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Abstract

TMEM67 mutations are associated with severe autosomal recessive polycystic kidney disease

(ARPKD) in both humans and animals. However, the molecular mechanisms underlying the

pathogenesis of PKD caused by TMEM67 mutations remain to be determined. We have

investigated the possible signaling pathways involved in the pathogenesis of PKD. Overexpression

of TMEM67 in human embryonic kidney (HEK293) cells triggered the activation of overall

tyrosine phosphorylated proteins, Extracellular Signal-Regulated Kinase (ERK) and c-Jun N-

terminal kinase (JNK). Activation was suppressed by pharmacological inhibitors of ERK or JNK.

Activation of the mammalian target of rapamycin (mTOR) or p70s kinase (S6K) did not occur,

although elevated phosphorylation of eIF4E-binding protein 1 (4E-BP1), a target of S6K, was

seen. In animal studies, activation of a variety of signaling molecules was linked to ERK, JNK and

4E-BP1. Significant induction of phosphorylation of tyrosine phosphorylated proteins, ERK and

4E-BP1, at different postnatal ages was detected in mutant kidneys of B6C3Fe a/a-bpck mice, a

cystic renal disease mouse model caused by TMEM67 loss of function mutation. Based on these

in vitro and in vivo observations, we propose that TMEM67 mutations cause PKD through ERK-

and JNK-dependent signaling pathways, which may provide novel insight into the therapy of

polycystic kidney diseases.

Keywords

TMEM67; polycystic kidney disease; cell signaling pathway; bpck mice

*Corresponding author: Ruifa Han, Tianjin Institute of Urology, The Second Hospital of Tianjin Medical University, Tianjin, China,
300211. Tel.: 86-22-8832-8695. han_ruifa@hotmail.com Mengsheng Qiu, Department of Anatomical Sciences and Neurobiology,
School of Medicine, University of Louisville, Louisville, Kentucky, USA, 40292. Tel.: 1-502-852-5248. m0qiu001@louisville.edu.

Author contributions
R.H, and M.Q designed and supervised the experiments and contributed equally in grant funding to the study. E.D and H.L generated
most of the data for the manuscript. S.J performed data analysis. X.H maintained mouse lines and genotyped mutant animals. H.L
wrote and M.Q revised the manuscript.

Competing interests
The authors declare that they have no competing interests.

NIH Public Access
Author Manuscript
Cell Biol Int. Author manuscript; available in PMC 2014 September 09.

Published in final edited form as:
Cell Biol Int. 2013 July ; 37(7): 694–702. doi:10.1002/cbin.10081.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Introduction

Polycystic kidney disease (PKD) is one of the most common disorders in humans caused by

mutations in a single gene. There are two types of PKD: Autosomal Dominant Polycystic

Kidney Disease (ADPKD) and the less-common Autosomal Recessive Polycystic Kidney

(ARPKD). TMEM67 encodes a 995 amino acid transmembrane receptor protein, which is

composed of a signal peptide, at least 2 cysteine-rich repeats, and a 490-residue extracellular

region with 4 N-linked glycosylated sites, followed by 7 transmembrane domains and a 30-

residue cytoplasmic tail (Smith et al., 2006). The mutations of TMEM67 are a cause of

Meckel syndrome type 3 (MKS3) (Smith et al., 2006) and Joubert syndrome type 6 (JBTS6)

(Baala et al, 2007). Both are autosomal recessive diseases and display a common and

overlapping clinical phenotype of cystic dysplasia within the kidneys.

Signaling mechanisms underlying the pathogenesis of PKD have been under intensive

investigation as intervention may slow cyst growth and thereby delay the onset of renal

failure. Activation of the mammalian target of rapamycin (mTOR, a serine/threonine protein

kinase) is a common feature of PKD (Ibraghimov-Beskrovnaya and Natoli, 2011).

Upregulation of mTOR signaling has been detected both in mice and in human with

ADPKD (Shillingford et al., 2006) or ARPKD (Fischer et al., 2009; Becker et al., 2010).

ERK is activated in primary cultured cyst epithelial cells from autosomal-dominant

polycystic kidneys (Yamaguchi et al., 2003) and in PKD animal models (Nagao et al, 2003).

