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Abstract

2-Amino-4-(3,4-(methylenedioxy)benzylamino)-6-(3-methoxyphenyl)pyrimidine (AMBMP) is a 

small molecule that has been previously reported to be both a Wnt agonist and a microtubule (MT) 

regulator. Here we report a detailed analysis of AMBMPs effects on MTs and on MT associated 

cellular processes including cell polarity, ciliogenesis, and cell migration. Specifically, treatment 

of Xenopus embryos with AMBMP leads to defects similar to the MT depolymerizing drug 

nocodazole, including a failure to generate or polarize cilia (depending on the timing of treatment) 

and a loss of the cell movements associated with radial intercalation. The dramatic effect AMBMP 

has on basic MT based cellular functions suggests that its usefulness as a Wnt regulator is 

questionable. Moreover, it may be an important new tool for experimental or pharmacological 

manipulation of MTs.

Introduction:

The microtubule (MT) network is an important component of the cells cytoskeleton and 

plays a critical role in cell division, cell polarity, cell migration, organelle trafficking and a 

wide array of diverse cellular functions. Additionally, MTs are essential structural 

components of both centrioles and cilia. As such, the regulation of MT dynamics has been 

an area of intense research. MTs are characterized by a feature called dynamic instability, in 

which they are in a constant flux between growth and catastrophe (Mitchison and Kirschner, 

1984). Small molecules that facilitate either the stabilization or destabilization of MTs have 

been the focus of intense anti-cancer drug discovery efforts and have resulted in numerous 

useful therapies (Florian and Mitchison, 2016). However, the broad requirement of MTs in 

general cellular functions has led to numerous side effects and the peculiarities of pharmaco-

kinetics has resulted in a wide range of efficacies and therapeutic usefulness. Therefore, the 

development and characterization of novel MT regulators continues to be a worthwhile 

endeavor.
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The small molecule 2-Amino-4-(3,4-(methylenedioxy)benzylamino)-6-(3-methoxyphenyl) 

pyrimidine (AMBMP) was originally identified as a Wnt agonist due to its ability to activate 

a multimerized TCF/LEF luciferace reporter construct (Liu et al., 2005). Additionally, long 

term treatment of Xenopus embryos resulted in stunted head development and somitogenesis 

defects; both classic Wnt regulated processes (Liu et al., 2005). Importantly, this molecule 

has been listed in numerous protocols and publications as a beneficial modulator of Wnt 

activity during stem cell maintenance (Chen et al., 2006; Lyssiotis et al., 2011). The original 

publication of AMBMP has numerous citations and this small molecule has become a 

common tool in the Wnt field (Frey et al., 2018; Tribulo et al., 2017a; Tribulo et al., 2017b). 

However, the molecular target of AMBMP in regards to regulating Wnt activity remains 

unknown. Recently, it was published that AMBMP can bind and regulate MT dynamics 

(Fukuda et al., 2016). Fukuda et al. used an elegant combination of cellular assays and 

pathway profiling to identify AMBMP as a likely MT regulator. They provide evidence that 

AMBMP can bind MTs and regulate MT polymerization. Here we build off of these findings 

to perform a detailed analysis of the effects on AMBMP on MT growth, ciliogenesis, cell 

polarity and cell migration. The potent MT mediated defects observed should give pause to 

anyone using AMBMP as a Wnt modulator in any biological context.

Results:

AMBMP regulates MT growth

MTs are polarized structures that contain a less dynamic (−) end and very dynamic (+) end. 

(+) end associated proteins such as EB1 and CLIP170 track along the growing tips of MTs 

and have been used to measure the dynamics of MT growth (Akhmanova and Steinmetz, 

2010; Mimori-Kiyosue et al., 2000; Perez et al., 1999). Tracking tips between frames from 

time lapse movies creates a “comet” whereby the length of the comet can be used as a proxy 

for MT growth. We used GFP tagged CLIP170 (CLIP170-GFP) to track MT growth and 

have pseudo colored the tips a different color in each frame of a movie (Figure 1, 

Supplemental Movie 1). Treatment of RPE1 cells with AMBMP shows a rapid dose 

response effect on MT growth in the nanomolar range immediately upon drug addition 

(Figure 1a.-b., Supplemental Movie 1). This is apparent based on both the decrease in 

colorimetric changes (Fig 1a) as well as a quantification of comet length (Fig 1b). 

