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Abstract

Cilia are near ubiquitous cellular appendages critical for cell-to-cell communication and involved
in diverse developmental and homeostatic processes. ARL13B is a regulatory GTPase enriched
in cilia. We engineered an Arl13b mouse allele, Arl13b¥**®* which retains ARL13B biochemical
activities but renders ARL13B undetectable in cilia. Surprisingly, these mice are hyperphagic
and become obese and insulin resistant. In addition to its GTPase function, ARL13B acts as a
guanine nucleotide exchange factor (GEF) for ARL3. To test whether ARL13B’s GEF activity is
required to regulate body weight, we analyzed the body weight of mice expressing an ARL13B
variant lacking ARL3 GEF activity (Arl13b%"°?). We found no difference in body weight,
indicating ARL13B is unlikely to regulate weight via its ARL3 GEF activity. Ciliary ARL13B could
control energy homeostasis through a role in development or in adult mice. We induced wildtype
ARL13B expression, which localizes to cilia, in 4-week-old Arl13b"*%®V3%%A mjce and found the
obesity phenotype and associated metabolic impairments were rescued, consistent with
ARL13B regulating homeostatic signaling within cilia in adult mice. These results show that
ciliary ARL13B functions to control body weight. Our ability to genetically control the subcellular
localization of ARL13B by removing and introducing it into cilia enables us to define the cilia-
specific role of ARL13B and provides key information for understanding how cilia act as a

signaling hub critical for energy homeostasis.

Author Summary

Primary cilia are essential for energy homeostasis, and their disruption leads to syndromic
obesity. However, the mechanisms by which ciliary components regulate energy balance
remain unclear. Here, we identify a key role for the ciliary GTPase ARL13B in energy
homeostasis. Using a mouse model expressing the ARL13BY**** variant, which is excluded from
cilia but retains biochemical activity, we show that ciliary ARL13B regulates body weight, as

Arl13bY3%8AVE8A mice become obese and hyperphagic. Remarkably, restoring ciliary ARL13B in
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these mice rescues obesity, demonstrating its crucial role in acute ciliary signaling for energy

balance. This study directly links ciliary ARL13B with energy balance in adult animals.

Introduction

Arl13b, an ADP-ribosylation factor (ARF) protein family member, encodes a regulatory
GTPase highly enriched on the ciliary membrane . Like other regulatory GTPases, ARL13B
has multiple functions, likely mediated by distinct effectors. For example, it has a conserved role
as a guanine nucleotide exchange factor (GEF) for ARL3® ¥ In cilia, ARL13B regulates
retrograde intraflagellar transport as well as the phospholipid compaosition of the ciliary
membrane®™. In mice, loss of ARL13B is embryonic lethal, disrupting ciliogenesis and
Hedgehog (Hh) signaling® 9. Patient mutations in ARL13B cause the ciliopathy Joubert
Syndrome (JS)“% ', JS patients present with developmental delay, intellectual disability, and
physical anomalies, and all known causative ARL13B mutations disrupt ARL13B’s GEF activity

for ARL3®.

We engineered an ARL13B mouse variant (ARL13B"3*%

) that maintains the known
biochemical functions of ARL13B but is undetectable in cilia®®. Surprisingly, these mice display
normal Hh signaling but retain the ciliogenesis defects seen in the null allele?. These data
argue that cellular ARL13B regulates Hh, and ciliary ARL13B controls ciliogenesis. Thus,

homozygous Arl13bY3*#V3%8A mice (hereafter called Arl13b™*) reveal ciliary ARL13B function,

after embryonic development and in adult animals.

Outside of JS, several other ciliopathies cause metabolic abnormalities and obesity.
Alstro”’m (ALMS) syndrome and Bardet-Biedl syndrome (BBS) are among the ciliopathies in
which obesity is a major clinical feature™**®. For example, loss of function mutations in ALMS1

lead to defects in cilia assembly and function, impacting ciliation and ciliary signaling in cells that
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85  regulate appetite and energy balance®®'®. BBS mutations disrupt cilia protein import and

86  export, impacting ciliary signaling and trafficking of proteins involved in regulating food intake
87  and energy metabolism®2?. In adult mice, genetic ablation of cilia causes obesity due to

88 hyperphagia and leads to elevated levels of leptin, glucose, and insulin® 2. Loss of cilia on
89  specific neuronal cell types during development also results in hyperphagia-associated

90 obesity®® 2% Together, these findings show that primary cilia are required for regulating

91 energy homeostasis. Yet, these approaches have been unable to distinguish the cilia-specific
92 roles of proteins compared to their functions in other parts of the cell. Understanding the role of
93 cilia-mediated signaling in obesity will likely uncover mechanisms driving common forms of

94  obesity.