A role for meckelin, TMEM67 gene product is involved in Wnt/PCP signaling (Leitch et al.,

2008), but another report linked meckelin to the RhoA signaling pathway (Dawe et al.,

2009). However, the precise mechanisms underlying TMEM67-associated ARPKD remain

largely unknown. We have investigated the potential signaling mechanisms involved in the

pathogenesis of PKD, and propose that TMEM67 mutations cause PKD through ERK- and

JNK-dependent signaling pathways. This may provide new insight into the selection of

pharmacological targets in the therapy of polycystic kidney disease.

Materials and Methods

Animal handling and Genotyping

B6C3Fe a/a-bpck mice were purchased from the Jackson Laboratory and maintained at the

Research and Resource Center at University of Louisville. Animal care and experimental

procedures conformed to National Institutes of Health guidelines, approved by the

Institutional Animal Care and Use Committee at the University of Louisville (protocol #

09014), Louisville, KY, USA. Genotyping was done in accordance with the protocol of

Jackson Laboratory.

RNA extraction and construct of TMEM67expression vector

Total RNA was extracted from kidneys of postnatal days 3 (P3) mice using a monophasic

solution of phenol/guanidine isothiocyanate and TRIzol reagent (Invitrogen, Carlsbad, CA),

and the samples were incubated with RNase-free DNase I (Ambion). The quality and

concentration of each sample were confirmed by spectrophotometry (NanoDrop ND-1000;

Asahi Glass, Tokyo, Japan). Reverse transcription was done with the SuperScript First-
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Strand System for RT-PCR (Invitrogen). TMEM67 was retrieved using a pair of primers :

forward 5'-tataagcttggtaccatggtgacgcgtaca-3' and reverse 5'-

cgcggatccttagatcagaaatctttcatc-3', using Phusion High-Fidelity DNA Polymerase (New

England Biolabs). The full-length of TMEM67 cDNA was inserted into HindIII and BamHI

sites of the pFlag-CMV2 expression vector (Sigma).

Cell culture and transfection

Human embryonic kidney 293T cells were grown in 6-well plates in Dulbecco's modified

Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). When cells had reached

70% confluence, they were transfected with empty vector of pFlag-CMV2 (-) or Flag-

tagged-TMEM67 vector (+) using Lipofectamine™ 2000 (Invitrogen). Cells were collected

after 4 8 h of transfection. For inhibitory investigation, HEK293 cells were treated as

described in the text.

Immunostaining

Cells were seeded on 6-well plates at 37°C in air with 5% CO2 incubator overnight and

transfected with either empty vector or flag-tagged TMEM67 vector. After 48 h of

transfection, cells were rinsed twice in cold PBS and fixed in 4% paraformaldehyde, pH 7.3

in PBS, for 10 min at room temperature. Cells were labeled with anti-flag antibody

overnight at 4°C, washed thoroughly, incubated with an appropriate Alexa-labeled

secondary antibody (Invitrogen) for 1 hour at room temperature and were visualized by

fluorescence microscopy.

Antibodies and Inhibitors

Antibodies o f p-tyr-100 (#9411), p-JNK (Thr183/Tyr185)(#9912), JNK, p-ATF2 (Thr71)

(#9221), p-c-jun (Ser 63)(#9261), p-mTOR (Ser 2448)(#2971), mTOR (#2972), p-4E-BP1

(Thr37/46)(#2855), p-S6K (Ser371)(#9208), p-p38 (Thr180/182)(#9211), p-Akt (Ser473)

(#4060), Akt (#2920), p-GSK3b (Ser9)(#9336), GSK3b(#9315) were purchased from Cell

Signaling Technology, Inc; p-ERK (Thr202/Tyr204) (sc-81492) and ERK (sc-135900) from

Santa Cruz

Biotechnology Inc; 4G10 (05-1050X) from Millipore Corporation; β-catenin (610153) from

BD

Biosciences; β-actin (A5316) and anti-Flag (F7425) from Sigma. Inhibitors, U0126

(U-6770) andSP600125 (S-7979) were purchased from LC Laboratories.

