






















































 

 

Figure 2 | Functional and structural similarity of C. elegans DAF-18 and human PTEN. 

A) Protein domain annotations for DAF-18 and PTEN. The canonical DAF-18 amino acid 

(AA) sequence is more than twice as long as the canonical PTEN AA sequence primarily due 

to elongation of the C2 membrane targeting and C-tail domains. B) Both DAF-18 and PTEN 

function as lipid and protein phosphatases to antagonize the highly conserved canonical 

insulin signaling pathway. C) Clustal alignment of DAF-18 and PTEN. DAF-18 and PTEN 

share a highly conserved phosphatase domain (46% identity) and fully conserved catalytic 

site (residues highlighted in grey). DAF-18 has a markedly longer and less conserved C-

terminal region than human PTEN resulting in low overall amino acid similarity (20%) and 

identity (13.6%). Note that although the C-terminal region is much longer there are small 

conserved motifs spread throughout that are not illustrated by this alignment (see Liu et al., 

2014 oncogene). D) Comparison of DAF-18 and PTEN structural models. D) (top left) 

Solved crystal structure of human PTEN (1D5R reference structure; Lee et al. 1999). (top 

right) Predicted structure of DAF-18 AA 53-506 indicating similar 3D structure to human 

PTEN. (bottom left) Predicted structure of full-length PTEN and (bottom right) DAF-18 

illustrating the increased size of DAF-18. Note the full length DAF-18 model is likely to be 

inaccurate due to poor homology-based modeling of the non-conserved C-terminal region. 

Domain colour mapping matches panel 2A except that the catalytic site within the 

phosphatase domain is shaded light gray.  
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Figure 3 | A conserved neuronal role for PTEN in NaCl preference revealed by a novel 

automated chemotaxis paradigm. A) (top) All phenotypic analysis is conducted using our 

machine vision system the Multi-Worm Tracker. The Multi-Worm Tracker delivers stimuli 

and preforms image acquisition, object selection, and parameter selection in real time while 

choreography software extracts detailed phenotypic information offline (A bottom panels) I) 

petri plate of C. elegans II) A petri plate of C. elegans selected for analysis by the Multi-

Worm Tracker III) A Multi-worm tracker digital representation showing the degree of 

phenotypic detail. An example behaviour scored by the Multi-Worm Tracker: the C. elegans 

response to a mechanosensory tap to the side of the Petri plate is brief backwards locomotion 

(from III to IV). B) Behavioural track tracing of a plate of worms from a novel Automated 

Multi-Worm Tracker NaCl chemotaxis paradigm illustrating attractive navigation behaviour 

of wild-type animals toward a point source of NaCl. B) (bottom left to right) circles and 

arrows and C) (left to right) worm tracks represent navigation trajectories of wild-type 

attraction to a point source of NaCl, a daf-18(e1375) reduction-of-function decrease in NaCl 

chemotaxis, and a transgenic rescue of NaCl preference via pan neuronal overexpression of 

WT human PTEN in daf-18(e1375) reduction of function mutants. D) Quantitative 

chemotaxis index scores across genotypes. Pan neuronal expression of human PTEN rescues 

the reversed NaCl preference of daf-18(e1375) mutants to wild-type levels. Circles represent 

plate replicates run on the same day and inset number represent the number of individual 

animals registered by the tracker and located outside the center starting region (i.e. included 

in preference score) across the three plate replicates for each genotype. Error bars represent 

standard deviation using the number of plates as n (n = 3). (****) P < 0.0001, n.s. not 

significant, one-way ANOVA and Tukey’s post-hoc test.  
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Figure 4 | Complete daf-18 ORF deletion causes strong NaCl avoidance that is not 

rescued by direct replacement with human PTEN. A) NaCl chemotaxis preference scores 

of wild-type, daf-18(e1375) reduction of function, and CRISPR daf-18 complete deletion 

mutants. daf-18 complete deletion mutants show significantly stronger NaCl avoidance than 

daf-18(e1375) reduction of function mutants. B) CRSPR daf-18 complete deletion mutants 

are not significantly different from animals harboring the putative null daf-18(ok480) deletion 

allele. C) Expression of a single copy PTEN transgene from the native daf-18 locus is 

insufficient to significantly rescue NaCl chemotaxis towards wild-type levels. D) RT-PCR 

confirming expression of full length PTEN mRNA in the two independent knock-in lines 

used for behavioural analysis. Previously validated primers that target cmk-1 intronic regions 

of genomic DNA do not produce products following DNase treatment, confirming purity of 

the cDNA. Circles represent plate replicates run on the same day and inset number represent 

the number of individual animals registered by the tracker and located outside the center 

starting region (i.e. included in preference score) across the three plate replicates for each 

genotype. Error bars represent standard deviation using the number of plates as n (n = 3). 

