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ABSTRACT

Renal cell carcinoma (RCC) is a high-risk metastasizing tumor with a poor
prognosis and poorly understood mechanism. In this study, we demonstrate that
transmembrane and immunoglobulin domain-containing 1 (TMIGD1) is a novel tumor
suppressor that is highly expressed in normal renal tubular epithelial cells, but it is
downregulated in human renal cancer. We have identified CCAAT/enhancer-binding
proteinp (C/EBPg, also called LAP) as a key transcriptional regulator of TMIGD1,
whose loss of expression is responsible for downregulation of TMIGD1 in RCC.
Transcriptionally active C/EBPB/LAP physically interacted with and increased TMIGD1
promoter activity and expression of TMIGD1. Re-introduction of TMIGD1 into renal
tumor cells significantly inhibited tumor growth and metastatic behaviors such as
morphogenic branching and cell migration. Restoring TMIGD1 expression in renal
tumor cells stimulated phosphorylation of p38MAK, induced expression of p21CIP1
(cyclin-dependent kinase inhibitor 1), and p27KIP1 (cyclin-dependent kinase inhibitor
1B) expression, key cell cycle inhibitor proteins involved in regulation of the cell cycle.
The present study identifies TMIGD1 as a novel candidate tumor suppressor gene
and provides important insight into pathobiology of RCC that could lead to a better
diagnosis and possible novel therapy for RCC.

Transmembrane and

INTRODUCTION

Kidney cancers represent about 3% of all human
cancers and clear cell renal cell carcinoma (ccRCC) is
the most common form of renal cancer, which is also a
high-risk metastasizing tumor with a poor prognosis, and
insensitive to conventional chemo/radiotherapies and
targeted therapeutics [1, 2]. The biallelic functional loss
of tumor suppressor gene, the von Hippel-Lindau (VHL)
is the most common trademark of RCC with nearly 90%
of patients carrying a somatic mutation of VHL. However,
the biallelic loss of function of VHL is insufficient to
produce ccRCC in humans and mice tumor models [3, 4],
suggesting that additional genetic alterations are involved
in ccRCC development.

immunoglobulin domain
containing (TMIGD) family proteins represent a new
class of immunoglobulin (Ig) domain containing cell
adhesion molecules (Ig-CAMs). The first member of
the TMIGD family was identified in our laboratory as
immunoglobulin and proline rich receptor-1 (IGPR-1,
which is also called TMIGD2) [5]. Expression of IGPR-
1 in endothelial cells regulates cell-cell adhesion, barrier
function and angiogenesis [5, 6]. IGPR-1 expression in
human colon cancer is increased and through promotion of
multicellular aggregation it promotes tumor growth [7]. In
addition to its adhesive function, IGPR-1 acts as a receptor
for HERV—H LTR-associating protein 2 (HHLA2), a B7
family member, which inhibits proliferation of CD4 and
CDS8 T cells in the presence of T-cell receptor signaling

www.impactjournals.com/oncotarget

9672

Oncotarget



[8, 9]. We have identified TMIGD1 as a second member
of TMIGD family proteins, which is highly expressed
in kidney epithelial cells and functions to inhibit kidney
epithelial cell migration, and protects kidney cells from
oxidative cell injury [10]. TMIGD?3 represents the third
member, which is reported to act as a tumor suppressor
in osteosarcoma [11]. Interestingly, TMIGD3 shares
its 5’ terminal exon with the adenosine A3 receptor
[11]. Overall, TMIGD family proteins are composed
of three major domains: extracellular, transmembrane
and intracellular. The extracellular domain of TMIGD1
contains two immunoglobulin-like domains followed by
a single transmembrane domain and a short intracellular
domain [5, 6, 10]. The extracellular domain mediates
the adhesive function of TMIGD family proteins via
homophilic transdimerization [5, 6, 10].

CCAAT/enhancer-binding proteins (C/EBPs) are a
family of basic leucine zipper (b-ZIP) transcription factors
that bind to sequence specific double-stranded DNA to
regulate gene transcription and consist of six members.
C/EBPB has three isoforms, which were originally called
Liver Activating Protein 1 &2 (LAP1, LAP2) and naturally
occurring transcriptionally inactive isoform called Liver
Inhibiting protein (LIP) [12, 13]. C/EBPa is inactivated in
multiple tumor types [12], whereas the naturally occurring
dominant negatively acting C/EBPB/LIP is upregulated in
breast cancer [14], suggesting that unbalanced expression
of C/EBPp isoforms may contribute to cancer progression.