95 Here, we report that Arl13b** mice become hyperphagic and obese, indicating that the

96 cilia-specific function of ARL13B is critical for energy homeostasis regulation. ARL13B’s GEF

97  activity for ARL3 is unlikely to be required to regulate body weight as mice expressing a variant

98  (Arl13b%"*9) that lacks in vitro ARL13B GEF activity for ARL3 are not overweight. Rescuing

99 ciliary ARL13B in 4-week-old Arl13b™* mice prevents obesity, suggesting ARL13B controls
100 body weight through a homeostatic role in ciliary signaling. These findings demonstrate that
101 ciliary ARL13B is essential for body weight regulation in adult mice and provides a molecular
102 entry point for understanding the complex roles ciliary signaling plays in adult energy

103 homeostasis.
104
105 Results

106  ARL13BY**** protein is undetectable in primary cilia in adult mouse tissues
107 The engineered ARL13B"**** variant disrupts ARL13B from localizing to primary cilia in

108 mouse embryonic fibroblasts, neural tube, and kidneys®* ?"?® (Figure 1 A and B). To assess
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109  whether ARL13BY**** protein is in cilia in cell types previously implicated in ciliopathy-associated
110 metabolic phenotypes, we performed immunofluorescence staining for ARL13B and the

111  neuronal cilia marker adenylate cyclase 3 (ADCY3) in the hypothalamus and endocrine

112  pancreas® ®, In the hypothalamus, we detected ADCY3 staining in the arcuate (ARC), the
113  paraventricular (PVN), and the ventromedial (VMH) hypothalamic nuclei, indicating the

114  presence of neuronal cilia. In control mice, ARL13B co-localizes with ADCY3 in the ARC, the
115 PVN, and VMH, indicating it is normally present in cilia (Figure 1 C, E, G). However, we could

116  not detect the ARL13B signal in neuronal cilia in these brain regions of Arl13b**

mice, indicating
117  the engineered variant does not enrich in these cilia (Figure 1 D, F, H). In the ARC, appetite-
118 stimulating agouti-related peptide (AgRP)-expressing neurons and the appetite-suppressing
119  pro-opiomelanocortin (POMC)-expressing neurons are key regulators of food intake®. To

120  assess whether loss of ciliary ARL13B disrupted the number or patterning of AgRP and POMC
121  neurons in the ARC, we performed RNAscope in situ hybridization. We found normal frequency
122  and patterning for both AgRP and POMC neurons in the ARC of Arl13b** mice, indicating ciliary
123  ARL13B does not play a role in the hypothalamic patterning of these cell types (Supplemental
124  Figure 1 A-D).

125 To determine whether ARL13B"**** protein is detectable on pancreatic islet cells, we
126  performed immunofluorescence staining for ARL13B, acetylated a-tubulin, glucagon (a-cells),
127  and insulin (B-cells). We observed ARL13B co-localizes with acetylated a-tubulin on a- and $3-

128  cells in the cilia of control mice but not on pancreatic islet cells in Arl13b**

mice (Supplemental
129  Figure 2 A-D). These findings demonstrate that ciliary ARL13B is present in both the
130 hypothalamic feeding centers and pancreatic islets of adult mice, but in mice expressing the

131  ARL13BY®**® variant, ARL13B is undetectable in cilia.

132 Arl13b** mice are obese, hyperphagic, and insulin-resistant
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bA/A

133 Whereas the Arl13b™""™™ null mice are embryonic lethal, homozygous Arl13b™* survive

+/+

134 into adulthood and display an increased body weight compared to wildtype (Arl13b™") control
135 littermates®. To investigate their body weight profile, we generated longitudinal data from

136  weaning (week 3) to adult (week 10). We found no significant differences in body weight curves
137  among the control genotypes: Arl13b**, Arl13b**, and Arl13b™™ in male and female mice,
138 indicating the mutations are recessive and display no evidence of a gain-of-function (e.qg.