Protein extraction from cells and kidneys

The collected cells were washed twice with cold PBS and lysed in modified RIPA buffer (45

mM Tris -HCl, pH 7.4, 135mM sodium chloride, 0.5% Igepal CA-630, 0.9% triton X-100,

0.9% sodium deoxycholate, 0.1% sodium dodecylsulfate (SDS), 2.2mM EDTA) containing

1:100 proteinase inhibitor cocktails (P-8340, sigma), 25 mmol/L sodium fluoride, 5mmol/L

sodium orthovanadate, and 100 g/mL phenylmethylsulfonyl chloride (Sigma-Aldrich

products). Kidney tissues were homogenized and lysed in the lysis buffer. Tissue and cell

debris were removed by centrifugation at 13,000 rpm for 10 min at 4°C. Protein
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concentration was determined in each extract by a Bradford protein assay (Cat#500-0006,

Bio-Rad) and spectroscopy at 600 nm.

Western blotting analysis

Twenty to 100μg of proteins were boiled for 5 min in 1 x SDS sample buffer (50 mM Tris-

HCl pH 6.8, 12.5% glycerol, 1% SDS, 0.01% bromophenol blue) containing 5% β-

mercaptoethanol and were separated on a 10 to 12% SDS-PAGE gel under reducing

conditions and transferred to nitrocellulose for antibody incubation. Protein bands were

visualized by enhanced chemiluminescence (ECL). Western blots were statistically analyzed

following the normalization by using ImageJ densitometry software.

Results

Increased overall phosphorylation of tyrosine phosphorylated proteins upon TMEM67
overexpression

Induction of protein phosphorylation is an important mechanism in regulating cellular

processes. Aberrant phosphorylation of protein is commonly associated with a variety of

diseases. To investigate the pathogenetic mechanisms of TMEM67, we examined the effect

of elevated TMEM67 expression on the level of protein phosphorylation in human

embryonic kidney (HEK 293) cells. Cells were transfected with an empty vector (-) or the

vector containing a Flag-tagged full-length TMEM67 cDNA (+). Forty-eight h following

transfection, immunofluorescence was done using anti-Flag antibody. Compared with the

control, TMEM67 was overexpressed and mostly localized on the plasma membrane (Figure

1A). On the western blot, there was around a 1.6-fold increase in the overall level of protein

tyrosine phosphorylation induced by TMEM67 overexpression, as visualized by 4G10

antibody (Figure 1B) or p-tyr-100 antibody (both detect tyrosine phosphorylated proteins)

(Figure 1B, top-right panel) as compared to the paired controls. The western blots were

normalized with β-actin, and the difference between the control and over-expressed samples

was significant (p<0.05; Figure 1B).

Activation of signaling molecules upon TMEM67 overexpression

The increased level of overall protein phosphorylation suggested the activation of signaling

components by the overexpression of TMEM67. Although several signaling molecules are

activated in cyst epithelial cells from autosomal-dominant polycystic kidneys in different

animal models caused by different gene mutations (Yamaguchi et al, 2003; Nagao et al,

2003), they were not shown in PKD caused by TMEM67 mutation. Thus, we examined the

activation of several key molecules of signaling transduction pathways, including 3 MAPK

members (JNK, ERK and p38MAPK), mTOR, and Akt following TMEM67 overexpression.

Overall, transfection of TMEM67 in HEK293 cells activated JNK (Thr183/Tyr185) by 5.5-

fold, ERK (Thr202/Tyr204) by 2-fold, and their downstream effectors such as ATF2

(Thr71) by 9-fold, and c-Jun (Ser 63) by 3-fold (Figure 2A left panel). For p38MAPK

(Thr180/182), no significant change of phosphorylation was found (Figure 2A, right panel).

In addition, phosphorylation of eukaryotic translation initiation factor 4E-bingding protein 1

(4E-BP1, Thr37/46) was significantly elevated in response to overexpression of TMEM67

(Figure 2A, left panel) compared to the empty vector (-) group. Phosphorylation on serine
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and threonine residues can inhibit the binding of 4E-BP1 to eIF-4E, resulting in upregulation

of protein translation (Brunn et al., 1997), which may be required or responsible for the

rapid cell growth in PKD diseases.