In this study, we have demonstrated that TMIGD1
acts as a tumor suppressor and its downregulation is
regulated by C/EBPP. The underlying mechanism of
TMIGDI1 function in inhibition of tumor growth is due its
ability to modulate induction of cycle inhibitors, p21CIP1
and p27KIP1.

RESULTS

TMIGD1 expression is downregulated in human
renal cancer

To examine expression of TMIGDI1 in human
tissues and organs, we analyzed the mRNA of TMIGD1
by quantitative PCR (qPCR) using mRNA derived from a
panel of human organs/tissues consisting of ovary, heart,
vein, kidney, lung, liver, brain, pancreas, bone marrow
and skin. The TMIGD1 mRNA was found to be highest
in the kidney followed by the brain tissues. However,
the TMIGD1 mRNA in the brain was significantly lower
level than the kidney (Figure 1A) and its mRNA levels
in ovary, heart, vein, lung, liver, pancreas, bone marrow
and skin was either very low or undetectable (Figure 1A).
Additionally, we analyzed the microarray data of mouse
genome (http://biogps.org) for TMIGDI. Similar to
human, TMIGD1 was predominately present in the mouse
kidney (Figure 1B). Mouse intestine, stomach and salivary
glands tissues were also positive for TMIGDI1, though at

the significantly lower levels (Figure 1B). Additionally,
analysis of protein extract from a panel of human organs/
tissues showed that TMIGD1 protein was highest in the
kidney followed by brain (Figure 1C). TMIGD]1 protein
was not detected in lung, liver, heart or skin tissues (Figure
1C). Furthermore, immunohistochemistry (IHC) analysis
of human kidney tissue demonstrated that renal tubular
epithelial cells were highly positive for TMIGD1, whereas
podocytes of the glomerulus were negative (Figure 1D). The
specificity of anti-TMIGD1 antibody used in this study was
previously validated [10]. Moreover, we have confirmed the
specificity of the anti-TMIGD]1 antibody in human kidney
tissues in this current study. As shown, pre-incubation of
the anti-TMIGDI1 antibody with blocking peptide (10X)
inhibited the immunoreactivity of anti-TMIGD1 antibody
(Supplementary Figure 1). Taken together, the data
demonstrates that TMIGD1 expression is mainly restricted
to kidney epithelial cells and its expression in other human
organs and tissues is either very low or it is not expressed.

To gain insight into possible function of TMIGD1
in renal cancer, we decided to examine TMIGD]1 status in
the publically available RCC database. Analysis of human
RCC microarray data, TCGA data via online cBioPortal
for Cancer Genomics (http://cbioportal.org) [15, 16],
which consists of 293 cases of papillary RCC, 66 cases
of chromophobe RCC and 499 cases of clear cell RCC.
The TMIGD1 mRNA was downregulated in the all three
major RCC types. However, downregulation of TMIGD1
in chromophobe and papillary RCC was more profound
than the clear cell RCC (Supplementary Figure 2).

These observations encouraged us to examine
TMIGD1 expression in human RCC cell lines and
tissues. Our analysis showed that TMIGD1 mRNA was
considerably lower in renal tumor cell lines including,
786-0, A498, 769P and TK10 compared to normal kidney
mRNA (Figure 2A). Likewise, while TMIGDI1 protein
was present in the normal human kidney epithelial cell
line, HK?2, its expression was hardly detectable in 786-0,
TK10, CAKI-1, A498, and 769P cell lines (Figure 2B). A
longer exposure of the film detected a faint protein band
(data not shown).

