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Abstract

Recent work on WWOX tumor suppressor is beginning to shed new light on both the molecular 

mechanism of action of its WW domains as well as the contiguous catalytic domain. Herein, the 

structural basis underlying the ability of WW1 domain to bind to various physiological ligands 

and how the orphan WW2 tandem partner synergizes its ligand binding in the context of WW1-

WW2 tandem module of WWOX is discussed. Notably, the WW domains within the WW1-WW2 

tandem module physically associate so as to adopt a fixed spatial orientation relative to each other. 

In this manner, the association of WW2 domain with WW1 hinders ligand binding to the latter. 

Consequently, ligand binding to WW1 domain not only results in the displacement of WW2 lid 

but also disrupts the fixed orientation of WW domains in the liganded conformation. Equally 

importantly, structure-guided functional approach suggests that the catalytic domain of WWOX 

likely serves as a retinal oxidoreductase that catalyzes the reversible oxidation and reduction of 

all-trans-retinal. Collectively, this review provides structural insights into the functional versatility 

of a key signaling protein with important implications on its biology.
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Introduction

The modular architecture of WWOX tumor suppressor, comprised of a tandem copy of WW 

domains (designated WW1 and WW2) located N-terminal to the short-chain dehydrogenase/

reductase (SDR) domain, exquisitely befits its role as a key player in mediating a multitude 

of cellular activities including growth, proliferation, apoptosis and tumor suppression (1–4). 

In particular, aberrant expression of WWOX is believed to be linked to the progression of 

many forms of cancer, including those of breast and prostate (5–12). Notably, the ability of 

WWOX to drive normal and aberrant cellular signaling is largely dependent upon the ability 

of its WW1 domain to recognize PPXY motifs located within cognate ligands such as 

WBP1/2 signaling adaptors (13, 14), ErbB4 receptor kinase (15), p73 tumor suppressor (16) 

as well as many others (17).

*To whom correspondence should be addressed: amjad@farooqlab.net | tel 305-243-2429 | fax 305-243-3955. 

HHS Public Access
Author manuscript
Exp Biol Med (Maywood). Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Exp Biol Med (Maywood). 2015 March ; 240(3): 361–374. doi:10.1177/1535370214561586.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is telling that these aforementioned ligands of WWOX are also cellular targets of WW 

domains of YAP transcriptional regulator—a key player driving the Hippo signaling cascade 

involved in regulating the size of organs and in the suppression of tumors through inhibiting 

cellular proliferation and promoting apoptosis (18–22). In addition to WBP1/2 (23, 24), 

ErbB4 (25, 26) and p73 (27), YAP is also known to interact with a wide variety of other 

cellular proteins such as TMG2 transmembrane protein (28), PTPN14 phosphatase (29), 

SMAD7 signaling adaptor (30) and PTCH1 transmembrane receptor (31). Importantly, it is 

believed that WWOX antagonizes the transactivation function of YAP by virtue of its ability 

to competitively bind to these proteins and, in so doing, plays a central role in the 

maintenance of cellular homeostasis (15, 19).

While WW1 domain of WWOX is critical to its ability to recognize putative PPXY ligands, 

no physiological ligands of the WW2 domain have hitherto been identified. Interestingly, 

previous studies have suggested that the WW2 domain not only structurally stabilizes the 

WW1 domain within the context of WW1-WW2 tandem module but that it also augments 

ligand binding to WWOX (14, 32). This earlier work suggested that the WW2 domain is an 

orphan domain whose primary physiological role is to chaperone and aid ligand binding to 

WW1 domain within WWOX. While the role of WW domains of WWOX in cellular 

signaling is well-characterized, little light has hitherto been shed on the physiological 

function of the SDR domain. In this review, detailed insights into the structure-function 

relationships of the WW domains of WWOX are provided. Additionally, on the basis of 

structure-guided analysis, compelling evidence is provided to postulate that the SDR domain 

of WWOX serves as a retinal oxidorductase in cellular signaling.

WW2 domain chaperones and aids ligand binding to WW1 domain of 

WWOX

The notion that WWOX binds to its cellular partners primarily via its WW1 domain first 

came to prominence via a series of cell-based studies (13, 15–17, 33). However, these 

studies raised the question as to the physiological role of WW2 domain. The notion that the 

WW2 domain of WWOX could be an orphan module devoid of ligand binding capability 

but primarily serves as a chaperone to augment the physiological function of WW1 domain 

within WWOX was later confirmed using an array of biophysical tools. Firstly, the WW2 

domain was shown to possess no intrinsic binding to its putative PPXY ligands derived from 

WWOX-binding partners WBP1/2 (14) and ErbB4 (32). Secondly, studies also indicated 

that the WW2 domain augmented the binding of WW1 domain to PPXY ligands between 

two- to three-folds (14, 32). Thirdly, it was shown that while the orphan WW2 domain 

displayed high thermal stability and was structurally folded in isolation, the WW1 domain in 

sharp contrast was partially unstructured alone and only adopted a canonical triple-stranded 

β-fold only in the context of WW1-WW2 tandem module (14).