Activation of mTOR was detected both in mice and humans with ADPKD (Shillingford et

al., 2006) and ARPKD (Fischer et al., 2009; Becker et al., 2010; Ibraghimov-Beskrovnaya

and Natoli, review, 2011). mTOR (Ser2448) and its downstream substrate, S6K (Thr371),

however, failed to be activated in response to overexpression of TMEM67 (Figure 2A, right

panel), suggesting that mTOR pathway may not be linked to the signaling mechanisms of

TMEM67 function, at least in the HEK293 cell line. Consistently, overexpression of

TMEM67 did not significantly alter the phosphorylation of Akt (Ser473) (Figure 2A, right

panel), an upstream regulator of mTOR.

Pharmacological Inhibitory effects on TMEM67-induced phosphorylation

Based on the data above, we hypothesized that TMEM67 causes cystic pathogenesis through

activation of the ERK and JNK signaling pathways. We therefore examined the effects of

ERK and JNK inhibition on TMEM67-induced phosphorylation. Pharmacological inhibitors

of ERK and JNK, including U0126, a highly selective inhibitor of ERK (Favata, et al, 1998)

and SP600125, an inhibitor of JNK (Bennett et al., 2001), were applied to HEK293 cells

transfected with either control vector (-) or Flag-tagged TMEM67 vector (+). Forty-eight h

after transfections, cells were treated with either 1% DMSO (DMSO), 20μm U0126 (U), or

30μm of SP600125 (SP) for 6 h before harvesting for Western blotting (Figure 3). U0126

completely inhibited ERK phosphorylation (Figure 3), but somehow caused a small increase

of ATF2 and c-Jun background phosphorylation. Importantly, inhibition of ERK

phosphorylation by U0126 greatly reduced the induction of ATF2 as well as c-Jun

phosphorylation induced, by TMEM67 overexpression as expected, since both ATF2 and c-

Jun can be regulated by ERKs (Pulverer et al., 1991; Ouwens et al., 2002). Phosphorylation

of JNK in response to overexpression of TMEM67 was significantly inhibited by SP600125

compared to the controls, providing further support for activation of JNK signaling pathway

by TMEM67 overexpression. Inhibition of JNK by SP600125 completely cancelled the

induction of ATF2 phosphorylation and significantly blocked c-Jun phosphorylation in

response to TMEM67 overexpression, consistent with the report that gene transcription can

be activated by JNK through c-Jun and ATF2 (Min et al., 2008).

ERK signaling pathway regulates the phosphorylation of 4E-BP1 (Herbert et al., 2002). JNK

is involved in regulating the initiation of cap-dependent translation (Patel et al., 2012). In

our pharmacological investigation, 4E-BP1 phosphorylation induced by TMEM67

overexpression produced a greater reduction by inhibition of JNK by 600125 compared to

ERK inhibition by U0126, suggesting that 4E-BP1 phosphorylation upon TMEM67

overexpression was largely attributed to JNK signaling pathway.

Activation of signaling molecules in TMEM67 mutant kidneys

Our in vitro studies established that overexpression of TMEM67 stimulated the ERK and

JNK pathways. We determined whether TMEM67 affects ERK and JNK signaling in vivo

during cystic pathogenesis. B6C3Fe a/a-bpck mouse line with TMEM67 mutation was
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recently identified as an autosomal recessive model of PKD disease (Cook et al., 2009),

which displays a severe cystic kidney phenotype and quickly enlarged kidney after birth (Fig

4). Consistent with the original description (Cook et al., 2009), hematoxylin and eosin

staining of bpck kidneys showed that cysts were present as early as embryonic day 15.5

(n=3, Fig 4A), the earliest age examined. The number and size of renal cysts progressively

increased in neonatal and postnatal mice (Fig 4B-4E). By P18, mutant kidneys were

bilaterally polycystic and grossly enlarged (Fig 4F), and only a minimal amount of medulla

parenchyma was seen (Fig 4E).

