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ABSTRACT 

 

Studies on the function of NEDD4 

in proliferation and differentiation of 

bone marrow-derived stem cells 

 

Seon-Ae Jeon 

Major in Veterinary Biomedical Sciences 

Department of Veterinary Medicine 

The Graduate School 

Seoul National University 

 

 

 

Neural precursor cell expressed developmentally downregulated protein 4 (NEDD4) 

is an E3 ubiquitin ligase which catalyze the binding of ubiquitins to target substrates. 

The role of NEDD4 has been well-known as a regulator of proliferation and 

development of several kinds of cancers via involving in many signal pathways. 

However, the specific function of NEDD4 in bone marrow-derived stem cells are 

covered yet. In this study, I determined the role of NEDD4 during osteoblast 

differentiation from BMSCs through regulation of TGFβ1/BMP2 signaling and the 

protective effect of NEDD4 against oxidative stress in BMSCs by repression of 

Hippo signaling pathway.  
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The study in chapter I, the role of NEDD4 was revealed as a positive regulator of 

proliferation in immature osteoblast via enhancing TGFβ1 signaling pathway. To 

investigate the role of NEDD4 in skeletogenesis in vivo, I established immature 

osteoblast-specific 2.3-kb Collagen Type I Alpha 1 chain (Col1α1) promoter-driven 

Nedd4 transgenic (Nedd4-TG, Col1α1-Nedd4Tg/+) mice and conditional knockout 

(Nedd4-cKO, Col1α1-Cre;Nedd4fl/fl) mice. The Nedd4-TG mice displayed enhanced 

bone mass accrual and upregulated gene expression of osteogenic markers in bone. 

In addition, bone formation was decreased in the Nedd4-cKO mice compared to that 

in their littermates. The proliferation of primary osteoblasts isolated from calvaria 

and the number and surface area of tibial osteoblasts were higher in the Nedd4-TG 

mice than those in their littermates. Throughout the osteoblast differentiation, the 

expression of Nedd4 and Tgfb1 were high at early stage of osteoblast maturation, but 

decreased at the later stage when Bmp2 expression level is high. TGFβ1 signaling 

was consolidated by degradation of pSMAD1, which was transiently induced by 

TGFβ1, in NEDD4-overexpressing osteoblasts. Furthermore, pERK1/2 signaling 

was enhanced in osteoblast from TG mice than those in their littermates. These 

results suggest that NEDD4 enhances osteoblast proliferation by removing pSMAD1 

activated by TGFβ1, and potentiating pSMAD2 and pERK1/2 pathways at early 

stage of bone formation. 

 

E3 ubiquitin ligases are also involved in the regulation of oxidative stress-induced 

cell death. CHAPTER II is a study of the mechanism how NEDD4 enhance 

proliferation and inhibit apoptosis by regulation of Hippo signaling in H2O2-treated 

hBMSCs. Cell proliferation was increased in low doses of H2O2 (10-4~10-2 μM), 

whereas sub-lethal concentrations of H2O2 (> 200 μM) induced apoptosis. A 
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chromatin immunoprecipitation assay identified that recruitment of NFκB onto the 

promoter region of NEDD4 mediated H2O2-induced NEDD4 expression. The 

increase of NEDD4 expression by H2O2 induced translocation of Yes-associated 

protein (YAP) into the nucleus by decreasing the stability of large tumor suppressor 

kinase (LATS). Thus, the phosphorylation of Serine 127 residue of YAP by LATS 

upstream kinase is decreased and thereby increased the transcriptional activity of 

YAP. The mRNA expression levels of CATALASE and MnSOD, which are well-

known targets of YAP, were increased by H2O2 treatment, but downregulated by 

NEDD4 silencing using a specific siRNA (siNEDD4). H2O2-induced ROS 

scavenging capacity was also decreased by siNEDD4 in hBMSCs. Finally, hBMSC 

differentiation into osteoblast was decreased by siNEDD4, but reverted by 

reintroduction of the YAP-S127A mutant. Taken together, these results indicate that 

NEDD4 regulates H2O2-induced alteration of cell status through regulation of the 

Hippo signaling pathway. 

 

Keywords : NEDD4, hBMSCs, Transgenic mice, Conditional knockout mice, 

TGFβ1, H2O2, NFκB, YAP 
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BACKGROUND 

 

1. Ubiquitination 

Ubiquitin is a small (8.6kDa) protein and the addition of ubiquitin to a substrate 

is called ubiquitination (less frequently called ubiquitylation). Ubiquitin is named 

due to its ubiquitous aspect and it is highly conserved in all known eukaryotic 

organisms (Figure B-1). Ubiquitination is a post-translational modification that 

regulate multiple signal processes including protein degradation, trafficking and 

DNA repair (An et al., 2014). This process is catalyzed by enzymatic cascade that 

comprises an ubiquitin-activating enzyme (E1), an ubiquitin-conjugating enzyme 

(E2) and an ubiquitin ligase (E3) (Figure B-2). At the first step of ubiquitination, 

thioester bond is formed between the C-terminal carboxyl group of ubiquitin and the 

cysteine sulfhydryl group of E1 with substitution of ATP to AMP. To date, 2 genes, 

UBA1 and UBA6, are identified as an E1 enzymes in human. And then, activated 

ubiquitin is bound to active cysteine site of E2 via trans(thio)esterification reaction. 

In human, there are 35 different E2 genes. In the last step of the ubiquitination 

cascade, E3 catalyze the formation of isopeptide bond between a lysine of the target 

substrate and the C-terminal glycine of ubiquitin. The number of E3 ubiquitin ligase 

identified in human is more than 700 (Yang and Kumar, 2010). E3 ubiquitin ligases 

are divided 2 subfamilies in dependent of their domain of C-terminus which 

recognize the motif of target substrate proteins (Figure B-2). The cysteine residues 

of E3s possessing the homologous to the E6-AP carboxyl terminus (HECT) domain 

transiently bind ubiquitin and subsequently transfer it to substrate. Meanwhile, the 
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really interesting new gene (RING) domain E3s catalyze the ubiquitin transfer to 

target substrate from E2s directly (Magnifico et al., 2003).  

Ubiquitination most commonly binds the last amino acid of ubiquitin (glycine 76) 

to a lysine residue on the substrate. The ubiquitin binding to substrate can be either 

a single (mono/multiubiquitination) or a chain (polyubiquitination) (Figure B-3). In 

forming ubiquitin chain, the secondary ubiquitin always linked to one of the seven 

lysine residues and N-terminal methionine of the previous ubiquitin proteins. 

Polyubiquitination of target substrate has been characterized universally as a mark 

for protein degradation. However, the function of polyubiquitination depends on 

which lysine residue in the ubiquitin used to form polyubiquitin chain. The most 

commonly appeared polyubiquitin chains are K48, K11 and K63. K48 and K11 

polyubiquitination almost also plays a role as a signal for protein degradation (Chen 

and Matesic, 2007). Whereas, K63 polyubiquitination is determined as cues of 

diverse signaling including endocytosis by endosomal and vacuolar sorting 

complexes, DNA damage response and activation of the nuclear factor-κB and T cell 

receptor pathways in mammalian cells (Wang et al., 2019). In order for substrate to 

be recognized by proteasome, at least four ubiquitin molecules must be attached to 

a lysine residue. The mechanism by which the polyubiquitinated substrate protein is 

destructed by proteasome is not fully understood. 
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Figure B-1. A diagram of ubiquitin 

(A) A diagram showing the structure of ubiquitin that is a small protein (8.6kDa). 

Seven lysine sidechains are marked in yellow. (B) The sequences in amino acid 

abbreviations that red-colored letters include 1 N-terminal methionine and 7 lysine 

residues which are able to be linked to the next ubiquitins. (Adapted from Wikipedia) 
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Figure. B-2. Catalytic cascade in ubiquitination 

Ubiquitination is one of the posttranslational modification that control the stability, 

activity and cellular localization of target substrate. Ubiquitin is first attached to a 

Cysteine residue of ubiquitin activating enzyme (E1) in an ATP-dependent reaction. 

Subsequently, the activated ubiquitin will be transferred to a Cysteine residue of 

conjugating enzyme (E2). Finally, working with a specific E3 ligase, E2 ligase can 

transfer the (poly)ubiquitin to a Lysine residue of the substrate. There are 2 major 

classes of E3 ligases, including HECT E3 ligases and RING E3 ligases. Meanwhile 

RING E3 ligases catalyze the transfer of ubiquitin directly from E2 ligases to the 

substrate, the activated ubiquitin is first transferred from E2 ligases to HECT ligases 

and then be transferred to the substrate from the E3 ligases. (Adopted from Zou et 

al., 2015, Biochimica et Biophysica Acta (BBA) - Reviews on Cancer)   

https://www.sciencedirect.com/science/journal/0304419X
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Figure B-3. Various types of ubiquitination and specific role 

The isopeptide linkage is formed between the C-terminal glycine residue and lysine residue of target substrate or other 

ubiquitins. The distinct conformation made by various types of ubiquitination can exert specific (or unknown) functions. 

(Adopted from Park et al., 2014, BMB Rep.)   
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2. The NEDD4 family ubiquitin ligases 

 Among the ~ 30 HECT type ligases known to date, 9 E3 ligases including NEDD4 

(also known as NEDD4-1), NEDD4L (also known as NEDD4-2), WWP1, WWP2, 

SMURF1, SMURF2, ITCH, NEDL1 (also known as HECW1) and NEDL2 (also 

known as HECW2) are classified into NEDD4 family based on a shared domain 

(Figure B-4): a N-terminal C2 domain for binding membrane, a central two to four 

double tryptophan residue (WW) domains for recognizing proline-containing motifs 

(PY motif; PPxY or LPxY) present in substrates and a C-terminal HECT domain for 

ubiquitin-protein ligation. Despite HECT type E3 ligases have common structure, 

NEDD4 family members exhibit unique functions. Each members affect significant 

signaling pathways regulating cellular growth and proliferation, with important 

implications for animal development and cancer (An et al., 2014, Ingham et al., 

2004). 

NEDD4 was initially cloned from mouse embryonic brain which Nedd4 was highly 

expressed, and was decreased during development (Kumar et al., 1992). There are 

three mRNA species for human NEDD4 which were found to be 6.4, 7.8 and 9.5 kb 

in size and their expression pattern varied in dependent of tissues (Anan et al., 1998). 

Whereas NEDD4 was discovered as a regulator of neuronal function and plasticity 

in the brain (Donovan and Poronnik, 2013), recent studies demonstrated the pivotal 

role of NEDD4 in the development and progression of cancers (Chen and Matesic, 

2007). The expression of NEDD4 is elevated in many types of cancers and it 

promotes cell proliferation and colonic cell growth (Chen and Matesic, 2007). 

Predominant phenotypes observed in mouse embryonic fibroblast isolated from 

Nedd4 knockout mice were perinatal lethality, growth retardation and slower 

turnover pattern (Cao et al., 2008).  
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The amiloride-sensitive epithelial sodium channel (ENaC) is the most well-studied 

target of NEDD4-2 (Staub et al., 1996). The epithelial sodium channels (ENaC) 

composing 3 homologous subunits (α, β and γ) which each contains short 

intracellular N- and C-terminus and 2 transmembrane domains linked by an 

extracellular loop (Canessa et al., 1993). The PY motif in C-terminal tail of each 

subunit are recognized by NEDD4-2 (Staub et al., 1996) and ubiquitinated resulting 

in downregulation of sodium channel. This downregulation is occurred by natural 

mutations in C-terminus of β or γ subunits in Liddle’s syndrome, an autosomal-

dominant hypertensive disorder. The mutations result in alteration or loss of PY 

motif and impair binding by WW domain of NEDD4-2. 

SMURF (SMAD ubiquitin regulatory factor) 1 and SMURF2 are known to 

antagonize TGFβ1 signaling (Narimatsu et al., 2009). Several studies showed that 

mice dificient with either Smurf1 or Smurf2 are viable respectively but deletion with 

both genes leads to embryonic lethality. SMURF1 and SMURF2 not only have 

distinct way of regulation, but they also have different substrate specificities in spite 

of their highly comparable sequence homology. The SMAD proteins, downstream 

of TGFβ1 and BMP2 signaling, have PY-motif bearing linker that bind the WW 

domain of SMURF1/2. SMURF1 negatively regulates BMP signaling by interacting 

with SMAD1, 5 and 8 and resulting in their degradation (Zhu et al., 1999). SMURF2 

induce degradation of SMAD2 in BMP2 signaling by polyubiquitination (Tan et al., 

2008), but induces multiple monoubiquitination of SMAD3. The multiubiquitinated 

SMAD3 impair to bind with SMAD4 and is unable to form transcriptionally active 

SMAD3-SMAD4 complex (Tang et al., 2009). 

WWP1 and WWP2 are identified as member of NEDD4 E3 ligase family due to 

possessing tandem WW domain and similar domain architecture with NEDD4 
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(Pirozzi et al., 1997). However, although conventional NEDD4 knockout mice 

showed reduced bone mass (Jeon et al., 2018), WWP1 knockout mice showed 

increased bone mass accompanied by elevated level of target proteins of WWP1 

including JunB, Runx2 and CXCR4 which are important for osteoblast 

differentiation (Shu et al., 2013). WWP1 also plays role as a negative regulator of 

TGFβ signaling by ubiquitination and degradation of TGFβ receptor (TβR) although 

TβR lacks PY motif (Seo et al., 2004). WWP2 knockout mice showed craniofacial 

anomalies that leads to infant mortality and morbidity (Zou et al., 2011). PTEN is 

also target of WWP2, thus knockdown of WWP2 in DU145, a prostate cancer cell 

line, induce increased PTEN level and cell death (Maddika et al., 2011).  
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Figure B-4. Structure of the NEDD4 family E3 ligase  

(A) NEDD4 family members have an N-terminal C2 domain, 2 to 4 WW domains and a 

catalytic HECT domain. The C2 domain binds Ca2+ and phospholipid, which targets 

NEDD4 family ligases to intracellular membranes. The WW (Trp–Trp) domains bind to 

conserved PPXY sequences (PY motif) on substrates, therefore controlling substrate 

selectivity. The HECT domain contains a catalytic cysteine which forms an active 

thioester complex with ubiquitin. (B) Structural domains of the nine NEDD4 family E3 

ligases. (Adapted from An et al., 2014, Mol Biosyst.)   