The above-mentioned findings imply that the WW2 domain serves as a chaperone that not 

only aids ligand binding but also promotes the folding of WW1 domain within the context of 

the WW1-WW2 tandem module of WWOX. That this is likely to be a rule rather than an 

isolated case is further confirmed by our recent biophysical analysis and comparison of the 

binding of WW1 and WW2 domains to other putative ligands of WWOX such as p73, 
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PTCH1, PTPN14, SMAD7 and TMG2 (unpublished observations). In all of these cases, 

WW2 domain showed no intrinsic binding to any of these ligands but rather consistently 

enhanced ligand binding to WW1 domain between two- to three-folds. This notion is further 

confirmed by recent work from Aqeilan’s laboratory, wherein mass spectrometry and phage 

display revealed that while WW1 domain bound to a plethora of new cellular partners, the 

WW2 domain did not apparently interact with any such ligands (34). In Table 1, a 

comparison of the binding of WW1 domain to various PPXY ligands of WWOX alone and 

in the context of WW1-WW2 tandem module is provided. It is noteworthy that such 

synergistic action observed here between the WW domains of WWOX appears to be a 

hallmark of WW tandem domains in general (35–41).

Structural insights into the physical basis underlying the ability of WW2 

domain to chaperone and aid ligand binding to WW1 domain of WWOX

In order to shed light on the physical basis underlying the ability of WW2 domain to 

chaperone and aid ligand binding to WW1 domain, the structure of WW1-WW2 tandem 

module of WWOX was modeled using the NMR structure of homologous WW1-WW2 

tandem module of FBP21 pre-mRNA splicing factor as a template (36). Additionally, the 

p73 peptide was docked into the binding groove of WW1 domain in the context of WW1-

WW2 tandem module using the NMR structure of the homologous WW domain of YAP 

bound to a peptide containing the PPXY motif as a template (42). As shown in Figure 1, 

structural analysis reveals that the WW1-WW2 tandem module adopts a dumbbell-like 

conformation with the WW domains tethered together via what appears to be a highly 

flexible linker.

Notably, the p73 peptide roughly adopts the polyproline type II (PPII)-helical conformation 

and binds within the hydrophobic groove on the concave face of the triple-stranded β-sheet 

fold of WW1 domain in a canonical manner (42–45). Moreover, the p73 peptide is largely 

stabilized by intermolecular contacts between sidechain moieties of consensus residues P0, 

P+1 and Y+3 located within the PPXY motif of p73 peptide and several highly conserved 

residues lining the hydrophobic groove within the WW1 domain. Thus, the pyrrolidine 

moiety of P0, the first proline within the PPXY motif, stacks against the indole sidechain of 

W44 in WW1 domain. The sidechain moieties of Y33/T42 residues within the WW1 

domain sandwich the pyrrolidine ring of P+1 within the PPXY motif. Finally, the phenyl 

moiety of Y+3, the terminal tyrosine within the PPXY motif, buries deep into the 

hydrophobic groove and is escorted by sidechain atoms of the A35/H37/E40 triad in WW1 

domain. It is noteworthy here that the apparent lack of ligand binding to WW2 domain 

largely resides in the lack of conservation of W44 residue of WW1 domain in the 

structurally-equivalent position, occupied by Y85, within the WW2 domain (14, 32).

Of particular significance is the observation that the WW domains within the WW1-WW2 

tandem module of WWOX apparently do not engage in interdomain contacts (Figure 1). 

Such lack of physical association between the WW domains is indeed also noted for the 

WW1-WW2 tandem module of FBP21 (36). Importantly, the rather flexible nature of the 

interdomain linker implies that the WW domains within the WW1-WW2 tandem module are 

unlikely to adopt a fixed spatial orientation and thus should be expected to move freely with 
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respect to each other. In light of such apparent lack of spatial orientation and interdomain 

interaction, the physical basis of how WW2 domain chaperones and augments ligand 

binding to WW1 domain within the WW1-WW2 tandem module of WWOX appears to be 

somewhat mysterious. While it is conceivable that this structural model has failed to capture 

the true picture of how WW domains are bundled together within the WW1-WW2 tandem 

module, the possibility that factors other than structure, such as protein dynamics and/or 

cooperativity, may hold clues to addressing this phenomenon cannot be excluded. For 

example, ligand binding to WW1 domain could trigger a conformational change within the 

WW1-WW2 tandem module so as to enhance its degrees of freedom and the resulting 

entropic gain could in turn lower its free energy to ligand binding.

