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Abstract

Cell-to-cell signaling molecules such as the Wnt proteins that directly influence the expression of 

cell-type specific transcriptional programs are essential for tissue generation in metazoans. The 

mechanisms supporting cellular responses to these molecules represent potential points of 

intervention for directing cell fate outcomes in therapeutic contexts. Small molecules that 

modulate Wnt-mediated cellular responses have proven to be powerful probes for Wnt protein 

function in diverse biological settings including cancer, development, and regeneration. Whereas 

efforts to develop these chemicals as therapeutic agents have dominated conversation, the 

unprecedented modes-of-action associated with these molecules and their implications for drug 

development deserve greater examination. In this review, we will discuss how medicinal 

chemistry efforts focused on first in class small molecules targeting two Wnt pathway components 

– the polytopic Porcupine (Porcn) acyltransferase and the cytoplasmic Tankyrase (Tnks) poly-

ADP-ribosylases – have contributed to our understanding of the druggable genome and expanded 

the armamentarium of chemicals that can be used to influence cell fate decision-making.
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1. INTRODUCTION

Adult stem cells and persistent cancer cells have in common robust mechanisms in place for 

resisting depletion [1]. On the one hand this property is a barrier to age-dependent tissue 

erosion and on the other it promotes cancer re-emergence and metastasis. In this regard, the 

ability to achieve therapeutic goals in regenerative medicine and anti-cancer research are 

both dependent upon an understanding of self-renewal properties of adult cells.
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Much effort has been devoted to delineating the molecular nature of the intercellular signals 

that enforce the hierarchy of stem cells and their progeny with the hopes of controlling both 

normal and cancer stem cell outcomes [2]. The foundation of our current understanding of 

these signals stems from decades of research that have identified conserved genetic 

programs that relay communal cell organization into cell-specific decisions throughout the 

metazoan life cycle. This knowledgebase has provided an experimentally tractable 

framework for identifying agents that could be leveraged for co-opting signals that dictate 

cell fate outcome such as those targeting the Wnt, Notch, and Hedgehog (Hh) pathways.

Whereas the reliability of these agents have been measured by their ability to disrupt 

specific markers in cancerous cells and oftentimes their ability to induce predicted effects on 

tissue homeostasis or development, the recent advent of induced pluripotent stem cells 

(iPSCs) has afforded new metrics of chemical specificity based on their ability to direct cell 

fate outcome in vitro. Indeed, in addition to their potential anti-cancer utilities, these agents 

hold promise for improving cancer therapy by restoring tissue ravaged by disease.

In this review, we discuss recent progress in the development of small molecules targeting 

signaling mechanisms engaged by the secreted Wnt signaling molecules. Whereas the 

driving force for investing in these molecules is the nearly universal involvement of Wnt 

signaling in colorectal cancer, the participation of Wnt signaling in tissue homeostasis and 

development suggests additional utilities for such agents in both research and clinical 

settings. Here we provide an overview of how chemically disabling Wnt signaling could be 

used in anti-cancer and regenerative medicine programs with a focus on two druggable 

components of Wnt signaling - Porcn and Tnks.

2. CONTROLLING CELL FATE OUTCOMES BY CHEMICAL MODULATION 

OF WNT SIGNALING

2.1. Normal tissues

The cellular interactions that promote tissue emergence during development are frequently 

employed in the maintenance of adult tissues. In adult metazoans, the sensitivity of various 

tissues to altered Wnt/β-catenin signaling has been recorded using targeted deletion of 

pathway components in model organisms as well as genetic observations in humans (Figure 

1). These studies have in turn provided a framework for prioritizing various tissues for 

evaluating the therapeutic utility of Wnt chemical modulators in regenerative medicine and 

cancer. At the same time, these sensitivities reveal possible unwanted tissue toxicities. 

Indeed, the reliance of gut epithelial regeneration on Wnt signaling will likely impose dose 

limitations for small molecules targeting Wnt pathway components used in clinical settings.