139  dominant negative) effect. The Arl13b*” mice became significantly heavier than all control

140 genotypes at week 5 for males and week 7 for females (Figure 2 A and B). By week 10, both
141  male and female Arl13b*” mice were, on average, 30% heavier than controls.

142 Arl13b”" mice are obese, as the increase in weight was exclusively attributed to an
143 increase in fat mass. Body composition analysis showed comparable lean mass between

144  Arl13b** and control animals (Figure 2 C and H). The difference in body weight between the
145  two genotypes was characterized by a 123% increase in fat mass in male Arl13b** mice and a

146  158% increase in fat mass in female Arl13b*A

mice (Figure 2 D and I). Consistent with the

147  increase in fat mass, we also observed increased leptin levels in Arl13b** mice (Figure 2 E and
148 ).

149 To evaluate whether the Arl13b** weight phenotype is sensitive to Arl13b gene dosage,
150  we bred the Arl13b* allele with the null Arl13b™™ allele. We weighed male and female Arl13b*™™

bA/hnn

151 heterozygous mice from weeks 3 to 10. We found that Arl13 mice displayed a similar body

152  weight phenotype to Arl13b""

mice, indicating that less overall ARL13B protein had no impact
153 on this phenotype (Figure 2 A and B).

154 To examine whether the obesity phenotype is the result of changes in feeding, we

155 measured food intake from weeks 4 to 5, just prior to when we first observed an increase in
156  Arl13b™* body weight. We found that male and female Arl13b™* mice consumed, on average,

157 ~20% more food per day compared to littermate controls (Figure 2 F and K). To investigate

158  whether changes in activity and/or metabolism contribute to the increased body weight in


https://doi.org/10.1101/2023.08.02.551695
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.02.551695; this version posted October 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

159  Arl13b** mice, we measured energy expenditure using a Comprehensive Lab Animal

160  Monitoring System (CLAMS). Male Arl13b™* mice displayed a modest 13% increase in daily
161 energy expenditure (Figure 2G). Females showed no changes in energy expenditure compared
162  to control animals (Figure 2L). These data demonstrate that the increase in body weight we
163  observe in male and female Arl13b”” mice is due to hyperphagia.

164 We further determined whether excluding ARL13B from cilia influenced glycemic

165  regulation. Arl13b** mice were hyperinsulinemic (Figure 3 A and B) and normoglycemic

166  (Figure 3 C-F) at baseline, suggesting conserved insulin production by beta-cells. During

bA/A

167  glucose tolerance tests, both male and female Arl13 mice exhibited elevated blood glucose

168 levels, but these were only significant in females (Figure 3 C and D). Insulin did not lower blood

169 glucose levels in male and female Arl13b**

mice compared to controls, revealing an insulin-
170 resistance phenotype consistent with the changes we observed in body composition (Figure 3
171  E and F). Together, these data indicate that Arl13b™* mice are hyperinsulinemic, glucose

172 intolerant, and insulin resistant, congruent with their obese phenotype.

173

174  ARL13B’s GEF activity for ARL3 does not appear to regulate energy homeostasis

175 One possible mechanism of ARL13B action within cilia is via its GEF activity for ARL3,
176  which would imply that activated ARL3 is involved in energy homeostasis regulation® #3233,
177  This predicts that the obesity we observed upon restricting ARL13B from cilia in Arl13b™* mice
178  would be recapitulated by disrupting ARL13B’s function via its GEF activity for ARL3. To test
179 this directly, we examined mice in which we modified the endogenous Arl13b locus to express
180  only the ARL13B variant Arl13b%"°2, which lacks in vitro GEF activity for ARL3 3% (Figure 1A).
181  We found that Arl13b%"9?R"*Q mjce displayed normal body weight (Figure 4 A and B). While we
182  cannot exclude the possibility of a compensatory GEF for ARL3, these findings suggest that the

bA/A

183 obesity phenotype in Arl13 mice is likely independent of ARL13B’s GEF activity.

