and Apoptosis Assays

TheMTT assay, which is based on the reduction of tetrazolium
salt by live cells, was used to measure cell survival as
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described.20 In brief, cells (5 � 104 per well) were seeded in
24-well plates (quadruple wells per group). After overnight
incubation, cells were washed with phosphate-buffered saline
(PBS), replaced with serum-free medium, or other condi-
tions as indicated in the figure legends, and subjected to
MTT assay. Results were processed as recommended by
the manufacturer. For fluorescence-activated cell sorting
analysis, cells were grown in 60-cm plates, treated with
hydrogen peroxide as indicated later, subjected to staining
with Annexin V-fluorescein isothiocyanate Apoptosis Kit
(BD Biosciences, San Jose, CA) according to the manu-
facturer’s instructions, and analyzed by fluorescence-
activated cell sorting flow cytometery.

Cell Permeability and TEER Assays

Cell permeability was performed as described.21 Briefly,
HEK-293 cells that expressed TMIGD1 or HK2 cells that
expressed TMIGD1-shRNA cells and corresponding control
cells were seeded on tissue culture polycarbonate membrane
filters coated with collagen I (pore size, 3.0 mm) in 24-well
Transwell plates at a seeding density of 200,000 cells/well.
The complete DMEM was added to both the donor and the
acceptor compartment and incubated at 37�C in a carbon
dioxide incubator for at least 5 days or until a monolayer of
cells was formed. Fluorescein isothiocyanate-dextran (70 KD,
100 mL of 1�) was added to each insert and incubated at
37�C in a carbon dioxide incubator for the indicated time. At
the end of each time point, the inserts were removed, and
solutions from the lower chambers were transferred into a
96-well plate and read at 485-nm excitation, 520-nm emis-
sion. For the transepithelial electrical resistance (TEER)
assay, cells were similarly prepared, and TEER assay was
performed with a Millicell ERS meter (Millipore, Bedford,
MA). The values of TEER were determined by measuring the
potential difference between the two sides of the cell
monolayer as recommended by the manufacturer.

Cell Surface Biotinylation Assay

HEK-293 cells that expressed TMIGD1 were subjected to
biotinylation assay with the use of a cell surface protein
isolation kit (catalog 89881; Pierce Biotechnology, Rockford,
IL), and biotinylated proteins were purified as recommended
by the manufacturer. Briefly, cells were incubated with Sulfo-
NHS-SS-Biotin [sulfosuccinimidyl-2-(biotinamido)ethyl-1,
3-dithiopropionate] for 30 minutes on ice. Cells were lyzed,
and biotinylated proteins were purified by NeutrAvidin
Agarose beads. The eluted biotinylated proteins were blotted
for TMIGD1.

Cell Aggregation Assay

The assay was performed as previously described.17 Briefly,
cells were detached from the plates with 1 mmol/L EDTA in
PBS solution, washed twice in 10% DMEM, and were
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TMIGD1 and Kidney Cell Injury
re-suspended in DMEM. Approximately 5 � 105 cells per
2.5 mL were incubated in a six-well plate precoated with 1%
bovine serum albumin with gentle shaking at 37�C for 1 hour,
followed by no shaking for 30 minutes. Cells were viewed
under a light microscope, and images were taken.

Real-Time PCR

Total RNA was isolated with TRIzol reagent (Life Technolo-
gies, Carlsbad, CA). One microgram of total RNA from at
least three mice per group was reverse transcribed with the
High Capacity cDNA Reverse Transcription Kit (Life Tech-
nologies) according to the manufacturer’s protocol. Gene
expression was determined by quantitative PCR with the use of
the RT2 SYBR Green qPCR Mastermix kit according to the
manufacturer’s protocol. Specific PCR primers for mouse
TMIGD1 (50-GACCCGAATTCAGAAACAC-30 and 50-GC-
CCTTCTCAAAACGTA-30; forward and reverse primers,
respectively) were used to amplify TMIGD1. Mouse 18S PCR
forward primer 50-CGCCGCTAGAGGTGAAATTC-30 and
reverse primer 50-GGTATTTGCTACGGCTGACC-30 were
used for amplification of 18S ribosomal RNA. Data are
presented as fold increase of TMIGD1 normalized to the
housekeeping gene, 18S.