The gut epithelium completes a cycle of regeneration every 4-5 days and thus similar to the 

rapidly regenerating hematopoietic system frequently forms the basis of dose limitations for 

chemotherapies targeting mechanisms supporting rapid cell division. The source of 

differentiated gut cells is stem cells and progenitors found at the base of intestinal crypts – 

glandular structures that delve into the mucosa of the intestines (reviewed in [3]). Genetic 

insults that compromise the activity of Wnt signaling components disrupt epithelial 

regeneration thus providing strong evidence that Wnt signaling controls stem cell self 
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renewal in the gut [4]. Indeed, the reliability of the Wnt/β-catenin transcriptional target gene 

LGR5 as a biomarker of multipotent cells and its own role in promoting Wnt signaling 

provides additional support for the importance of Wnt signaling in gut stem cell renewal [5]. 

At the same time, stem cells marked by expression of the BMI1 protein constitute another 

source of epithelial cells in the gut [6, 7]. The insensitivity of BMI1 cells to loss of Wnt 

pathway activity suggest that these cells may provide a mechanism for buttressing the 

integrity the gut epithelium exposed to various chemical inhibitors of Wnt signaling.

Similarly, a number of genetic observations in humans and model organisms support a role 

for Wnt signaling in regulating bone homeostasis [8]. Wnt signaling controls multiple 

aspects of bone catabolism, most notably the suppression of osteoclastogenesis [9]. Thus, 

loss of Wnt/β-catenin signaling induced by loss of function mutations in Wnt receptors 

belonging to the LRP family generally promotes bone reabsorption. At the same time, 

mutations in Lrp5 that disrupt its binding to Wnt inhibitory molecules such as sclerostin, for 

example, give rise to high bone mass [10]. Therefore, augmenting Wnt activity either with 

recombinant Wnt protein, antibodies targeting sclerostin, or GSK3β inhibitors that disrupt 

phosphorylation-dependent β-catenin destruction hold promise for improving bone repair [8, 

10].

Genetic observations such as those described above in the gut and bone provide the rationale 

for investing in the development of agents that modulate Wnt signaling for anti-cancer and 

regenerative medicine goals. Indeed, the loss of APC in nearly 90% of colorectal cancer 

cases is the primary focus of Wnt-associated anti-cancer programs. The result of these 

efforts so far is a large collection of small molecules that target various Wnt signaling 

components (reviewed in [11, 12]. Two classes of molecules targeting the Wnt 

acyltransferase Porcn and the cytoplasmic regulator Tnks (Figure 2) are discussed here in 

more depth given their extensive use in tissue engineering and in testing the promise of Wnt 

targeted cancer therapies. The vulnerability of Wnt signaling to chemicals targeting these 

proteins was identified from high throughput chemical library screens [13-16]. Porcn is an 

ER-localized multi-spanning membrane protein belonging to a family of membrane bound 

O-acyltransferases (MBOATs) that acylate lipids and proteins [17] that is essential to fatty 

acylation of presumably all Wnt molecules. On the other hand the two Tnks proteins form a 

subfamily of poly ADP ribose polymerase (PARPs) that regulate β-catenin abundance and 

thus Wnt cellular responses that engage the TCF/LEF transcriptional regulators (see Figure 

2).

Despite the frequent employment of genetic strategies for modulating β-catenin as a 

surrogate approach to disrupting TCF/LEF activity, the shared role of β-catenin in both cell-

cell adhesion and transcription compromises the ability to use evidence derived from such 

approaches for anticipating the effects of Tnks inhibitors which primarily target β-catenin 

transcriptional activity [18]. Some evidence that chemical disruption of β-catenin 

transcriptional activity will differ in phenotypic outcome from studies using engineered 

animals that express a β-catenin lacking signaling activity but retains cell-cell adhesion 

functions [19, 20]. When also considered with the essential roles of Tnks enzymes in 

development and the often time overlapping function of the two homologous enzymes [21], 
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Tnks inhibitors should be valuable probes for understanding β-catenin in adult tissues that 

bypasses several limitations of genetic approaches.