 

https://pubs.rsc.org/image/article/2014/mb/c3mb70572b/c3mb70572b-f1_hi-res.gif
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3. The regulation of NEDD4 expression and activity 

Recently, several evidences have suggested that the expression and activity of 

NEDD4 could be regulated by multiple factors (Figure B-5). There are 2 ways which 

control the level of NEDD4 in several types of cells and tissues. The first is the 

regulation at transcriptional activity of NEDD4. Forkhead box protein M1B 

(FoxM1B) is known as a transcription factor of NEDD4, leading to cellular 

transformation and malignant phenotype in immortalized human astrocytes (Dai et 

al., 2010). Specifically, expression of NEDD4 is increased by FoxM1B 

overexpression and followed by enhanced PTEN degradation. Consequently, Akt 

was hyper-activated which promotes the phosphorylation and cytoplasmic retention 

of FoxO3A in multiple cell lines (Monami et al., 2008, Vecchione et al., 2003). The 

other study also shows that FOXM1B is a ROS-mediated transcription factor of 

NEDD4 and results in degradation of IGF1R (Kwak et al., 2012). Upregulation of 

NEDD4 was observed in brain tissues from neuronal disease patients including 

alzheimer’s, huntington’s and parkinson’s disease which the neurodegeneration is 

occurred by oxidative stress. 

The second way is regulation of stability and activity of NEDD4 at translational 

level. NEDD4 has been demonstrated to be cleaved during apoptosis induced by a 

variety of stimuli including Fas-ligation, γ-radiation, tumor necrosis factor-α, C-8 

ceramide, and etoposide treatment. NEDD4 is cleaved by several caspases such as 

caspase 1, 3, 6 and 7 which are activated by apoptosis-inducing stimuli and the 

cleavage of NEDD4 is not exhibited by treatment of inhibitor of Caspase 3-like 

proteases. The site-directed mutagenesis reveals that one of the cleavage site in 

mouse Nedd4 by Caspase is mapped to a DQPD237 sequence, which is conserved 

between mouse, rat and human protein (Harvey et al., 1998). And also, the protein 
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level of NEDD4 is negatively regulated by O-GlcNAc level upon PUGNAc or 

glucosamine stimulation via CASPASE-mediated pathways (Jiang et al., 2016). 

The other regulator of NEDD4 at protein level is PI3K/PTEN-mTORC1 signaling 

although PTEN is a target substrate of NEDD4. PTEN deletion in mouse primary 

hippocampal neuron resulted in upregulation of NEDD4 translation without 

alteration of mRNA level but, it is abolished by rapamycin treatment, an inhibitor of 

mTORC1 (Hsia et al., 2014, Ahn et al., 2008).  

The ligase activity is also regulated depending on the phosphorylation of NEDD4. 

The treatment of FGF led to activation of c-Src kinase-dependent tyrosine 

phosphorylation of NEDD4 increasing the ligase activity of NEDD4. Y43 in C2 

domain and Y585 in HECT domain are revealed as the major phosphorylation site 

by mass spectrometry (MS) (Persaud et al., 2014). In addition, TGFβ1-induced 

serine/threonine phosphorylation of NEDD4 also increased catalytic activity of 

NEDD4 (Lee et al., 2017). 

The auto-inhibition of NEDD4 is also important regulator of NEDD4 activity via 

intramolecular interaction between C2 and HECT domains. The binding of calcium, 

an activator of catalytic activity of NEDD4, to the C2 domain and recruit NEDD4 to 

the lipid membrane reliving auto-inhibitory conformation (Wang et al., 2010). 

Moreover, auto-inhibitory effect can also be appeared in binding with an adaptor 

protein called NEDD4 family-interacting proteins, NDFIP1 and NDFIP2. The 

interaction between WW domain of NEDD4 and PY motif in NDFIPs control 

NEDD4 ligase activity (Mund and Pelham, 2009). 
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Figure B-5. Illustrated pathways for NEDD4-mediated degradation of its 

substrates as well as the identified NEDD4 upstream regulators 

NEDD4 has been demonstrated to play a critical role in the development and 

progression of human cancers. NEDD4 targets a variety of proteins which has a 

PPxY motif in its amino acid sequences. Moreover, many upstream regulators are 

associated with activation and expression of NEDD4 in various cellular 

environments. (Adapted from Ye et al., 2014, Current Cancer Drug Targets) 

 

javascript:void(0);
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4. The ubiquitination targets for NEDD4 

As an E3 ubiquitin ligase, NEDD4 exerts to regulate target protein stability and 

activity. There are many known target substrates of NEDD4 which are involved in 

biological functions (Figure B-5).  

Phosphatase and tensin homolog (PTEN) is a tumor suppressor which blocks PI3K-

pAKT signaling pathway and well-known target substrate of NEDD4 (Weng et al., 

2001). Interestingly, genetic background of PTEN is normal but its protein level is 

low and NEDD4 is highly expressed in multiple human cancer samples. So, it 

suggests that aberrant increased NEDD4 can regulate PTEN in posttranslational 

level. As expected, PTEN stability is decreased by polyubiquitination by NEDD4 

and it has profound impacts on tumorigenesis (Wang et al., 2007). 

NEDD4 also known to regulate pAKT dynamics by ubiquitination. NEDD4 

interacts with AKT and induce its ubiquitination. The K63-linked polyubiquitinated 

pAKT is translocated into nucleus or coupled with proteosomal degradation (Fan et 

al., 2013). NEDD4-mediated ubiquitination of pAKT is specifically stimulated in 

IGF1 signaling without altering ubiquitination level of total AKT. The ubiquitination 

amount is increased in plasma membrane-philic mutant AKT (E17K) appeared in 

cancers and mutant pAKT more effectively translocated into nucleus compared with 

wild type AKT (Fang et al., 2014). 

Grb10, an adaptor protein for interaction of insulin-like growth factor 1 receptor 

(IGF1R) and insulin recptor (IR) with other proteins, is a negative regulator of cell 

proliferation via inhibition of IGF1R and IR. Grb10 binds to NEDD4 and helps 

catalyze ubiquitination, internalization and degradation of IGF1R upon IGF1 

stimulation. IGF1R is multiubiquitinated by NEDD4/Grb10 complex (Vecchione et 
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al., 2003, Monami et al., 2008). The other study reveals that Grb10 is a positive 

regulator of VEGF signaling pathway and VEGF treatment induce expression of 

Grb10 (Giorgetti-Peraldi et al., 2001). Furthermore, Grb10 inhibited ubiquitination 

and degradation VEGFR2 by NEDD4 (Murdaca et al., 2004). A few research 

demonstrates that NEDD4 directly ubiquitinates Grb10 and results in increased cell 

proliferation via promoting IGF1 signaling pathway (Cao et al., 2008). 

Various recent studies have shown a critical role of NEDD4 in cancer development. 

Large tumor suppressor kinase 1 (LATS1) is well-known tumor suppressor and 

target for ubiquitination by NEDD4. LATS1 is a serine/threonine kinase associated 

with Hippo signaling that regulates organ size and cell proliferation (Yu et al., 2015). 

LATS1 containing PY motif is bound with NEDD4 directly and subjected to 

degradation by NEDD4 and increase the translocalization of YAP into nucleus 

(Salah et al., 2013).  

Amino-3-hydroxy-5-methyl-isozazole-4-propionic acid receptor (AMPAR) is also 

regulated by NEDD4-mediated ubiquitination (Lin et al., 2011). AMPAR is 

significant mediator of excitatory synaptic transmission in the brain and its locational 

alteration and turnover leads to underpinning synaptic plasticity and higher brain 

functions. The ubiquitination and internalization was impaired in mutation of lysine 

residues to arginine at the glutamate receptor subunit 1 (GluA1), a subunit of 

AMPAR, determining K868 as a ubiquitinated lysine residue. Cell surface 

localization and total abundance of AMPAR are reduced by ubiquitination. NEDD4 

is enriched in synaptosomes and co-localized with AMPARs in neurons. 

Overexpression of NEDD4 leads to ubiquitination-mediated internalization and 

degradation which results in reduced excitatory synaptic transmission. 

β2-adrenergic receptor (ADRB2) is a prototypic member of G protein-coupled 
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receptor family (Pierce et al., 2002). The termination of signaling is occurred by 

phosphorylation by G protein-coupled receptor kinases, leading to the recruitment 

of cytosolic β-arrestins. Subsequently, β-arrestins facilitate clathrin-AP-2-dependent 

internalization of the receptor as well as downstream mitogen-activated protein 

kinase signaling (DeWire et al., 2007). Dominant negative NEDD4 specifically 

inhibited isoproterenol-induced ubiquitination and degradation of ADRB2 in 

HEK293 cell line but, NEDD4-2 or AIP4 did not. However, Treatment of siRNA 

targeting β-arrestin 2 inhibited the binding between NEDD4 and ADRB2 indicating 

that the E3 ubiquitin ligase role of NEDD4 for ADRB2 is mediated by β-arrestin 2 

(Shenoy et al., 2008). 

Beclin 1, a subunit of the class III phosphatidylinositol 3-kinase complex, is known 

as a tumor suppressor. Interestingly, the expression of Beclin 1 may be increased or 

decreased in cancer development and metastasis. Therefore, it is important to balance 

the protein levels of Beclin 1 (Fu et al., 2013). NEDD4 binds to Beclin 1 and induce 

its ubiquitination-dependent degradation. Beclin 1 is discovered as a first K11-linked 

polyubiquitination target by NEDD4 (Platta et al., 2012). 

Cbl proteins belong to RING type E3 ubiquitin ligase that is essential for negative 

regulation of tyrosine kinases (Paolino et al., 2014). Not only NEDD4 but also Itch, 

which are members of HECT type E3s, target Cbl-b for proteosomal degradation. 

NEDD4 reverses the effects of Cbl-b-mediated downregulation of epidermal growth 

factor receptor (EGFR) and Src (Magnifico et al., 2003).  

It has been reported that NEDD4 negatively regulates the Notch signaling. The 

plasma membrane receptor Notch is activated upon ligand-dependent proteolytic 

cleavage and internalization. NEDD4 targets and ubiquitinates Notch containing 

PPSY sequence and followed by endocytosis of Notch (Sakata et al., 2004). In 
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addition, Deltex, a positive Notch signaling regulator that encodes a putative RING 

type ubiquitin ligase (Wilkin et al., 2004). 
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CHAPTER I 

 

 

Enhanced bone formation by NEDD4 via removing 

TGFβ1-induced pSMAD1 in immature osteoblast 
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INTRODUCTION 

 

Skeletogenesis during mammalian development is a complex and elaborate process 

(Long, 2012). It is divided into two ways of development. Intramembranous 

ossification, which is responsible for the formation of most of the craniofacial bones, 

is mediated by the direct differentiation of mesenchymal stem cells (MSCs) into 

bone-forming osteoblasts. Meanwhile, mesenchymal cells can differentiate into 

chondrocytes, which are the templates for future bone tissues, through a process 

called endochondral ossification (Karsenty et al., 2009). During skeletogenesis, the 

coordinated regulation of osteoblast and osteoclast activities is required to maintain 

bone homeostasis (Lefebvre and Bhattaram, 2010). Even though many factors, 

including transcription factors, cytokines, and miRNAs, have been reported to 

regulate bone formation through the modulation of osteoblasts and osteoclasts, the 

mechanism by which bone homeostasis is tightly controlled at the molecular level 

remains elusive (Severe et al., 2013).  

The transforming growth factor beta (TGFβ) superfamily is composed of more than 

40 members including TGFβ1 subtypes, Nodal, Activin and bone morphogenetic 

proteins (BMPs)  (Guo and Wang, 2009). Both TGF-β1 and BMP2 transduce their 

signals through two types of serine/threonine kinase receptors, namely, type I and II 

TGFβ receptors. These receptors are phosphorylated upon ligand binding and initiate 

intracellular signaling through the activation of regulatory SMAD (R-SMAD) 

proteins. Then, activated R-SMAD forms a complex with common-partner SMAD 

(Co-SMAD) and translocates into the nucleus to introduce transcriptional activities 

(Chen et al., 2012). SMAD1/5/8 and SMAD2/3 are R-SMADs that are canonically 
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activated by BMP2 and TGFβ1, respectively (Augello and De Bari, 2010). The role 

of TGFβ1 and BMP2 in bone formation during mammalian development has been 

widely investigated, and these two molecules are considered critical targets for bone-

related diseases, such as osteoporosis, because of their pivotal role in skeletogenesis 

(Katagiri and Takahashi, 2002, Chau et al., 2009). These two molecules have been 

demonstrated to increase bone formation both in vitro and in vivo. However, these 

two cytokines are also known to counteract each another during bone 

formation(Chen et al., 2012). For example, BMP2 has been shown to induce 

osteogenic differentiation by upregulating osteoblastic markers such as Runxs (Runt-

related transcription factors), Alkaline phosphatase (Alp), and Osteocalcin (Ocn) 

during osteoblast differentiation from bone marrow-derived mesenchymal stem cells 

(BMSCs) (Rickard et al., 1994). On the other hand, TGFβ1, which is abundant in the 

bone matrix and released during bone resorption, has been shown to promote the 

proliferation but suppress maturation and differentiation of osteoblasts (Maeda et al., 

2004). 

Neural precursor cell expressed developmentally downregulated 4 (NEDD4) E3 

ubiquitin ligase family belongs to the HECT (homologous to E6-AP carboxyl 

terminus) domain-containing E3 ligases and includes NEDD4, NEDD4L, SMAD-

specific E3 ubiquitin protein ligase 1 (SMURF1) and SMURF2. It is known that 

pSMAD1/5/8 and pSMAD2/3 are degraded by Smurf1 and NEDD4L, respectively 

through recognizing their substrates via WW domains, which interact with PPXY 

sequences (PY motifs) on the substrates (Sapkota et al., 2007, Gao et al., 2009). 

Wang et al. identified NEDD4 as an E3 ligase for Phosphatase and tensin homolog 

(PTEN) by mass spectrometry (MS) and suggested that the aberrant activation of 

NEDD4 can potentiate tumorigenesis through the downregulation of PTEN function 
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(Wang et al., 2007). In addition to its role in tumorigenesis, NEDD4 has been 

reported to have key roles in various biological processes, such as cell proliferation 

and development (An et al., 2014). Nevertheless, although many studies have been 

conducted to elucidate the role of NEDD4 in various biological processes, its effect 

on bone formation and the regulation of TGFβ1/BMP2 signaling remains elusive. 

Recently, Wiszniak et al. demonstrated that NEDD4 plays an essential role in cranial 

neural crest cell survival and craniofacial bone formation (Wiszniak et al., 2016). 

Importantly, defects in the craniofacial bone and reduced osteoblast progenitor cell 

number were observed in Osx-Cre; Nedd4fl/- mice at E15.5. 

