iIScience

Premise and peril of Wnt signaling
activation through GSK-3B inhibition

Samuel M. Law' and Jie J. Zheng'*

SUMMARY

Wht signaling pathways have been extensively studied in the context of several dis-
eases, including cancer, coronary artery disease, and age-related disorders. -Cate-
nin plays a central role in the most studied Wnt pathways, the Wnt/B-catenin
signaling pathway, commonly referred to as the canonical Wnt signaling pathway.
B-catenin is a substrate of glycogen synthase kinase 3p (GSK-3p), and the phosphor-
ylated B-catenin by GSK-38 can be degraded by the proteasome through ubiquitina-
tion. Thus, GSK-3p inhibitors have become a widely used chemical biology tool to
study the canonical Wnt signaling pathway. Among the varied GSK-38 inhibitors,
a compound known as CHIR-99021 is one of the most widely used. Although these
inhibitors contribute greatly to our understanding of the canonical Wnt pathway,
certain pitfalls associated with such an approach may have been overlooked. In
many published studies, micromolar concentrations of CHIR-99021 are used to acti-
vate the canonical Wnt pathway. Although CHIR-99021 is a specific GSK-3f inhibi-
tor, it specifically inhibits the kinase at the nanomolar level. Therefore, caution is
required when micromolar levels of CHIR-99021 are used for the purpose of acti-
vating the canonical Wnt signaling pathway.

In the current model of the canonical Wnt pathway, secreted Wnt proteins bind the receptor known as
Frizzled (Fzd) and lipoprotein-receptor-related protein 5/6 (LRP5/6), thereby activating Disheveled (Dvl)
proteins inside the cell (Cadigan and Nusse, 1997; Tran and Zheng, 2017). Dvl then binds to the carboxyl
(C)-terminus of Fzd (Gao and Chen, 2009; Wong et al., 2003) and recruits Axin (Song et al., 2014), a protein
member of the B-catenin destruction complex, away from the so-called destruction complex and to the cell
membrane. Axin also plays an important role in bringing B-catenin and GSK-3p together so that the phos-
phorylation and subsequent B-catenin can occur in states where there is no Wnt agonist available (Xing
et al., 2003). The destruction complex consists of Axin, glycogen synthase kinase-3p (GSK-3), adenoma-
tous polyposis coli (APC), casein kinase 1o (CK1a), and protein phosphatase 2A (PP2A) (Stamos and
Weis, 2013; van Amerongen and Nusse, 2009; Wu and Pan, 2009). Without Wnt stimulation, B-catenin is
phosphorylated by the GSK-3B in the destruction complex, and the phosphorylated B-catenin can be
degraded through the ubiquitin-proteasome system. When Wnt stimulation occurs and activated Dvl re-
cruits Axin to the membrane, GSK-3B is unable to phosphorylate B-catenin and prevents its degradation.
B-catenin then can accumulate in the cell and is transported to the nucleus to initiate transcription of Wnt
target genes by binding to T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) transcription
reporters, Creb-binding protein, and/or p300 protein (Cadigan and Nusse, 1997).

Therefore, GSK-3B inhibition by small compounds may emulate the removal of Axin with Wnt signaling, likewise
leading to accumulation of B-catenin (Song et al., 2014; Wu and Pan, 2009). This in turn activates Wnt signaling.
Indeed, in early studies, it was discovered that millimolar concentrations of lithium chloride (LiCl) can specifically
inhibit GSK-3f and can also activate the canonical Wnt signaling pathway (Klein and Melton, 1996; Stambolic
et al.,, 1996). Since then, the use of Wnt-B-catenin pathway activators that inhibit GSK-3B has been one of the
most studied to date. As an example of the utility of these small molecule inhibitors, lithium chloride has been
shown to promote osteoblast differentiation by stimulating Wnt signaling. It has also been shown to improve
bone mass in mice through Wnt signaling activation, independent of traditional Wnt second messengers such
as LRP5/6 (Clement-Lacroix et al., 2005). The study opened up a new avenue in treatment of degenerative
bone disease such as osteoporosis and osteopenia, and may provide lithium chloride with an additional pharma-
cologic purpose in addition to its usefulness in the treatment of bipolar disorder (Kao and Elinson, 1998).
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Table 1. List of GSK-3B inhibitors and corresponding IC50 and Chemical Abstracts Service Number (CAS No.)