Similarly, understanding the anticipated effects of Porcn inhibitors on adult tissues has been 

complicated by the essential role of Porcn in developing tissues and [22]. Cell-type specific 

deletion of the Wntless (WLS) chaperone or Porcn (see Figure 1) has provided a strategy for 

evaluating the contribution of Wnt ligands to tissue homeostasis (examples in [23-26]). Yet 

the interpretation of results stemming from the use of either of these genetic strategies are 

complicated by the multiple sources of Wnt ligands that can likely provide compensation 

when one source has been disrupted. Indeed, targeted deletion of Porcn in the gut epithelium 

has little effect on tissue homeostasis presumably due to stromal contribution of Wnt 

molecules in the stem cell niche [24]. An additional challenge to understanding the 

consequences of Porcn inhibition is the phenotype could be a consequence of disrupting the 

interplay of up to 19 Wnt molecules. Indeed, many Wnt molecules do not directly control β-

catenin activity but regulate other cellular processes such as cell polarity and calcium 

signaling (see[12, 27]).

Despite the limitations of these genetic approaches and the strong evidence supporting the 

importance of Wnt/β-catenin signaling in gut epithelium regeneration, the gut epithelium 

nevertheless exhibits surprising robustness with a Porcn inhibitor reaching concentrations 

sufficient levels to block the expression of Wnt/β-catenin target genes such as the LGR5 

stem cell marker and to inhibit tumor growth without apparent deleterious effects on animal 

health [28]. On the other hand, in vivo studies using two similar Tnks inhibitors show 

activity against mouse models of colorectal cancer but that differ with respect to the level of 

toxicity induced in normal gut tissue [14, 16]. These observations may be influenced by 

differences in mouse strains utilized in each study or possibly differences in chemical 

bioavailability. Yet in the end the tolerance to these chemicals seen in rodents suggests a 

larger than anticipated therapeutic window may exist in humans. The effects of these 

inhibitors in bone tissue upon prolonged exposure remain untested.

2.2. Cancerous tissues

The reliance of certain cancer types on Wnt pathways for sustaining growth likely represents 

an exploitation of normal tissue maintenance cues provided by Wnt proteins. For example, 

loss in activity of the tumor suppressor and β-catenin inhibitor Apc heightens Wnt signaling 

in a tissue that is well established to rely on Wnt signals for homeostatic renewal. The 

prevalence of APC mutations suggests that these lesions arise early in the course of disease 

progression [29, 30]. At the same time, deregulated growth control in the gut epithelium is 

observed when APC is mutated in putative stem cells but not in differentiated cells thus 

providing compelling evidence that the cell of origin in gut cancers are likely stem cells 

[31]. Similarly, β-catenin mutations are frequently found in cancers of the liver, a tissue that 

relies on Wnt signaling for regeneration [32] (see Figure 1). Given the frequency of 

mutations that give rise to a truncated Apc protein observed in colorectal cancer (~90%), the 

development of agents targeting the β-catenin transcriptional apparatus such as Tnks 

inhibitors are routinely tested in preclinical models of CRC (Figure 3).
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Significant effort has been devoted to defining chemical strategies for normalizing β-catenin 

activity as a means to counter the induction of deviant transcriptional response by Apc loss 

of function. The transcriptional activity of the four TCF/LEF family members (TCF7/TCF1, 

TCF7L1/TCF3, TCF7L2/TCF4, and LEF1) is regulated by β-catenin and its accessory 

factors such as the histone acetyltransferase CBP (Creb-binding protein; also known as 

CREBBP) [33]. Three major chemical strategies have emerged for targeting β-catenin 

transcriptional activity: a) breaking β-catenin interaction with TCF/LEF family members, b) 

disrupting β-catenin interaction with CBP [34, 35], or c) inducing β-catenin destruction by 

inhibiting the Tnks enzymes [13]. These strategies that disable the Wnt transcriptional 

machinery are likely to be additionally useful in other cancers with well-defined mutations 

that result in deviant β-catenin activation including those found in the β-catenin binding 

adhesion molecule FAT1 (FAT atypical cadherin) [36] and the transcriptional repressor 

form of Tcf7l2 that counters the positively activating TCF/LEF family members [29, 37]. 