Ligand binding to WW1 domain is coupled to the dissociation of WW2 

domain within the WW1-WW2 tandem module of WWOX

To investigate the extent to which WW domains may physically associate with each other 

and to probe the effect of ligand binding on protein dynamics, molecular dynamics (MD) 

simulations were conducted on the structural model of WW1-WW2 tandem module of 

WWOX alone (unliganded) as well as in complex with p73 peptide (liganded) over a time 

scale of 2μs. It should be noted that despite their low sequence identity (~20%), the WW1-

WW2 tandem module of FBP21 is ideally suited as a template to probe the extent to which 

the WW domains of WWOX may be physically associated in an unliganded conformation. 

(i) the WW domains of FBP21 are not physically associated; (ii) the WW domains of FBP21 

are tethered together via a flexible linker with no defined conformation; (iii) the interdomain 

linkers between the WW domains of FBP21 and WWOX are of identical length (19 

residues). Importantly, the starting conformation of unliganded WW1-WW2 tandem module 

was assumed to be identical to that of the liganded protein for the purpose of MD 

simulations. As shown in Figure 2, the structural superimposition of various simulated 

conformations suggests that the unliganded protein indeed adopts a well-defined 

conformation so as to allow the WW domains to physically associate with each other and 

attain a fixed spatial orientation relative to each other (Figure 2a). In contrast, the liganded 

protein seemingly samples a relatively larger conformational space so as to not only prevent 

a stable interaction between the WW domains but also ensure that they are able to move 

freely with respect to each other (Figure 2b).

To further understand the atomic basis of the physical association between WW domains 

within the unliganded WW1-WW2 tandem module and how ligand binding may disrupt 

such association, the structure of unliganded protein observed at the end of 2-μs simulation 

was analyzed more closely (Figure 3). Interestingly, the physical association between the 

WW domains in the unliganded protein is driven by the docking of the convex side of WW2 

domain onto the concave face of WW1 domain. These domain-domain interactions are 

primarily mediated via a two-prong mechanism: firstly, the indole moiety of W44 within the 

WW1 domain is sandwiched by the sidechain atoms of Q65 and V73 located within WW2 

domain; secondly, the sidechain group of T67 within WW2 domain is sandwiched between 

aromatic rings of W31 and Y33 located within WW1 domain. These van der Waals contacts 

are further buttressed by hydrogen bonding between the Nε1 atom of W44 within WW1 
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domain and Oε1 atom of Q65 within WW2 domain. Of particular note is the observation 

that the juxtaposition of WW2 domain on the concave face of WW1 domain partially blocks 

the ligand binding groove of the latter—the WW2 domain essentially acts like a “lid” that 

needs to be displaced in order to provide access to the incoming ligand destined to dock onto 

the concave face of WW1 domain. Accordingly, ligand binding must somehow result in the 

dissociation of WW2 domain so as to allow the WW1 domain to fully accommodate cognate 

ligands.

The notion that WW domains within the WW1-WW2 tandem module of WWOX physically 

associate with each other in the unliganded state harbors parallels with the ability of the 

WW2 domain of SAV1 adaptor to self-associate into a β-clam-like homodimer (46). 

However, the mode of dimerization of WW domains is quite distinct in each case. Thus, 

while the WW2 domains of SAV1 physically associate with each other in a manner akin to 

the palms of both hands coming together in an orthogonal manner, wherein each palm 

represents the concave face of the molecule harboring the ligand binding pocket. 

Accordingly, the WW2 homodimer of SAV1 does not bear the potential to bind ligands. In 

contrast, the WW domains of WWOX adopt a front-to-back mode of association, wherein 

the concave palm of one hand (WW1) latches onto the convex back (WW2) of the other. 

Interestingly, while WW2 domains of both WWOX and SAV1 share rather high sequence 

similarity with the WW2 domain of MAGI1, the latter predominantly adopts a monomeric 

conformation in solution (47), thereby implying that sequence similarity alone is a poor 

predictor of the ability of WW domains to dimerize. Importantly, the ability of WW 

domains of WWOX to physically associate and attain a fixed spatial orientation also appears 

to somewhat resemble the tandem WW domains of Prp40 yeast splicing factor (38). In 

Prp40, the interdomain linker adopts α-helical conformation, thereby imparting a relatively 

stable and fixed spatial orientation upon tandem WW domains. However, unlike the WW1-

WW2 tandem module of WWOX, the WW domains of Prp40 do not physically associate 

but rather act as independent rigid bodies yet bounded together. This distinguishing feature 

of tandem WW domains of Prp40 is necessary in order to allow their ligand binding grooves 

to point outwards, thereby enabling them to bind to distinct ligands and bridge precisely 

between target sites within the splicing machinery.