In Vitro GST Pull-Down Assay

The extracellular domain of TMIGD1 that encompassed
the Ig domains was cloned into pGX2T vector, and re-
combinant protein was prepared as described.22 The puri-
fied glutathione S-transferase (GST)-fusion TMIGD1
protein subsequently was used for GST pull-down assay.
The assay was performed as described.23 Briefly, HEK-293
cells that expressed TMIGD1 were grown in 10-cm plates.
The plates were washed with H/S buffer (25 mmol/L
HEPES, pH 7.4, 150 mmol/L NaCl, 2 mmol/L Na3VO)
and lyzed in EB lysis buffer (10 mmol/L Tris-HCl,
10% glycerol, pH 7.4, 5 mmol/L EDTA, 50 mmol/L
NaCl, 50 mmol/L NaF, 1% Triton X-100, 1 mmol/L
phenylmethylsulfonyl fluoride, 2 mmol/L Na3VO4, and
20 mg/mL aprotinin). The normalized cell lysates were
incubated with equal amounts of immobilized GST fusion
TMIGD1 or GST control for 3 hours at 4�C. The beads
were washed with PBS solution with protease inhibitors.
The eluted proteins were boiled in sample buffer and
analyzed by Western blot analysis with the use of the
appropriate antibody.

Bioinformatics Analysis

The online Ensembl Genome Browser (http://www.
ensembl.org, last accessed May 18, 2015) was used to
obtain genomic information of TMIGD1 such as deter-
mining chromosomal location, coding exons, etc. The
online SUPERFAMILY annotation program (http://
supfam.cs.bris.ac.uk/SUPERFAMILY, last accessed May
The American Journal of Pathology - ajp.amjpathol.org
18, 2015) was used to generate phylogenetic tree and other
structural/domain information. The online Swiss model 3D
modeling program (http://swissmodel.expasy.org/interactive,
last accessed May 18, 2015; registration required) was used to
predict three-dimensional structure of TMIGD1.
Immunoprecipitation and Western Blot Analysis

Cells were prepared and lyzed as described.24 Briefly, cells
were washed twice with H/S buffer [25 mmol/L HEPES
(pH 7.4), 150 mmol/L NaCl, and 2 mmol/L Na3VO4] and
lyzed in lysis buffer that contained Triton X-100. The
normalized cell lysates were immunoprecipitated as indicated
in the figure legends, and immunoprecipitated proteins were
subsequently subjected toWestern blot analysis with the use of
the appropriate antibody as indicated in the figure legends. Cell
surface biotinylation was performed as described17 and
according to the recommendations of the manufacturer.
Cell Traction Assay

Cell traction assay was performed as previously described.25

In brief, thin polyacrylamide gels (7.5% acrylamide and
0.2% bis-acrylamide) that contained 0.5-mm diameter red
fluorescent latex spheres (FluoSpheres; Invitrogen, Carlsbad,
CA) at 0.001% concentration were polymerized between a
glutaraldehyde-treated 22-mm square coverslip and an un-
treated 12-mm round coverslip after adding tetramethylethy-
lenediamine. The round coverslips were gently removed after
30 minutes of polymerization, and the substrate surface was
chemically activated by immersing the substrate in pure hy-
drazine hydrate (Sigma-Aldrich, St. Louis, MO). Activated
substrate assemblies were washed with 5% acetic acid and
water for 1 hour each, immersed in poly-D-lysine (BD Bio-
sciences), and washed extensively with PBS. Poly-D-lysinee
coated substrates were plated with cells and incubated at 37�C
in 5% CO2, to allow cell attachment and spreading. Immedi-
ately before imaging, the cell-seeded substrate assemblies were
mounted individually in 6-cm cell culture plates under standard
media.