Amongst these strategies, a peptidomimic that disrupts CBP binding to β-catenin (PRI-724) 

has entered clinical testing whereas several Tnks inhibitors in various stages of pre-clinical 

development [35, 38]. The role of TCF7L1/TCF3 and certain splice variants of TCF/LEF 

family members as transcriptional repressors may contribute to tissue-specific differences in 

responses to inhibitors of β-catenin activity [33].

The anti-cancer goals underlying efforts that uncovered the chemical tractability of Porcn 

are not as obvious as those driving efforts to disable the Wnt transcriptional apparatus. As 

such, a greater number of pre-clinical studies that incorporate Porcn inhibitors have been 

executed by comparison to those associated with Tnks inhibitors (see Figure 3). Indeed, the 

contribution of Wnt ligands and thus the value of Porcn inhibitors to cells with APC 

mutations in vivo remains unclear [39]. On the other hand, the essential and unique role of 

Porcn in the production of functional Wnt ligands has made these chemicals powerful 

probes for Wnt signaling and has galvanized efforts to identify other cancer types that may 

rely on Wnt ligands and that may be sensitive to Porcn inhibitors. For example, growth-

promoting mutations in the transmembrane ubiquitin ligases Znrf3 or Rnf43 that result in 

increased levels of Wnt receptors in pancreatic ductal adenocarcinoma and colorectal cancer 

can be countered with Porcn inhibitors [40-43]. Although much less is known about the Wnt 

responses that are independent of β-catenin activity including those governing cell polarity 

[44], conceivably cancerous cells may also depend on such cellular responses for growth or 

metastasis.

Whereas cancer genome sequencing has assigned Wnt signaling to various cancers based on 

the prevalence of mutations in Wnt pathway components, other cancers such as acute 

myeloid leukemia (AML) that have shown sensitivity to Wnt pathway modulation in animal 

models are devoid of such mutations [45]. Given our understanding of Wnt signaling in 

cancer has been predominantly informed by studies in the gut, the existence of these other 

cancers either reflects our partial inventory of Wnt signaling components in other cell types 

or the limitations of genomic sequencing for revealing epigenetic changes in Wnt signaling 

such as altered RNA splicing or histone methylation. Either Porcn or β-catenin targeting 

agents or both could be useful in these disease contexts.
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2.3. Embryonic and induced pluripotent stem cells

The potential applications of Wnt inhibitors as anti-cancer agents has in many ways 

overshadowed the tremendous progress made in the use of such molecules for influencing 

cell differentiation programs in vitro. Indeed, two classes of Porcn and Tnks inhibitors have 

been widely adopted for use in the production of medically useful cell types from various 

precursor cells including induced pluripotent stem cells (iPSCs) [46] (Figure 4). When used 

in combination with other small molecules that influence cell fate outcome and in different 

cell culture conditions, nearly homogenous cell products can be achieved in some cases with 

these Wnt pathway antagonists [47, 48]. For example, a chemically based strategy for 

cardiomyocyte production from iPSCs entails the use of two chemicals – one compound to 

activate Wnt signaling (GSK3β inhibitor) under embryoid body formation conditions and a 

Porcn inhibitor (IWP-2 and IWP-4) to inactivate Wnt signaling under monolayer growth 

conditions [47]. In another protocol a Tnks inhibitor could substitute for a Porcn inhibitor 

thus demonstrating the necessity of on-target effects of these Wnt inhibitors for robust 

cardiomyocyte induction [49].