Next, we examined a cohort of 24 human renal
cancer biopsy samples for expression of TMIGDI1. The
cohort consisted of 13 cases of renal cell carcinomas
(RCC), and 11 cases of benign kidney lesions or normal
kidney tissues (Figure 2C). The IHC analysis revealed a
striking downregulation of TMIGD1 in RCC compared
to normal adjacent tissue or the other normal/benign
kidney tissues (Figure 2C). Expression of TMIGDI
was unchanged in the non-cancerous renal disease,
nephrosclerosis (3 cases), compared to the normal/non-
diseased kidney tissues (data not shown). Altogether, the
data demonstrates that TMIGD!1 in the RCC cell lines and
in primary RCC tumors is significantly downregulated,
suggesting that the reduced expression of TMIGDI in
RCC could play a role in tumor progression.
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Figure 1: TMIGD1 expression is downregulated in human renal cancer. (A) Total mRNA extracted from various human
organs was subjected to qPCR analysis using primers specifically designed to amplify exons 2 and 3 of TMIGDI. The relative levels
of IGPR-1 are shown. (B) TMIGDI1 expression of in mouse organs/tissues is shown. The data is extracted from the online publically
available mouse genome data (http://biogps.org). (C) Whole cell lysates from human tissues was subjected to western blot analysis using
anti-TMIGD1 antibody or anti-tubulin antibody as a loading control. The lower band of tubulin is likely due to protein degerdation. (D)
Immunohistochemistry staining of human kidney tissue using anti-TMIGD1 antibody is shown, which shows renal tubular epithelial cells
are highly positive (arrow), where podocytes of the glomerulus are negative for TMIGD1. Scale bars, 50 um.
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Figure 2: TMIGD1 expression is downregulated in human renal cancer. (A) The mRNA of human kidney tissue or human
kidney tumor cell lines including, TK10, 786-0, A498, and 769P were subjected to qPCR analysis and the relative expression of TMIGD1
is presented. (B) Whole cell lysates from normal human kidney cell line, HK2, or kidney tumor cell lines were blotted for TMIGD1 or for
a loading control b-actin. The blot for TMIGD1 was quantified using the Image J software. AU (arbitrary unit). (C) Human kidney cancer
tissues were subjected to immunohistochemistry staining using anti-TMIGDI1 antibody and three representative images were shown. Scale
bars, 50 pm.
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TMIGD1 expression in renal tumors inhibits clear filopodia/lamellipodia-like protrusive structures

tumor growth and cell migration compared to the control 786-0 cells expressing an empty
vector (EV) (Figure 3A). Taken together, the data suggest
Considering the stark downregulation of TMIGDI1 in that TMIGDI1 ectopically expressed in 786-0 cells
human RCC tumors, we hypothesized that downregulation promotes morphological changes, which may account for
of TMIGD1 in renal tumors could play an important role potential role of TMIGD1 in cell differentiation.
in the biology of renal tumor cells. Therefore, we re- Next, we measured proliferation of 786-0
introduced TMIGD!1 into a renal tumor cell line, 786- cells expressing TMIGDI1 or empty vector via MTT
0 cells via a retroviral system and assessed its function ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
in proliferation of 786-0 cells. Ectopic expression of bromide) and BrdU (5-bromo-2’-deoxyuridine) assays.
TMIGD1 in 786-0 cells is shown (Supplementary The results showed that expression of TMIGD1 in 786-
Figure 3). Additionally, expression of TMIGDI in 786-0 0 cells significantly inhibited cell proliferation compared
cells also altered the morphology of these cells (Figure to 786-0 cells expressing an empty vector (Figure 3B).
3A). Rhodamine-phalloidin staining for actin showed that Having observed the inhibitory effect of TMIGD1 in 786-
786-0 cells expressing TMIGDI1 seeded on the collagen- 0 cells, we examined the effect of TMIGDI1 expression
coated plate showed that in TMIGD1 expressing 786-0 in the tumor formation of 786-0 cells in an athymic nude
cells, the actin fibrils were distinctively enriched in an mouse. Consistent with its effect in cell culture, 786-0
asymmetrical fashion. These cells appeared to show no cells expressing TMIGDI1 formed significantly smaller
A EV/786-0 B
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Figure 3: Re-expression of TMIGD1 in 786-0 cells inhibits tumor growth, cell invasion and branching morphogenesis.
(A) Morphology of 786-0 cells expressing empty vector (EV) or TMIGD1 seeded on the collagen-coated plates for 24 hours. The same
cells were seeded on the collagen-coated cover slips for 40 minutes, cells were fixed and stained with Rhodamine Phalloidin and pictures
(40X) were taken under an immunofluorescence microscope. (B) Equal number of 786-0 cells expressing empty vector (EV) or TMIGD1
were plated in 24-well plates in quadruple in the presence of 10%FBS and proliferation of cells were measured at day 1, 2 and 3. "p < 0.05.
(B) Similarly, equal number of 786-0 cells expressing empty vector or TMIGD1 were plated in 24-well plates in quadruple and subjected
to BrdU staining and cell proliferation was measured at day 0, 24 h and 48 h. Experiments are presentative of three intendent experiments.
p < 0.05. (C) Equal number of 786-0 cells expressing empty vector (pMSCV) or TMIGD1 were mixed with matrigel and xenografted into
athymic nude mice (4/group) and after 27 days tumors were excised, weighed and pictures were taken. P =0.033. (D) 786-0 cells expressing
empty vector or TMIGD1 were subjected to branching morphogenesis and pictures were taken after 9 days. Branching morphogenesis (four
images/group) was quantified via Image J software. "p < 0.05. The data is representative of three independent experiments. (E) 786-0 cells
expressing empty vector or TMIGD1 were seeded on the collagen-coated transwells in triplicates for about 12 hours. Cells were fixed and
number of cells that were migrated to the other side of the transwells were counted under microscope. The data is representative of three
independent experiments (quadruple wells/group). “p < 0.05.
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tumors compared to 786-0 cells expressing empty vector
in mouse (Figure 3C).