In previous reports, researchers found that the expression level of NEDD4 was 

alterated in BMP2-induced transdifferentiation of C2C12, premyoblast cell line, 

which suggests that NEDD4 could be a potential modulator of the TGFβ1/BMP2 

signaling pathways (Kim et al., 2009). In addition, the sudden reduction in the 

TGFβ1-induced pSMAD1 was found to occur due to the NEDD4-mediated 

ubiquitination of pSMAD1 (Kim et al., 2011). In this chapter, I further analyzed the 

function of NEDD4 during bone formation and demonstrated that NEDD4 promotes 

bone formation by increasing osteoblast proliferation by enhancing of TGFβ1 

signaling. 
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MATERIALS AND METHODS 

 

Mice 

cDNA fragments of HA-tagged Nedd4 were cloned into a plasmid containing 2.3-kb 

Col1α1 promoter and Nedd4-TG mice were generated by MACROGEN (Seoul, 

Korea). The sex-matched littermate mice were used as controls in all experiments. 

The Nedd4-floxed mice, in which the exon 9 was flanked between two loxP genes, 

were kindly provided from Dr. Hiroshi Kawabe (Max Planck Institute of 

Experimental Medicine, Germany) (Kawabe et al., 2010) and crossed with Col1α1-

Cre (Cre recombinase expression controlled by a 2.3-kb collagen type I promoter) 

mice for the generation of immature osteoblast-specific Nedd4-deleted mice. Then, 

the Col1α1-CreTg/+;Nedd4fl/+ mice and Nedd4fl/fl mice were crossed to obtain the 

Col1α1-Cre+/+;Nedd4fl/fl and Col1α1-CreTg/+;Nedd4fl/fl (Nedd4-cKO) mice. The 

genotypes were determined by PCR amplification of genomic DNA isolated from 

tail tips. The primer sets used for genotyping are as shown in Table 1-1. All protocols 

were approved by the Animal Subjects Committee of the Seoul National University 

(SNU-150825-7). All mice were maintained at 22°C to 24°C under 55% to 60% 

humidity with a 12-hour light/dark cycle in a specific pathogen-free (SPF) area. 

During the experimental period, the mice were given free access to water and a 

standard rodent diet. For all experiments, the mice were euthanized with carbon 

dioxide inhalation. 
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Micro-computed tomography (µCT) analysis 

µCT analysis were performed to determine the differences in trabecular and cortical 

bone of distal femurs using Skyscan 1172 mCT scanner (SKYSCAN, Kontich, 

Belgium). More than 3 pairs of femur samples were analyzed from sex-matched 

littermates at indicated time points. From high-resolution images of femurs, a 1.2 

mm region of the distal metaphysis was selected for analysis and subjected to three 

dimensional (3D) polygonal resampling using Skyscan 3D-Creator software, and 

morphometric parameters were calculated for the trabecular regions of interest using 

a Skyscan CT-Analyser (version 1.6.1).  

 

Bone histomorphometry 

Bone histomorphometry was performed as previously described.(Parfitt et al., 1987) 

Briefly, femurs, intraperitoneally (IP) injected with 20 mg/kg calcein on days 6 and 

2 before necropsy and lumbar vertebrae from 6-weeks-old Nedd4-TG and littermates 

were removed, fixed in 4% paraformaldehyde overnight, dehydrated, and infiltrated 

and embedded in methyl methacrylate (MMA). These tissue blocks embedded in 

MMA were cut into 5-μm thick sections. On the other hand, distal tibial samples 

decalcified in 0.5 M EDTA for 4 weeks were dehydrated and embedded in paraffin 

for hematoxylin and eosin (H&E) staining. The paraffin-embedded tissue blocks 

were also cut into sections of 5-μm thickness. All staining procedures were 

performed according to the standard procedures. Histomorphometry analysis was 

performed using the software (Osteometrics, Decatur, GA, USA), and the results 

were expressed according to standardized nomenclature (Parfitt et al., 1987) . 
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Immunohistochemistry 

Deparaffinized sections were rehydrated and immunostained with a rabbit anti-

Nedd4 polyclonal antibody (Abcam, Cambridge, UK) at 1:200 dilution and HRP-

conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA). Then, signal was 

detected by treatment of DAB (Invitrogen, Carlsbad, CA, USA).  

 

Primary cell culture 

Primary calvaria-derived osteoblasts were cultured as previously described (Ducy 

and Karsenty, 1995) with slight modification. Briefly, calvaria of neonatal mice were 

dissected and sequentially digested 6 times with a solution containing 0.1% type II 

collagenase and 0.2% of dispase in α-MEM media for 15 minutes. The cells obtained 

from the first and second digestions were discarded, and the cells from later digestion 

steps were cultured in α-MEM with 20% FBS for 3~7 days. To induce osteogenic 

differentiation, the medium (with 10% FBS) was supplemented with 50 μM ascorbic 

acid, 100 mM β-glycerophosphate and 0.1 μM dexamethasone and was replaced 

every 2 days. Mouse bone marrow-derived mesenchymal stem cells (mBMSCs) 

were collected from the tibiae and femurs (Soleimani and Nadri, 2009). After the 

removal of red blood cells, the remaining cells were resuspended in α-MEM with 

10% FBS and cultured for 2 days. Then, cells were seeded overnight in 24-well 

plates and induced to undergo osteogenic differentiation for 21 days. The cells were 

stained with Alizarin Red.  
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Real-time (RT) PCR 

Total RNA was isolated from mouse long bones, calvaria-derived osteoblasts and 

mBMSCs using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. Two micrograms of RNA were reverse-transcribed with 

a Qiagen kit for 1 hour at 37°C. The differences in the mRNA expression of target 

genes were determined by quantitative PCR (qPCR). Fluorescence-based qPCR was 

carried out with a Bio-Rad RT-PCR system using SYBR Green I (Molecular Probes, 

Eugene, OR, USA). The mRNA level of each gene was normalized to Gapdh. The 

primer sequences used in this study was shown in table 1-2.  

 

Protein isolation and western blotting 

Proteins were extracted from primary calvarial osteoblasts using RIPA buffer 

containing 10% SDS. After cell membrane lysis, the insoluble material was removed 

by centrifugation at 12,000g for 20 minutes at 4°C. Then, 5-20 μg of protein was 

separated using SDS-PAGE and electro-transferred onto nitrocellulose membranes 

in transfer buffer (48 mM Tris, 39 mM glycine, and 20% methanol). The membranes 

were blocked for 1 hour at room temperature with 5% non-fat dry milk in Tris-

buffered saline (TBS, 0.2 M Tris, pH 7.4, and 1.5 M NaCl) containing 0.05% Tween 

20. The blots were incubated with the indicated diluted primary antibodies. After 

being washed in TBS containing 0.05% Tween 20, the blots were incubated for 1-2 

hours at room temperature with anti-rabbit/mouse IgG horseradish peroxidase-

conjugated secondary antibodies. Protein bands were visualized via ECL detection 

(Amersham, Piscataway, NJ, USA). Each band was normalized against β-actin. 
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Statistical analysis 

The data represent the means ± SEM. The statistical significance of the results was 

assessed using Student’s t test. For all experiments, significance was defined as * P 

< 0.05, ** P < 0.01 and *** P <0.001 
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Table 1-1. Primers for genotyping by conventional PCR 

 

Genes Sequence (5'→3') 

NEDD4-TG ACC GAA TCC AGA AGC AAA TG 

 AGC GTA ATC TGG AAC ATC GT 

NEDD4-Cko GTA CAT TTT AGT TCA TGG TTC TCA CAG G 

 CAG AGG TCA CAT GGC TGT GGG 

Col1α1-Cre ATC CGA AAA GAA AAC GTT CA 

 ATC CAG GTT ACG GAT ATA GT 
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Table 1-2. The lists and sequences of primers used for qPCR. 

Genes Sequence (5'→3') Accession No.  

Nedd4  GCA TCT GGT TGG TCC AAA AC NM_010890.3 

 ACC CAA GAA TGG AGA GAC CA  

Runx2 TCC ACA AGG ACA GAG TCA GAT TAC AG NM_001145920.2 

 CAG AAG TCA GAG GTG GCA GTG TCA TC  

Osx TCT GCT TGA GGA AGA AGC TCA CTA TGG C NM_130458.3 

 AGG CAG TCA GAC GAG CTG TGC  

ALP ACT GAT GTG GAA TAC GAA CTG GAT GAG AAG G NM_007431.3   

 CAG TCA GGT TGT TCC GAT TCA ATT CAT ACT GC  

Col1a1 CAG TCG CTT CAC CTA CAG CAC  NM_007742.4 

 TGG AGG GAG TTT ACA CG  

Opn TGC ACC CAG ATC CTA TAG CC NM_001204203.1  

 CTC CAT CGT CAT CAT CAT CG  

Ocn AAG CAG GAG GGC AAT AAG GT NM_001305449.1  
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 TGC CAG AGT TTG GCT TTA GG  

Ki67 GCA GGT TAG CAC TGT TAT GAA AAC NM_001081117.2 

 GGG CCT TGG CTG TTT TAC ATT  

Pcna TGC TCT GAG GTA CCT GAA CT NM_011045.2  

 TGC TTC CTC ATC TTC AAT CT  

Tgfb1 GGA TAC CAA CTA TTG CTT CAG CTC C NM_011577.2 

 AGG CTC CAA ATA TAG GGG CAG GGT C  

Bmp2 CCA AGA GAC ATG TGA GGA TT NM_007553.3  

 TTA GTG GAG TTC AGG TGG TC  

Gapdh AAC TTT GGC ATT GTG GAA GG NM_001289726.1  

 ACA CAT TGG GGG TAG GAA CA  
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RESULTS 

 

Establishment of immature osteoblast-specific Nedd4 gene-modified mice 

To study the function of NEDD4 during osteoblast differentiation in vivo, I used 

gain-of-function and loss-of-function approaches. First, I generated immature 

osteoblast-specific TG mice using plasmids containing a 2.3-kb proximal fragment 

of the mouse Col1α1 promoter, which is known to be activated in immature 

osteoblasts (Figure 1-1A) (Liu et al., 2004, Dvorak-Ewell et al., 2011). The 

expression of ectopic Nedd4 gene was validated by conventional PCR using primers 

recognizing the HA tag fragment in various murine organs to verify the specificity 

of promoter. Transgene Nedd4 expression was detected in the bones of the Nedd4-

TG mice. Importantly, the other tissues examined did not show any sign of Nedd4 

expression in the Nedd4-TG except for lung tissues, which showed marginal 

expression level (Figure 1-1B). In line with the increased expression of Nedd4 

transcripts in the bones of Nedd4-TG mice, forced NEDD4 protein expression in the 

bone was also validated via immunohistochemistry of tibia tissues with anti-NEDD4 

antibody (Figure 1-1C). NEDD4-HA protein was also detected in the primary 

osteoblasts obtained from Nedd4-TG mice by HA antibody (Figure 1-1D). Notably, 

the Nedd4-TG mice did not show a significant difference in body weight gain 

compared with their wild-type littermate mice (Figure 1-1E).  
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Figure 1-1. Establishment of immature osteoblast-specific Nedd4-TG mice 

(A) Diagram showing the gene construct used to generate the immature osteoblast-

specific Nedd4-TG mice. (B) HA-tagged Nedd4 mRNA expression in various tissues 

from the Nedd4-TG and littermate mouse was detected by conventional PCR. 

Reverse primer include HA tag sequences in C-term of Nedd4. P/C, positive control 

(genomic DNA isolated from tail-tips of Nedd4-TG mice; N/C, negative control 

(without template) (C) NEDD4 overexpression in the tibia by 

immunohistochemistry with anti-NEDD4 antibody. The arrow indicates 
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dramatically increased NEDD4 expression in Nedd4-TG mice (6-weeks-old) 

compared to their littermates (n=3). A representative image is shown. Bar: 500 μm. 

(D) The expression of HA-tagged NEDD4 was detected in primary osteoblast 

isolated from calvarial tissues of Nedd4-TG mice by western blotting. (E) The weight 

of littermate mice (n=3) at each age was measured.  
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Nedd4-TG mice exhibit a high degree of bone mass accrual 

The expression level of genes related with osteoblast differentiation such as Runx2, 

Type 1 Collagen (Col1a1), Alkaline phosphatase (Alp), Osteopontin (Opn), and 

Osteocalcin (Ocn) was significantly increased in the Nedd4-TG mice (Figure 1-2A). 

Histological and histomorphometric analysis of vertebrae via von Kossa staining 

demonstrated a slight increase in bone volume (BV/TV) and trabecular thickness (Tb. 

