
Travis et al. eLife 2023;12:e80533. DOI: https://doi.org/10.7554/eLife.80533 � 1 of 19

RESEARCH ARTICLE

Disrupting the ciliary gradient of active Arl3 affects rod photoreceptor 
nuclear migration

Amanda M Travis et al.

Figures and figure supplements

https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking


 ﻿Research article﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Cell Biology

Travis et al. eLife 2023;12:e80533. DOI: https://doi.org/10.7554/eLife.80533 � 2 of 19

Figure 1. Expression of dominant Arl3 mutants in rod photoreceptors causes nuclear mislocalization. Representative images showing cross-sections 
through wild-type mouse retinas electroporated with Arl3-3XFLAG (A), Arl3-D67V-FLAG (B), Arl3-Y90C-FLAG (C), Arl3-Q71L-FLAG (D), or Arl3-T31N-
FLAG (E) and immunostained with anti-FLAG antibodies (green). Nuclei are counterstained with Hoechst (blue). Scale bars, 5 µm. Here and in all 
subsequent figures the nuclear position of electroporated rods is represented as follows: Below each image, a scatter plot shows the location of every 
Arl3-FLAG-expressing nuclei, normalized to its position within the ONL with the apical edge set to 1.0 and the basal edge set to 0.0 (dashed lines in 
the images and graphs). Median and interquartile range are indicated in brown. To the right, a histogram shows the relative distribution of the nuclear 
position for each construct with nuclei sorted into 10 ONL and 3 INL bins. A minimum of three expressing eyes were analyzed for each construct. 
Abbreviations: outer segments (OS), inner segments (IS), outer nuclear layer (ONL), and inner nuclear layer (INL).
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Figure 2. Arl3-Y90C is a fast cycling GTPase. (A) 1% input (I) and eluates (E) from GST-PDEδ pulldowns using AD-293 lysates expressing 3XFLAG-
tagged Arl3 mutants immunoblotted with anti-FLAG antibodies. (B) Arl3-Y90C-FLAG or Arl3-D129N-FLAG lysates were incubated with 10 mM 
ethylenediaminetetraacetic acid (EDTA) and/or 10 mM GTP, spiked with Mg2+, and precipitated with GST-PDEδ. Westerns immunoblotted for Arl3 with 
eluates shown on top, and 1% inputs shown below. Arl3-FLAG and endogenous Arl3 bands labeled. (C) Representative retinal cross-sections from Arl3-
Y90C-FLAG- or Arl3-D129N-expressing rod photoreceptors stained with anti-FLAG antibodies (green) and counterstained with Hoechst (blue). Scale 
bars, 5 µm. Nuclear position of electroporated rods represented as described in Figure 1.
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Figure 2—figure supplement 1. GTP loading of wild-
type Arl3-FLAG. Arl3-FLAG lysates were incubated with 
10 mM EDTA and/or 10 mM GTP, spiked with Mg2+, and 
precipitated with GST-PDEδ. Westerns immunoblotted 
for Arl3 with eluates shown on top, and 1% inputs 
shown below. Arl3-FLAG and endogenous Arl3 bands 
labeled.
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Figure 2—figure supplement 2. Unlike Arl3-Q71L, 
Arl3-D67V does not form a ternary complex with RP2 
and PDEδ. 1% input (I) and eluates (E) from GST-PDEδ 
pulldowns using AD-293 lysates expressing 3XFLAG-
tagged Arl3 mutants immunoblotted with anti-RP2 
antibodies.



 ﻿Research article﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology | Cell Biology

Travis et al. eLife 2023;12:e80533. DOI: https://doi.org/10.7554/eLife.80533 � 6 of 19