Having confirmed the ability of TMIGD1 to inhibit
tumor growth in cell culture and in mouse, we sought to
investigate the possible role of TMIGD1 in the invasive
characteristics of 786-0 cells. Thus, we subjected 786-
0 cells expressing empty vector or TMIGDI to an in
vitro 3D branching morphogenesis assay. Branching
morphogenesis is an essential developmental process
that involves the restructuring of epithelial tissues into
organized ramified tubular network and also plays an
important role in tumor cell invasion and metastasis
[17]. Our data showed that 786-0 cells expressing
empty vector grown in collagen gel exhibited extensive
branching morphogenesis and invasiveness (Figure 3D).
In contrast, 786-0 cells expressing TMIGD1 displayed
only a few discrete branching morphogenesis (Figure
3D), indicating that TMIGDI1 inhibited the invasive
potential of 786-0 cells. A similar effect observed when
TMIGD1 was expressed in A498 cells (data not shown).
Next, we examine the possible role of TMIGDI in cell
migration and show that TMIGD!1 inhibited migration of
786-0 cells (Figure 3E). Altogether, the data demonstrates
that re-expression of TMIGDI1 in 786-0 cells inhibits
tumor growth and invasion. Hence, the data also suggests
that downregulation of TMIGD1 in renal tumor cells is
associated with increased tumor growth and invasion.

TMIGD1 induces expression of cell cycle
inhibitors, p21CIP1 and p27KIP1 to inhibit
tumor growth

How does TMIGDI1 stimulate anti-proliferative
responses in RCC tumor cells? To address this question,
we analyzed 786-0 cells expressing TMIGDI1 for
activation of twenty major cancer pathways consisting
of 70 individual proteins via a recently developed
immuno-paired-antibody detection system (ActiveSignal
Assay) analysis platform. Among the major pathways
that were affected by TMIGD1 in 786-0 cells were
the proteins that are known to inhibit cell cycle and
cell proliferation. Specifically, TMIGDI1 upregulated
expressions of p2l1CIP1 (cyclin-dependent kinase
inhibitor 1) and p27KIP1 (cyclin-dependent kinase
inhibitor 1B expression), proteins whose expression are
critically important for negative regulation of the G1-
phase cell cycle progression [18]. Additionally, while
TMIGDI1 reduced phosphorylation of CyclinD1 and
Cyclin-dependent kinase 1 (CDK1/Cdc2), it increased
phosphorylation of retinoblastoma protein (Rb), and
p38MAPK (MAPKI14) (Figure 4A). The effect of
TMIGD1 on the expression or phosphorylation of these
proteins was confirmed further by western blot analysis
(Figure 4B). Based on these observations, we propose that
phosphorylation of p38 by TMIGD1 plays a central role
in the TMIGD1's anti-proliferative function in RCC tumor

cells. Activation of p38 by TMIGDI1 could phosphorylates
CyclinD1 and RB and induction of p21CIP1 and p27KIP1
as treatment of cells with p38 inhibitor, SB203580
inhibited phosphorylation of Rb and induction of p21CIP1
and p27KIP1 (Figure 4C). p38 kinase is considered a
tumor suppressor whose function can negatively regulate
cell cycle progression and apoptosis [19-21]. Activation
of p38 has been shown to induce cell cycle arrest by
promoting expression or stabilization of p21CIP1 [22-25]
and p27KIP1 ([26, 27] by various mechanisms. Moreover,
p38 kinase can phosphorylate Cyclin D1, which leads to
its degradation [28, 29]. Cyclin D1 is a proto-oncogene
that is upregulated in various cancers and plays an
important role in transition of G1 to S phase progression
by binding to cyclin-dependent kinases such as CKD2
and CDK4 that promotes cell cycle through inhibition of
phosphorylation of retinoblastoma protein (Rb). Activated
p38 also can phosphorylation Rb [30, 31], which leads
to its degradation. A recent study demonstrates that
Phosphorylation of RB by p38 bypasses its inactivation
by CDKs and inhibits proliferation of cancer cells [31].

Taken together, our data demonstrates that restoring
expression of TMIGD1 in 786-0 cells stimulates p38
activation, induces p21CIP1 and p27KIP1, and inhibits
tumor growth in cell culture and in athymic mouse. These
findings also point to TMIGD1 as a novel protein whose
downregulation in renal cancer could be associated with
tumor malignancy.