Furthermore, a dose of 10μM completely abolishes all MT growth (Figure 1c. and e., 

Supplemental Movie 2). The rapid effect of the drug treatment (seconds) suggests that the 

drug’s effects are mediated via binding MTs or MT associated proteins rather than via 

transcriptional regulation of the Wnt pathway. To rule out the possibility that the drug was 

effecting binding of (+) end tracking proteins rather than MT dynamics we tested the drugs 

effect in Xenopus S3 cells stably transfected with GFP tagged tubulin (Potapova et al., 

2006). Similar to our CLIP170-GFP data, treatment with AMBMP results in a complete loss 

of tubulin growth (Figure S1, Supplemental Movie 3). Importantly, washout of the drug 

leads to a recovery of MT growth rates indicating that the effects on MTs are temporary and 

reversible (Figure 1d. and e., Supplemental Movie 4).

Cold shock treatment is a well-established method for depolymerizing MTs (Vorobjev and 

Chentsov, 1983). We evaluated MT growth after release from cold shock in both DMSO and 
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AMBMP treated RPE1 cells. Following 1Hr of cold shock, MT staining was essentially 

eliminated (Figure 2a). In DMSO treated cells MT recovery can be seen as quickly as 1 

minute after the release from cold treatment and by 5 minutes an elaborate MT network can 

be observed throughout the cell (Figure 2a). In contrast, cells treated with 100nM AMBMP 

showed an accumulation of tubulin at centrosomes but little growth of MT filaments even 

after 5 minutes (Figure 2b). These results are consistent with our CLIP170 data and suggest 

that AMBMP is a rapid and potent blocker of MT growth.

AMBMP affects ciliogenesis in Xenopus

When the original analysis of AMBMP was performed on overall early Xenopus 
development, we noticed that embryos did not “glide” along the bottom of the dish, a feature 

that is driven by the multiciliated cells (MCCs) that line the embryonic epithelium. The 

epithelium contains hundreds of MCCs which each have approximately 150 motile cilia that 

work together to generate a directed fluid flow across the surface of the embryo (Werner and 

Mitchell, 2011). We attributed the loss of gliding to a loss of cilia driven fluid flow. To test 

this we treated stage 18 embryos with either DMSO or AMBMP overnight and then 

performed antibody staining for acetylated tubulin to mark cilia. While DMSO treated 

embryos were lined with cells that contained dozens of cilia (Figure 3a), embryos treated 

with AMBMP were completely devoid of cilia (Figure 3b). One possibility for the loss of 

cilia is that the MCC cell fate or ciliogenesis is regulated by Wnt signaling. Alternatively, 

the MT nucleation required for ciliogenesis could be affected by AMBMP. To distinguish 

these possibilities, we first pretreated embryos for 1Hr with cycloheximide prior to treatment 

with either DMSO or AMBMP. Cycloheximide blocks protein synthesis and thus if the 

effect of AMBMP was mediated via transcriptional regulation by Wnt signaling the 

pretreatment with cycloheximide would block any Wnt mediated effect on MCC cell fate 

specification. Interestingly, cycloheximide → DMSO treatment resulted in cells that 

generated cilia however, without proper protein synthesis, the cilia were often shorter or 

more sparse than normal (Figure 3c). In stark contrast, the cycloheximide → AMBMP still 

resulted in a complete loss of cilia (Figure 3d) suggesting that its effect is not mediated via 

Wnt based signaling. In addition to being lined with cilia, MCCs are distinguishable from 

neighboring cells by an elaborate network of actin that forms on their apical surface. 

Importantly, in cells treated with AMBMP, while there is a complete loss of cilia, the apical 

actin network is still readily distinguishable, further indicating that cell fate remains intact 

while the MT regulated ciliogenesis is disrupted (Figure 3a-d).