The production of cardiomyocytes from iPSCs using only chemical reagents targeting the 

Wnt/β-catenin pathway has not only confirmed the well-recognized prowess of Wnt 

signaling in cell fate determination processes but also galvanized efforts to deploy Wnt 

pathway modulators in other tissue engineering agendas (see Figure 4). Other successes 

include the production of dopaminergic neurons and retinal pigmented epithelial cells which 

could be used for in vitro screening for molecules with biological activity in these cell types 

or for the replacement of prematurely degenerated cells [48, 50]. The availability of these 

agents and the ease with which they can be applied to cultured cells has helped fuel the rapid 

growth in their use for tissue engineering. With the successful production of therapeutically 

relevant cell types, a challenge in the future will be to improve the integration of these cells 

into the host, a process that could be facilitated by stemming fibrotic responses in injured or 

aged tissues with the use of Wnt inhibitors with favorable pharmacokinetic properties 

[51-53].

3. EXPANDING THE DRUGGABLE GENOME WITH PORCN AND TNKS 

INHIBITORS

Chemically based studies focused on Wnt signaling have expanded our understanding of the 

druggable genome with the identification of the first inhibitors of an MBOAT gene family 

member (Porcn) and a novel approach for selective disablement of PARP family members 

as revealed by efforts to selectively target the Tnks enzymes. Here we discuss recent 

advances and potential challenges in generating selective agents targeting Porcn and Tnks 

with drug-like properties.

3.1. An unanticipated druggable pocket in Tnks enzymes

Members of the seventeen-gene PARP family play diverse cellular roles including those in 

DNA damage repair, a process that is essential to survival for some cancers when challenged 

with DNA damaging chemotherapeutic agents [54]. Whereas Parp-1 is the target of several 

anti-cancer agents in late stage clinical testing [55], the value of disabling Tnks enzymes in 
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disease contexts remain mostly unexplored. Initially identified as regulators of Trf1/Terf1, a 

protein essential to the replication fidelity of telomeric repeats [56, 57], the potential of Tnks 

enzymes as targets for inducing telomeric shortening has been largely short-changed by the 

focus on agents that directly target telomerase, the enzyme that extends telomere ends [58]. 

In addition to their roles in Wnt/β-catenin signaling and telomere length maintenance, Tnks 

enzymes may be valuable therapeutic targets in the context of their other cellular functions 

including the regulation of the PTEN tumor suppressor [59] and the glucose transporter 

Glut4 [60, 61]. At the same time, the ankyrin repeats in Tnks enzymes suggest that in 

addition to their enzymatic activities, Tnks 1&2 also perform protein scaffolding functions. 

Indeed, they form macro-structures in the cytoplasm that likely facilitate protein turnover 

[62, 63]. Thus, Tnks inhibitors may not always phenocopy the effects of genetically based 

efforts to disrupt Tnks activity. For example, the anti-mitotic effects of RNAi-mediated 

mitigation of Tnks expression [64] are not observed with chemical inhibitors of Tnks 

inhibitors [13] suggesting Tnks function in this context may be independent of its 

PARylation activity.

The identification of Tnks as a key regulator of Wnt signaling from a chemical library 

screen elegantly demonstrates the utility of small molecules for identifying genes with 

redundant roles that would otherwise be difficult to detect using single gene interrogation 

strategies [13]. The compound identified in this screen (XAV-939), is reminiscent of other 

PARP inhibitors that target the nicotinamide-binding pocket (Figure 5). Indeed, in addition 

to its anti-Tnks activity, XAV-939 exhibits low micromolar activity against other PARPs 

(PARP1-3) [13, 65].