CCAAT/enhancer-binding protein (C/EBP-f)
regulates promoter activity of TMIGD1

To gain further insights into a possible mechanism
of downregulation of TMIGD1 in RCC, we cloned the
5’-flanking non-coding region of TMIGD1 encompassing
1,241 base pairs (bp), located upstream of the start site
of transcription in the TMIGD1 gene. We subsequently
cloned the TMIGDI1 promoter into a GFP (Zgreen)
reporter vector and analyzed its promoter activity by
monitoring the expression of GFP (Figure 5A). The
full-length (1,241bp) TMIGD1 promoter and control
elongation factor-la (EF1la) promoter were transfected
into HEK-293T cells. HEK-293 cells transfected with
full-length TMIGD1 promoter showed a moderate
transcription activity (9%) compared to EFla (49.8%)
(Figure 5B, 5C).

Next, we sought to identify possible transcription
factors involved in the regulation of transcription of
TMIGD1. We used LASAGNA-Search 2.0, an integrated
web tool for transcription factor binding site search and
visualization (http://biogrid-lasagna.engr.uconn.edu/
lasagna search/ ) [32]. We considered CCAAT/enhancer-
binding protein (C/EBP) as a potential transcription factor
involved in the regulation of TMIGDI1 as multiple C/
EBP binding sites (TTGCnnAA ) were predicated on the
TMIGD!1 promoter.
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CCAAT/enhancer-binding protein (C/EBP) family
members are structurally highly conserved and are
member of the basic leucine zipper (bZIP) transcription
factors, which bind selectively to CCAAT box sequences
with the GGCCAATCT consensus and can function as
both tumor promoters and tumor suppressors [12, 33].
Currently, there are six known C/EBP proteins; a, f, v,
5, e and CHOP10 [34, 35]. Among the C/EBPs, C/EBPa
and C/EBPp isoforms are the most widely expressed,
and most well studied [12]. C/EBPp functions as a
homodimer but can also form heterodimers with other
C/EBP family proteins [12]. To examine the possible
role of C/EBPP in the transcriptional regulation of
TMIGD1, we first asked whether C/EBPJ physically

w

W EV/786-0
2.5 B TMIGD1/786-0

interacts with the TMIGD1 promoter. To this end, we
examined the binding of C/EBPB with TMIGD1 via
electrophoretic mobility shift assay (EMSA) assay and
demonstrated that C/EBPJ strongly interacts with the
TMIGD1 promoter (Figure 5D). The finding identifies
C/EBPP as a possible transcriptional regulator of
TMIGDI. To investigate the potential functional role of
C/EBPS in the transcriptional regulation of TMIGDI1,
we co-expressed C/EBPB (LAP, transcriptionally
active form of C/EBPf) with the full-length TMIGD1
promoter in HEK-293T cells. C/EBPB (LAP)
increased the promoter activity of TMIGDI1 nearly
by 90% (Figure S5E). Expression of C/EBPB (LAP) is
shown (Supplementary Figure 4A). In contrast to the
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Figure 4: Re-expression of TMIGD1 in 786-0 cells induces multiple pathways involved in the inhibition of cell cycle and
cell proliferation. (A) 786-0 cells expressing empty vector (EV) or TMIGD1 were plated in 96-well plates in triplicates and subjected to
ActiveSignal assay Assay analysis, which measures expression or activation of 70 proteins . The graph shows the major proteins involved
in the regulation of cell cycle and are affected by TMIGD1. AU (arbitrary unit). (B) Whole cell lysates from 786-0 cells expressing empty
vector (EV) or TMIGD1 were subjected to western blot analysis and western blots of a panel of selected proteins involved in the regulation
of cell cycle and proliferation are shown. (C) 788-0 cells expressing empty vector or TMIGD1 were treated with p38-MAPK inhibitor
(SB203580) for 30 minutes. Cells were lysed and whole cell lysates were blotted for total p38, phospho-p38, phospho-Rb, p21CIP1 and
p27KIP1. (D) Schematic of pathways affected by TMIGD1 in 786-0 cells and the possible role of p38MAPK in the regulation of phospho-
Rb, and induction of p21CIP1 and p27KIP1.
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stimulatory effect of C/EBPB (LAP) on the promoter
activity of TMIGDI1, over-expression of a naturally
occurring transcriptionally inactive C/EBPB (LIP),
inhibited the TMIGDI1 promoter activity Supplementary
Figure 6D. For this particular experiment we used a
truncated TMIGD1 promoter, which 646 bp from the
5" flanking via naturally occurring spel restriction site
(1241 to —-595) of TMIGDI1 promoter was deleted. We
used the truncated TMIGDI1 promoter because it has
better promoter activity than the full-length TMIGD1
promoter, therefore the potential repressor effect of C/
EBPp (LIP), could be demonstrated better. C/EBPf
(LIP) inhibited the promoter activity of TMIGDI
(Supplementary Figure 6B). Expression of C/EBPJ
(LIP) also is shown (Supplementary Figure 6C).
Collectively, the data demonstrates that C/EBPf binds
to, and regulates the promoter activity of TMIGDI.