Th.; Figure 1-2B) in the Nedd4-TG mice. To further investigate the in vivo effects of 

NEDD4 overexpression in immature osteoblasts, bone morphometric parameters 

including BV/TV, Tb. Th., trabecular number (Tb. N.) and trabecular space (Tb. Sp.) 

were determined in trabecular regions 0.5 to 1.2 mm from the growth plate of the 

distal femur, and 3D images were generated using a Skyscan CT-Analyser. Figure 

1-2C and Figure 1-2D show an increase in bone accumulation in the femur of Nedd4-

TG mice compared with that in their littermates at 6 weeks of age. To elucidate the 

long-term effect of NEDD4 on bone formation in later stages, bone mass accrual was 

analyzed from 32-week-old mice. The 3D image obtained by micro-CT scanning of 

femurs showed that trabecular bone was more compact in the Nedd4-TG mice than 

that in their littermates as shown at 32 weeks of age (Figure 1-3A). Moreover, 

parameters related to bone formation including BV/TV, Tb. Th., and Tb. N. were 

increased in the Nedd4-TG mice at 36 weeks of ages (Figure 1-3B). These data 

suggest that NEDD4 in immature osteoblasts plays a role as a positive regulator of 

bone formation. 
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(Continued) 
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Figure 1-2. Nedd4-TG mice exhibit enhanced bone formation  

(A) The mRNA expression of genes associated with bone mineralization was 

examined using qPCR. mRNA was isolated from tibia tissues of Nedd4-TG and 

littermate mice (n=3). (B) The lumbar vertebrae (L4) of 6-week-old littermate mice 

(n=3) were analyzed using von Kossa staining and histomorphometry. The figures 

are representative of each group. BV/TV, bone volume per tissue volume; Tb. Th., 

trabecular thickness. Bar: 50 μm. (C) µCT analysis of femur in 6-weeks-old 

littermate (n=4) for the analysis of bone accumulation. Representative images were 

shown. Bar: 1 mm. (D) Bone morphometric parameters were measured in trabecular 

regions 0.5 to 1.9 mm from the growth plate using Skyscan 3D-Creator software. 
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BV/TV, bone volume per tissue volume; Tb. Th., trabecular thickness; Tb. N., 

trabecular number; Tb. Sp., trabecular separation. The data represent the mean ± 

SEM of independent experiments. (*, P < 0.05; **, P < 0.01; ***, P<0.001). 
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Figure 1-3. Analysis of bone mass accrual in older Nedd4-TG mice 

(A) 3D imaging showing denser trabecular bones in Nedd4-TG mice than those in 

littermate mice. Representative images are shown (n=3). Bar: 1 mm. (B) Bone 

morphometric parameters were measured in trabecular regions 0.5 to 1.9 mm from 

the growth plate using Skyscan 3D-Creator software. BV/TV, bone volume per 

tissue volume; Tb. Th., trabecular thickness; Tb. N., trabecular number; Tb. Sp., 

trabecular separation. The data represent the mean ± SEM of independent 

experiments. (*, P < 0.05; **, P < 0.01) 
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Bone formation is downregulated in Nedd4-cKO mice 

To further clarify the effect of NEDD4 on bone formation, I performed loss-of-

function experiments. To generate Nedd4-cKO mice, the Nedd4-floxed mice, in 

which the exon 9 of Nedd4 is flanked by two loxP genes, were crossed with Col1α1-

Cre mice (Figure 1-4). In contrast to embryonic lethality due to whole body knockout 

of Nedd4 (Fouladkou et al., 2010), the Nedd4-cKO mice generated in this study were 

viable and developed normally with no outward abnormality. The knockout 

efficiency of NEDD4 in bone was verified by Western blotting with anti-NEDD4 

antibody in primary osteoblast isolated from calvaria of neonatal Nedd4-cKO 

(Col1α1-CreTg/+;Nedd4fl/fl) and WT littermate mice (Nedd4fl/fl) showing a reduced 

expression level of NEDD4 in the Nedd4-cKO mice compared with that in the WT 

littermate mice (Figure 1-5A). However, no significant difference in body weight 

was observed between the Nedd4-cKO and their littermate mice (Figure 1-5B). 

As expected, genes related to osteoblast differentiation such as Runx2, Alp, Opn, 

and Ocn were significantly downregulated in the Nedd4-cKO mice compared with 

those in their littermate mice (Figure 1-6A). Furthermore, compared with the 

littermate mice, decreased bone formation in lumbar vertebrae accompanied with 

lower BT/TV and Tb. Th. (Figure 1-6B) and decreased bone mass associated with 

lower parameters related to bone formation were observed in the Nedd4-cKO mice 

(Figure 1-6C and Figure 1-6D). Collectively, these results again strongly suggest 

that NEDD4 has positive effects on bone formation. 
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Figure 1-4. Establishment of immature osteoblast specific Nedd4-cKO mice 

For the establishment of conditional Nedd4-cKO mice, Nedd4flox/flox mice were 

crossed with the Col1α1-Cre recombinase-overexpressing mice. In brief, exon 9 of 

Nedd4 was floxed. After homologous recombination and germline transmission of 

the mutant allele, Nedd4flox/+ mice were crossed with a FLP-overexpressing mice. 

Subsequently, exon 9 was removed by crossing with the Col1α1-Cre recombinase-

overexpressing mice. pBlue, pBluescript; Neo, neomycin resistance cassette; TK, 

HSV thymidine kinase. (Adopted from Kawabe et al., 2011, Neuron) 
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Figure 1-5. Characterization of Nedd4-cKO mice 

(A) The expression of NEDD4 was decreased in primary osteoblast isolated from 

the calvarial tissues of Nedd4-cKO mice compared to that in littermates as shown by 

western blotting. (B) The weight of littermate mice (n=3) at each age was measured. 
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(Continued) 
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Figure 1-6. Bone formation is decreased in the Nedd4-cKO mice 

(A) The mRNA expression of osteogenic markers was determined in the long bones 

of Nedd4-cKO mice using qPCR (n=3). (B) von Kossa staining of lumbar vertebrae 

(L4) and histomorphometry analysis were performed in tissues from 6-week-old 

littermate mice to measure mineral deposition (n=3). The figures are representative 

of each group. BV/TV, bone volume per tissue volume; Tb. Th., trabecular thickness. 

Bar: 50 μm. (C) µCT analysis of femur from Nedd4-cKO mice and age-matched 

littermates (n=3). Representative image showing 6-week-old mice. Bar: 1 mm. (D) 

Bone morphometric parameters were measured in trabecular regions 0.5 to 1.9 mm 
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from the growth plate using Skyscan 3D-Creator software. BV/TV, bone volume per 

tissue volume; Tb. Th., trabecular thickness; Tb. N., trabecular number; Tb. Sp., 

trabecular separation. The data represent the mean ± SEM of independent 

experiments. (*, P < 0.05; ***, P < 0.001). 
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NEDD4 promotes osteoblast proliferation at immature osteoblast stage  

To gain insights into the detailed role of NEDD4 during bone formation, additional 

analyses were performed with Nedd4-TG mice. I wondered whether the increase in 

bone mass accrual in the Nedd4-TG mice was due to enhanced osteoblast activities 

by forced Nedd4 expression in Col1 promoter active stage. Histomorphometric 

analyses also showed an increase in the number of osteoblast per trabecular area (N. 

Ob/T. Ar.) and bone perimeter (N. Ob/B. Pm.) and the ratio of osteoblast surface to 

bone surface (OB. S/BS) in the Nedd4-TG, indicating an increase in proliferation of 

osteoblast (Figure 1-7A). And also, cell proliferation was decreased in siNedd4-

treated MC3T3-E1 cell line (Figure 1-7B). The mRNA expression of Ki67 and Pcna, 

cell cycle and proliferation markers (Bologna-Molina et al., 2013) was indeed 

significantly increased in primary osteoblasts isolated from the calvaria of neonatal 

Nedd4-TG mice (Figure 1-7C). And also, the expression of Ki67 and Pcna was 

decreased in Nedd4-cKO (Figure 1-7D). On the other hand, PTEN is a commonly 

known one of the targets of NEDD4, and it negatively regulates the PI3K-

AKT/MEK-ERK signaling pathway, which is associated with survival, growth, and 

differentiation of cells (McGonnell et al., 2012, Drinjakovic et al., 2010, Yamada 

and Araki, 2001, Weng et al., 2001). PTEN deletion in osteoprogenitors and 

osteoblasts using a Cre-LoxP system enhanced bone formation by upregulation of 

FGF signaling (Guntur et al., 2011, Liu et al., 2007). Thus, I hypothesized that the 

increase in the proliferation of osteoblasts from Nedd4-TG mice might be due to the 

upregulation of the PI3K-AKT/MEK-ERK pathway by the proteosomal degradation 

of PTEN. Unexpectedly, pAKT was even downregulated in primary osteoblasts from 

Nedd4-TG mice (Figure 1-7E), indicating that PTEN might enhance osteoblast 

activities via signaling pathway other than the PI3K-AKT pathway. Interestingly, I 
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found that the level of pERK1/2 was enhanced in Nedd4-TG mice (Figure 1-7E). 

Moreover, the reduction of pERK1/2 was shown in Nedd4-cKO by increase of PTEN 

(Figure 1-7F). Although more detailed further experiments are required, the results 

imply that pERK1/2 is increased through PTEN degradation by NEDD4 

overexpression. Additionally, the mineral apposition rate (MAR), a commonly used 

parameter for the characterization of bone formation, was examined by calcein 

double labeling in 6-week-old Nedd4-TG and their littermate mice. The MAR was 

increased in the Nedd4-TG mice, showing a functional increase in osteoblast 

activities in vivo (Figure 1-8A). Moreover, osteogenic differentiation was antedated 

in the BMSCs isolated from the Nedd4-TG mice compared with that in the BMSCs 

from the WT littermate mice, as analyzed by Alizarin Red staining (Figure 1-8B). 

Taken together, these results indicate that NEDD4 plays a crucial positive role in 

regulating cell proliferation during bone formation in Col1a1-active immature 

osteoblast stage. 
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Figure 1-7. Cell proliferation is increased due to NEDD4 overexpression 

(A) Hematoxylin and eosin staining was performed on tibia sections. Representative 

images are shown. Bar: 50 μm. N. Ob/T. Ar., number of osteoblasts per trabecular 
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area; N. Ob/B. Pm., number of osteoblasts per bone perimeter; Ob. S/BS, osteoblast 

surface per bone surface. (B) Cell proliferation was determined by cell counting with 

siNedd4 and scrambled control siRNA transfected MC3T3-E1 cell line (n=3). (C, D) 

The mRNA expression of cell proliferation marker genes, Ki67 and Pcna, was 

measured using qPCR in osteoblast isolated from WT/TG (n=2) and WT/cKO (n=3). 

(E, F) The protein expression levels of PTEN, pAKT and pERK1/2 were confirmed 

in calvaria-derived osteoblasts of WT/TG and WT/cKO mice. (*, P < 0.05; ***, 

P<0.001). 
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Figure 1-8. Mineralization of BMSCs were promoted by NEDD4 

(A) Double calcein labeling on the femurs from Nedd4-TG and their littermate mice 

was visualized using fluorescence microscopy (n=3). Representative image showing 

6-week-old mice. Mineral apposition rate (MAR) was calculated by 

histomorphometric analysis. Bar: 100 μm. (B) Alizarin Red staining of BMSCs 

induced to undergo osteoblast differentiation with medium containing 0.1 μM of 

dexamethasone, 50 μM of ascorbic acid and 100 mM of β-glycerophosphate (n=3). 

BMSCs from Nedd4-TG mice showed earlier and greater extent of mineralization 

than did BMSCs from littermate mice. Bar: 250 μm. (**, P < 0.01).
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Expression level of NEDD4 is reduced during osteoblast differentiation 

NEDD4 was originally discovered as a protein that is downregulated during the 

development of the mouse brain (Kumar et al., 1992). Previous studies have 

demonstrated that the expression level of NEDD4 is mainly downregulated in bones 

(Anan et al., 1998). Weston et al, using subtractive hybridization and Northern 

blotting, confirmed that Nedd4 was induced early in skeletogenesis and they also 

identified Nedd4 to be downregulated in the forelimb and hindlimb (Weston and 

Underhill, 2000). Moreover, in another study, NEDD4 expression was found to be 

weak in the condensing mesenchyme and strong in proliferating and pre-

hypertrophic chondrocytes, but it was hardly detectable in hypertrophic 

chondrocytes (Weston and Underhill, 2000). I investigated the mRNA level of 

Nedd4 in various organs from 6-week-old mice. Nedd4 levels were relatively high 

in the kidney, brain, heart and aorta but very low in the bone (Figure 1-9A). Next, I 

examined the mRNA expression pattern of Nedd4 during osteogenic differentiation 

using primary osteoblasts isolated from neonatal (P0~2) calvaria tissues. During the 

early stages of differentiation until day 2, the level of Nedd4 transcripts continued to 

increase (Figure 1-9B), showing similar a pattern to that of Runx2, an early osteoblast 

differentiation marker (Figure 1-9C). However, Nedd4 transcripts were 

downregulated after 3 days of differentiation, while the mRNA level of Opn and Ocn, 

two late osteoblast markers, was upregulated (Figure 1-9C). Moreover, the 

expression level of both mRNA and protein of NEDD4 was also reduced during the 

differentiation of mBMSCs to osteoblasts (Figure 1-9D and Figure 1-9E). Altogether, 

the data showed that the NEDD4 levels are high at early stages of osteoblast when 

cell proliferation is prevalent, but dramatically decreased when the cells differentiate 
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to mature bone cells. These data strongly indicate that NEDD4 plays a positive role 

in osteoblast at early proliferating stage during bone formation. 
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Figure 1-9. Expression of NEDD4 during osteoblast maturation and 

differentiation 

(A) Nedd4 mRNA expression in various tissues of wild-type mice. mRNA was 

isolated from the indicated tissues and reverse transcribed to cDNA. a, skeletal 

muscle; b, liver; c, colon; d, small intestine; e, spleen; f, stomach; g, kidney; h, lung; 

i, brain; j, heart; k, aorta; l, bone. (B) Nedd4 mRNA expression during osteoblast 

differentiation was measured using qPCR. The calvaria-derived osteoblasts were 

induced to undergo osteogenic differentiation with differentiation medium (n=3). (C) 
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qPCR was performed to detect the mRNA expression of Runx2, Bsp and Ocn, which 

are osteogenic differentiation marker genes (n=2). (D, E) mBMSCs were cultured 

with differentiation medium for the indicated times. The protein and mRNA 

expression level of Nedd4 was measured at each time point via immunoblotting and 

qPCR, respectively (n=3). The data represent the mean ± SEM of independent 

experiments. (*, P < 0.05; **, P < 0.01; ***, P<0.001). 
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TGFβ1 signaling was upregulated by NEDD4 

It is known that pSMAD1/5/8 and pSMAD2/3 are activated by BMP2 and TGFβ1, 

respectively. In previous study, researchers showed aberrant pSMADs can be 

activated by TGFβ1 or BMP2 (i.e., pSMAD1 activated by TGFβ1 and pSMAD2 

activated by BMP2) and named opposite pSMADs (pOSMADs), and further found 

that pOSMAD1 activated by TGFβ1 underwent proteasomal degradation by Nedd4 

within 3 hours after stimulation (Kim et al., 2011). And also, NEDD4 deletion 

promoted calcium deposition in vascular smooth muscle cell by increase of TGFβ1-

induced pSMAD1 (Lee et al., 2017). In this study, I also detected the transient 

activation of pSMAD1, in addition to longer activation of canonical pSMAD2, by 

TGFβ1 in calvaria-derived primary osteoblasts (Figure 1-10A). During osteoblast 

differentiation of BMSCs, pSMAD1 is signal transducer which is related to cell 

differentiation rather than proliferation. Therefore, I hypothesized that the ectopic 

expression of NEDD4 in immature osteoblasts when TGFβ1 is high, can increase 

osteoblast proliferation by degrading pSMAD1. In line with previous results, I found 

that the TGFβ1-induced pSMAD1 was dramatically reduced in osteoblasts isolated 

from the calvaria of Nedd4-TG compared with in littermate mice (Figure 1-10B). In 

addition, TGFβ1-induced pSMAD1 was detected at higher levels even 1hr after 

TGFβ1 stimulation in the siNedd4-treated MC3T3-E1 mouse osteoblast cells (Figure 

1-10C). Interestingly, the phosphorylation of SMAD2 was decreased in the siNedd4-

treated MC3T3-E1 cells (Figure 1-10C), implying antagonistic relationship between 

pSMAD1 and pSMAD2 (Yamamoto et al., 2009). And also, I found that the 

expression level of Tgfb1 was significantly increased in calvaria-derived osteoblasts 

from Nedd4-TG mice (Figure 1-10D). It is known that Tgfb1 auto-induction is 

occurred by canonical and non-canonical TGFβ1 signaling (Kashiwagi et al., 2015, 
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Piek et al., 2001, Zhang et al., 2006). Although it requires further study to elucidate 

whether NEDD4 directly or indirectly regulate Tgfb1 expression, it is notable that 