Traction force microscopy was performed with an auto-
mated upright epifluorescence microscope (Labophot 2;
Nikon, Melville, NY) equipped with immersion objectives
and an environmental chamber. Dell Optiplex GX280 com-
puter running Simple PCI software version 6.1 (Hamamatsu
Corporation, Sewickley, PA) was used to collect the required
digital images. The substrate surface was initially scanned at
low power with the use of bright field illumination to identify
and record x,y coordinate locations of fields that contained
candidate cells. Fourier transform traction cytometry was
performed to extract substrate displacement and traction
fields, and root mean square traction was generated by each
cell, using software kindly provided by Dr. Donald E. Ingber
(Wyss Institute for Biologically Inspired Engineering,
Cambridge, MA) to J.M.H.25
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Figure 1 Identification and characterization of TMIGD1. A: Predicted human TMIGD1 mRNA and exons. Exons are not drawn to scale. Shown are the
alignment of human TMIGD1 with mouse TMIGD1, amino acid sequences, and the predicted structure of Ig domain of TMIGD1. The signal sequence and TM
domain of TMIGD1 are underlined. B: WCLs from HEK-293 cells that expressed pMSCV or Myc-tag-TMIGD1 were blotted with anti-Myc antibody or anti-TMIGD1
antibody. Preincubation of anti-TMIGD1 antibody with the TMIGD1 peptide blocks the recognition of TMIGD1. WCL was treated with the vehicle or PNGase F and
blotted with anti-TMIGD1 antibody. The WCLs were also blotted for PLCg1 for loading control. C: Immunofluorescence microscopy of HEK-293 cells that
expressed TMIGD-1 with the use of anti-Myc or anti-TMIGD1 antibodies. D: HEK-293 cells that expressed Myc-TMIGD1 was subjected to cell surface biotinylation
as described in Materials and Methods and blotted for TMIGD1. Aliquots of WCLs from the same group before purification with NeutrAvidin Agarose beads were
blotted for TMIGD1 and loading control. Ig, immunoglobulin; pMSCV, empty retroviral vector; PLCg1, phospholipase C- g1; PNGase F, N-glycosidase F;
TM, transmembrane; TMIGD1, transmembrane and immunoglobulin-containing 1; WCL, whole cell lysate.
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Animal Models

DOCA Salt Uninephrectomy Model
Ten- to twelve-week-old 129/SVE mice were obtained from
Taconic Farms (Germantown, NY). After a week of accli-
matizing, surgeries were performed on mice. Mice were
anesthetized by isoflurane inhalation and right unin-
ephrectomy was performed, followed by implantation of a
21-day release DOCA salt pellet (Innovative Research of
America, Sarasota, FL). After recovery from anesthesia, an-
imals were housed singly in cages and fed on standard chow
and given 1% saline as source of drinking water. Control
animals were maintained on standard chow and tap water.
For immunohistochemistry studies, mice were sacrificed at 0,
24 hours, and 2 weeks after DOCA salt uninephrectomy
treatment.

Kidney IR Mouse Model
Six-week-old mice that weighed 20 to 22 g were used in the
IR studies. After anesthesia with isoflurane, kidneys were
2760
exposed by generating a midline laparotomy. The left
kidney was removed. Transient kidney ischemia was per-
formed by clamping the right renal pedicles with the use of
a nontraumatic vascular clamp for 25 minutes, an insult
that produces severe, reversible acute renal failure.26 The
clamp was then removed, and restoration of blood flow
(reperfusion) was visually confirmed. The abdominal
section was closed with sutures. For histologic and
immunohistochemistry analyses, mice were sacrificed 48
hours and 4 days after IR. Left kidneys served as control
kidneys. Use of mice was approved by the Institutional
Animal Care and Use Committee of Boston University.
Immunohistochemistry Analysis

Immunohistochemistry staining was performed as per the
manufacturer’s instruction with the use of the EXPOSE rabbit-
specific horseradish peroxidase/diaminobenzidine detection
immunohistochemical kit (Abcam, Cambridge, MA).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 TMIGD1 promotes TEER of epithelial cells. A: Fully confluent HEK-293 cells that expressed TMIGD1 or control empty vector were seeded on the
collagen-coated trans-wells, and electrical resistance was measured at day 0 and 5. B: Fully confluent HEK-293 cells expressing TMIGD1 or control vector were
seeded on the collagen-coated trans-wells and subjected to permeability assay with fluorescently labeled dextran. Permeability was measured at 30, 60, and
120 minutes. C: HK2 cells that expressed control shRNA or TMIGD1 shRNA were seeded on the collagen-coated trans-wells, and electrical resistance was
measured as A. The silencing effect of TMIGD1 shRNA on the expression of TMIGD1 in HK2 cells is shown. Whole cell lysates was blotted for TMIGD1 and loading
control, Hsp70. D: HEK-293 cells that expressed TMIGD1 or empty vector were stained for actin with the use of phalloidin. Shown is the typical structural
characteristics of HEK-293 cells that expressed TMIGD1 or control vector. Photographs were taken under light microscope. n Z 4 Transwell per group; n Z 2
independent experiments (AeC). Ctr, control; Hsp70, heat shock protein 70; pMSCV, empty retroviral vector; TEER, transepithelial electrical resistance;
TMIGD1, transmembrane and immunoglobulin-containing 1.