A EFla IRS
|
Spel Notl
FL-TMIGD1 IRS  Zs-green (GFP)
l—%}
B 1241bp

pHAGE-EFla-Zs-green

F

C pHAGE-EFla-Zs-green

Zs-green (GFP)

)

FLTMIGD1 (1241bp)

FLTMIGD1 (1241bp)

C/EBPJ expression is downregulated in human
renal cancer and its re-expression promotes
expression of TMIGD1

We posited that downregulation of TMIGD1 in renal
tumor could be associated with the altered expression of C/
EBPp. We first examined expression of C/EBPJ in human
renal cancer cell lines. Expression of C/EBPB (LAP) in
786-0, DLD1 and TK10 was very low or undetectable.
However, C/EBP (LAP) was readily detected in normal
human mouse renal epithelial cells (Supplementary Figure
5). Next, we examined C/EBPP and TMIGDI1 expressions
in the human RCC tumor tissues. The result showed that
expression of C/EBPP in renal cancer is significantly
reduced (Figure 6A) and its reduced expression closely
correlated with the expression of TMIGD1 (5 out 5 cases)
(Figure 6A). Expression of both TMIGD1 and C/EBPp in
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Figure 5: C/EBPp transcription factor regulates expression of TMIGD1. (A) Shown is the schematic of full-length TMIGD1
promoter cloned into pHAGE-GFP reporter vector. (B) HEK-293T cells were transfected with TMIGD1- pHAGE-GFP or EFal-pHAGE-
GFP. Images were taken under a fluorescent microscope (20X) after 48 hours of transfection. (C) TMIGD1 and control EFal promoter
activities was quantified by FACS analysis via measuring expression of GFP. (D) 5’ biotinylated TMIGD1 promoter mixed either with the
cell lysates of HEK-293 cells over-expressing C/EBPP (LAP) or empty vector and subjected to an electrophoretic mobility shift (EMSA)
assay. (E) HEK-293T cells were transfected with full-length (FL) TMIGD1 promoter alone or with C/EBPf (LAP). After 4 days transfection,
cells were prepared and subjected to FACS analysis. The data presented in this figure were independently repeated at least three times.
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normal adjacent renal tissue were high, where expressions of
both were significantly low in the tumor region (Figure 6A).
The data suggests that reduced expression of C/EBPJ could
in part explain the downregulation of TMIGDI in renal
tumors. To test this possibility, we over-expressed C/EBPf3
in 786-0 cells and examined expression of TMIGD1 both
at the mRNA and protein levels. Remarkably, expression
of C/EBPp (LAP) in 786-0 cells, increased expression of
TMIGDI1 mRNA and protein (Figure 6B and 6C). Analysis
of cell lysates from 786-0 cells that expressed C/EBPJB
(LAP)-FLAG showed an increase in TMIGDI1 protein
at the about 45kDa, which corresponds to mature (fully
glycosylated) TMIGDI1 protein (Figure 6C). In addition,
C/EBPB (LAP)-FLAG expression in 786-0 cells increased
expression of a low molecular weight TMIGD1 protein
with an approximate molecular weight of 29kDa (Figure
6C). The predicted molecular weight of TMIGD1 is 29 kDa
[10], suggesting that the lower molecular weight band likely
corresponds to unprocessed (non-glycosylated) form of
TMIGDI1. Moreover, we asked whether overexpression of
C/EBPP (LAP)-FLAG in 786-0 cells could inhibit branching
morphogenesis. The result showed that 786-0 cells
expressing C/EBPJ (LAP)-FLAG displayed a significantly
reduced branching morphogenesis (Figure 6D), further
supporting a relationship between expression of C/EBPf
and TMIGD1, in which downregulation of C/EBPp leads to
suppression of TMIGD1 expression.
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DISCUSSION