GSK-3B inhibitors IC50° CAS No.
LiCl 1 mM (O'Brien et al., 2011) 7447-41-8
BIO 8 nM (Wagner et al., 2016) 667463-62-9
SB-216763 12 nM (Wagner et al., 2016) 280744-09-4
SB-415286 78 nM (Coghlan et al., 2000) 264218-23-7
CHIR-99021 4 nM (Wagner et al., 2016) 252917-06-9
TWS-119 30 nM (Wang et al., 2016)] 601514-19-6
AR-A014418 142 nM (Wagner et al., 2016) 487021-52-3
LY-2090314 10 nM (Atkinson et al., 2015) 603288-22-8
PF-04802367 9 nM (Liang et al., 2016) 1962178-27-3
L807mts 1 uM (Licht-Murava et al., 2016) N/A
Tideglusib Irreversible (Dominguez et al., 2012) 865854-05-3

?In general, there is no distinction between inhibition of GSK-3a and GSK-3B, as there is much shared overlap of substrates
between the two kinases. It has been suggested that the GSKa. and B subunits are redundant in nature (McCubrey et al., 2017;
Patel and Woodgett, 2017).

As development of kinase inhibitors is an active frontier of therapeutic development, many potent GSK-3p
inhibitors have been discovered and also are commercially available. Most of them are ATP-competitive
inhibitors which halt kinase activity through preventing ATP-kinase interactions. The most common GSK-
3B inhibitors are listed in Table 1. The power of these GSK-3p inhibitors to stimulate canonical pathway
signaling has been leveraged to discover Wnt activation’s numerous effects on the pathogenesis of chronic
disease, such as lung and breast cancers and the pathophysiology of heart disease and wound healing.

For example, 6-bromoindirubin-3'-oxime (BIO) is a GSK-3B inhibitor that has helped investigators discover
that hepatocellular carcinoma (HCC) exerts resistance to traditional chemotherapy as a result of Wnt stim-
ulation, and thus renders HCC clinically difficult to eradicate (Yang et al., 2008). BIO has also been observed
to maintain stem cells in an undifferentiated state and may prove useful in sustaining a population of stem
cells for use in scientific inquiry. SB-216763 is another GSK-3B inhibitor that is particularly used for retinal
stem cell proliferation and maintenance of pluripotent stem cell populations and exhibits lower toxicity
than other GSK-38 inhibitors in mouse model embryonic stem cells (Inoue et al., 2006). On another note,
SB-415286 has been studied as a neuroprotective agent by selectively preserving healthy neural tissue in
the context of apoptosis of neuroblastoma cells via hydrogen peroxide (Pizarro et al., 2008). Two more
widely used Wnt activators that act via GSK-3B inhibition are TWS-119 and AR-A014418. TWS-119 has
been noted in a recent study to mitigate blood-brain barrier disruption that may inadvertently be caused
by recombinant tissue plasminogen activator, which is commonly nicknamed as the “clot buster” in the
treatment of ischemic stroke (Wang et al., 2016). AR-A014418, interestingly, has been noted to behave simi-
larly to lithium’s effects against the symptoms of bipolar disorder (Gould et al., 2004). Newer GSK-3p inhib-
itors are being developed in the pipeline and are now available commercially, for example, PF-04802367
(Liang et al., 2016). This compound demonstrates the most selective antagonism of GSK-3p to date and
shows promise as a research agent in GSK-3p pharmacodynamics.

So far, two GSK-3B inhibitors have been tested in clinical trials for treating various diseases. One of them is
LY-9020314. Because LY-2090314 has antiproliferative and apoptotic effects against in vitro models of neu-
roblastoma (Kunnimalaiyaan et al., 2018), it was recently applied to acute myeloid leukemia (AML), with a
positive safety profile (Gray et al., 2015). Another one is Tideglusib, a non-ATP competitive, irreversible
GSK-3B inhibitor (Dominguez et al., 2012). Tideglusib has been tested in clinical trials for diseases such
as Alzheimer's disease (Lovestone et al., 2015) and autism (Martinez-Gonzalez et al., 2021).