WW1 domain of WWOX shares high sequence similarity with ubiquitin 

ligase family of WW domains

Sequence alignment of WW1 domain of WWOX with other WW domains within the human 

proteome suggests that it shares rather high sequence similarity with WW domains that 

belong to the E3 ubiquitin ligase family of enzymes (Figure 4). Examples include WW 

domains of ITCH and NEDD4 ubiquitin ligases, two of the key cellular players involved in 

protein turnover and degradation through the proteasome pathway (48–51). On the basis of 

this analysis, it is possible that the WW1 domain of WWOX may compete with cellular 

partners of ubiquitin ligases and, in so doing, modulate or neutralize their physiological 

function. Given that tumor suppressors are one of the major targets of ubiquitin ligases, the 

ability of WW1 domain of WWOX to compete with common cellular partners of ubiquitin 

ligases may have evolved as a mechanism to prevent rapid turnover and degradation of 
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proteins central to cellular homeostasis. Accordingly, a breakdown in this mechanism, for 

example due to down-expression of WWOX, may serve as a signal for normal cells to 

undergo oncogenic transformation. It should be noted here that the WW domains of ITCH 

ubiquitin ligase play a central role in the Hippo tumor suppressor pathway (22, 52, 53). It is 

thus also conceivable that the WW1 domain of WWOX may have a role to play in 

regulating the Hippo tumor suppressor pathway.

Lack of a signature tryptophan does not correlate with lack of ligand 

binding in WW domains

Human proteome boasts several hundred unique WW domains and they are often 

encountered in multiple or tandem copies in host proteins. While their occurrence as 

multiple copies is indicative of their cooperative action in the recognition of cognate cellular 

partners via multi-dentate interactions, a growing number of studies also suggest that many 

WW domains in the context of tandem modules act as chaperones so as to augment the 

structural stability and ligand binding of their neighbor (35, 37, 38). As noted above, the 

apparent lack of ligand binding to WW2 domain of WWOX largely resides in the lack of 

conservation of W44 residue of WW1 domain in the structurally-equivalent position, 

occupied by Y85, within the WW2 domain (14, 32). Could the ability of WW domains to 

have undergone evolutionary adaptation resulting in the replacement of a signature 

tryptophan with other amino acid residues, such as the Y85 residue in WW2 domain of 

WWOX (Figure 1), may have arisen out of their necessity to serve as chaperones at the 

expense of ligand binding? It should be noted here that this signature tryptophan, such as the 

W44 residue in WW1 domain of WWOX (Figure 1), forms a part of the network of residues 

lining the canonical hydrophobic binding groove within the triple-stranded β-sheet fold of 

WW domains.

In an attempt to further elaborate on the above phenomenon, the human proteome was 

searched in order to identify WW domains that have undergone such evolutionary change, 

namely the replacement of a signature tryptophan with a tyrosine within the ligand binding 

pocket (Figure 5). This analysis reveals that the signature tryptophan involved in ligand 

binding has been evolutionarily replaced by another amino acid within a substantial number 

of WW domains within the human proteome. Most tellingly, these WW domains can be 

further sub-divided depending on whether the they belong to multi-copy-WW-containing 

proteins (Class I) or single-copy-WW-containing proteins (Class II). But, does the simple 

point substitution of a signature tryptophan necessarily correlate with lack of ligand 

binding? While such substitution may predispose some WW domains to primarily serve as 

chaperones, it evidently does not appear to be universally shared among all WW domains. 

This notion is supported by the binding of WW4 domain of ITCH to ErbB4 (54), WW4 

domain of WWP1 to ErbB4 (55), WW2 domain of MAGI1 to synaptopodin (56), and WW2 

domain of SMURF1/2 to MDM2 (57), all of which harbor either a tyrosine or phenylalanine 

in place of the signature tryptophan. The foregoing argument suggests that WW domains 

that harbor a pair of signature tryptophan residues should not be taken for granted as they 

could also lack physiological ligands. In short, further work on structural characterization of 

WW domains should lead to formulation of rules that underpin their ability to act as orphan 
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domains whose sole role in cellular signaling is to chaperone and aid ligand binding to 

tandem partners.

SDR domain of WWOX appears to serve as a retinal oxidoreductase

Although the ability of WWOX to interact with a wide variety of cellular proteins via its 

WW1 domain is well-established (13–17, 33), the molecular function of its SDR domain 

remains hitherto unexplored. It is noteworthy that the SDR family of enzymes constitutes 

one of the largest protein superfamilies identified to date. The human genome encodes ~100 

members of the SDR family that catalyze NAD(P)(H)-dependent oxido-redox reactions for a 

wide variety of cellular substrates such as steroids and retinoids (58). One of the best 

characterized members of the human SDR family is the 17β-hydroxysteroid dehydrogenase 

1 (HSD1) (59), which catalyzes the reversible reduction of estrone to estradiol using 

NADPH as a reducing agent (60–63):

Given that estradiol serves as a ligand for the activation of ERα coupled with the fact that 