184
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185 Introducing ciliary ARL13B in 4-week-old Arl13b** mice prevents obesity

186 Ciliary ARL13B could control energy homeostasis through a role in development or in
187  adult mice. To address this, we induced expression of wildtype ARL13B, which localizes to cilia,
188 after development and tracked the body weight profile of the animals. We used a Cre-inducible
189  Arl13b-Fucci2a (AF2a) allele that expresses wildtype ARL13B fused to a Cerulean

190 fluorophore®. We crossed Arl13b**;:AF2a mice to CAGG-CreER' transgenic mice in which
191  Cre is ubiquitously activated following tamoxifen induction (Figure 5A). We confirmed that

192 ARL13B-Cerulean is present in cilia only after Cre recombination (Figure 5 B and C). ARL13B-
193 Cerulean co-localizes with the neuronal marker ADCY3 in the ARC, the PVN, and the VMH in
194  tamoxifen-treated Arl13b";AF2a;CAGG-CreER™ mice but not in tamoxifen-treated Arl13b”A
195 mice lacking Cre (Supplemental Figure 3 A-F).

196 We longitudinally tracked the impact of including ARL13B-Cerulean expression at 4-
197  weeks in Arl13b”*;AF2a;CAGG-CreER™ mice (referred to hereafter as Arl13b**; AF2a°ACC4)
198  compared to controls Arl13b**:AF2a;CAGG-CreER™ and Arl13b™* mice. From week 8 until
199  week 12, both male and female Arl13b**; AF2a“*°¢** mice weighed significantly less than
200  Arl13b™* mice (Figure 5 D and E). These data demonstrate that ciliary ARL13B plays a role
201 after development is complete and suggest that ARL13B regulates acute signaling in cilia to
202  control body weight.

203 To examine the homeostatic response of Arl13b*;AF2a“*¢%** mice to glucose and
204  insulin, we performed glucose and insulin tolerance tests in 13 to 15-week-old mice. In response
205  to glucose, male and female Arl13b**;AF2a“A®%** mice cleared glucose from their

206  bloodstream, similar to control mice, while Arl13b*A

mice displayed elevated blood glucose
207 levels (Figure 5 F and G). In response to insulin, the blood glucose levels in male
208  Arl13bMAAF2a°ACC " mice trended with the levels in control animals (Figure 5H). In contrast,

209 insulin lowered blood glucose levels in female Arl13b"*:AF2a“*°*** mice (Figure 5I). These

210 data demonstrate that introducing wildtype ARL13B in cilia of Arl13b** mice normalizes
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211  glycemic regulation, showing that ARL13B must be in cilia for normal glucose and insulin
212  metabolism.

213
214 Discussion

215 Our study identifies a cilia-specific role of ARL13B as a critical regulator of energy

216 homeostasis. Mice expressing the cilia-excluded variant, ARL13B"**** become hyperphagic,
217 obese, and insulin resistant soon after weaning. We also demonstrate that ARL13B’s role in
218 energy homeostasis is independent of its GEF activity for ARL3. Finally, we show that the

219 obesity phenotype can be rescued by introducing ciliary ARL13B after weaning, demonstrating it
220 does not play a developmental role and suggesting ciliary ARL13B likely regulates energy

221 homeostasis via an acute signaling role in the adult. Together, these data reveal that ciliary

222  ARL13B is essential for food intake and body weight regulation in adult mice.

223 While ARL13BY**®** is an engineered mutation, we were surprised to observe obesity in
224 Arl13b™* mice as distinct patient mutations in ARL13B lead to JS™® V. JS is clinically defined by
225 its neurodevelopmental features, including the diagnostic molar tooth structure on an MR, as
226  well as developmental delay, breathing abnormalities, and abnormal eye movements; it is not
227 typically associated with obesity. Consistent with this, we did not observe a weight phenotype in
228  mice expressing the JS-causing variant, ARL13B®"*2. It is notable that one JS patient with

229  obesity carried an ARL13B"®®¢ mutation. However, it is not clear that the mutation caused the
230 obesity. The ARL13B"®° mutation, like ARL13BR"?, lacks GEF activity for ARL3. That said,
231 there are clear links between cilia and obesity®® *”. These include ciliopathies like BBS and
232  ALMS or mutations in the G-protein-coupled receptor melanocortin receptor 4 (MC4R), which
233  localizes to cilia® *. Thus, the cilia-specific role of ARL13B in controlling energy homeostasis

234  may involve interactions with other ciliopathy proteins or signaling machinery.


https://doi.org/10.1101/2023.08.02.551695
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.02.551695; this version posted October 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