A similar screen executed in parallel with the one described above identified compounds 

that induced Axin accumulation and β-catenin loss [18] and that were subsequently shown to 

be Tnks inhibitors [13]. Remarkably these compounds (represented here by IWR-1) showed 

little resemblance to XAV-939 or other PARP inhibitors (see Figure 5). A co-crystal 

structure of IWR-1 with either Tnks 1 or 2 proteins revealed that it occupies an induced 

pocket that houses the adenosine portion of NAD+, the substrate for PARPs [66, 67]. The 

basis for this mode of engagement is the presence of stacking interactions between the 

quinolone group found in the “tail” region of IWR-1 (see Figure 5) and a histidine uniquely 

found in the D-loop sequence (that forms the “roof” of the adenosine-binding pocket) of the 

two Tnks proteins. Thus, IWR-1 exhibits a greater than 100 fold specificity for Tnks 

enzymes over other PARP family members given it exploits structural features unique to the 

adenosine-binding pocket of Tnks enzymes [68]. Two other Tnks inhibitors (G007-LK and 

WIKI4) also employ stacking interactions with the D-loop histidine [69, 70] (see Figure 5). 

The largest of these molecules NVP-TNKS656 occupies both pockets [71]. A take away 

observation from these collective medicinal chemistry efforts is that agents that target the 

adenosine-binding pocket exhibit greater specificity for Tnks molecules than nicotinamide 

mimetics. Given that other PARPs harbor a phenylalanine or tyrosine that may provide 

stacking interactions at a similar position as the histidine in the D-loop sequence, agents 

with selectivity for other PARP family members could be achieved by engineering 

additional adenosine-binding pocket inhibitors.
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3.2. Porcupine antagonists – first in class inhibitors of an endoplasmic reticulum-localized 

acyltransferase

Whereas medicinal chemistry efforts focused on Tnks inhibitors have been greatly helped by 

a structural understanding of the Tnks active site, a similarly detailed map of the Porcn site 

of catalysis is likely not in the offing. In addition to the polytopic nature of Porcn that 

renders traditional structural approaches mostly inaccessible, the hydrophobicity contributed 

by the fatty acyl motifs found in Porcn further decrease prospects for achieving Porcn 

crystals [72]. Thus, an understanding of how Porcn inhibitors such as IWP-2 or LGK-974 

achieve their specificity and potency will have to be derived from other experimental 

approaches. Moving forward, the availability of chemically diverse Porcn inhibitors that 

appear to target the same Porcn binding pocket [73, 74] will certainly help in mapping the 

chemical-protein determines in presumably the active site which includes a highly conserved 

histidine residue found in a long hydrophobic region [17]. Indeed a systematic mutagenesis 

study of Porcn supports an active site embedded within the lipid bilayer that is likely 

assembled from multiple membrane spanning regions of Porcn [75] (Figure 6).

The collective Porcn inhibitor program has already seen the discovery of compounds with 

picomolar activity in the form of LGK-974 and a derivative of IWP-2 (IWP-L6) [15, 76]. 

Thus, future medicinal chemistry efforts will likely focus on improving chemical specificity 

and limiting unwanted chemical off-target effects as exemplified in more a recent study that 

describes a high-throughput screen that netted a novel Porcn inhibitor [77]. The active site of 

MBOAT proteins with secreted protein substrates such as Porcn must bring into close 

proximity a fatty acyl-CoA molecule found in the cytoplasm with the target protein found in 

the ER lumen. In the case of Wnts, the serine residue that supports acylation is found in a 

peptide loop in Wnt molecules [78, 79] that enters the Porcn active site. Superimposed on 

this simplistic mechanistic perspective are likely unique protein determinants that support 

selectivity for acyl donors found in each MBOAT protein. For example, the Hhat enzyme 

that modifies the three Hh protein family members is able to utilize diverse fatty acyl donors 

in reactions that are not sensitive to saturation status of the fatty acyl donor [80, 81]. At the 

same time, given the greater abundance of palmitate relative to palmitoleate in cells the 