HSD1 is overexpressed in breast cancer (61, 64), HSD1 remains an important target for anti-

estrogen therapy. Importantly, due to the strong correlation between cellular expression of 

ERα and WWOX in breast cancer (5, 9, 65), it has been suggested that the SDR domain of 

WWOX may be involved in the synthesis of estradiol from estrone or vice versa in a manner 

akin to the action of HSD1. Interestingly, recent studies by Bednarek and co-workers have 

suggested that the SDR domain of WWOX may indeed be involved in steroid metabolism 

(66). However, this analysis was conducted in whole cell lysates in lieu of an isolated 

recombinant protein, prompting reductionists and biophysicists-alike to question the validity 

of these data. Of particular concern is the fact that the SDR domain of WWOX shares rather 

poor amino acid sequence similarity with other members of steroid dehydrogenases such as 

HSD1/2/3 involved in steroid metabolism.

In an effort to resolve the ongoing controversy vis-à-vis the precise enzymatic function of 

WWOX, an extensive in silico analysis was conducted to compare the amino acid sequence 

alignment of the SDR domain of WWOX with other members of the SDR family. This 

analysis indicates that of all the ~100 members of the SDR family, the SDR domain of 

WWOX harbors the most optimal sequence alignment with not only members of the human 

retinol dehydrogenases such as RDH11, RDH12 and RDH13 but also with those of 

prokaryotes such as mpRDH from Mycobacterium paratuberculosis (Figure 6). As their 

name implies, the members of the retinol dehydrogenase family are typically involved in 

oxidoreductive catalysis of retinoids such as retinol, retinal and retinoic acid using 

NADP(H)(+) as a reducing/oxidizing agent (67–70):

Most remarkably, the rather high sequence similarity between the SDR domain of WWOX 

and retinol dehydrogenases is further buoyed by the presence of various highly conserved 
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catalytic motifs in virtually identical positions. These include the GXXXGXG motif that is 

involved in accommodating the NADP+/NADPH cofactor, while the YXXXK consensus 

sequence represents the active site motif critical for the enzymatic activity of SDR domains. 

Additionally, an absolutely conserved serine (S260 in WWOX) is required for the 

stabilization of retinoid substrate within the active site. While still in preliminary stage, 

biochemical studies conducted on a high-quality bacterially-purified recombinant protein in 

my laboratory indeed confirm that the SDR domain of WWOX is a bona fide retinal 

oxidoreductase—not only does it catalyze the oxidation of retinol to retinal aldehyde but it 

also appears to efficiently catalyze the reversible reaction. Equally importantly, these 

preliminary in vitro studies suggest that the SDR domain of WWOX may also be involved 

in the oxidative catalysis of retinal to retinoic acid.

SDR domain of WWOX adopts a canonical dehydrogenase catalytic fold

To provide further evidence in support of the hypothesis that WWOX likely serves as a 

retinal oxidoreductase in cellular signaling, the structure of its catalytic SDR domain was 

modeled in complex with the NADPH co-factor and all-trans-retinal substrate (Figure 7). 

Such analysis shows that the SDR domain adopts a canonical Rossmann fold that is shared 

by a wide variety of nucleotide-binding proteins such as the dehydrogenases. In particular, 

the SDR domain of WWOX is comprised of a central seven-stranded parallel β-sheet 

sandwiched between three α-helices on one face and four α-helices on the other side. The 

YXXXK active site motif, where Y and K are respectively Y293 and K297, as well as the 

co-factor (NADPH) and the substrate (retinal) binding sites are clustered together in a deep 

cleft on one opening of the β-sandwich. This molecular design of the catalytic center should 

thus not only provide specificity but also afford a smooth entry and exit for both the co-

factor and the substrate during each step of catalysis.

Importantly, the Y293 and K297 active site residues act as general acid and base in 

mediating the reductive and oxidative catalysis, respectively. As schematically proposed in 

Figure 8, on the basis of catalytic action of other well-characterized dehydrogenases (71, 

72), the reduction reaction begins with the nucleophilic attack on the carbonyl carbon (C15) 

atom of retinal by one of the hydrogen atoms attached to the ring carbon (C4N) atom of 

nicotinamide moiety of NADPH leading to the generation of oxidized NADP+. This is 

followed by the stripping of a proton from the hydroxyl oxygen (Oη) atom of Y293 by the 

carbonyl oxygen (O1) atom of retinal, thereby generating retinol. The release of a proton by 

the hydroxyl oxygen (Oη) atom of Y293 is facilitated by the donation of a proton by the 

protonated amino nitrogen (Nζ) atom of K297. Finally, the net positive charge on the amino 

nitrogen atom (Nζ) atom of K297 is restored by the donation of a proton from water solvent 

and the concomitant generation of a hydroxyl ion. On the other hand, the oxidation reaction 

begins with the nucleophilic attack on the ring carbon (C4N) atom of nicotinamide moiety 

of NADP+ by one of the hydrogen atoms attached to the hydroxyl carbon (C15) atom of 

retinol, thereby resulting in the release of reduced NADPH. This is facilitated by the 

donation of a lone pair of electrons from the hydroxyl oxygen (Oη) atom of Y293 to the 

hydroxyl hydrogen atom of retinol followed by the formation of carbonyl double bond, 

thereby leading to the production of retinal. The ability of Y293 to serve as a proton 

acceptor is aided by the stripping of its hydroxyl proton by the amino nitrogen (Nζ) atom of 
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K297, which in turn releases a proton to the free hydroxyl ion to produce one molecule of 

water solvent.