The present study has uncovered a previously
unknown function forTMIGDI in renal cancer. TMIGD1
is downregulated in human RCC tumors and RCC tumor
cell lines. We have demonstrated the mechanism by which
expression of TMIGD1 in renal tumors is regulated by
transcriptional activity of C/EBPB. While expression of
both TMIGD1 and C/EBP are relatively high in normal
renal epithelia, expression of both are significantly
downregulated in RCC. C/EBP transcription factors could
act as tumor suppressor or tumor promoter [36-38]. C/
EBPa is inactivated in multiple tumor types [12], whereas
the naturally occurring dominant negatively acting C/
EBPp (LIP) is upregulated in breast cancer, suggesting
that unbalanced expression of C/EBP isoforms may
contribute to cancer progression [14]. Our data favors
a tumor suppressor function for C/EBPJ in renal tumor
and similar to breast cancer altered expression of
transcriptionally inactive C/EBPB (LIP) or suppression
of expression of transcriptionally active C/EBPB (LAP)
could in part contribute to renal tumor progression by
modulating target genes such as TMIGD1. Multiple recent
studies have shown that expression of C/EBPa in tumor
cells induces cell cycle arrest [35, 39, 40]. Similarly,
expression of C/EBPp in various tumor types induced cell
cycle arrest [35, 41, 42].

EV/786-0

W = Blot: Anti-GAPDH

Figure 6: C/EBPp regulates expression of TMIGD1 in renal tumor. (A) Human kidney cancer tissues (5 cases) were subjected to
IHC staining using anti-TMIGD1 antibody or anti-C/EBPf antibody and representative images are shown. (B) 786-0 cells were transfected
with either an empty vector or C/EBP (LAP) and the mRNA derived from cells subjected to qPCR analysis. GAPDH was used for internal
control. P=0.0058. (C) Similarly, 786-0 cells expressing empty vector or C/EBPP (LAP) were lysed, subjected to western blot analysis and
blotted for TMIGD1, C/EBP (LAP) using anti-FLAG antibody and GAPDH for loading control. (D) 786-0 cells 786-0 cells expressing
empty vector or C/EBPP (LAP) were prepared and subjected to branching morphogenesis assay. Pictures were taken under a microscope

after 10days.

www.impactjournals.com/oncotarget

9679

Oncotarget



More importantly, the data presented in this present
work suggests that reduced expression of TMIGDI1
by renal tumor cells provide a significant gain for their
tumorigenic properties. Based on these observations we
propose TMIGD]1 as a candidate tumor suppressor gene.
In agreement with our view of TMIGDI1 as a candidate
tumor suppressor gene, a recent study demonstrated
that TMIGD1 expression was also downregulated in
human pre-invasive colorectal cancer [43]. Additionally,
a TMIGDI1 related protein, TMIGD3, was recently
described as a tumor suppressor in osteosarcoma [11]

Re-introduction of TMIGDI1 into 786-0 cells
affected expression or function of several key signaling
proteins involved in the regulation of cell cycle and
cell proliferation. In particular, TMIGD1 upregulated
expressions of p21CIP1 and p27KIP1, and increased
phosphorylation of Rb, which are considered the master
regulators of cell cycle and cell proliferation. p21CIP1
and p27KIP1 are atypical tumor suppressors that regulate
GO to S phase transitions by binding to and regulating

c/EBPB

L«

TMIGD1 mRNA G

¢

TMIGD1 Protein .

the activity of cyclin-dependent kinases (Cdks) [44,
45]. Expression of p27KIP1 and p21CIP1 are often
induced by cell-cell contact dependent fashion to inhibit
cyclin-D and Cdks and hence facilitate the inhibition
of cell proliferation [46, 47]. We propose that TMIGD1
modulates these key pathways involved in the regulation
of cell cycle by promoting activity of p38, as activation
of p38 is known to regulates expression of p21CIP1,
p27KIP1, phosphorylation of cyclin D1 and Rb [22-27]
(Figure 7). Cyclin D1 is involved in the transition of G1
to S phase progression by binding to cyclin-dependent
kinases that promotes cell cycle through inhibition of
phosphorylation of Rb. Phosphorylation Cyclin D1 and
Rb by p38 kinase leads to their degradation of Cyclin D1
[28-31].

Our findings have important implications in the
diagnosis and possible management of renal cancer.
Targeting the C/EBPB /TMIGD]1 pathway that can lead
to restoration of TMIGDI1 expression offers a novel
therapeutic strategy to treat RCC. However, further

Rb p27 CylinD1
Inhibition of

Cell proliferation and Tumor growth

Figure 7: Proposed model for expression and signaling of TMIGD1. Based on the data presented in this study, we propose that
downregulation of C/EBP or its activity in renal cancer cells is associated with suppression of TMIGDI1 expression in RCC. Restoring
TMIGDI1 expression in renal tumor cells activated p38-MAPK that lead to induction of p21CIP1/p27KIP1 that inhibits cell proliferation

and migration.
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studies will be required to establish the molecular
mechanism of this novel pathway in kidney cancer
progression.