AMBMP affects cilia polarity

The formation of proper cilia driven fluid flow is a multistep process that requires not only 

the generation of motile cilia but also the coordinated polarization of cilia to orient and beat 

in the same direction, a process that is well characterized to require Planar Cell Polarity 

(PCP) signaling, hydrodynamic forces and MT dynamics (Guirao et al., 2010; Mitchell et 

al., 2007; Mitchell et al., 2009; Vladar et al., 2012). We previously reported that treatment of 

Xenopus embryos with the MT depolymerizing drug nocodazole after cilia formation, but 

before polarization (Stage 20–28) resulted in a complete loss of cilia polarity (Werner et al., 

2011). Cilia polarity can be quantified by measuring the positon of the striated rootlet 

marked with CLAMP-GFP relative to the basal body (centrin-RFP) (Park et al., 2008; 
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Werner and Mitchell, 2013). We treated Xenopus embryos during the window of cilia 

polarization (Stage 20–28) with 10 μm AMBMP. Similar to nocodazole, AMBMP results in 

a complete loss of cilia polarity. We find that mean cilia direction for each cell (represented 

as the direction of an arrow in Figure 3g-h) is randomized rather than polarized along the 

anterior-posterior axis. Furthermore, the circular standard deviation (CSD) which represents 

the variation in cilia polarity within each cell significantly increases from 33 in DMSO 

treated embryos to 96 in AMBMP treated embryos (p = 2.1E-17). This is also represented as 

the arrow length (r) in figure 3g-h which is calculated as 1 - circular variance (shorter arrows 

= larger variance). Overall these results show that AMBMP significantly disrupts the ability 

of cilia to properly polarize in a manner that is consistent with what has been published for 

other MT regulators (Kim et al., 2018; Werner et al., 2011).

AMBMP blocks in vitro and in vivo cell migration

Regulation of MT dynamics is an important component of cell migration in numerous 

contexts (Etienne-Manneville, 2013). We performed a scratch assay on confluent RPE1 cells 

to compare the effects of AMBMP and nocodazole on 2 dimensional cell migration. 

Nocodazole treatment resulted in a striking block of cell movement at 100nM relative to a 

DMSO control (Figure 4a-b). While AMBMP only had a modest effect on migration at 

100nM it completely blocked migration at 10μM suggesting a similar yet less potent effect 

on MT regulation during migration (Figure 4a-b).

We have previous reported that a short stereotyped form of in vivo polarized migration 

termed radial intercalation requires a stabilized pool of MTs (Werner et al., 2014). Loss of 

MTs with 1 μM nocodazole treatment leads to a failure of MCCs to undergo intercalation 

(Werner et al., 2014). This phenotype can be quantified by measuring the apical size of cells 

as they protrude through the outer epithelia. We stained the apical actin cap of MCCs with 

phalloidin to identify MCCs and measured the size of the apical domain as a proxy for the 

completion of intercalation. Treatment of embryos with 1 μM nocodazole at stage 15, prior 

to intercalation, results in a failure to properly intercalate as measured by the decrease in the 

apical surface area of MCCs compared with DMSO (Figure 4c-d). Interestingly, when we 

treat Xenopus embryos with either 10 or 100 μM AMBMP we see a similar failure to 

intercalate (Figure 4c-d). These results suggests that similar to nocodazole, manipulating 

MT dynamics with AMBMP has an adverse effect on in vivo 3 dimensional migration. To 

further validate that the observed effects were mediated through MTs rather than Wnt 

signaling we performed a similar experiment using a known Wnt agonist named BIO (Sato 

et al., 2004). Treatment of embryos with 100 μM BIO had no effect on radial intercalation 

whereas a combined treatment of BIO and AMBMP gave the same phenotype as AMBMP 

alone (Figure 4e-f). These results suggest that the effect of AMBMP on intercalation is via 

its role in regulating MT dynamics rather than via activation of the Wnt pathway.

Discussion

Our results indicate that AMBMP has similar biological affects as the well characterized MT 

depolymerizing drug nocodazole in numerous contexts. While slightly less potent, AMBMP 

similarly blocks MT growth, generation of cilia polarity, and cell migration. Importantly, 
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while there are numerous MT drugs, there appears to be a wide range of biological 

usefulness based on differences of pharmacokinetics (Florian and Mitchison, 2016). Thus 

while AMBMP may be less potent than nocodazole it could still maintain better efficacy 

depending on its biostability. Future in vivo work will be required to determine its biological 

usefulness.