Figure 3. Arl3-Y90C acts as a dominant negative. (A) FLAG immunoprecipitation from AD-293 lysates expressing 
Arl13B-GFP and Arl3-FLAG mutants. Westerns immunoblotted for Arl3 and GFP with 1% inputs shown on top and 
FLAG eluates on bottom. (B) Representative retinal cross-sections from Arl3-Y90C-FLAG alone or co-expressed 
with Arl13B-myc and rods stained with anti-FLAG antibodies (green) and counterstained with Hoechst (blue). Scale 
bars, 5 µm. Nuclear position of electroporated rods represented as described in Figure 1.
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Figure 3—figure supplement 1. Arl3-Y90C 
overexpression in rods does not alter endogenous 
Arl13B localization. Representative retinal cross-
sections from Arl3-Y90C-FLAG stained with anti-FLAG 
(green) and anti-Arl13B (magenta) antibodies and 
counterstained with Hoechst (blue). Scale bar, 5 µm.
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Figure 3—figure supplement 2. Arl13B-myc localization is not changed by co-expression with Arl3-Y90C-
FLAG. (A) Representative retinal cross-section from Arl13b-myc stained with anti-myc (magenta) antibody. (B) 
Representative retinal cross-section from Arl3-Y90C-FLAG co-expressed Arl13b-myc stained with anti-FLAG 
(green) and anti-myc (magenta) antibodies. Nuclei counterstained with Hoechst (blue). Gray images show some 
localization of Arl13B-myc within the rod cell body. Scale bars, 5 µm.
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Figure 3—figure supplement 3. Analyzing the amount 
of Arl13B-GFP bound to Arl3-FLAG mutants expressed 
in AD-293 cells. For each immunoprecipitation eluate, 
the Arl13B-GFP band was normalized to amount of 
Arl3-FLAG in the same lane. A Wilcoxon signed-rank 
test was performed to see whether the sample data 
were significantly different from 0, which represents no 
Arl13B-GFP bound. **p = 0.0078.
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Figure 4. Arl3-Y90C undergoes guanine exchange factor (GEF)-independent activation in cell culture. (A) FLAG immunoprecipitation from DSS-
crosslinked or non-crosslinked AD-293 cell lysates expressing either Arl3-T31N-FLAG or Arl3-Q71L-FLAG immunoblotted with anti-Arl3 antibodies. Red 
asterisks indicate the three prominent bands that appear in crosslinked cells expressing Arl3-Q71L-FLAG. (B) Table displaying the Arl3-binding partners 
identified by mass spectroscopy of FLAG immunoprecipitations from either Arl3-Q71L-FLAG or Arl3-T31N-FLAG lysates after DSS crosslinking. (C) 
Crosslinked FLAG immunoprecipitation from either Arl3-Q71L/E164A/D168A-FLAG (Q71L[noRP2]), Arl3-Q71L-FLAG, or Arl3-D67V-FLAG probed with 
either anti-FLAG or anti-RP2 antibodies. Red asterisks and red arrows indicate crosslinked Arl3 complexes. Arl3-FLAG complexed with RP2 is found in 
two bands, the lower band indicated with red arrowhead. Black arrows indicate the non-crosslinked proteins. (D) Representative western blot showing 

Figure 4 continued on next page
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crosslinked FLAG immunoprecipitation from Arl3-FLAG mutants: T31N, Q71L, Y90C, and D129N. Red asterisks indicate the three crosslinked Arl3 
complexes identified from Arl3-Q71L. (E) The signal intensity of crosslinked Arl3 complexes for each mutant normalized to the intensity of Arl3-Q71L 
complexes on the same blot. ns, p = 0.8108 and ***p = 0.0007. (F) Crosslinked FLAG immunoprecipitation from Arl3-FLAG double mutants and controls. 
Red asterisks indicate the three bands that appear in the presence of Arl3-Q71L. (G) Crosslinked FLAG immunoprecipitation from lysates expressing 
both Arl13B-GFP and Arl3-FLAG mutants. The red brackets identify Arl13B-Arl3 complexes and the black arrowheads non-crosslinked Arl13B-GFP. 
(H) Cartoon model depicts Arl3 GTPase cycle in ‘immature’ rod photoreceptors under wild-type conditions and how it is disrupted in the presence of 
exogenous Arl3-Y90C, Arl3-D67V, or Arl3-Q71L. Red indicates the presence of inactive Arl3-GDP, green indicates the presence of active Arl3-GTP, and 
orange indicates a mixed population of Arl3-GDP/Arl3-GTP.