Tgfb1 can be upregulated by pERK1/2 signal (Kashiwagi et al., 2015, Zhang et al., 

2006). Anyhow, the elevation of Tgfb1 expression by NEDD4 likely promoted bone 

formation by upregulating pSMAD2 and pERK1/2 with positive feedback loop. To 

explore the relevance of NEDD4 in TGFβ1/BMP2 signaling, I also examined the 

transcript level of Tgfb1 and Bmp2 during the differentiation of calvaria-derived 

osteoblasts for 5 days (Figure 1-10E) and mBMSCs for 3 weeks (Figure 1-10F). At 

early stages of osteoblast differentiation, the expression of Tgfb1 was elevated in 

both osteoblasts and mBMSCs. However, it decreased with the progression of 

osteoblast differentiation. This is similar to the expression pattern of Nedd4 during 

osteoblast differentiation (Figure 1-9B and Figure 1-9D). In contrast, Bmp2 was 

expressed at high levels in mBMSCs during the initial stages of osteoblast 

differentiation. But it was subsequently decreased during cell proliferation and, 

finally, increased again later stage of differentiation. Taken together, these results 

imply that NEDD4 enhances osteoblast activities by activation of TGFβ1 signaling. 
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(Continued) 
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Figure 1-10. Regulation of TGFβ1 signaling by NEDD4 

(A) The levels of pSMAD1 and pSMAD2 activated by TGFβ1 and BMP2, 

respectively, were rapidly decreased in calvaria-derived osteoblasts (n=3). (B) 

TGFβ1-induced pSMAD1 level in calvaria-derived osteoblasts from Nedd4-TG 

mice was rapidly reduced. (C) siNedd4 and scrambled control siRNA were 

transfected into MC3T3-E1 and the cells were lysed for the analysis of protein levels 

of pSMAD1 and pSMAD2 by western blotting (n=3). (D) The expression of Tgfb1 

was analyzed using qPCR (n=4). (E, F) Transcript levels of Tgfb1 and Bmp2 during 

the osteogenic differentiation of calvaria-derived osteoblast (E) and mBMSCs (F) 
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were examined using qPCR (n=3 for both). The data represent the mean ± SEM of 

independent experiments. (*, P < 0.05; **, P < 0.01; ***, P<0.001). 
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DISCUSSION 

 

Recent data demonstrate the involvement of E3 ubiquitin ligases in bone formation 

(Severe et al., 2013). However, the role of NEDD4 in bone formation in vivo remains 

unknown. Our previous in vitro experiments showed that pSMAD1 is transiently 

activated by TGFβ1 and degraded by the E3 ubiquitin ligase NEDD4 (Kim et al., 

2011). I hypothesized that NEDD4 may be involved in osteoblast differentiation by 

regulation of TGFβ1/BMP2 signaling in a time-dependent manner. In this study, I 

used transgenic and conditional knockout mice to elucidate the role of NEDD4 

during osteoblast differentiation from mBMSCs. Compared to their sex-matched 

littermates, the adult Nedd4-TG mice exhibited increased bone formation, and this 

was likely due to the enhanced osteoblast activity (Figure 1-2 and Figure 1-5). 

NEDD4 is known to be frequently overexpressed in many different types of cancers, 

and it has been shown to promote the proliferation of cancer cells through various 

mechanisms (Li et al., 2015). However, the role of NEDD4 in other cells remains 

unknown. Recently, using loss-of-function experiments, Wiszniak et al. argued that 

NEDD4 is necessary for intramembranous bone formation (Wiszniak et al., 2016). 

Osx-Cre;Nedd4fl/- mice exhibit defects in the craniofacial bone and reduced 

proliferation of osteoblast progenitors. Meanwhile, the imposing phenotype of 

Nedd4 general null mice was growth retardation, associated with perinatal lethality 

(Cao et al., 2008). GRB10, a negative regulator of IGF signaling, was reported as 

one of the targets of NEDD4 and simultaneous loss of GRB10 in Nedd4 null mice 

restored the level of IGF1R and rescued embryonic lethality. Bae et al. showed that 

the level of NEDD4 was high at low cell density, and this led to continuous cell 
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proliferation by regulating Hippo signaling (Bae et al., 2015). In this study, for the 

first time, I described the mechanisms by which NEDD4 promotes osteoblast 

proliferation at early stage of differentiation by modulating TGFβ1 signaling and 

showed that the expression and activity of NEDD4 were time-dependent during 

osteoblast differentiation (Figure 1-9). 

 Various transcription factors and developmental cues such as growth factors are 

required for osteoblast differentiation, and the effects of these molecules are 

dependent on the time, specific stage of differentiation and environmental conditions 

of the co-stimulator (Baek and Kim, 2011, Yang and Karsenty, 2002). Among them, 

TGFβ1 is one of the most abundant cytokines in the bone matrix, and it plays a major 

role in the development and maintenance of the skeleton through the phosphorylation 

of SMAD2/3 (Chau et al., 2009, Chen et al., 2012). On the other hand, BMP2 

signaling inhibits the proliferation of various cell types (Zhang et al., 2012, Kim et 

al., 2013a). Moreover, during the differentiation of BMSCs to mature osteoblasts, 

the aberrant release of BMP2 can inhibit the proliferation of immature osteoblasts 

and lead to premature differentiation (Mukherjee and Rotwein, 2009, Ogasawara et 

al., 2004). Accordingly, the time of expression and activation of NEDD4, which is a 

regulator of the TGFβ1 and BMP2 signaling pathways, is considered crucial for 

osteoblast maturation. Although NEDD4 exerts positive effects on bone formation 

through upregulation of immature osteoblast proliferation, Alizarin Red staining 

with BMSCs from Nedd4-cKO showed premature differentiation (data not shown). 

The increased retention time of pSMAD1 in response to Nedd4 deletion during the 

early stages of osteoblast differentiation may have led to premature differentiation, 

which resulted in antedated Alizarin Red staining, although the overall bone 

formation effect was low in vivo Nedd4-cKO mice (Figure 1-4). Additionally, 
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present study showed the increase of pSMAD2 in siNedd4 treated osteoblast cell 

lines could be a result of the rapid degradation of pSMAD1 by NEDD4 (Figure 1-

8D). Yamamoto et al. reported that the inhibition of pSMAD2 signaling by 

SB431542, a blocker of Activin and Nodal signaling, can lead to the upregulation of 

pSMAD1, indicating antagonism between pSMAD1 and pSMAD2 (Yamamoto et 

al., 2009). Thus, the elevated level of pSMAD2 via removing the aberrant pSMAD1 

by NEDD4 potentiated TGFβ1 signaling and resulted in bone formation. On the 

other hand, it is of note from our data that the NEDD4 levels are high at early stage 

of osteoblast differentiation in which TGFβ1 level is high but greatly decreased at 

later stage (Figure1-8E and Figure1-8F). Indeed, the BMP2-induced 

transdifferentiation of C2C12 was impaired by NEDD4 overexpression (Kim et al., 

2011). Thus, our data also showed the possibility that forced expression of NEDD4 

in mature osteoblast stage under controlled by osteocalcin promoter, it has negative 

effect on bone formation by degrading pSMAD1 activated by BMP2. 

NEDD4 has been regarded as a proto-oncogene because of its ubiquitin ligase 

activity against the tumor suppressor PTEN (Wang et al., 2007, Ahn et al., 2008). 

PTEN degradation by NEDD4 promotes tumorigenesis, growth and proliferation in 

several cell types through the upregulation of PI3K-pAKT signaling (Drinjakovic et 

al., 2010, Yang and Kumar, 2010). However, upregulation of PI3K-pAKT by PTEN 

deletion in early stages of osteoblast differentiation including osteo-

chondroprogenitor and osteoprogenitors exhibit a disorganized growth plate with 

excessive matrix production and premature osteoid deposition, resulting in shorter 

but wider bones due to their earlier differentiation (McGonnell et al., 2012, Ford-

Hutchinson et al., 2007). Moreover, AKT enhance BMP2-induced differentiation of 

osteoblasts and treatment of LY294002, inhibitor of PI3K-AKT, lead to increase of 
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osteoblast proliferation (Mukherjee and Rotwein, 2009, Raucci et al., 2008). In 

accordance with these studies, pAKT was reduced (Figure 1-5D) in NEDD4-

overexpressing osteoblasts. On the other hand, our present and previous study 

showed that the forced expression of NEDD4 in proliferating osteoblasts led to an 

upregulation of pERK1/2 (Figure 1-5D) (Kim et al., 2011). The phosphorylation of 

SMAD2 is canonical signaling by TGFβ1 but, TGFβ1 can also activate ERK1/2 via 

phosphorylation of SHC during osteoblast differentiation (Lee et al., 2007, Zhang, 

2017, Chau et al., 2009). And also, SHC-MEK-ERK signaling was also known to be 

a target of PTEN (Chetram and Hinton, 2012, Yamada and Araki, 2001, Jang et al., 

2010). Raucci et al., suggested that pERK1/2 inhibit pAKT pathway in proliferating 

osteoblasts and each pathway correlates with proliferation and differentiation, 

respectively (Raucci et al., 2008). Therefore, although more extensive studies are 

required to determine the role of pERK/pAKT in osteoblast proliferation, our data 

suggests that pERK1/2 may be a critical target of NEDD4-PTEN at least in 

proliferating osteoblasts. 

In conclusion, our gain/loss-of-function studies revealed that NEDD4 robustly 

promotes the bone formation by degrading the aberrant opposite pSMAD1 activated 

by TGFβ1, potentiating pSMAD2 and increasing the gene expression of Tgfb1 by 

pERK1/2. Taken together, our data suggest that NEDD4, if regulated in a stage-

specific manner, could be a potential therapeutic target for patients with osteoporosis.  
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Figure 1-11. Schematic diagram 

The schematic model of signaling pathways related to NEDD4 during osteoblast 

differentiation. At early stages of osteoblast differentiation when the cells are 

proliferating, TGFβ1-induced pSMAD1 as a potential differentiation signaling, was 

degraded by ectopic NEDD4 expression. During the same stage, pERK1/2 and 

pSMAD2 levels were increased by NEDD4 overexpression in response to the 

upregulation of Tgfb1. Based on these results, I suggest that NEDD4 is a positive 

regulator of osteoblast proliferation.  
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CHAPTER II 

 

 

The regulation of hydrogen peroxide-induced cell 

proliferation and death by NEDD4 through inhibition 

of Hippo signaling 
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INTRODUCTION 

 

Neural precursor cell expressed developmentally downregulated 4 (NEDD4) is an 

E3 ubiquitin ligase and regulates target protein stability via proteosomal degradation. 

The expression of NEDD4 is frequently upregulated in several human cancers and 

positively correlated with cell proliferation and survival (Ye et al., 2014) through 

ubiquitin ligation of tumor suppressors, such as PTEN and LATS (Wang et al., 2007, 

Salah et al., 2013). Also, curcumin-induced cell apoptosis is synergistically 

increased in NEDD4-depleted pancreatic cancer cells (Su et al., 2017). In addition, 

the stability of MDM2 which is an E3 ubiquitin ligase targeting p53 is increased by 

NEDD4, resulting in inhibition of cell apoptosis (Hong et al., 2014, Xu et al., 2015). 

Although most of these studies showed the positive relationship between cell 

proliferation and NEDD4 overexpression in several cancer cell types, others reported 

that zinc and H2O2-induced expression of NEDD4 led to neuron cell death by 

degradation of IGF-1 receptor (Kwak et al., 2012). 

Hydrogen peroxide (H2O2) is a major and non-radical molecule among the reactive 

oxygen species (ROS) produced endogenously in cells (Sies, 2017). H2O2 is 

produced in normal metabolisms and the concentration gradient of H2O2 between the 

inside and outside of cells is regulated through the actions of antioxidant enzymes, 

such as Catalase, Glutathione peroxidases and Peroxiredoxins that remove H2O2 

rapidly (Antunes and Brito, 2017). An adaptive response (denoted as eustress) is 

turned on when the transient and moderate concentration shift from the homeostatic 

steady-state level (e.g. 10-2~10-1 μM in normal liver tissue) occurs (Sies, 2014, 

Antunes and Brito, 2017). Related studies suggest that the treatment of a low dose 
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of H2O2 induces upregulation of cell growth. Proliferation of the FLO cell line treated 

with a very low dose of (10-7 μM) of H2O2 is significantly increased (Zhou et al., 

2011), and proliferation and migration of human prostate cancer LNCaP cells are 

also increased by H2O2 (Polytarchou et al., 2005). However, if a collapse of the H2O2 

concentration balance occurs through consistent treatment with a high concentration 

of H2O2, a pathological stress (denoted as distress) such as apoptosis and cell cycle 

arrest is observed (Sies, 2017). The concentration of H2O2 that modulates the 

responses, including eustress or distress, is extremely dependent on cell type. 

The Hippo signaling pathway, which was first identified in Drosophila by 

observing the loss-of-function of Hippo-induced cell growth, controls several 

biological phenomena including cell proliferation, differentiation and survival 

(Harvey and Tapon, 2007, Yu et al., 2015). When the Hippo pathway is turned on 

through various extracellular stimulations, the MST (Mammalian Sterile 20-like)-

LATS-YAP cascade is sequentially phosphorylated. The phosphorylated YAP either 

remains in the cytosol by binding with 14-3-3 (phosphorylation at serine 127 of YAP) 

or goes through proteosomal degradation (phosphorylation at serine 397 of YAP). 

Various extracellular cues have been known as a regulator of YAP localization via 

phosphorylation by the MST/LATS cascade. In searching for an upstream activator 

(or inhibitor) of Hippo signaling, researchers first found proteins related to cell 

adhesion and polarity. When cells are close to each other, cell surface receptors (such 

as Fat and Dachsous) are activated, and then stimulate Merlin and Expanded, which 

in turn phosphorylate MST (Zhao et al., 2007). In addition, Crumbs complex 

components and AMOT family members are also tightly associated with Hippo 

signaling regulation (Varelas et al., 2010b, Wang et al., 2011, Zhao et al., 2011). 