Porcn active site must harbor determinants that support selectivity for monounsaturated fatty 

acids. How preference of these enzymes for fatty acids with a certain carbon lengths is 

attained at the molecular level also remains unclear but could involve cell type-specific 

abundance of fatty acids [81] or possibly the rapid turnover of proteins modified with fatty 

acids of a certain length. Presumably then compounds that exhibit selectivity for Porcn such 

as LGK-974, IWP-2, or (S)-27 [77] would incorporate chemical features that exploit the 

presence of residues that compromise the unsaturated bond recognition moiety (see Figure 

6). Similarly, there must exist features that enable specific substrate recognition. For 

example, MBOATs that possess lysophospholipid acyltransferase (LPAT) activity likely 

have distinct features that enable them to recognize lysosphospholipids [82]. Similarly, 

Porcn and Hhat must respectively harbor determinants for recognizing Wnt and Hh proteins. 

Elucidating the mechanistic basis for acyl donor and substrate specificity with further 

studies will be essential to establishing MBOAT gene family members as viable therapeutic 

targets.
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4. CLOSING REMARKS

Ongoing and now defunct drug development programs focused on targeting protein 

acylation and poly-ADP ribosylation could offer some glimpses into the future that await for 

Porcn and Tnks inhibitors in clinical settings. The development of Porcn inhibitors comes at 

the heels of high profile failures to target the lipidation of Ras proteins as a means to disable 

Ras driven tumors. Farnesylation and palmitoylation influence the subcellular distribution 

and thus the activity of Ras proteins [83]. Attempts to inhibit farnesyltransferase (FTase) 

saw compensatory Ras lipidation by geranylgeranylation that restores Ras oncogenic 

activity [84]. At the moment, there is no evidence that cells when confronted with a Porcn 

inhibitor have the means for compensatory Wnt acylation [85]. However, resistance to Porcn 

inhibitors could arise with mutations in Porcn itself, or in pathway suppressor molecules that 

are frequently mutated in cancer such as Apc or β-catenin. Given that Tnks induce telomeric 

shortening as well as Wnt pathway suppression in cells with prolonged chemical exposure 

[86], Tnks inhibitors could provide a single agent combinatorial therapeutic strategy for 

targeting cancerous cells that frequently harbor mutations that affect telomeres and Wnt 

signaling such as liver cancer [87].

Although inhibitors of PARP-1 have fared well in clinical development (candidates are now 

in late stage clinical testing), difficulties in the selective targeting of PARP family members 

in general have hindered efforts to test the value of targeting other PARP proteins in 

therapeutic contexts [65]. Studies focused on Tnks inhibitors have revealed potentially a 

novel chemical approach for achieving PARP-specific inhibition by targeting their 

adenosine-binding space. Although this strategy may be restricted to PARPs with 

sufficiently flexible D-loop sequences that form part of adenosine-binding pocket, it may 

nevertheless uncover agents for targeting PARPs that are not currently matched with 

synthetic ligands. At the same time, how chemicals target the protein could induce unique 

cellular consequences relevant to unwanted toxicities or drug resistance that are not 

necessarily based on loss of catalytic activity alone but also on structural changes. For 

example, MAPK/ERK Kinase (MEK) inhibitors that target different activation states of 

MEK exhibit differential ability to block feedback phosphorylation by the proto-oncogene 

BRAF thereby providing a rationale for favoring the use of a specific drug for BRAF-driven 

tumors [88].