Figure 4 continued
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Figure 4—figure supplement 1. Unlike Arl3-
Q71L, Arl3-D67V does not bind UNC119A. FLAG 
immunoprecipitations using AD-293 lysates co-
expressing 3XFLAG-tagged Arl3 mutants and myc-
tagged UNC119a immunoblotted with anti-myc or 
anti-FLAG antibodies.
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Figure 5. Aberrant Arl3 activity drives the rod nuclear migration phenotype. (A) Crosslinked FLAG immunoprecipitation from AD-293 lysates expressing 
Arl13B-GFP, wild-type Arl3-FLAG, and myc-tagged Arl3 mutants. Red asterisks indicate the two crosslinked Arl3 complexes that appear in the 
presence of Arl3-Y90C. (B) Representative retinal cross-sections from Arl3-Y90C-FLAG-, Arl3-T31N/Y90C-FLAG-, or Arl3-T31N-FLAG-expressing rod 
photoreceptors stained with anti-FLAG antibodies (green) and Hoechst (blue). Scale bars, 5 µm. Nuclear position of electroporated rods represented as 
described in Figure 1. (C) Cartoon model portraying disrupted Arl3 GTPase cycle in ‘immature’ rod photoreceptors in the presence of exogenous Arl3-
T31N/Y90C mutant (yellow). Red indicates Arl3 is inactive throughout the rod and nuclear positioning is normal.
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Figure 6. Arl3-driven nuclear migration defects are rescued by overexpressing Arl3 effectors in rods. (A) Representative retinal cross-sections from Arl3-
Y90C-FLAG co-expression with either the Arl3 effectors UNC119a or PDEδ. (B) Cartoon model illustrating the impact of Arl3 effector expression in the 
presence of Arl3-Y90C-FLAG in ‘immature’ rod photoreceptors. Arl3 effectors reduce active Arl3 levels by sequestering Arl3-GTP. The ciliary Arl3-GTP 
gradient is restored allowing for normal nuclear positioning. (C) Representative retinal cross-sections from high (pRho) or low (pRK) Arl3-Q71L-FLAG co-

Figure 6 continued on next page
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expressed with either the Arl3 effectors UNC119a or PDEδ. FLAG (green) and Hoechst (blue). Scale bars, 5 µm. Nuclear position of electroporated rods 
represented as described in Figure 1.

Figure 6 continued
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Figure 6—figure supplement 1. Co-expression 
of UNC119a-myc or Arl13B-GFP decreases Arl3-
Y90C-FLAG activity in cells. Crosslinked FLAG 
immunoprecipitation from AD-293 lysates co-
expressing Arl3-Y90C-FLAG with either myc-tagged 
UNC119a or Arl13B-GFP. Red asterisks indicate Arl3-
Y90C-FLAG crosslinked with effectors. Overexpression 
of UNC119a-myc with Arl3-Y90C forms a very strong 
Arl3-Y90C/UNC119 complex (top asterisk,~53 kDa) 
that decreases the ability of Arl3-Y90C-FLAG to form 
complexes with its other effector (bottom asterisk, 
~44 kDa). A similar effect is also seen for both 
Arl3-Y90C effector complexes when Arl13B-GFP is 
overexpressed.
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Figure 7. Arl3-Y90C migration defect is rescued by overexpressing lipidated cargos destined for the cilium. (A) Representative retinal cross-sections 
from Arl3-Y90C-FLAG co-expression with different lipidated cargos: NPHP3, INPP5E, or non-lipidated INPP5E-C644A (see Figure 7—figure 
supplement 1), and Rnd1 (a PDEδ cargo, see Figure 7—figure supplement 1). FLAG (green) and Hoechst (blue). Scale bars, 5 µm. Nuclear position 
of electroporated rods represented as described in Figure 1. (B) Cartoon model illustrating the impact of ciliary lipidated cargo expression in the 
presence of Arl3-Y90C-FLAG in ‘immature’ rod photoreceptors. Specific delivery cargos to the cilium cause a sufficient local enrichment of Arl3 effector 
(e.g., PDEδ) for removal of Arl3-Y90C from Arl13B. Even with the presence of aberrant Arl3-Y90C-GTP in the rod cell body (orange) restoration of the 
endogenous Arl3 (purple) GTPase cycle allows for normal nuclear positioning.
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Figure 7—figure supplement 1. Lipid-dependent 
binding of INPP5E and Rnd1 to PDEδ. GST-PDEδ 
pulldowns using AD-293 lysates expressing myc-tagged 
INPP5E and non-lipidated C644A mutant INPP5E 
immunoblotted with anti-RP2 antibodies. GST-PDEδ 
pulldowns using AD-293 lysates expressing GFP-
tagged Rnd1 and non-lipidated C229A mutant Rnd1 
immunoblotted with anti-GFP antibodies.
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Figure 8. Restoring the endogenous Arl3 cycle is sufficient for normal nuclear migration in the presence of aberrant Arl3 activity. (A) Cartoon model 
depicts the Arl3 GTPase cycle in ‘immature’ rod photoreceptors in the presence of Arl3-Y90C/R149H. Endogenous Arl3 (purple) can restore the Arl3-
GTP ciliary gradient (green) even in the presence of aberrant Arl3-Y90C/R149H-GTP in the rod cell body (orange). (B) Representative retinal cross-
sections from Arl3-Y90C-FLAG-, Arl3-Y90C/R149H-FLAG-, or Arl3-R149H-FLAG-expressing rod photoreceptors. FLAG (green) and Hoechst (blue). Scale 
bars, 5 µm. Nuclear position of electroporated rods represented as described in Figure 1.