MATERIALS AND METHODS

Cell culture and cell lines

Human renal cell carcinomas, 786-0, TK10,
A498, and 769P were kindly provided by Dr. Herbert
Cohen, Boston University Medical Campus and
maintained in RPMI plus 10% fetal bovine serum (FBS)
and Penicillin/Streptomycin. 786-0 cells expressing
TMIGD1 were established via a retroviral system as
previously described [10]. Retroviruses were produced
in 293-GPG cells [48]. Viral supernatants were collected
for 3 days, concentrated viruses were used to transduce
into 786-0 cells, and infected cells were selected with
puromycin.

Antibodies, plasmids and primers

Rabbit polyclonal anti-TMIGD1 antibody was made
against the extracellular domain of TMIGDI1 as described
[10]. The list of plasmids, primers and other antibodies that
were used in this study are described in the supplementary
document.

Branching-morphogenesis assay

786-0 cells expressing either empty vector or
TMIGD1 were subjected to branching-morphogenesis
assay as described with some modifications [49]. Full
description of the assay is provided in the supplementary
data document.

Immunohistochemistry analysis

RCC biopsies of patients (24 cases) were obtained
from the Department of Pathology, Boston University
School of Medicine. Immunohistochemistry (IHC)
staining was performed as per the manufacturer’s
instruction using the EXPOSE Rabbit specific HRP/DAB
detection IHC kit (Abcam, Cambridge, USA). Slides were
scanned via iScan Coreo Au scanner (Ventana, AZ, USA).
Two surgical pathologists independently evaluated the
staining of TMIGD1 and C/EBP.

Cell spreading assay

Cells were plated on collagen-coated cover slips
and incubated at 37°C incubator for 40 minutes. Cell
were fixed with 4%PFA for 15 minutes and stained
with Rhodamine Phalloidin for actin (Molecular Probes
cat#R415) as described [5] and pictures were taken using
an immunofluorescence microscope.

Cell proliferation assays

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell proliferation assay was performed
as described by the manufacturer (Promega LLC,
Madison, USA) and read at an absorbance of 570 nm
in microplate reader (VERSA max, Molecular Devices,
Sunnyvale, CA). BrdU (5-bromo-2’-deoxyuridine)
assay was also used to measure cell proliferation and
performed as described by the manufacturer (EMD
Millipore, Billerica, USA). Cell proliferation assay was
performed in 24-well plates in quadruple and repeated
three times.

Athymic mouse tumor xenograft assay

Female NUD mice (5-6 weeks old, 5 mice/
group) were obtained from Jackson Laboratories. Each
mouse was injected subcutaneously in the right flank
with 786-0 cells expressing empty vector or TMIGD1
(5 x 10°) mixed with growth factor-reduced and phenol
red free Matrigel (Corning, Inc.). Tumor xenografts
were grown for 25 days before animals were sacrificed
and xenografts were removed, photographed and
measured.

Immuno-paired-antibody detection (ActivSignal
assay) analysis

ActivSignal assay examines phosphorylation or
expression of 70 different human protein targets, which
covers 20 major signaling pathways. ActiveSignal
assay uses paired antibodies for each target protein and
detection occurs only if both antibodies in a pair bind
to a specific target protein. The detection of the paired
antibodies is facilitated via a special DNA barcodes
conjugated to antibodies, which quantified using Next
Generation Sequencing or the Fluidigm digital PCR
platform.

Promoter activity assay/FACS analysis

HEK-293T cells were transfected in triplicates with
the full-length TMIGD]1 or truncated TMIGD1 promoters
alone or together with C/EBPP (LAP) or with C/EBPf3
(LIP) constructs. After about 96 hours of transfection,
cells were trypsinized, suspended in PBS and subjected to
FACS analysis (Boston University Flow cytometry core
facility).

Electrophoretic mobility shift assay (EMSA) assay

Cell lysate from HEK-293T cells expressing C/
EBPB (LAP)-FLAG was used as a source of C/EBPp.
Biotin-labeled TMIGD1 promotor probe (-595 to -1) was
generated by PCR using 5’ biotinylated primer. The detail of
the procedure is described in the supplementary document.
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Statistical analyses

All data in the text and figures are provided as
means = SD. The Student’s two-tailed #-test (assuming
equal variances) was used to analyze the cell proliferation
data in experiments comparing two cell lines. A p-value
of less than 0.05 was considered statistically significant.
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