Western blotting of mouse kidneys at P0, P10 and P18 with a variety of antibodies against

4G10, p-ERK (Thr202/Tyr204), p-JNK (Thr183/Tyr185), p-4E-BP1 (Thr37/46), p-mTOR

(Ser2448), p-S6K (Thr371) and p-Akt (Ser473) were carried out (Fig 5). Consistent with the

in vitro observations in HEK293 cells, accumulation of phospho-ERK and p-JNK in P0,

phospho-4E-BP1 in P0/P10 and high level of overall phosphorylation (4G10) in P10/P18

were noticeable in mutant kidneys of bpck mice compared to their wild-type littermates. The

level of phosphorylation of mTOR, S6K, and Akt was not significantly elevated in mutant

kidneys, consistent with the observations of in vitro HEK293 cells. Although investigation

of inhibitory effects of pharmacological inhibitors on animal is further needed, the data of in

vitro and in vivo supported our hypothesis that TMEM67 may function via an ERK- and

JNK -dependent manner.

Discussion

Activation of ERK and JNK signaling pathway are important regulatory mechanisms in a

wide range of cellular processes, especially in growth and proliferation (Leppä et al., 1998;

Kavurma MM and Khachigian, 2003). We have demonstrated that gain-of-function of

TMEM67 stimulated overall phosphorylation of proteins, including ERK and JNK in HEK

293 cells (Fig 1-2), indicating hyperactivation of these 2 signaling pathways. Inhibition of

ERK and JNK by pharmacological inhibitors in HEK293 cells significantly blocked the

induction of phosphorylation of their downstream components including. Unexpectedly loss

of TMEM67 in bpck mutant kidneys also stimulated phosphorylation of ERK and JNK.

Thus, both gain and loss of function of TMEM67 can active ERK and JNK signaling

pathways. This finding, however, may not be surprising, considering that loss of

pkd1function caused PKD (Lu et al., 2001) and gain of pkd1 or pkd2 function also resulted

in PKD (Thivierge et al., 2006; Park et al., 2009).

Enhanced mTOR signaling has been detected both in mice and humans with ADPKD, and

may be responsible for quick cystic development after birth (Shillingford et al., 2006;

Fischer et al., 2009; Becker et al., 2010). Unexpectedly, increased levels of phosphorylation

of mTOR and S6K were observed neither in vitro nor in vivo (Fig 2), which suggests that

TMEM67 may work in an mTOR-independent manner. Rapamycin, an inhibitor of mTOR,

has been used to cure PKD. TMEM67 may cause pathogenesis of PKD through mTOR-

independent, but a ERK- and JNK-dependent manner, suggesting that rapamycin may not be

a good candidate for treatment of TMEM67-associated PKD.
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Although we saw no increased phosphorylation of mTOR, 4E-BP1, a well-known substrate

of mTOR, is highly phosphorylated upon overexpression of TMEM67 (Fig 2). Patel et al.

(2012) demonstrated that JNK was involved in regulating the initiation of cap-dependent

translation. 4E-BP1 phosphorylation induced by TMEM67 overexpression was completely

blocked by JNK inhibitor (Fig 3), suggesting that the induction of 4E-BP1 phosphorylation

by TMEM67 overexpression was highly attributed to JNK signaling pathway.

TMEM67 shares functional analogy with the Frizzled family of transmembrane Wnt

receptors (Smith et al., 2006). Leitch et al. (2008) has provided evidence for its role in the

non-canonical Wnt/PCP (Leitch et al., 2008). We found that TMEM67 activation of JNK

(Fig 1), a downstream effector of the non-canonical Wnt/PCP pathway (Leitch et al., 2008),

provided further support for these previous findings. In contrast, the canonical Wnt pathway

known to be involved in cyst formation (Kim et al., 1999; Saadi-Kheddouci et al., 2001;

Qian et al., 2004) did not respond to TMEM67. Overexpression of TMEM67 in HEK293

cells had no significant effects on the expression or phosphorylation of GSK3β

(Supplementary Fig 1).