Among all the GSK-3B inhibitors, perhaps, CHIR-99021 is the most commonly used GSK-3B inhibitor and is
considered the standard small-molecule Wnt agonist. It has, for example, been used to mimic Wnt
signaling in preadipocytes and inhibit adipogenesis (Bennett et al., 2002), and this small molecule main-
tains an integral role in the study of certain Wnt-related disease states such as coronary artery disease,
Type Il diabetes mellitus, and cancer (Ring et al., 2003). Because Wnt signaling plays a key role in regulating
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stem cells, this aforementioned compound is a member of the 2i (two inhibitors) and 3i (three inhibitors)
cocktails that have been widely used to stimulate stem cells (Li et al., 2008; Ying et al., 2008). This compound
has been so commonly used to activate Wnt signaling that it has become the “gold standard” of Wnt
activator.

Indeed, compared with other GSK-3B inhibitors, CHIR-99021 is a potent inhibitor with high selectivity. A
kinomescan showed that CHIR-99021 and AR-A014418 have similar degree of high kinase selectivity as
opposed to the more promiscuous kinase binding as exhibited by BIO and SB-216763, of which BIO
demonstrated the lowest kinase selectivity against most of the 359 kinases assayed in their study (Wagner
etal., 2016). The kinase profile of CHIR-99021 indicates strong inhibition, as expected, against GSK-3a and
GSK3B and also moderate inhibition of BRAF, CDK2/CycE1, and moderate-strong inhibition of DYKR1B
and CDK2/CycA2, among others (An et al., 2010; Wagner et al., 2016).

However, a pressing issue exists regarding this compound and its usage in the studies of Wnt signaling
pathway. Because CHIR-99021 is a potent inhibitor, and it inhibits GSK-3p in the nanomolar range (Bennett
etal., 2002; Ring et al., 2003), many of the specificity studies were carried out at the nanomolar level. On the
other hand, for the purpose of Wnt activation, CHIR-99021 is generally (and only) used in the 3 to 10 uM
range. It even has been reported that CHIR-99021 does not activate Wnt signaling at low concentrations
(below 3 uM) (Lee and Evans, 2019). Although CHIR-99021 exhibits high kinase selectivity, at the micromolar
concentration, it may collaterally bind to and inhibit other enzymes. Indeed, even the most state-of-the-art
GSK-3B inhibitors still inhibit a few other kinases at higher concentrations (Bernard-Gauthier et al., 2019).
Therefore, the view that this compound activates Wnt signaling by merely inhibiting GSK-38 might over-
simplify this complex situation. Indeed, in general, this is one of the common concerns in the field of chem-
ical biology. For this reason, in several published commentaries and reviews that tried to lay down the
requirements (or rules) for chemical biology studies, one unanimously agreed requirement is that an appro-
priate chemical study should include at least two structurally distinct chemical probes as a control,
frequently referred as the Blagg-Workman guideline (Blagg and Workman, 2017). Unfortunately, using
CHIR-99021 at the micromolar range simply as a chemical probe to activate canonical Wnt signaling has
been so widely used, and it is viewed as a scientific presumption. Because of this quasi-standard use
dosage, more and more additional studies employ this approach, and the support from the scientific com-
munity for using the micromolar range becomes even stronger. Therefore, we feel that the research com-
munity should take caution against the consequences of not including control in their studies. Given that
there are many GSK-3 inhibitors, most of which are widely available (Table 1), thus including the use of
another GSK-3B inhibitor as control when CHIR-99021 is used as a chemical probe in Wnt activation is a
straightforward approach. In addition, besides those ATP-competitive inhibitors, there is a myristoylated
compound known as L807mts that has recently been developed. It acts as an in situ substrate-inhibitor con-
verter, i.e., converts enzymatic substrates into inhibitors of their parent enzyme and has greater specificity
for GSK3 kinases in in vitro studies (Licht-Murava et al., 2016). Of note, because lithium chloride displays
relatively specific GSK-3B inhibition at the millimolar level (O'Brien et al., 2011), and many studies already
use millimolar concentrations of probes as their upper limit, we think lithium may also be a good choice as a
probe control, especially for cellular studies.