AMBMP has been reported as a useful tool for maintaining Wnt activity in stem cell 

populations. Our results would question some of that data as it is likely that in cultures of 

dividing cells a potent anti-MT drug would have a wide range of Wnt independent effects. 

Ultimately, AMBMP has been reported to affect both MT dynamics and the Wnt signaling 

pathway. Are these biological effects coupled or distinct? Components of the Wnt pathway 

are known MT associated proteins (e.g. APC) or known MT regulators (e.g. Dvl). In fact, 

Wnt signaling components such as beta catenin and Axin can localize to the centrosome and 

facilitate MT nucleation (Fumoto et al., 2009; Huang et al., 2007). Since no Wnt based 

molecular target for AMBMP has been identified it is possible that the Wnt activity is 

mediated via changes to MT growth. Does AMBMP distinctly modulate MTs in a way that 

affects Wnt signaling or are the Wnt effects mediated by a secondary binding target of 

AMBMP? Interestingly, neither nocodazole nor other MT drugs have been reported to act as 

Wnt agonists. In fact, nocodazole is reported to increase levels of LATS2, a negative 

regulator of Wnt signaling (Li et al., 2013). Additionally, vinblastine and nocodazole 

treatment leads to a loss of nuclear beta catenin, and presumably Wnt signaling, in early 

divisions of c. elegans (Sugioka et al., 2011). Curiously, there are numerous, often 

contradictory, connections between Wnt signaling and the MT based cilia which could also 

be complicated a by loss of MT dynamics (Wallingford and Mitchell, 2011). The 

relationship between Wnt signaling and MT dynamics is clearly complex and likely context 

dependent. How various MT drugs affect this relationship remains unclear and specifically 

for AMBMP understanding this relationship will be important in ultimately determining its 

biological usefulness. Our results suggest that before AMBMP is widely used in stem cell 

biology, a more detailed analysis of the relationship between Wnt activity and its clear role 

in regulating MT dynamics is warranted.

Materials and Methods

Cell culture, plasmid transfection and cold shock treatment

Human telomerase immortalized retinal pigment epithelial (RPE-1) cells were cultured in 

DMEM supplemented with 10% FBS 1% penicillin-streptomycin and 2mM L-Glutamine. 

Cells were transfected with CLIP170-GFP using Lipofectamine 2000 (Invitrogen Inc.) 

according to manufacturer’s instructions and imaged 24–48 hours after transfection. For live 

imaging, cells were grown in 35mm microwell glass bottom dishes (MatTek Coorporation). 

For cold shock treatment cells were incubated at 4C for 60min and fixed at 0 minutes, 1 

minute and 5 minutes with 100% ice cold methanol.

Embryo injections and drug treatments.

Xenopus experiments were performed using well established and previously described 

methods (Werner and Mitchell, 2013). Briefly, Xenopus embryos were generated by in vitro 
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fertilization using standard protocols (Sive et al., 1998) approved by the Northwestern 

University Institutional Animal Care and Use Committee. For cilia polarity and intercalation 

analysis embryos were injected at either the 2 or 4 cell stage with 40–250pg mRNA or 10–

20pg of plasmid DNA into all 4 blastomeres with a centriole marker (centrin4-RFP) and a 

rootlet marker (CLAMP-GFP) for cell polarity experiments and with tubulin promoter-GFP 

(DNA) for intercalation experiments. Drug treatments were carried out at concentrations and 

timing described in figure legends (Werner et al., 2011). Briefly, embryos were incubated in 

the presence of AMBMP, Nocodazole or DMSO and fixed immediately thereafter.