Future Perspectives

While a vast majority of efforts have been directed at studying the cellular and tumor 

biology of WWOX over the past decade or so, recent work from my laboratory is beginning 

to shed new light on structure-function relationships in this important and rapidly emerging 

cellular player. In this review, the latest insights into the structural plasticity observed 

between the WW domains of WWOX in their ability to positively cooperate so as to enable 

WWOX to mediate an array of cellular signaling cascades have been highlighted (13–17, 

33). Additionally, an in-depth in silico analysis, that is further supported by our preliminary 

in vitro studies, has been provided in order to provoke the notion that the SDR domain of 

WWOX is a retinal oxidoreductase and thus it is likely to be involved in retinoid 

metabolism. It is noteworthy that retinoids play a central role in cellular homeostasis and are 

being increasingly used as therapeutic agents to combat cancer, particularly leukemia (73). 

More importantly, it is conceivable that WWOX plays a key role in the development and 

etiology of human vision in light of the role of retinal as a ligand for the rhodopsin 

photoreceptor. Indeed, WWOX is not only richly expressed in the inner retina at perinatal 

stage but it is also overexpressed in the retinal ganglion cells in adults (74–76). Additionally, 

mitochondrial and nuclear translocation of WWOX has been linked to light-induced retinal 

damage (76).

Given that retinal serves as a precursor for retinoic acid, an active derivative of Vitamin A, it 

is also plausible that WWOX plays a role in regulating the action of retinoic acid receptors 

(RARs) (77, 78). RARs are ligand-gated transcription factors that belong to the nuclear 

receptor family (79–83). Upon their activation with retinoic acid, RARs translocate to the 

nucleus and bind to promoters of target genes, thereby directly regulating gene expression. 

In this manner, RARs modulate a wide variety of cellular processes, including embryonic 

development, cell growth arrest, differentiation and apoptosis. Accordingly, the ability of 

WWOX to modulate the cellular level of retinoic acid would directly serve as a key 

regulatory switch for the action of downstream RARs, whose transcriptional activity is 

directly dependent upon the supply of retinoic acid. For example, WWOX-mediated 

oxidation of retinal to retinoic acid would be expected to stimulate the transcriptional 

activity of RARs. On the other hand, WWOX-driven reduction of retinal to retinol would 

seemingly lower cellular levels of retinoic acid, thereby down-regulating the action of 

RARs. The decision to whether WWOX stimulates or suppresses transcriptional activity of 

RARs would in turn depend upon the redox state of the cell, primarily the supply of 

oxidizing (NAD[P]+) versus reducing (NAD[P]H) cofactors. In this context, WWOX would 

link the action of RARs to other ongoing events within the cell and thereby provide a tight 

homeostatometer of cellular environment. Given that RARs play a central role in the 

homeostatic equilibrium between mitogenic and anti-proliferative cellular activities (84), the 

ability of WWOX to directly affect their transcriptional activity would appear to be a novel 

signaling pathway by which WWOX exerts its tumor suppressor function in many cancers, 

including those of breast and prostate (5–12).
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In sum, the evidence and arguments presented in this review strongly warrant further 

experimental investigations into the link between WWOX and cellular cascades involved in 

human vision as well as in retinoic acid signaling. In particular, the extent to which exposure 

of cultured mammalian cells to retinal affects cellular expression levels of WWOX would 

provide further clues into the link between WWOX and retinoid metabolism. On the other 

hand, siRNA-mediated knockdown of WWOX should shed new light on the extent to which 

WWOX mediates the transcriptional activity of RARs. Finally, in vivo studies on the effect 

of retinal on WWOX-deficient versus normal mice would also be important to establish a 

direct link between WWOX and retinoid metabolism.
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ABBREVIATIONS

ErbB4 Erythroblastic (Erb) leukemia viral oncogene homolog B4

ERα Estrogen receptor alpha

FBP21 Formin-binding protein 21

mpRDH Retinol dehydrogenase (from Mycobacterium paratuberculosis)

NADP Nicotinamide adenine dinucleotide phosphate (oxidized)

NADPH Nicotinamide adenine dinucleotide phosphate (reduced)

p73 Tumor protein 73

PPII Polyproline type II (helix)