Moreover, mechanical cues, such as ECM stiffness and cell geometry, are also 
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known to be potent regulators of Hippo signaling (Dupont, 2016). Moreover, several 

researches reported the activation of the Hippo pathway through ligands binding to 

G-protein-coupled receptors (GPCRs). However, Hippo signaling is activated or 

repressed depending on the intermediate proteins. For example, GPCR signaling 

through Gα12/13 or Gαq/11 activated YAP, but GPCR signaling through GαS and 

protein kinase A (PKA) repressed YAP activity (Kim et al., 2013b, Yu et al., 2013, 

Yu et al., 2012, Piccolo et al., 2014). Recently, the regulation of Hippo signaling by 

oxidative stress such as hydrogen peroxide (H2O2) and Ischemia/Reperfusion in vivo 

has been reported (Shao et al., 2014, Lehtinen et al., 2006, Yamamoto et al., 2003, 

Geng et al., 2015). However, the detailed mechanisms by which proteins are 

involved in the regulation of the Hippo pathway through external oxidative damage 

remains elusive. 

In this chapter, I examine how H2O2 affects cell proliferation and apoptosis in a 

dose-dependent manner and regulates the expression of NEDD4. Moreover, I 

demonstrate that the H2O2-induced Hippo signaling pathway is inhibited by NEDD4 

and leads to promotion of cell proliferation and inhibition of cell apoptosis. 
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MATERIALS AND METHODS 

 

Culture of human bone marrow-derived stem cells (hBMSCs). 

Human adult mandible extracted for clinical reasons was obtained from the 

Department of Oral and Maxillofacial Surgery at Kyungpook National University 

Hospital. hBMSCs were isolated and maintained as previously reported (Lee et al., 

2010, Lee et al., 2011). Briefly, bone marrow tissue was isolated from the mandible 

and then digested in 3 mg/ml collagenase type I for 1 h at 37 ℃. Digested solution 

containing isolated cells was passed through 70 μm strainer to obtain single‐cell 

suspensions. The isolated cells were seeded on culture plates and then incubated at 

37℃ with 5% CO. To induce osteogenic differentiation, the medium (with 10% 

FBS) was supplemented with 50 μM ascorbic acid, 100 mM β-glycerophosphate, 

and 0.1 μM dexamethasone and was replaced every 2 days. ALP staining was 

performed using the ALP detection kit (Sigma Aldrich, St. Louis, Missouri, USA), 

according to the manufacturer’s instructions. To estimate the proliferation rate, 

hBMSCs were cultured and counted with or without the indicated concentration of 

H2O2. Cells were harvested via trypsin treatment and a part of the cell suspension 

was stained with Tryphan blue and the cells that exhibited the dye were counted. 

 

Plasmids, siRNA and transfection. 

All plasmid DNA and siRNA transfection experiments were performed using 

Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), according to the 

manufacturer’s instructions. NEDD4 siRNA was purchased from Qiagen (Hilden, 
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North Rhine-Westphalia, Germany) and Bioneer (Daejeon, South Korea). The 

following siRNA oligonucleotides were used in the transfection studies: siNEDD4 

(target sequence, 5’-ATGGAGTTGATTAGATTACAA-3’), 5’-

GGAGUUGAUUAGAUUACAATT-3’ (sense strand) and 5’-

UUGUAAUCUAAUCAACUCCAT-3’ (antisense strand). The plasmid containing 

YAP tagged with FLAG was kindly provided by Dr. Cho (University of Seoul, Seoul, 

South Korea). YAP mutated at serine 127 was made using Q5®  Site-Directed 

Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA) according to 

manufacturer’s instructions. 

 

Chromatin Immunoprecipitation (ChIP)-PCR assay. 

For ChIP-PCR array, HEK293T (1x107 cells) were treated with or without H2O2 for 

an hour and then proteins and DNA were cross-linked with formaldehyde. Isolated 

DNAs cross-linked with proteins were sheared by 30 cycles (30 seconds ON and 30 

seconds OFF) of the Bioruptor (Diagenode Inc. Denville, NJ, USA), and incubated 

with anti-NFκB (p65 subunit, Cell Signaling, Danvers, MA, USA) or IgG control for 

16 hours. Then, DNAs were eluted from the antibody-protein-DNA complex and 

PCR was performed. The sequences of primers for PCR analysis were as follows; 

5’-CCAAGACTGCTGCGATCC-3’ (forward) and 5’-

CTTAATCCCCGCTTAAATCC-3’ (reverse). 
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MTT assay. 

The MTT assay as an indicator of cell survival was done as previously reported 

(Lee et al., 2018). Briefly, hBMSCs were cultured with or without H2O2 for the 

indicated time in 48-well plates. Cells were then treated with 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) for 3 hours. Following removal of the 

culture medium, the remaining crystals were dissolved in DMSO and absorbance at 

570 nm was measured. 

 

Apoptosis analysis by flow cytometry. 

For assays measuring apoptosis, hBMSCs were cultured with or without H2O2 in a 

60mm dish and stained with FITC-conjugated Annexin V and PI working solution 

for 15min at room temperature, as described in manufacturer’s instructions (Thermo, 

Waltham, MA, USA). After the incubation period, 400µl of 1×annexin-binding 

buffer was added, and then the samples were mixed gently and maintained on ice 

before analysis by flow cytometry (FACS AriaII, BD sciences, San Jose, CA, USA). 

 

ROS scavenging assay. 

To evaluate the amount of Reactive Oxygen Species (ROS), siCONT/siNEDD4 

were transfected into hBMSCs. After 48 hours, cells were treated with or without 

H2O2 for 30 minutes, and then stained with 2’,7’–dichlorofluorescin diacetate 

(DCFDA) for 45 minutes. Green fluorescence was detected by microscopy (Revolve, 

ECHO, San Diego, CA, USA). 
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Confocal microscope. 

hBMSCs were transfected with EGFP-YAP and siCONT/siNEDD4. At 48 hour 

post-transfection, cells were treated with H2O2 for 30 minutes, followed by nuclear 

staining using Hoechst 33342 (Thermo, Waltham, MA, USA). Confocal microscopy 

was performed using an LSM710 confocal microscope (Carl Zeiss, Oberkochen, 

Germany). Optical slices were collected at 512 × 512 pixel resolution. ZEN software 

was used to assign correct colors of channels collected, including the Green 

Fluorescent Protein (green) and DAPI (blue). 

 

Quantitative PCR (qPCR). 

Quantitative PCR was performed as previously reported (Jeon et al., 2018). Briefly, 

total RNA was isolated from hBMSCs using TRIzol reagent. Two micrograms of 

RNA were reverse-transcribed with an Omniscript RT (Reverse transcriptase) kit for 

1 hour at 37°C. The differences in the mRNA expression of target genes were 

determined by SYBR Green I fluorescence-based qRT-PCR. The mRNA level of 

each gene was normalized to GAPDH. The sequences of primers were shown in table 

2-1. 

 

Protein isolation and western blotting. 

Protein isolation and Western blotting was done as previously reported (Jeon et al., 

2018). Each protein band was normalized against β-ACTIN. Anti-NEDD4 antibody 

(Abcam; Cambridge, Cambridgeshire, England) was used at 10000:1 dilution. Anti-

pYAPS127, anti-CYCLIN D1, and anti-pERK1/2 antibodies (Cell Sigaling; Danvers, 
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MA, USA) were used at 1000:1 dilution respectively. Anti-LATS antibody (Bethyl; 

Montgomery, TX, USA) and anti-YAP antibody (Santa Cruz; Dallas, TX, USA) 

were used at 1000:1 dilution respectively. Anti-β-ACTIN antibody (Sigma Aldrich; 

St. Louis, Missouri, USA) was used at 1000:1 dilution. 

 

Statistical analysis. 

The data represent the means ± SEM. GraphPad Prism software (version 7.01, 

GraphPad software, Inc., CA, USA) was used for statistical analyses. The statistical 

significance of the results was assessed using Student’s t test and two-way ANOVA 

test. For all experiments, significance was defined as * P < 0.05, ** P < 0.01 and *** 

P <0.001. 
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Table 2-1. The lists and sequences of primers used for qPCR 

Genes Sequence (5'→3') Accession No.  

NEDD4 GCA TCT GGT TGG TCC AAA AC 
XM_011521625.

3 

  TGG AGA GAC CAT ATA CAT TT  

CATALAS

E 
TAA GAC TGA CCA GGG CAT C NM_001752.3 

  CAA ACC TTG GTG AGA TCG AA  

MnSOD ACA GGC CTT ATT CCA CTG CT 
NM_001322820.

1 

  CAG CAT AAC GAT CGT GGT TT  

ALP TGG AGC TTC AGA AGC TCA ACA CCA 
XM_006710546.

3 

  ATC TCG TTG TCT GAG TAC CAG TCC  

COL1α1 TGA CGA GAC CAA GAA CTG CC 
XM_005257058.

4 

  CCA TCC AAA CCA CTG AAA CC  

MSX2 
GCC AAG ACA TAT GAG CCC TAC CAC 

CTG 
NM_002449.4 

  
GGA CAG GTG GTA CAT GCC ATA TCC 

CAC 
 

GAPDH CAA AGT TGT CAT GGA TGA CC 
NM_001289745.

2 

  CCA TGG AGA AGG CTG GGG  
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RESULTS 

 

The expression of NEDD4 is induced by H2O2 in hBMSCs 

Hydrogen peroxide (H2O2) has been known to change cell physiology in a dose 

dependent manner (Gough and Cotter, 2011). Therefore, I first determined the 

appropriate H2O2 dose for hBMSC proliferation and death. Cell numbers were 

increased by treatment of low dose (10-4~10-2 μM) of H2O2 in hBMSC (Figure 2-1A), 

while MTT activity was reduced by high dose (more than 200 μM) of H2O2 treatment 

(Figure 2-1B). Interestingly, I found that both mRNA and protein expression levels 

of NEDD4 were the highest at 10-50 μM and a 50 μM H2O2 treatment respectively, 

and sustained expression of mRNA and protein was examined up to 300 μM and 100 

μM H2O2 treatment respectively (Figure 2-1C and Figure 2-1D). In addition, the 

expression of NEDD4 was upregulated in low dose of H2O2
-treated hBMSCs (Figure 

2-2). Moreover, the cycloheximide chase assay demonstrated that H2O2-mediated 

NEDD4 expression was regulated at the transcriptional level (Figure2-1E). As a 

result, hBMSC cell proliferation increased at low doses of H2O2 treatment but 

decreased at high doses. In addition, whereas the expression of NEDD4 was 

increased dose-dependently by H2O2 treatment until 50 μM, it was gradually 

decreased by more than 100 μM H2O2 treatment. 
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Figure 2-1. The expression of NEDD4 was induced by H2O2 in hBMSCs 

(A) The number of hBMSCs treated with indicated concentration of H2O2 for 72 

hours were counted (n=3). (B) hBMSCs were treated with H2O2 for 48 hours and 

then MTT assay was conducted (n=3). (C) The expression of NEDD4 was examined 

by qPCR with mRNA isolated from hBMSCs treated with H2O2 for 3 hours (n=3). 

(D) Western blot was performed with anti-NEDD4 antibody after 3 hours of 

treatment with H2O2 at the indicated concentration on hBMSCs. (E) H2O2 was added 

into hBMSCs for given times with or without cycloheximide (20μM) and then 

NEDD4 expression was analyzed by Western blot. 
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Figure 2-2. Low dose of H2O2 induced expression of NEDD4 hBMSCs 

hBMSCs were treated with indicated concentration of H2O2 for 3 hours and then 

NEDD4 expression was confirmed by western blot. 
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H2O2-induced NEDD4 expression is mediated by a transcription factor NFκB 

NFκB is a key transcription factor that regulates various biological aspects, 

including immune response, growth, differentiation and death (Judge et al., 2007). 

In particular, the role of NFκB has stood out in oxidative stress (de Oliveira-Marques 

et al., 2007). To identify whether NFκB is potential transcriptional factors (TFs) 

mediating H2O2-induced NEDD4 expression, I first analyzed the NEDD4 promoter 

region (-1kb from TSS) using the PROMO website (http://alggen.lsi.upc.es/cgi-

bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) (Figure 2-3A). The analysis 

identified that NFκB is the most potent TF with high-probability binding to the 

NEDD4 promoter region. To determine whether NFκB mediates H2O2-induced 

NEDD4 expression, I performed chromatin immunoprecipitation (ChIP)-PCR with 

an anti-NFκB (p65 subunit) antibody. The result showed that 10-3 μM and 100 μM 

of H2O2 treatment induced the binding of NFkB to the NEDD4 promoter region, but 

NFkB binding was not examined when immunoprecipitated with control IgG 

antibody (Figure 2-3B). Furthermore, NFκB inhibitor (Bay 11-7082) treatment 

inhibited H2O2-induced NEDD4 expression (Figure 2-3C). Taken together, these 

results indicate that NFκB binds to the promoter of NEDD4 and mediates the NEDD4 

expression induced by H2O2 treatment. 
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Figure 2-3. H2O2–induced NEDD4 was mediated by NFκB 

(A) Potential NFκB binding site in the NEDD4 promoter region was analyzed using 

the ‘PROMO’ website. Red and green-colored nucleotides indicate potential binding 

site and primer sequences used for PCR, respectively. (B) ChIP-PCR was conducted 

using anti-NFκB (p65 subunit) antibody in 10-3 μM and 100 μM H2O2-treated or non-

treated HEK293T for an hour. (C) H2O2-induced NEDD4 expression was analyzed 

by qPCR with mRNA isolated from hBMSCs treated with or without Bay 11-7082, 

NFκB inhibitor (n=3). 
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H2O2-induced NEDD4 expression regulates hBMSC proliferation and apoptosis 

From the above results I found that NFκB is a transcription factor in H2O2-induced 

NEDD4 expression. I then examined whether NEDD4 plays a role in H2O2-mediated 

hBMSC cell proliferation and apoptosis. NEDD4 knock-down experiment was done 

by transfecting hBMSCs with siNEDD4 or control siRNA (siCONT) in the presence 

or absence of H2O2. The cell number was increased by H2O2 treatment (10-3 μM) but 

decreased by NEDD4 knock-down (Figure 2-4A). Moreover, silencing of NEDD4 

dramatically downregulated the protein expression level of CYCLIN D1 and the 

phosphorylated form of ERK1/2 enhanced by H2O2 treatment (Figure2-4B). 