To further demonstrate the importance of using at least one different probe as a positive control when
CHIR-99021 is used at the micromolar level to study the effect of activated Wnt signaling in a biological
system, we obtained information regarding CHIR-99021 and two other GSK-3B inhibitors, TWS-119 and
AR-A014418, from the L1000 database (Keenan et al., 2018). The LINCS L1000 kinome database contains
information on how these three compounds at three different concentrations affect the gene expressions
of two cell lines: PC3, a well-studied prostate cancer cell line, and HA1E, an SV40+TERT-immortalized kid-
ney cell line. All the obtained data are listed in Tables ST and S2. Although the two cell lines are very
different, more than half of the affected genes shared between the two cell lines when treated with any
of the three compounds exhibit overlap, suggesting that the three compounds can robustly affect cellular
function. However, there are minimal overlaps in genes (four genes) that are affected by all three com-
pounds regardless of the cell line (Table 2). Compounds CHIR-99021 and TWS-119 downregulate ADO
and RAB30 in both PC3 and HA1E cells. However, the connection between the two genes and Wnt
signaling has not been studied. Nevertheless, there are some potential connections between Wnt
signaling and other two genes, DFFB (DNA fragmentation factor subunit B) and S100A8. DFFB is one of
those unique genes; it encodes a DNAse that promotes cell differentiation and degrades DNA during
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Table 2. The numbers of the genes and the commonly affected genes by three GSK-38 inhibitors, CHIR-99021, AR-
A014418, and TWS-119, in two cell lines, PC3 and HA1E, documented in the L1000 database

CHIR-99021 AR-A014418 TWS-119
PC3 Upregulated 11 genes 10 genes 5 genes
Downregulated 4 genes including 10 genes 21 genes including
ADO (10) ADO (10)
RAB30 (10) DFFB (3.3 & 10)
HA1E Upregulated 12 genes 15 genes including S1T00A8 (10) 11 genes including
S100A8 (10)
Downregulated 11 genes including 12 genes 32 genes
DFFB (10) Including
ADO (10)
DFFB (10)
RAB30 (3.3)

Treated concentrations (in pM) are listed in parentheses next to the selected gene.

apoptosis (Liu et al., 1997). DFFBis downregulated in the CHIR-99021 or TWS-119-treated HATE. Although
we have not found a direct connection between DFFB and Wnt signaling in the literature, it is a known
marker for various cancers. Another gene is S100A8 (also known as MRP8); ST00A8 is upregulated in
HA1E and treated by AR-A014418 or TWS-119. Protein S100A8 functions as a heterodimeric calcium and
zinc-binding zipper moiety in the initiation of the neutrophil-mediated inflammatory response, along
with leukocyte recruitment and cytokine release (Wang et al., 2018). It has been reported that ST00A8 is
a potential Wnt-targeted gene in different systems (Lee et al., 2019; van den Bosch et al., 2016). Therefore,
itis likely that the alterations of expression of both DFFB and S100A8 are because of the Wnt activations by
the compounds. Nevertheless, the data clearly demonstrates that at the micromolar level, while these GSK-
3B inhibitors can activate Wnt signaling, they also trigger many other cellular effects, and the effects of
those compounds are, for the most part, completely different. Therefore, when CHIR-99021 is used to acti-
vate Wnt signaling, a positive control such as another GSK-3B inhibitor is critically needed to ensure that
the observed phenotype(s) induced by CHIR-99021 is because of activated Wnt signaling in the studied
system.

In conclusion, in the studies where CHIR-99021 was used as merely a chemical probe to activate canonical
Wnt signaling, especially when the concentration of CHIR-99021 used is high, the numerous consequent
biological effect(s) may not be simply because of Wnt activation. Though undoubtedly, with these micro-
molar concentrations, the inhibition of GSK-3B and Wnt activation occurred, CHIR-99021 may affect many
other biological events, which in turn contributed to the phenotypes that were observed and reported.
Therefore, when inhibiting GSK-3B, it would be prudent to use at least two chemically distinct GSK-38
inhibitors. If a control compound fails to generate a similar biological effect, the inhibition pattern of
CHIR-99021 may shed light on the relation between Wnt signaling and other cell signaling pathways
that CHIR-99021 can affect and especially those that play a role in stem cell regulation. In this case, further
investigation into the kinome properties of CHIR-99021 may lead to a greater understanding of the Wnt
signaling cascade and how to use the Wnt signaling pathway in developing additional high potency, low
toxicity small-molecule probes for scientific inquiry and therapeutic applications.
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