PTCH1 Protein patched homolog 1

PTPN14 Protein tyrosine phosphatase (non-receptor type) 14

SDR Short-chain dehydrogenase/reductase

SMAD7 Mothers against decapentaplegic homolog 7

TMG2 Transmembrane gamma-carboxyglutamic acid protein 2

YAP YES-associated protein

WBP1/2 WW domain-binding proteins 1 and 2

WWOX WW domain-containing oxidoreductase
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Figure 1. 
Ribbon representation of the structural model of WW1-WW2 tandem module of WWOX in 

complex with the p73 peptide containing the PPXY motif bound to the WW1 domain. Two 

alternative orientations related by a 90°-rotation about the vertical axis are depicted for the 

inquisitive eye. In each case, the WW domains are shown in blue with the interdomain 

linker depicted in gray, and the bound peptide is colored green. The sidechain moieties of 

residues (yellow) within the WW1 domain engaged in intermolecular contacts with the 

consensus residues (red) within the PPXY motif of p73 peptide are shown. For comparison, 

the sidechain moieties of structurally-equivalent residues (yellow) within the putative ligand 

binding groove of WW2 domain are also depicted. Note that the modular architecture of 

WWOX is overlaid to indicate the relative locations of the N-terminal WW1-WW2 tandem 

module and the C-terminal SDR domain. The structural model of the WW1-WW2 tandem 

module was built using the MODELLER software based on homology modeling (85). The 

unliganded model was obtained using the NMR structure of WW1-WW2 tandem module of 

FBP21 pre-mRNA splicing factor as a template (PDBID 2JXW). To obtain the liganded 

model, the 12-mer p73 peptide (HCTPPPPYHADP) was docked onto the WW1 domain 

within the unliganded structure of WW1-WW2 tandem module in a 1:1 stoichiometry using 

the NMR structure of the homologous WW domain of YAP bound to a peptide containing 

the PPXY motif as a template (PDBID 1JMQ). The structural model was rendered using 

RIBBONS (86).
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Figure 2. 
Superimposition of simulated structures as derived from molecular dynamics (MD) analysis 

conducted on the structural model of WW1-WW2 tandem module of WWOX alone 

(unliganded) and in complex with p73 peptide containing the PPXY motif bound to the 

WW1 domain (liganded). Note that the superimposed structures for the unliganded (a) and 

liganded (b) WW1-WW2 tandem module were obtained at 200-ns time intervals over a 

simulation time of 2μs. All 10 structures were superimposed with respect to the backbone 

atoms (N, Cα and C) of the core regions of WW1 (residues 22–43) and WW2 (residues 63–

84) domains. In each case, the constituent WW1 (residues 22–43) and WW2 (residues 63–

84) domains are respectively colored red and green, while the N-terminal loop (residues 16–

21), interdomain linker (residues 44–62) and C-terminal loop (residues 85–91) are 

respectively shown in blue, gray and magenta. In (b), the p73 peptide is not shown for 

clarity. All MD simulations were performed with the GROMACS software (87) using the 

integrated AMBER99SB-ILDN force field (88, 89). Structural snapshots of WW1-WW2 

tandem module taken at various time intervals during the course of MD simulations were 

superimposed using MOLMOL (90)
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Figure 3. 
Ribbon representation of the simulated structure of unliganded WW1-WW2 tandem module 

of WWOX obtained after 2μs of simulation time. Two alternative orientations related by a 

90°-rotation about the vertical axis are depicted for closer inspection. The WW1 and WW2 

domains are respectively colored red and green, while the interdomain linker is depicted in 

gray. Additionally, the sidechain moieties of residues within the WW1 and WW2 domains 

engaged in interdomain contacts are shown in blue and yellow, respectively. The cyan arrow 

indicates the direction of the incoming ligand as it would dock into the hydrophobic groove 

located on the concave face of WW1 domain, the same face that partially engages in 

interdomain contacts with the WW2 domain, in a competitive manner. The simulated 

structure of WW1-WW2 tandem module was rendered using RIBBONS (86).
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Figure 4. 
Amino acid sequence alignment of WW1 domain of WWOX with other WW domains 

within the human proteome that share high sequence similarity. Note that absolutely 

conserved residues within the WW domains are shown in red, semi-conserved residues in 

blue, and all other residues are colored black.
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Figure 5. 
Amino acid sequence alignment of WW domains within the human proteome containing a 

non-tryptophan residue at the structurally-equivalent position occupied by Y85 within the 

WW2 domain of human WWOX. Note that the sequence alignment is sub-divided 

depending on whether the WW domains belong to multi-copy-WW-containing proteins 

(Class I) or single-copy-WW-containing proteins (Class II). The Y85 residue within the 