TMIGD1 and Kidney Cell Injury
Results

Identification of TMIGD1

We identified TMIGD2 as a gene that encodes for a novel cell
adhesion molecule IGPR-1. The TMIGD2 gene is present in
humans and some other mammals, but it is not present in the
mouse genome.17 Further examination of the human genome
revealed the presence of a TMIGD2-related gene, TMIGD1
(Ensembl gene number: ENSG00000182271; gene synonym:
TMIGD, UNQ9372). TMIGD1 is located on chromosome 17
(chromosome 17: 30,316,348 to 30,334,047) with seven puta-
tive exons that encode for a protein with 262 amino acids
(Figure 1A). The amino acid sequence of TMIGD1 is highly
conserved in humans and mice. Human TMIGD1 has >90%
sequence homology with mouse TMIGD1 (Figure 1A), and the
overall amino acid sequence homology of TMIGD1 with
IGPR-1 is approximately 31% (Supplemental Figure S1A). The
extracellular region of TMIGD1 is predicted to contain two Ig
domains and seems to form a typical Ig fold, consisting of a
sandwich of two antiparallelb-sheets (Figure 1A). Phylogenetic
tree analysis of TMIGD1 revealed that TMIGD1 gene is highly
conserved among mammals and is also found in non-
mammalian organisms, including Xenopus and Drosophila
(Supplemental Figure S1B). One of the main differences
between TMIGD1 and IGPR-1 is that TMIGD1 has a
shorter cytoplasmic domain with no significant proline-rich
The American Journal of Pathology - ajp.amjpathol.org
sequences (Supplemental Figure S1A). In addition, the
extracellular domain of TMIGD1 contains two putative Ig
domains (Figure 1A), whereas IGPR-1 has one.17

We cloned TMIGD1 into a retroviral vector with aMyc tag at
its C-terminus, and the construct was used to express TMIGD1
in HEK-293 cells. Moreover, a polyclonal anti-TMIGD1 anti-
bodywas developed to detect TMIGD1. Analysis of cell lysates
from HEK-293 cells that expressed TMIGD1 found that the
anti-Myc antibody detected a protein band with approximate
molecular weight of 45 kDa in HEK-293 cells that expressed
TMIGD1 (Figure 1B). Immunoblotting with the anti-TMIGD1
antibody also detected a similar protein band in cells that
expressed TMIGD1 and a weaker band in the cells that
expressed control vector (Figure 1B). The weaker band in
HEK-293 cells that expressed empty vector likely corresponded
to endogenously expressed TMIGD1 in HEK-293 cells. Pre-
incubation of the anti-TMIGD1 antibody with a peptide used to
generate anti-TMIGD1 antibody blocked the detection of both
endogenous and overexpressed TMIGD1, indicating that the
anti-TMIGD1 antibody specifically recognized TMIGD1
(Figure 1B). The predicted molecular weight of TMIGD1 is 29
kDa; however, both anti-Myc and anti-TMIGD1 antibodies
detected TMIGD1with an approximate molecular weight of 45
kDa. The higher molecular weight of TMIGD1 suggests that
TMIGD1 is likely modified. We hypothesized that TMIGD1
might be N-glycosylated, which is common for cell surface
proteins. Consistent with this possibility, treatment of cell lysate
2761
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Figure 3 TMIGD1 expression in HEK-293 cells
regulates cell proliferation and cell motility. A:
HEK-293 cells that expressed TMIGD1 or empty
vector were seeded on 24-well plates, and viability
of cells was evaluated up to 3 days with MTT assay.
B: HEK-293 cells expressing TMIGD1 or empty
vector were seeded on Boyden chamber, and
migration of cells was evaluated after 12 hours. C:
HEK-293 cells expressing empty vector or TMIGD1
were prepared for TFM as described in Materials and
Methods. Brightfield microscopic images and cor-
responding calculated traction vector maps for
representative cells are shown. RMS traction
calculated for each cell is indicated in the lower
right of each traction vector map. Traction vector
maps show individual calculated traction vectors
at each point of the computational grid that
indicate direction and magnitude and a color-
coded heat map (shown here in grayscale), corre-
sponding to traction magnitude. Individual cells
were selected and imaged, and RMS traction values
were calculated and shown in the graph. n Z 3
representative experiments (A); n Z 4 wells per
group (A and B); n Z 2 independent experiments
(B). ***P < 0.001. pMSCV, empty retroviral vec-
tor; RMS, root mean square; TFM, traction force
microscopy; TMIGD1, transmembrane and immu-
noglobulin-containing 1.
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of HEK-293 cells overexpressing TMIGD1 with peptide:
N-glycosidase F, which hydrolyzes nearly all types of
N-glycans from glycoproteins, generated a 29-kDa protein that
was recognized by anti-TMIGD1 antibody (Figure 1B). The
molecular weight of endogenous TMIGD1 expressed in HK2
cells was similarly reduced by N-glycosidase F treatment
(Supplemental Figure S2). The data indicated that a higher than
expected molecular weight of TMIGD1 was due to its
N-glycosylation.