Next, I examined the effect of NEDD4 in H2O2-induced oxidative stress. As shown 

in Fig. 1, I found that 10-4-10-2 μM H2O2 induced cell proliferation whereas above 

100 μM H2O2 resulted in adverse effect (Figure 2-1A and Figure 2-1B), and that 100 

μM H2O2 is identified as the maximum dose which could induce NEDD4 protein 

expression (Figfure 2-1D). Thus, I decided to use 100 μM H2O2 to see the effect of 

NEDD4 on cell death through oxidative stress. The MTT assay showed that cell 

viability was not altered by treatment with 100 μM H2O2, but it was significantly 

reduced in NEDD4 knock-downed hBMSCs (Figure 2-4C). Moreover, 

overexpression of NEDD4 increased cell viability even after treatment with 200 μM 

H2O2 (Figure 2-4D). Also, FACS analysis with Annexin V/PI staining showed that 

NEDD4 knock-down decreased the population of live cells (Annexin V-/PI-) in 100 

μM H2O2 treated hBMSCs, whereas it increased the population of early apoptotic 

cells (Annexin V+/PI-) (Figure 2-4E and Table 2-2). Taken together, these results 

indicate that NEDD4 is involved in the H2O2-induced cell proliferation and apoptosis 

in hBMSCs. 
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Figure 2-4. NEDD4 promoted cell proliferation and inhibited apoptosis 

(A) siCONT or siNEDD4-transfected hBMSCs were treated with H2O2 for 72 hours 

and then the cells were counted (n=3). (B) The expression levels of proliferation 

markers were determined by Western blot in siCONT or siNEDD4-treated hBMSCs 
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with or without 10-3 μM H2O2 for 72 hours. (C, D) MTT assays were performed in 

hBMSCs that were treated with 100 μM H2O2 for 48 hours after NEDD4 knockdown 

or overexpression (n=3). (E) FITC-conjugated Annexin V and PI positive cells were 

detected by FACS analysis in siCONT or siNEDD4-treated hBMSCs with or without 

100 μM H2O2 for 48 hours (n=3). 
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Table 2-2. The percentages of live and apoptotic cell populations detected by FACS 

with FITC-conjugated Annexin V and PI staining (Related to Fig. 3E) 

 A B C D  

 siCONT/ 

H2O2_0 μ

M 

siNEDD4/ 

H2O2_0 μ

M 

siCONT/ 

H2O2_100 

μM 

siNEDD4/ 

H2O2_100 

μM 

Significance 

FITC-/PI

- 

80.24 ± 

1.30 

78.93 ± 

1.71 

78.7 ± 1.

48 

73.90 ± 

1.86 

***  

(A and D) 

**  

(B and D,  

C and D) 

FITC+/P

I- 

16.84 ± 

1.94 

17.66 ± 

3.03 

18.46 ± 

2.61 

21.82 ± 

3.49 

**  

(A and D) 

*  

(B and D,  

C and D) 

FITC+/P

I+ 

2.81 ± 1.

24 

3.26 ± 1.

28 

2.72 ± 1.

14 

4.06 ± 1.

59 

ns 
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Hippo signaling is regulated by NEDD4 in oxidative stress conditions 

Recently, several researches revealed the regulation of oxidative stress via Hippo 

signaling (Mao et al., 2015). To determine the temporal and dosage effect of H2O2 

on the phosphorylation of YAP (S127), Western blot analyses were done after 

treatment with H2O2 at the concentrations of 10-3 μM, 100 μM, and 300 μM in various 

times (Figure 2-5A). Treatment with low dose of H2O2 (10-3 μM) upregulated 

NEDD4 expression till 24hr, while phosphorylation of YAP was not induced. 

Notably, 100 μM H2O2 induced both NEDD4 expression and YAP phosphorylation, 

which were sustained until 3hr. Furthermore, treatment with 300 μM H2O2 strongly 

induced the YAP phosphorylation until 6hr, while the expression levels of NEDD4 

were decreased (Figure 2-5A). To confirm the role of NEDD4 on the regulation of 

Hippo signaling pathway in H2O2-induced oxidative stress, hBMSCs were treated 

with 100 μM H2O2 in NEDD4 knock-down conditions (Figure 2-5B). NEDD4 

knock-down enhanced and extended the phosphorylation of YAP induced by 100 

μM H2O2 to 6hr post-treatment (Figure 2-5B). These results indicate that H2O2-

induced expression of NEDD4 negatively regulates the Hippo signaling. Because 

LATS is known as a ubiquitination target of NEDD4 (Salah et al., 2013), I tested 

whether the increased phosphorylation of YAP in NEDD4 knock-downed hBMSCs 

was due to upregulation of LATS. As expected, the level of LATS was increased by 

NEDD4 knock-down and pYAP was also increased (Figure 2-5C). In addition, I 

found that overexpression of the S127A mutant construct of YAP, which led to 

nuclear localization of YAP, showed resistance to H2O2-induced cell death in 

NEDD4 knock-downed hBMSCs, regardless of LATS activity (Figure 2-5D). 
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Figure 2-5. H2O2-induced activation of Hippo pathway was inhibited by NEDD4 

(A) Western blot analysis showing the NEDD4 and phospho-YAP (pYAP) levels at 

time 0, 15 min, 1h, 3h, 6h and 24h after treatment with 10-3, 100 and 300 μM H2O2. 

β-ACTIN was used as a control. (B) The levels of YAP phosphorylation (pYAP) 

were determined by Western blot with anti-pYAP (Ser127) antibody in siCONT or 

siNEDD4-treated hBMSCs with 100 μM H2O2 in time-course. (C) The expression 

levels of NEDD4, LATS and pYAP were detected in siCONT or siNEDD4-treated 

hBMSCs by Western blot. (D) hBMSCs were transfected with siCONT or siNEDD4 
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and along with wild type YAP or mutant form of YAP (S127A), and were followed 

by H2O2 treatment for 48 hours. Cell viability was determined by MTT assay (n=3).
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NEDD4 regulates H2O2-induced nuclear localization of YAP and its target gene 

expression 

Nuclear localization is essential for the transcriptional activity of YAP that is 

known to shuttle between the cytoplasm and nucleus depending on its 

phosphorylation status. Thus, I tested whether the cellular localization of YAP is 

affected by NEDD4. hBMSCs were transfected with EGFP-tagged YAP with or 

without H2O2 treatment and the localization of YAP was observed in a confocal 

microscope (Figure 2-6A). YAP was detected in both cytosol and nucleus before 

H2O2 treatment. H2O2 treatment for 30 min resulted in that most of the YAP are 

residing in the nucleus of the siCONT-treated hBMSCs. However, YAP was 

detected principally in the cytosol independent of H2O2 treatment in NEDD4 knock-

downed hBMSCs. 

Next, I tested whether there is an alteration in the expression of anti-oxidant genes 

following the knockdown of NEDD4. The mRNA levels of CATALASE and MnSOD, 

well-known downstream targets of YAP, were not changed by low dose of H2O2 

treatment (10-3 μM) regardless of NEDD4 knock-down (Figure 2-6B). However, 

both mRNA expressions were increased by 100 μM H2O2 treatment, and their 

increase was abolished by NEDD4 knock-down. The effect of NEDD4 knock-down 

was also observed with more profound effect on the cells treated with 300 μM H2O2 

(Figure 2-6B). In addition, the ROS scavenging ability was impaired in NEDD4 

knock-downed hBMSCs compared with siCONT, when cellular ROS level was 

measured by observation of fluorescence dye that were converted from 2’,7’-

dichlorofluorescin diacetate (DCFDA) by ROS (Figure 2-6C). Taken together, our 

results indicate that NEDD4 is involved in cellular ROS scavenging by inducing 

expression of CATALASE and MnSOD through YAP nuclear localization. 
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(Continued) 
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Figure 2-6. Knockdown of NEDD4 led to reduction of transcriptional activity 

of YAP 

(A) The localization of EGFP-tagged YAP was chased after H2O2 treatment in 

siCONT or siNEDD4-treated hBMSCs by confocal microscope. Scale bar, 10 μm. 

(B) The mRNA expression levels of CATALASE and MnSOD were detected by 

qPCR in siCONT or siNEDD4-treated hBMSCs after 3 hours of H2O2 treatment 

(n=3). (C) ROS scavenging activity was determined by DCFDA fluorescent staining 

in siCONT or siNEDD4-treated hBMSCs with or without H2O2 (n=3). Scale bar, 100 

μm.
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NEDD4 regulates hBMSC differentiation to osteoblast inhibited by H2O2 

When hBMSCs are treated with exogenous H2O2 (125~500 μM), the ALP activity is 

reduced (Atashi et al., 2015). In our previous study, I confirmed that immature 

osteoblast-specific knockout of Nedd4 results in decreased osteoblast differentiation, 

due to reduced proliferation of the osteoblast (Jeon et al., 2018). In this study, I 

investigated the effect of NEDD4 during MSC differentiation into osteoblast under 

oxidative stress. H2O2 treatment slightly inhibited hBMSC early differentiation into 

osteoblast as the H2O2 dosage increases, as measured by ALP staining (Figure 2-7A). 

Dramatic inhibition of osteoblast differentiation was observed when NEDD4 was 

silenced. The expression of early osteoblast markers of ALP and COL1α1 were 

reduced, but MSX2, a negative osteoblast marker, was upregulated in NEDD4 knock-

downed hBMSCs under the H2O2 treatment (Figure 2-7B). Furthermore, reduced 

ALP staining by NEDD4 knock-down under the H2O2 treatment was restored by the 

overexpression of mutant YAPS127A (Figure 2-7C). Taken together, these results 

indicate that NEDD4 positively regulates hBMSC differentiation to early osteoblast 

that are inhibited by H2O2. These results indicate that low dose of H2O2 induced no 

or slight reduction of early osteoblast differentiation, but the differentiation was 

severely impaired by NEDD4 deletion. 
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Figure 2-7. Further reduction of osteoblast differentiation by siNEDD4 after 

H2O2 stimulation was restored by YAP mutant 

(A) Early osteogenic differentiation determined by ALP staining. The hBMSCs 

transfected with siCONT or siNEDD4 were treated with an osteogenic medium with 

0, 50, 100 μM of H2O2 every 2 days (n=3). (B) qPCR analysis to determine the 

expression of early osteoblast markers, ALP, COL1A1, and MSX2. (C) siCONT or 

siNEDD4 were transfected with YAPWT or YAPS127A and osteogenic differentiation 

was induced for 7 days with or without H2O2. Cells were subjected to ALP staining. 
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DISCUSSION 

 

Although hBMSCs are important sources for cell therapy, the survival rate of 

implanted cells in vivo is low due to harsh oxidative environment. Therefore, it is 

essential to investigate the mechanisms of hBMSC responses to oxidative stress, to 

improve the cell survival rate. Many studies have shown that H2O2 affects cells both 

as a friend (increase cell proliferation) and foe (induce apoptosis) in a dose-

dependent manner. However, the detailed mechanisms regulated by H2O2 in MSCs 

are not fully uncovered yet. In addition, the concentration of H2O2 that induces 

eustress or distress was uncertain in hBMSCs compared to other cell types. Herein, 

I determined the concentration ranges of H2O2 that induce cell proliferation and 

apoptosis (Figure 2-1A and Figure 2-1B) and showed that H2O2 activates the Hippo 

pathway in a dose-dependent manner (Figure 2-5A). Moreover, H2O2-induced cell 

proliferation and apoptosis are regulated by NEDD4 via inhibition of the Hippo 

pathway (Figure 2-8).  

Although recent reports suggested that the expression of NEDD4 is increased not 

only in several cancer cells but also in conditions of oxidative stress (Kwak et al., 

2012, Kwak et al., 2010), the regulatory mechanisms of NEDD4 transcription 

remains elusive. FOXM1B was one of the known transcription factors of NEDD4 in 

malignant human astrocytes and H2O2-treated neurons (Kwak et al., 2012, Dai et al., 

2010). In this study, I showed for the first time that the NEDD4 promoter region is 

enriched by using a ChIP assay with anti-p65 (a subunit of NFκB) antibody in H2O2-

treated (100 μM) HEK293T (Figure 2-3A and Figure 2-3B). Our data also showed 

that NEDD4 protein expression level was not increased by high dose H2O2 (>300 
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μM) treatment (Figure 2-1D and Figure 2-5A). Our data was in accordance with the 

reports that NFκB was activated by lower and nearer to physiological concentration 

of H2O2 (Oliveira-Marques et al., 2009), but H2O2 treatment exceeding the sub-lethal 

dose (> 250 μM) inhibited the nuclear localization of p65 and transcriptional activity 

in neutrophils and astrocytes (Zmijewski et al., 2007, Choi et al., 2007, Cyrne et al., 

2013). A slightly increased NEDD4 transcripts were detected in 300 μM H2O2 

treatment for 3 hours (Figure 2-1C). It is speculated that the lethal dose of H2O2 

(more than 300 μM) could induce the transcriptional activation of NEDD4 in 

hBMSC, but it fails to translate into protein or it induce degradation of NEDD4 by 

unknown mechanisms. According to the report by Harvey et al., NEDD4 is cleaved 

by a variety of CASPASES activated during apoptosis (Harvey et al., 1998). 

Therefore, although more detailed experiments are required, it can be speculated that 

CASPASES, induced by treatment with an above sub-lethal doses of H2O2 and the 

subsequent cell apoptosis, rapidly facilitated the cleavage of NEDD4. Therefore, 

NEDD4 protein stability could also be regulated at the post-translational level 

although the concentrations and pathways positively regulating NEDD4 stability 

need to be elucidated. Our data suggested that the concentration of H2O2 which 

activates NFκB is dependent on cell type and that high dose of H2O2 regulates 

transcription and translation of NEDD4 in a different way. 

On the other hand, our data also showed the increased protein levels of NEDD4 in 

a short time (15 minutes) by H2O2 treatment at 10-3 μM and 100 μM (Figure 2-5A). 

These increases of NEDD4 proteins by H2O2 could be accomplished by several 

different mechanisms. As mentioned above, the first way is to induce the expression 

of NEDD4 by H2O2 at transcriptional level mediated possibly by NFκB. Other way 

is the regulation at translational levels either by increased translation or by increased 
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stability of NEDD4. Several studies have shown the regulation of translation and 

stability of NEDD4. In human pancreatic duct epithelial cell line and pancreatic 

adenocarcinoma cell lines, polysomal profiling revealed that translation activity of 

NEDD4 mRNA is increased by an undefined mechanism (Weng et al., 2017). 