Anti-cancer agendas have traditionally absorbed the bulk of the resources available for the 

development of agents targeting developmentally important pathways such as those 

governed by the Hh and Wnt molecules. However, recent advances in the production or 

isolation of multipotent precursor cells that can be programmed into a variety of 

therapeutically relevant cell types coupled with improved 3-D printing processes suggest 

that a re-allocation of such resources with increased investment in these pathways as part of 

tissue engineering programs may be timely. The evaluation of drug candidates in the 

production of certain cell types could afford robust specificity and toxicity testing platforms 

that are complementary to current approaches for assessing such parameters. At the same 

time, the seamless integration of newly engineered tissues into the host remains a daunting 

challenge despite the recent advances in cellular engineering. Potentially, molecules 

targeting development pathways such as the ones described here could be used to improve 

Lum and Chen Page 9

Curr Med Chem. Author manuscript; available in PMC 2015 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell transplantation for regenerative needs in patients with cancer-ravaged tissues or in the 

elderly that are in need of tissue replacement therapy.
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Fig. (1). Overview of the Wnt/β-catenin signal transduction pathway
Reviews of Wnt-mediated cellular responses that do not utilize β-catenin can be found in 

[12, 27].
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Fig. (2). Mechanism of action for Porcn and Tnks inhibitors
Left: Inhibition of endoplasmic reticulum-localized Porcn results in loss of Wnt fatty 

acylation. Wnt proteins devoid of their lipid moiety are not recognized by the Wntless (Wls) 

chaperone resulting in their sequestration in the secretory pathway. Wnt molecules in 

addition to regulating β-catenin/TCF activity control other cellular responses not depicted 

here. Right: Disruption of Tnks1 & 2 activity with chemicals results in loss of Axin protein 

PARylation, a biochemical change that promotes Axin destruction by ubiquitinylation. Thus 

in cells treated with Tnks inhibitors, Axin accumulates and accelerates the rate of β-catenin 

turnover. Without a sufficient abundance of β-catenin, the TCF/LEF proteins are unable to 

elicit a meaningful transcriptional response. The turnover rate of other proteins in addition to 

β-catenin that are regulated by Tnks and Axin are not depicted here but discussed in Section 

3.
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Fig. (3). Pre-clinical cancer therapeutic studies of Porcn and Tnks inhibitors in mice
C59 and JW55 are predecessor molecules of LGK-974 and G007-LK, respectively. MMTV-

Wnt1 transgenic mice develop ductal hyperplasia in mammary gland tissue due to 

introduction of a viral transcriptional enhancer that induces Wnt1 expression. Liu et al has 

shown that loss of Notch signaling in head and neck squamous cell carcinoma cell lines 

induce cell growth-promoting Wnt/β-catenin signaling. Thioacetamide is a chemical that 

induces dysregulated growth in the biliary tract of animals that are compromised for the p53 

tumor suppressor. Juan et al. has shown that lung cancers initiated by a mutation in the 

protooncogenic Braf protein (V600E) are dependent upon β-catenin signaling.

Lum and Chen Page 18

Curr Med Chem. Author manuscript; available in PMC 2015 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. (4). Summary of cell engineering achievements using the IWP and IWR classes of Porcn and 
Tnks inhibitors, respectively
IWP-1, -2, and -4 inhibit Porcn whereas IWR-1 compound inhibits Tnks1 & 2. mES 

cells=mouse embryonic stem cells; hES cells=human embryonic stem cells; hiPS cells= 

human induced pluripotent stem cells.

Lum and Chen Page 19

Curr Med Chem. Author manuscript; available in PMC 2015 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. (5). Summary of selected classes of Tnks inhibitors and their mode of binding to Tnks 
enzymes
NAD+ is the substrate for Tnks enzymes. Chemical components of small molecules that 

occupy the adenosine-binding pocket are aggregated into head, spacer, and tail for 

discussion purposes. Although representative molecules targeting various active site pockets 

are discussed here, a more extensive overview that includes references to additional Tnks 

inhibitors can be found in these excellent reviews [68, 89, 90].
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Fig. (6). The Porcn active site brings together cytoplasmic palmitoleoyl-CoA and ER luminal 
Wnt proteins to produce fatty acylated Wnt proteins
Various Porcn inhibitors presumably target the Porcn active site to prevent the formation of 

a functionally meaningful tri-partite complex.
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