Next, we stained HEK-293 cells that overexpressed
TMIGD1 with anti-Myc and anti-TMIGD1 antibodies. The
results found that TMIGD1was present both at the cytoplasmic
and membrane areas of HEK-293 cells (Figure 1C). Because
TMIGD1 was predicted to be a cell surface protein, we per-
formed cell surface biotinylation assay and found that TMIGD1
was localized at the cell surface of HEK-293 cells (Figure 1D).

To demonstrate expression of TMIGD1 in the mouse, we
initially examined mouse kidney tissue for expression of
TMIGD1. Immunohistochemical analysis of mouse tissue
found that TMIGD1 was expressed in mouse kidney cells.
The proximal and distal tubular epithelial cells of mouse
kidney were strongly positive for TMIGD1, but TMIGD1
was low or undetectable in podocytes (Supplemental
Figure S3A). In addition, cell lysates derived from human
kidney tubular epithelial cells (HK2) and whole cell lysate
derived from human kidney were strongly positive for
TMIGD1 (Supplemental Figure S3B). Analysis of
2762
additional cell lines found that TMIGD1 was expressed in
various cell lines, including breast carcinoma cell lines
(BT20, HCC193), lung carcinoma (H1299), bone osteo-
sarcoma (MG63), colon carcinoma (HCT116), and normal
colon epithelial cells (NCM 460), whereas its expression
was low or undetectable in colon carcinoma, HT29 cells
(Supplemental Figure S3C).
Given that Ig domains are known tomediate proteineprotein

interactions,27 we decided to test whether the Ig domains of
TMIGD1mediate dimerization of TMIGD1. Consistent with its
known function, we found that a GST-fusion of TMIGD1
encompassing two Ig domains formed a complex with
TMIGD1 (Supplemental Figure S4A), suggesting that the Ig
domains of TMIGD1 acted as self-dimerization domains and
could mediate its function. Because TMIGD1 was predicted to
act as a cell adhesion molecule, we examined its role in medi-
ating cellecell interaction by subjecting them to cell aggrega-
tion assays. HEK-293 cells that expressed TMIGD1 formed
large aggregates of cells compared with HEK-293 cells that
expressed an empty vector (Supplemental Figure S4B). In
addition, mixing of HEK-293 cells that expressed TMIGD1
with HEK-293 cells that expressed the empty vector reduced
formation of large cell aggregates (Supplemental Figure S4B).
The data indicated that overexpression of TMIGD1 in HEK-
293 cells mediated cellecell interaction. Aggregation assays
are commonly used to assess the role of cell surface proteins, in
particular, cell adhesion molecules in cellecell interaction.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 TMIGD1 protects kidney cells from hydrogen peroxide- and serum withdrawal-induced cell injury. A: HK2 cells that express control shRNA or
TMIGD1 shRNA were seeded in 24-well plates in DMEM that contained 10% fetal bovine serum. After 12 hours, serum-containing medium was replaced with
serum-free medium plus 0.1 mmol/L hydrogen peroxide. Cells were incubated for an additional 8 hours, and cell viability was measured by MTT assay. B: HK2
cells that express control shRNA or TMIGD1 shRNA also were treated with 0.1 mmol/L hydrogen peroxide for 8 hours, stained with Annexin V-FITC, and analyzed
by FACS flow cytometer. C: Expression of TMIGD1 in HK2 cells that express control shRNA or TMIGD1 shRNA. D: HEK-293 cells that express TMIGD1 or control
vector were seeded in 24-well plates in DMEM plus increasing concentrations of hydrogen peroxide as indicated. Cell survival was evaluated as A. E: HEK-293
cells that express control vector or TMIGD1 were treated with hydrogen peroxide as outlined in B, stained with annexin V-FITC, and analyzed by FACS flow
cytometer. n Z 4 wells per group (A); n Z 3 independent experiments (A); n Z 4 plates per group (D). *P < 0.05 versus cells that express control shRNA or
empty vector. AU, arbitrary unit; Ctr, control; DMEM, Dulbecco’s modified Eagle’s medium; FACS, fluorescence-activated cell sorting; FITC, fluorescein
isothiocyanate; pMSCV, empty retroviral vector; TMIGD1, transmembrane and immunoglobulin-containing 1.