On the basis of these observations, we propose a pathogenesis model in which aberrant

TMEM67 expression is linked to the activation of 2 signaling transduction pathways of ERK

and JNK resulting in abnormal cell proliferation and cyst formation following the

stimulation of gene transcription (Fig 6). Cross-talk is possible between the 2 pathways, and

further studies are needed to determine the specific mechanisms of action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ERK extracellular signal-regulated kinase

JNK c-Jun N-terminal kinases

mTOR mammalian target of rapamycin

S6K p70S kinase

Akt also known as protein kinase B (PKB), a serine/threonine-specific protein

kinase

4E-BP1 eIF4E-binding protein 1
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Figure 1.
Increased overall phosphorylation induced by overexpression of TMEM67. HEK 293 cells

were transfected with control vector (-) or Flag-tagged-TMEM67 vector (+) for 48 h. A.

TMEM67 overexpression was determined by immunofluoresence with anti-Flag antibody,

and nuclei were stained with DAPI. B. Western blotting with 4G10 and p-tyr-100 antibodies

(both against phospho-tyrosine proteins). β-actin was applied as a loading control. The bar

graphs represent the level of phosphorylation (n=4, *p<0.05).

Du et al. Page 10

Cell Biol Int. Author manuscript; available in PMC 2014 September 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Activation of signaling molecules upon TMEM67 overexpression. Cells were transfected

with either empty vector (-) or Flag-tagged-TMEM67 vector (+) and subjected to Western

blot (A) with the antibodies against Flag, p-JNK (Thr183/Tyo185), p-4E-BP1 (Thr37/46), p-

ERK (Thr 202/Tyr 204), p-ATF2 (Thr71), p-c-Jun (Ser 63), p-mTOR (Ser 2448), p-S6K

(Ser371), p-p38 (Thr180/182), p-Akt (Ser473) and Akt, respectively. β-actin was used as a

loading control. B. The western blots were analyzed after normalization and quantification

by using Image J densitometry software (*p<0.05, ** p<0.01, ns, no significant difference).

Du et al. Page 11

Cell Biol Int. Author manuscript; available in PMC 2014 September 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Pharmacological inhibition of ERK and JNK prevented the activation of ATF2, c-Jun and

4E-BP1 by TMEM67 overexpression. HEK293 cells were transfected with either empty

vector (-) or Flag-tagged TMEM67 vector (+). After 48 h of transfection, cells were treated

with either 1% of DMSO (Con), 20μm of U0126 (U), or 30μm of SP600125 (SP) for 6 h. A.
Cells were analyzed by western blotting with a variety of antibodies against p-JNK (Thr183/

Tyr185), p-ERK (Thr202/Tyr204), p-ATF2 (Thr71), p-c-Jun (Ser63) and p-4E-BP1

(Thr37/46), respectively. β-actin was visualized as a loading control. B. The western blots

were statistically analyzed following the normalization by using Image J densitometry

(*p<0.05; ** p<0.01).
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Figure 4.
Hematoxylin and eosin staining of bpck kidneys showing the progression of the bilateral

polycystic kidney phenotype. (A) E15.5 (n = 3), (B) E18.5 (n = 3), (C) P6 (n = 3), (D) P10

(n = 3) and (E) P18 (n = 3). (F) Autopsy image of a P18 bpck/bpck with bilaterally enlarged

polycystic kidneys.
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Figure 5.
Signaling pathways related to cystic pathogenesis in mutant kidneys. Kidney tissues from P0

(A), P10 (B) and P18 (C) wild-type (+/+) and bpck mutants (−/−) were immunoblotted with

antibodies against 4G10, p-ERK (Thr202/Tyr204), p-JNK (Thr183/Tyr185), p-4E-BP1

(Thr37/46), p-mTOR (Ser 2448), p-S6K (Thr389) and p-Akt (Ser473), respectively. β-actin

was visualized as a loading control. The western blots were statistically analyzed (n=3,

*p<0.05) following the normalization by using Image J densitometry software. The bar

graphs represent the level of phosphorylation.
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Figure 6.
A diagram of TMEM67 signaling pathways in cystic pathogenesis. 1) Aberrant expression

of TMEM67 targets downstream signal cascade of ERK and JNK. 2) Activated ERK and

JNK further regulate gene transcription and translation for increased cell proliferation.
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