Immunofluorescence

Embryo staining was performed on samples fixed with 3% PFA in 80 mM K+ Pipes, pH 6.8, 

containing 2 mM MgCl2 and 5 mM EDTA for 2 h (Werner and Mitchell, 2013). RPE cells 

were either fixed with 3% PFA in 80 mM K+ Pipes, pH 6.8, containing 2 mM MgCl2 and 5 

mM EDTA for 10min or 100% ice cold Methanol for 20min. Both RPE cells and embryos 

were blocked with 5% normal donkey serum in PBS 0.1% Triton X-100 for 1h. The 

following primary antibodies were used according to the manufacturer’s recommended 

dilutions: mouse anti–β-tubulin (7–10; Developmental Studies Hybridoma Bank) and mouse 

anti acetylated α-tubulin (T7451; Sigma-Aldrich) and Cy-2– or Cy-3–conjugated secondary 

antibodies (Jackson ImmunoResearch Laboratories, Inc.). Phalloidin 568 or 647 (Invitrogen) 

was used to visualize actin.

Microscopy

Microscopy was performed on a laser-scanning confocal microscope (A1R; Nikon) using a 

60× oil Plan-Apo objective with a 1.4 NA. Live imaging of RPE cells was performed at 37C. 

Nikon Elements Software was used for all acquisition and image processing was done using 

either Nikon Elements or ImageJ. MT dynamics was assessed by measuring comet length. 

Briefly, 20 second time projections of CLIP170-GFP movies were generated and the 

resulting line (comet) was measured manually using Nikon Elements software. For 

intercalation analysis images are maximum intensity projection of Z-stacks captured every 

3–5μm for 15 μm. Apical area for individual MCCs was measured using Nikon Elements 

software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: AMBMP is a potent inhibitor of microtubule growth.
(a-b) Representative images of false colored CLIP170-GFP showing changes to MT growth 

after treatment with AMBMP (a, see Supplemental Movie 1) and quantification (b) of those 

changes as measured by the comet length of CLIP170-GFP in cells immediately after 

treatment with AMBMP at the labeled doses (n = 50–100 comets from 3 cells). (c-e) 10μM 

treatment with AMBMP results in a complete loss of MT growth (c and e, see Supplemental 

Movie 2) which recovers within 7 minutes of washout (d and e, n > 150 comets from 2 cells, 

see Supplemental Movie 4). *** represents a p value less than 0.0005.
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Figure 2: AMBMP blocks MT recovery after cold shock.
(a-b) RPE1 cells stained with an antibody to beta tubulin showing that MTs are completely 

lost after 1 Hr treatment at 4C and that they recover within 5 minutes in DMSO (a) but not 

100 nM AMBMP (b). Scale bar equals 10 μm.
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Figure 3: AMBMP blocks ciliogenesis and cilia polarization.
(a-b) Xenopus embryos stained with an antibody to acetylated tubulin (green) and phalloidin 

(red) treated with DMSO (a) or 10mM AMBMP (b) from stage 18–28 showing a complete 

loss of cilia in AMBMP treated embryos (b). (c-d) Similar experiment to a-b except embryos 

were pre-treated for 1 Hr with cycloheximide showing some cilia growth with DMSO (c) but 

not with AMBMP (d). (e-h) Representative images of Xenopus embryos injected with 

centrin4-RFP (red) and CLAMP-GFP (green) showing the loss of cilia polarity in embryos 

treated with 10mM AMBMP (f-f’) compared to DMSO (e-e’). (g-h) Cilia polarity is 
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quantified with each arrow representing the data from a single cell such that the direction of 

the arrow represents the mean cilia orientation and the length of the arrow represents the 

variation. Scale bars = 25μm in a-d and 5 μm in e-f.
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Figure 4: AMBMP blocks migration.
(a-b) A representative scratch assay of RPE1 cells in the presence of DMSO, 100nM 

Nocodazole, 100nM and 10μM AMBMP showing a low magnification view of the scratch 

over time (a) with the amount of recovery quantified (b). (c-d) The completion of radial 

intercalation of MCCs in Xenopus embryos stained with phalloidin is observed (c) and 

quantified (d) by measuring the size of the apical domain in embryos treated with DMSO, 

1μM nocodazole, 10 μM and 100 μM AMBMP. (e-f) Representative images (e) and 
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quantification of MCC apical size (f) in embryos treated with DMSO, 10 μM AMBMP, 

100μM BIO and AMBMP + BIO. *** represents a p value of less than 0.0005.
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