TMIGD1 and Kidney Cell Injury
Overexpression of proteins involved in cellecell interaction
increased cell aggregation.28

TMIGD1 Regulates TEER and Permeability

Given that TMIGD1 similar to IGPR-1 acts as a cell
adhesion molecule to regulate cellecell adhesion,17 we
examined the role of TMIGD1 in TEER and cell perme-
ability, because cell adhesion molecules are key constituents
of these cellular properties.29 Overexpression of TMIGD1 in
HEK-293 cells increased TEER (Figure 2A), whereas it
reduced HEK-293 cell permeability as measured with flu-
orescently labeled dextran (Figure 2B). Depleting TMIGD1
in primary human kidney epithelial cells (HK2) by shRNA
significantly inhibited TEER (Figure 2C). Altogether, the
data indicated that TMIGD1 regulated cell permeability and
TEER by acting as a cell adhesion molecule.

Furthermore, expression of TMIGD1 in HEK-293 cells
altered cell structural characteristics and actin stress fiber for-
mation. In HEK-293 cells that expressed TMIGD1, actin stress
The American Journal of Pathology - ajp.amjpathol.org
fibrils were distinctively assembled at the periphery of
cells, whereas in HEK-293 cells that expressed empty
vector, actin fibrils were distributed central and to the
periphery of cells (Figure 2D). In addition, HEK-293 cells
that expressed TMIGD1 appeared to be more spread out
and were larger than HEK-293 cells that expressed the
empty vector (Figure 2D).

Cellecell interaction mediated by adhesion molecules
such as E-cadherin and vascular endothelial-cadherin
inhibited cell proliferation and cell migration via contact
inhibition.30e33 To examine whether TMIGD1 regulates
cell proliferation and migration we measured proliferation
and migration of HEK-293 cells that expressed TMIGD1.
Cell proliferation was measured by the reduction of the
tetrazolium dye MTT by live cells. Expression of
TMIGD1 in HEK-293 cells reduced the growth rate of
HEK-293 cells (Figure 3A). In addition, overexpression
of TMIGD1 in HEK-293 cells inhibited cell migration
(Figure 3B). Given its ability to inhibit cell migration, we
decided to examine the traction-generating ability of
2763
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Figure 5 Oxidative stress promotes down-regulation and ubiquitination of TMIGD1. A: HK2 cells treated with different concentrations of hydrogen
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HEK-293 cells that expressed TMIGD1 with the use of
traction force microscopy.

Traction force microscopy revealed that HEK-293 cells
that expressed TMIGD1 exhibited a significantly lower
range of root mean square traction magnitudes, with a
mean � SD value of 64.87 � 38.23 pa compared with
HEK-293 cells that expressed the empty vector with a mean
value of 94.71 � 27.89 pa (Figure 3C). Taken together, the
data indicated that TMIGD1 increased cellecell adhesion
and inhibited cell contractility and migration.

TMIGD1 Protects Human Kidney Epithelial Cells from
Hydrogen Peroxide-Induced Cell Injury and Nutrient
Deprivation