Moreover, in the neuron, translation of NEDD4 is also upregulated by 

phosphorylation of 4E-BP by mTORC1 that reduces the binding of 4E-BP to elF4E 

which then binds to the 5’UTR of NEDD4 mRNA, initiating NEDD4 protein 

synthesis (Hsia and Kawabe, 2015). The regulation of NEDD4 stability by post-

translational modification (PTM) has also been demonstrated. It is reported that 

NEDD4 protein stability can be governed by β-TRCP-mediated ubiquitination and 

degradation in a casein kinase 1 (CK1)-dependent manner (Liu et al., 2014). 

Additionally, p34 interacts with the WW domain of NEDD4 leading to increased 

NEDD4 stability in colon and breast cancers (Hong et al., 2014, Jung et al., 2013). 

Nevertheless, till now there has been no report on the regulation of NEDD4 protein 

stability in oxidative stress condition. Our data showed that NEDD4 protein were 

elevated by H2O2 stimulation through transcriptional and translational mechanisms, 

and possibly by increased protein stability. 

A few studies have revealed NEDD4 as a novel regulator of the Hippo signaling 

pathway (Salah et al., 2013, Bae et al., 2015). Our results also show that NEDD4 

plays a crucial role in regulating cell proliferation and apoptosis when external H2O2 

is introduced into hBMSCs via the Hippo signaling pathway. The phosphorylation 

of YAP at serine 127 was strongly upregulated by 100μM H2O2 treatment, which 

was sustained until 6 hours. Mechanically, I found that the increased phosphorylation 

level of YAP is due to the increased expression of LATS through NEDD4 depletion. 

(Figure 2-5B and Figure 2-5C). Furthermore, nuclear translocation and activity of 
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YAP as a co-transcription factor is decreased by NEDD4 depletion (Figure 2-6A and 

Figure 2-6B). Even though there are a few suggested E3 ligases associated with 

LATS, such as WWP1, NEDD4L, and NEDD4L1, the only E3 ubiquitin ligase that 

is known to be involved in the regulation of oxidative stress by targeting the Hippo 

signaling pathway, is NEDD4 (Salah et al., 2013). 

Recent reports showed the role of YAP in osteoblast differentiation. The role of 

YAP during osteoblast differentiation is divided into either a negative or positive 

regulator. Transcription factor SOX2 was required for YAP1 expression which then 

inhibited osteogenesis by blocking Wnt/β-Catenin signaling, and inhibition of YAP1 

in mouse mesenchymal progenitors increased osteoblast differentiation (Seo et al., 

2013). Moreover, cytoplasmic YAP and TAZ inhibits osteoblast differentiation by 

antagonizing Wnt/β-Catenin signaling (Varelas et al., 2010a). Xiong et al also 

reported that YAP/TAZ plays an opposing role in osteoblast differentiation in a 

stage-dependent manner (Xiong et al., 2018). In contrast, other reports showed a 

positive effect of YAP during osteoblast differentiation. Cell proliferation and 

trabecular bone mass were decreased in conditional knockout mice (YAPOCN-CRE) 

and Wnt target genes including Runx2, Opg, Rankl and Cyclin d1 were reduced in 

YAPOCN-CRE through decreased activity of β-Catenin (Pan et al., 2018). In this study, 

I demonstrated that osteoblast differentiation is decreased in NEDD4 knock-downed 

hBMSCs (Figure 2-7A). However, the YAP mutant (YAPS127A) restored impaired 

osteoblast differentiation of hBMSCs in NEDD4 knock-down (Figure 2-7C). 

MSCs are very special therapeutic sources due to their multipotent capacity to 

differentiate into several tissues, including osteocytes, adipocytes and myocytes, but 

they are limited by their low survival rate and decreased capacity of differentiation 

in oxidative conditions. Some researchers have reported that MSCs are more 
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vulnerable to oxidative stress because they have low activity of antioxidant enzymes 

compared to other differentiated cell types (Bigarella et al., 2014). Therefore, it is 

fatal to impair the induction of antioxidant enzyme expression when external ROS 

is added. In our previous study, I observed that the osteoblast differentiation of 

mouse BMSCs were decreased in immature osteoblast-specific deletion of Nedd4 

mice due to the reduction of osteoblast proliferation via regulation of TGFβ1 

signaling (Jeon et al., 2018). In this study, I wondered whether NEDD4 could also 

regulate osteoblast differentiation under oxidative stress in hBMSCs. As a result, 

H2O2-induced reduction of osteoblast differentiation was further decreased in 

siNEDD4-treated hBMSCs (Figure 2-7A). Further reduction of osteoblast 

differentiation by H2O2 in NEDD4 knock-downed hBMSCs suggest that NEDD4 

plays a role in the hBMSC differentiation into osteoblast by degrading anti-

differentiating proteins in the cells or by degrading proteins involved in the 

proliferation or apoptosis of hBMSCs, thus changing the cell populations for 

osteoblast differentiation. Indeed, in this study I showed that NEDD4 could inhibit 

LATS1-YAP signaling pathways and thus NEDD4 knock-down increased H2O2-

induced cell death in hBMSCs (Figure 2-4C), and thus decreased osteoblast 

differentiation. 

In conclusion, our study suggest that NEDD4 induced by H2O2 degrades LATS1 

resulting in less phosphorylation of YAP (pYAP, inactive form) which in turn 

accumulates YAP in the nucleus as non-phosphorylated form at Ser127. Then this 

YAP activation activates CATALASE and MnSOD that are important for cell survival 

and thus for osteoblast differentiation. 
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Figure 2-8. Schematic diagram 

The schematic model shows the relationship between NEDD4 and Hippo signaling 

in oxidative stress. The role of NEDD4 against external H2O2 stimulation is 

dependent on the concentration of H2O2. (Upper) When hBMSCs were stimulated 

by low dose of H2O2 (10-4 ~ 10-2 μM), cells are proliferative and the expression of 

NEDD4 is upregulated, while YAP is not phosphorylated. Therefore, NEDD4 helps 

hBMSCs to promote proliferation by inducing CYCLIND1 and pERK1/2 activation, 

independent of Hippo signaling. (Medium) Higher dose of H2O2 (~100 uM) induced 

both the expression of NEDD4 and phosphorylation of YAP simultaneously. 

However, pYAP is temporally increased by H2O2 until 3 hours and then decreased 

rapidly due to the NEDD4 inhibition on Hippo signaling by targeting and 

degradation of LATS. As a result, anti-oxidant genes including CATALASE and 

MnSOD were induced by nuclear YAP. (Bottom) High dose of H2O2 more than sub-
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lethal (>300 uM) failed to induce NEDD4 expression and phosphorylated YAP 

robustly resulting in inactive pYAP in cytosol. Thus, cells are unable to 

autonomously restore against oxidative stress resulting in cell death.
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GENERAL CONCLUSION 

  

 Recent several studies revealed the function of NEDD4 not only in cancer cells but 

also in many cell types. NEDD4 is well-known as a positive modulator of cell 

proliferation by regulating various signaling pathways. Moreover, the expression of 

NEDD4 in protein level is increased drastically in several cancer tissues. Patients 

that the expression of NEDD4 is higher than others tend to show poor prognosis. 

However, few studies have reported the role and function in mechanisms other than 

proliferation. Here, I focused on the regulatory function of NEDD4 in differentiation 

and protective mechanism to overcome oxidative stress in hBMSCs.  

According to the previous reports, I also showed that NEDD4 promoted 

proliferation of immature osteoblast during bone formation. To prove the mechanism 

how NEDD4 upregulate proliferation in immature osteoblast, NEDD4 transgenic 

and conditional knockout mice which the ectopic overexpression and deletion of 

NEDD4 were controlled specifically by type 1 collagen promoter were established. 

The many experiments including histological and molecular analysis with bone 

tissues showed that bone formation is increased by NEDD4 due to promoted cell 

proliferation. And also, TGFβ1 signaling is strengthened by degradation of aberrant 

phosphorylated SMAD1 by NEDD4 overexpression. 

 Furthermore, NEDD4 is also involved in Hippo signaling which is activated by 

H2O2 stimulation in hBMSCs. The expression of NEDD4 is increased in low and 

medium concentration (10-12~104 μM) of H2O2-treated hBMSCs. And also, Hippo 

signaling is turned on by H2O2 treatment. The increased NEDD4 inhibited the Hippo 
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signaling by inducing rapid degradation of LATS1. Finally, YAP, a co-transcription 

factor that induce the expression of ROS scavenger including CATALASE and 

MnSOD, translocated to nucleus effectively. NEDD4 was also protective from the 

damages in osteoblast differentiation by H2O2.  

 Considering that this series of studies shows that NEDD4 is a significant regulator 

of TGFβ1/BMP2 and Hippo signaling by degradation of pSMAD1 and LATS1, 

respectively, this dissertation might provide insight into potential as a therapy and 

drugs in not only in cancers but also many other diseases. 
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국문초록 

NEDD4가 골수 유래 중간엽 줄기세포의 

증식과 분화에 미치는 영향 

 

전 선 애 

서울대학교 대학원 

수의학과 수의생명과학 전공 

지도교수 조 제 열 

 

NEDD4 (Neural precursor cell expressed developmentally downregulated 

protein 4)는 E3 유비퀴틴 리가아제로서 타겟 기질 단백질에 유비퀴틴을 

결합시킨다. NEDD4 의 역할은 여러가지 다양한 세포내 신호전달경로에 

관여하여 여러 종류의 암이 생기거나 증식하는 것을 조절하는 것으로 널리 

알려져 있다. 그러나, 골수유래 중간엽 줄기세포 내에서 NEDD4 단백질의 

역할은 여전히 밝혀지지 않은 부분이 많다. 이 논문에서는 중간엽 

줄기세포에서 조골세포로 분화하는 과정에서 NEDD4 가 조골세포의 생장과 

분화에 미치는 영향과 외부적 산화 스트레스에 의해 유도되는 세포사멸을 

NEDD4 가 어떻게 막을 수 있는지 그 기전을 연구하였다.  
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  1 장에서는 NEDD4 가 TGFβ1/BMP2 신호전달 경로를 조절하여 골수유래 

중간엽 줄기세포에서 조골세포로 분화될 때 어떤 기능을 하는지 알아보고자 

하였다. 동물모델에서의 NEDD4 의 기능을 알아보기 위해, 조골세포에서 

특이적으로 전사활성이 나타나는 2.3-kb 사이즈의 Collagen Type I Alpha 1 

chain (Col1α1) 프로모터에 의해 조골세포에서만 NEDD4 의 과발현이 

나타나도록 하는 조건부 유전자 도입 마우스를 제작하였다. 또한, 동일한 

프로모터 활성에 의해 조골세포에서만 특이적으로 NEDD4 의 발현을 없애 

버릴 수 있는 조건부 유전자 결손 마우스를 제작하였다. NEDD4 가 과발현된 

유전자 도입 마우스들은 대퇴골 조직에서 뼈 질량이 증가하였고, 조골세포 

관련 마커들의 전령 RNA 발현이 증가되어 있었다. 게다가, NEDD4 유전자 

결손 마우스들은 뼈 질량이 감소하고 조골세포 관련 마커들의 전령 RNA 

발현이 감소된 것을 확인하였다. 유전자 도입 마우스의 머리덮개뼈에서 

분리된 조골세포의 성장 또한 정상 마우스보다 높았으며, 다리 경골내에 

존재하는 조골세포 수와 표면적 역시 정상 마우스에 비해 높은 수치를 

보였다. 

중간엽 줄기세포로부터 조골세포로 분화하는 과정 동안 Nedd4 와 Tgfb1 의 

전령 RNA 는 동일한 패턴으로 분화 초기 때 높았다가 후기 때 낮아지는 

양상을 보였으나, Bmp2 는 그 반대의 패턴을 확인할 수 있었다. NEDD4 는 

TGFβ1 신호에 의해 일시적으로 인산화되는 pSmad1 을 분해시켜 TGFβ1 

신호를 더욱 강화시켜 주었고, pErk1/2 역시 유전자 도입 마우스 유래의 

조골세포에서 더 증가된 것을 확인하였다. 위의 결과들에 의해, 뼈 형성 

과정의 초기에 NEDD4 가 TGFβ1 신호전달 시스템을 조절함으로써 

조골세포의 성장을 촉진시켜 준다는 것을 규명하였다.  
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2 장에서는 세포 죽음을 유도하는 산화 스트레스에 관련된 여러 종류의 E3 

유비퀴틴 리가아제들이 알려져 있는데 그 중, NEDD4 가 중간엽 줄기세포에서 

외부적 산화 스트레스 조절에 어떻게 관여하는지를 규명하였다. 먼저, 매우 

낮은 농도의 과산화수소를 인간 골수유래 중간엽 줄기세포에 처리했을 때, 

세포의 성장이 증가된 반면, 치사량 이상의 고농도의 과산화수소를 처리하면, 

세포사멸이 증가되었다. 크로마틴 면역침강법을 이용해 적정농도의 

과산화수소를 처리했을 때, 전사인자인 NFκB 가 NEDD4 프로모터 지역에 

붙어 NEDD4 발현의 증가를 유도하는 것을 확인하였다.  

과산화수소에 의해 증가된 NEDD4 는 LATS 의 분해를 촉진하여 그 하위 

인자인 YAP 의 인산화가 감소하였고, YAP 이 세포질에서 핵 내로 이동하는 

것을 증가시켜 전사인자로서의 활성을 증가시켰다. 따라서, YAP 의 타겟 

유전자인 CATALASE 와 MnSOD 의 발현이 과산화수소 처리에 의해 

증가하지만, NEDD4 유전자가 결손 된 세포에서는 과산화수소를 처리해도 

감소하였다. 과산화수소에 의해 생긴 ROS 를 제거하는 능력도 NEDD4 

유전자 결손 된 세포에서는 감소하였다. 뿐만 아니라, NEDD4 유전자 결손에 

의해 골수유래 중간엽 줄기세포의 조골세포로의 분화가 감소되었으나, YAP 의 

127 번 Serine 을 Alanine 으로 치환 시킨 세포에서는 분화능이 정상적으로 

회복되었다. 모든 결과들을 종합해 볼 때, 과산화수소에 의해 발현이 증가된 

NEDD4 는 Hippo 신호 전달 경로를 조절하여 세포의 산화 스트레스를 

방지한다. 

주요어 : NEDD4, 골수 유래 중간엽 줄기세포, 조건부 유전자 도입/결손 

마우스, TGFβ1, H2O2, NFκB, YAP 
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