WW2 domain of WWOX and its structural-equivalents within other WW domains are 

colored blue. Absolutely conserved tryptophan (W63) and proline (P88), which together 

represent a pair of residues critical for the folding of WW domains, are shown in red. It is 

noteworthy that the indole and pyrrolidine sidechain rings of these conserved residues 

engage in stacking interactions on the convex face of WW domains, right beneath or 

underside of the concave ligand binding groove. In so doing, they provide a critical scaffold 

that is essential for the structural integrity of all WW domains.
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Figure 6. 
Amino acid sequence alignment of SDR domains of hsWWOX (Q9NZC7), hsRDH11 

(Q8TC12), hsRDH12 (Q96NR8), hsRDH13 (Q8NBN7) and mpRDH (Q741V7) derived 

from Homo sapiens (hs) and Mycobacterium paratuberculosis (mp). The UniProt ID of each 

protein is provided in the corresponding parenthesis. The numerals flanking each row of the 

sequence alignment denote the amino acid position of corresponding protein. Absolutely 

conserved residues are colored red, highly conserved residues in blue and non-conserved 

residues in black. The GXXXGXG motif is involved in accommodating the NADP+/

NADPH cofactor, while the YXXXK consensus sequence represents the active site motif 

critical for the enzymatic activity of SDR domains. Additionally, an absolutely conserved 

serine (S260 in WWOX) is required for the stabilization of retinoid substrate within the 

active site. Note that the modular architecture of WWOX is overlaid to indicate the relative 

locations of the N-terminal WW1-WW2 tandem module and the C-terminal SDR domain.
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Figure 7. 
Ribbon representation of the structural model of SDR domain of WWOX in complex with 

NADPH cofactor and all-trans-retinal (RET) substrate. Two alternative orientations related 

by a 90°-rotation about the vertical axis are depicted for the inquisitive eye. In each case, the 

β-strands are colored yellow, α-helices lavender and the intervening loops gray. The 

NADPH co-factor and RET substrate are shown in green and blue, respectively. The 

sidechain moieties of the Y293/K297 catalytic dyad, located within the RXXXK active site 

motif of WWOX, are depicted in red. Note that the structural model of SDR domain was 

built in several stages using the MODELLER software based on homology modeling (85). 

Firstly, the apo-structure of SDR domain was constructed using the crystal structure of 

mpRDH as a template (PDBID 3RD5). It should be noted here that mpRDH shares greater 

than 50% sequence similarity with the SDR domain of WWOX, thereby implying that the 

structural model of the latter can be relied upon with a high degree of confidence. Next, 

NADPH was mapped to the apo-structure of SDR domain on the basis of its structural 

homology with the crystal structure of bacterial L-sorbose reductase bound to NADPH 

(PDBID 3AI2). Finally, RET was docked onto the structure of SDR domain bound to 

NADPH in analogy with the binding mode of 17β-estradiol to 17β-hydroxysteroid 

dehydrogenase 1 (PDBID 1FDT) using various distance restraints between RET, NADPH 

and Y293 proton acceptor/donor located within the YXXXK active site motif. To ensure 

structural convergence, a total of 100 atomic models were calculated and the structure with 

the lowest energy, as judged by the MODELLER Objective Function, was selected for 

further analysis. The atomic models were rendered using RIBBONS (86).
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Figure 8. 
A catalytic scheme proposed for the reduction and oxidation of retinal(ol) by the SDR 

domain of WWOX. The arrows indicate the direction of flow of a pair of electrons (2e−). 

Additionally, both the reductive and oxidative reactions are facilitated by virtue of the 

ability of Y293/K297 catalytic dyad, located within the RXXXK active site motif of 

WWOX, to mediate acid/base catalysis.
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Table 1

Comparison of the binding of WW1 domain to various PPXY-containing peptides derived from putative 

ligands of WWOX alone (WW1) and in the context of WW1-WW2 tandem module (WW1-WW2) in terms of 

the apparent equilibrium dissociation constant (Kd)

Kd / μM

Ligand Peptide Sequence WW1 WW1-WW2

ErbB4 TVLPPPPYRHRN 179 ± 10 75 ± 8

p73 HCTPPPPYHADP 107 ± 9 60 ± 6

PTCH1 RYSPPPPYSSHS 278 ± 19 79 ± 8

PTPN14 LFRPPPPYPRPR 763 ± 62 214 ± 30

SMAD7 LESPPPPYSRYP 272 ± 29 53 ± 8

TMG2 HDAPPPPYTSLR 202 ± 23 84 ± 9

WBP1 PGTPPPPYTVAP 368 ± 44 141 ± 12

WBP2 SQPPPPPYYPPE 133 ± 18 42 ± 7

Note that the consensus residues within the PPXY motif of each peptide are colored red for clarity. All parameters were obtained from isothermal 
titration calorimetry (ITC) measurements conducted at 25°C and pH 7. Errors were calculated from at least three independent measurements to one 
standard deviation.
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