Cell adhesion plays a main role in cell injury and repair.16

Therefore, we examined the possible function of TMIGD1
in cell injury in response to oxidative stress or nutrient
deprivation. We used cell viability and Annexin V apoptosis
assays to measure the protective effect of TMIGD1 to
oxidative damage induced by hydrogen peroxide. Cell
viability was measured by the reduction of the tetrazolium
2764
dye, MTT. Knockdown of TMIGD1 in HK2 cells consid-
erably reduced the survival of cells (12% versus 28%) in
response to hydrogen peroxide treatment (Figure 4A).
Similarly, Annexin V staining found that knockdown of
TMIGD1 markedly increased the susceptibility of HK2 cells
to hydrogen peroxide treatment (46% versus 26% cell
death) (Figure 4B). Expression of TMIGD1 in HK2 cells
and the knockdown effect of TMIGD1-shRNA are shown in
Figure 4C. Because knockdown of TMIGD1 increased cell
death in response to hydrogen peroxide, we sought to
examine whether overexpression of TMIGD1 protects cells
from hydrogen peroxide-induced cell injury. Overexpression
of TMIGD1 in HEK293 cells decreased survival of cells in
response to hydrogen peroxide treatment as measured by cell
viability (Figure 4D) and annexin V staining (Figure 4E). In
addition, knockdown of TMIGD1 decreased survival of HK2
cells in nutrient-poor medium (serum free, 5 mmol/L
glucose), whereas overexpression of TMIGD1 in HEK-293
cells increased survival (Supplemental Figure S5, A and B).
Taken together, the data suggested that the presence of
TMIGD1 increased survival of epithelial cells in response to
cell injury.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 TMIGD1 expression is down-regulated in mouse models of kidney IR and DOCA salt uninephrectomy. A: The H&E staining of IR and control
mouse kidney and expression of TMIGD1 in normal and IR kidneys 4 days post RI. Representative images are shown. Total mRNA was isolated from IR
(4 days post RI), control mouse kidneys, and subjected to qPCR analysis. TMIGD1 mRNA expression normalized to 18S mRNA and the fold change in IR
kidneys compared with control kidneys are shown. B: Kidney tissues from DOCA salt uninephrectomy models (two weeks post treatment) were subjected to
immunohistochemistry with anti-TMIGD1 antibody, and representative images are shown. Total mRNA from two weeks post treatment was isolated from
DOCA salt uninephrectomy, control mouse kidneys, and subjected to qPCR analysis. TMIGD1 mRNA expression normalized to 18S mRNA and the fold change
in DOCA salt uninephrectomy kidneys compared with control are shown. Data are expressed as means � SD. n Z 3 control, n Z 6 after kidney IR, n Z 3
DOCA salt uninephrectomy. *P < 0.05 versus control kidney. Ctr, control; DOCA, deoxy-corticosterone acetate; H&E, hematoxylin and eosin; IR, ischemia
reperfusion; qPCR, quantitative real-time PCR; TMIGD1, transmembrane and immunoglobulin-containing 1.

TMIGD1 and Kidney Cell Injury
Next, we examined whether expression of TMIGD1 is
regulated by oxidative stress. Treatment of HK2 cells with
hydrogen peroxide down-regulated TMIGD1 (Figure 5A) and
treatment of cells with the proteosome inhibitor bortezomib
rescued down-regulation of TMIGD1 in response to hydrogen
peroxide treatment (Figure 5B). The data suggested that
hydrogen peroxide targeted TMIGD1 for degradation.
Because protein degradation is often mediated by ubiquitina-
tion that targets proteins for lysosomal and proteasomal
degradation,34 we examined the ubiquitination of TMIGD1 in
HK2 cells in response to hydrogen peroxide. We found that
treatment of HK2 cells with hydrogen peroxide induced
ubiquitination of TMIGD1 (Figure 5C), indicating that
hydrogen peroxide down-regulated TMIGD1 by promoting its
ubiquitination.

Next, we examined whether preventing the down-regulation
of TMIGD1 in response to hydrogen peroxide by bortezomib
could improve the survival of cells from hydrogen peroxide-
induced cell injury. The result indicated that cotreatment of
HK2 cells with hydrogen peroxide and bortezomib reversed cell
death caused by hydrogen peroxide (Figure 5D). Taken
together, the data suggested that overexpression of TMIGD1
The American Journal of Pathology - ajp.amjpathol.org
played a protective role and promoted cell survival under
nutrient- or oxygen-deprived conditions. Furthermore, cell-
damaging oxidative agents down-regulated expression and
promoted ubiquitination of TMIGD1.

Expression of TMIGD1 Reduces during Kidney Cell
Injury

Because TMIGD1 plays a protective role in cell injury, and
oxidative stress down-regulates TMIGD1, we examined the
expression status of TMIGD1 in CKD with the use of a hy-
pertensive mouse model, and an acute renal IRmodel. Tubular
epithelial cell injury and cell death because of apoptosis and
necrosis represent the common denominator of both
models.1,35,36 On IR, tubular injury was observed in kidneys,
which underwent IR after 48 hours compared with kidneys
that did not receive the treatment. There was marked epithelial
cell necrosis that involved most of the corticomedullary tu-
bules (Figure 6A). Immunohistochemical analysis of normal
and ischemic perfused kidney sections after ischemia found
that after IR for 48 hours there was a marked increase in the
staining of TMIGD1 in many epithelial cells lining the
2765
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proximal tubules compared with staining observed in the
untreated samples (data not shown). However, expression
of TMIGD1 was significantly reduced 4 days after IR
(Figure 6A). The reduced staining of TMIGD1 was prominent
mainly in the S3 segment in the outer medullary rays that
corresponded to site of injury that is mainly affected, consis-
tent with the kind of injury initiated.