(****) P < 0.0001, (*) P < 0.05 n.s. not significant, one-way ANOVA and Tukey’s post-hoc 

test. 
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Figure 5 | A streamlined human gene replacement strategy functionally replaces daf-18 

with human PTEN. A) Streamlined CRISPR-Cas9 gene replacement strategy. Inclusion of 

the validated unc-54 3’ UTR in the upstream homology arm increases the speed of 

transgenesis by removing the need for cassette excision to induce transgene expression. This 

alternate approach also offers the option for retained visual transgenic markers, which 

simplifies the generation and phenotypic analysis of heterozygotes and double mutants. The 

inclusion of a GFP::T2A cassette is an optional addition to allow for confirmation of 

transgene expression without altering human gene function (Ahier and Jarriault, 2014) . B) 

Expression of wild-type human PTEN using this genome editing strategy significantly 

rescued NaCl chemotaxis toward wild-type levels. Circles represent plate replicates run on 

the same day and inset number represent the number of individual animals registered by the 

tracker and located outside the center starting region (i.e. included in preference score) across 

the three plate replicates for each genotype. Error bars represent standard deviation using the 

number of plates as n (n = 3). (****) P < 0.0001, (***) P < 0.001, (*) P < 0.05, n.s. not 

significant, one-way ANOVA and Tukey’s post-hoc test. 

  
D

is
ea

se
 M

o
de

ls
 &

 M
ec

ha
ni

sm
s 

• 
D

M
M

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

  

Figure 6 | daf-18 deletion causes mechanosensory hyporesponsivity that is rescued by 

targeted replacement with human PTEN. A-D) Average probability of eliciting a reversal 

response to 30 consecutive tap stimuli delivered at a 10s ISI. A) daf-18(e1375) reduction of 

function and B) daf-18 complete deletion mutants exhibit significantly reduced probability of 

eliciting a reversal response throughout the habituation training session, indicating 

mechanosensory hyporesponsivity. C) Replacement of daf-18 with human PTEN using the 

original strategy does not rescue mechanosensory hyporesponsivity. D) Expression of human 

PTEN using the streamlined replacement strategy rescues mechanosensory responding to 

wild-type levels. Error bars represent standard error of the mean. E) Habituation, or the 

ability to learn to decrease the probability of eliciting of a reversal response throughout the 

training session was not significantly altered in daf-18 mutants. Circles represent plate 

replicates run on the same day. Error bars represent standard deviation of the mean using the 

number of plates as n (n = 5 or 10). (*) P < 0.05 n.s. not significant, one-way ANOVA and 

Tukey’s post-hoc test. 
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Figure 7 | Human gene replacement and in vivo phenotypic assessment accurately 

identifies functional consequences of the pathogenic PTEN-G129E variant. A) Location 

(top) and conserved amino acid sequence change (bottom) of the pathogenic lipid 

phosphatase inactive PTEN-G129E variant within the PTEN phosphatase domain. B) 

Animals harboring the PTEN G129E variant displayed strong NaCl avoidance equivalent to 

animals carrying the complete daf-18 deletion allele, indicating loss-of-function. Circles 

represent plate replicates run on the same day and inset number represent the number of 

individual animals registered by the tracker and located outside the center starting region (i.e. 

included in preference score) across the three plate replicates for each genotype. Error bars 

represent standard deviation using the number of plates as n (n = 3). C) Similarly, PTEN-

G129E mutants also displayed mechanosensory hyporesponsivity that was not significantly 

different from daf-18 deletion mutants. Error bars represent standard error of the mean. 

(****) P < 0.0001, (***) P < 0.001, (*) P < 0.05, n.s. not significant, one-way ANOVA and 

Tukey’s post-hoc test. 
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Figure 8 | A conceptual framework for in vivo functional analysis of human genetic 

variation using C. elegans. A) (top working clockwise)  A human gene and/or variant of 

uncertain significance is implicated in disease etiology through clinical sequencing. Targeted 

CRISPR-Cas9 human gene replacement or analogous methods are used to generate a library 

of knock-out, human wild-type and variant transgenic strains. Large isogenic synchronous 

colonies of these transgenic worms are grown and their morphology, baseline locomotion, 

and sensory phenotypes are rapidly characterized using machine vision to establish novel 

functional assays and interpret variant effects. In vivo functional data can be used to probe 

epistatic network disruptions and cluster variants based on multi-parametric phenotypic 

profiles. The integrated humanized transgenic lines and functional assays greatly facilitate 

downstream applications including precision medicine drug screens designed to identify 

compounds that reverse the effects of a particular patients missense variant. B) Advantages of 

targeted human gene replacement using C. elegans. 
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Figure S1 | Morphology and baseline locomotion are superficially normal in daf-18 mutants and PTEN transgenic animals. A) 
Baseline movement speed, B) midline length, and  C) width are not significantly different across genotypes. Circles represent plate 
replicates run on the same day. Error bars represent standard deviation using the number of plates as n (n = 5 or 10). n.s. not significant, 
one-way ANOVA and Tukey’s post-hoc test. 
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