In addition, we examined the expression of TMIGD1 in
another mouse kidney disease model, namely in the DOCA
salt-induced hypertensive mouse model of the kidney. The
result indicated that expression of TMIGD1 was up-regulated
after 24 hours (data not shown). However, TMIGD1 expres-
sion was substantially reduced in the morphologically normal
tubules compared with tubules in the nonhypertensive mice
after 2 weeks of hypertension induction (Figure 6B). The
mRNA levels of TMIGD1 in post IR and DOCA salt unin-
ephrectomy kidneys compared to controls are also shown
(Figure 6, A and B). Taken together, the data indicated in
mouse models of IR and CKD the expression of TMIGD1
undergoes a biphasic regulation. In the early phase of injury
TMIGD1 expression was up-regulated, whereas in the late
stage of injury its expression was reduced. Furthermore, these
findings suggested that TMIGD1 expression was associated
with survival of kidney tubules during kidney injury.
Discussion

The present work describes identification of TMIGD1 as a
novel adhesion molecule expressed in kidney tubular
epithelial cells, which promotes survival of kidney epithelial
cells from oxidative cell injury. Kidneys are composed of
hundreds of thousands of functionally independent units
called nephrons, and each nephron independently controls
its own permeability and solute transport capabilities by
changing its adhesive characteristics on the basis of external
signals. The normal function of nephrons highly depends on
epithelial cellecell adhesion and the surrounding extracel-
lular matrix,16,37 and adhesion molecules such as cadherins
and integrins are key mediators of adhesion.38,39 Our data
indicate that TMIGD1 regulates kidney epithelial cell
permeability because overexpression of TMIGD1 increased
TEER and reduced permeability; reducing expression of
TMIGD1 abrogated TEER. Consistent with the classical
function of cell adhesion molecules, overexpression of
TMIGD1 in HEK-293 cells reduced cell migration, cell
proliferation, and altered the actin fibril assembly, indicating
that TMIGD1 expression in epithelial cells plays a func-
tional role in epithelial cell function.

More importantly, the data suggest that TMIGD1 is
involved in ischemic renal cell injury. Reducing expression
of TMIGD1 in HK2 cells significantly reduced survival of
cells in response to hydrogen peroxide-induced cell injury.
Similarly, overexpression of TMIGD1 in HEK-293 cells
increased cell survival in response to hydrogen peroxide-
mediated cell injury. Given that loss of adhesion in renal
2766
ischemia is linked to cell death,9,40 our observation suggests
an important role for TMIGD1 in renal cell injury. Curiously,
another study suggests that TMIGD1 expression is down-
regulated in human colon tumors,18 indicating that perhaps
in colon tumors the loss of TMIGD1 contributes to increases
in tumor cell migration and proliferation, consistent with this
possibility TMIGD1 overexpression in HEK-293 cells
inhibited both cell proliferation and migration (Figure 3).
Underscoring the functional importance of TMIGD1 in

ischemia-induced cell injury, hydrogen peroxide treatment of
HK2 cells resulted in the ubiquitination and degradation of
TMIGD1. Blocking the ubiquitination pathway by adding
bortezomib reversed down-regulation of TMIGD1 by hydrogen
peroxide. Interestingly, bortezomib treatment of HK2 cells
inhibited cell death in response to hydrogen peroxide. Borte-
zomib treatment was studied as a possible therapeutic inter-
vention in acute renal failure.41 Although bortezomib is a
general proteosome inhibitor, it is reasonable to speculate that
agents that could up-regulate expression of TMIGD1 could
potentially lead to development of a new class of drugs for
treatment of renal failure. In support of a possible role of
TMIGD1 in renal injury in vivo, TMIGD1 expression was
initially up-regulated and later was substantially down-
regulated in mouse models of renal injury. Although further
in vivo studies are needed to establish a direct role for TMIGD1
in mouse renal injury, on the basis of the cell culture data it is
tempting to speculate that loss of TMIGD1 may contribute in
part to loss of cell adhesion and death in kidney epithelial cells.
Despite progress in renal therapy and critical care medi-

cine, AKI still carries a high mortality rate,1 underscoring a
need for a better understating of the biology of renal cell
injury and the molecules involved. Identification of
TMIGD1 as a putative molecule involved in renal cell injury
and further characterization of its role and the mechanisms
involved should shed new light on molecular mechanism of
renal cell injury.
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