235 We conclude that ARL13B’s GEF activity for ARL3 is unlikely to be required for energy
236  homeostasis. We base this on analysis of the ARL13B""°? mutation. The full-length,

237 recombinant mouse protein purified from HEK cells lacks any evidence of in vitro GEF activity
238  for ARL3™. It is worth noting that when a bacterially expressed, truncated protein that included
239 the homologous mutation (R77Q) in the Chlamydomonas ortholog of ARL13B, GEF activity
240 decreased compared to wild type, but residual activity was present®?. Reasons for this apparent
241  discrepancy (absent vs reduced GEF activity) could result from a number of differences,

242  including the use of mouse vs Chlamydomonas proteins (which share only 29.5% identity) or
243  the source of protein expression (mammalian vs bacterial). In any case, the analysis of the
244  mammalian protein directly reflects the consequences of this point mutation in mouse. It is
245  possible that the R79Q mutation disrupts additional ARL13B function. R79 plays an important
246  role in the conformational stability of ARL13B’s switch Il region, commonly used to bind

247  effectors. The mutation to glutamine (R79Q) in our mouse could alter binding not only to the
248  effector ARL3, for which it has GEF activity, but also to other unrecognized effectors. We also

249  cannot formally exclude the possibility of a compensatory GEF for ARL3 in vivo.

250 Given ARL13B’s well-documented roles in development and the neural developmental
251 features of JS, we sought to determine whether ciliary ARL13B regulates developmental

252  processes. We first assessed whether there were developmental patterning phenotypes of the
253 hypothalamus that led to hyperphagia-associated obesity. Our analysis showed no overt

254  changes in cell population numbers within the ARC (POMC and AgRP). Additionally, we

255  induced expression of wild-type ARL13B-Cerulean at 4 weeks of age in Arl13b** mice and
256 observed a rescue of the obesity phenotype. Collectively, these data indicate that ciliary

257 ARL13B is not regulating developmental processes to control energy homeostasis and are
258  consistent with ciliary ARL13B controlling acute signaling in adult animals. While the ARL13B-

259  Cerulean induction was ubiquitous, we note that the hypothalamic circuits that control feeding

10
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260 are established by four weeks of age, which is just prior to the significant weight gain we

261  observe in Arl13b™" mice®Y.

262 Our data clearly argue that obesity in Arl13b**

animals is driven by hyperphagia and
263 increased fat mass. The hyperphagic phenotype just before significant weight gain in Arl13b**
264  mice strongly suggests the involvement of hypothalamic neurons. We observed that ARL13B is
265 normally in cilia on neurons in multiple hypothalamic feeding centers and on pancreatic islet
266 cells, but absent from cilia on these cell types in Arl13b*” mutants. We eliminated two

267  alternative possibilities for the weight phenotype. First, we previously reported

268 that Arl13b™” mice develop progressive, mild kidney cysts®®. However, the size and rate of

269  kidney cyst progression in these animals do not account for the changes in body weight and
270  composition we observe. Second, we showed that the weight phenotype does not depend on
271  gene dosage, as including the Arl13b™" null allele did not impact weight. Similarly, we found that

272  ARL13B overexpression using the inducible Arl13b-Cerulean allele did not impact weight“?.

273 One possible mechanism through which ciliary ARL13B regulates energy homeostasis
274  involves the established interaction between ARL13B and INPP5E in the ciliary membrane® "
275 32 Ppatients lacking the C-terminal CaaX domain of INPP5E lose INPP5E ciliary localization and
276  exhibit MORM syndrome, which includes obesity“®. INPP5E is not detected in the cilia of

277  Arl13b™” cells, consistent with data showing that the ciliary retention of INPP5E depends on
278 ARL13B. Thus, the loss of ciliary INPP5E in the absence of ciliary ARL13B could impact the
279 trafficking or signaling of proteins implicated in feeding behavior, such as MC4R. This would

V358A
B

280  suggest the obesity-causing ARL13 mutation functions via INPP5E, whereas JS-causing
281 mutations in ARL13B act via ARL3. While a tantalizing model, it is challenging to reconcile with
282  INPP5E mutations causing JS or the finding that INPP5E requires activated ARL3 (ARL3-GTP)

283  to enter cilia.

11
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284 Our Arl13b** model isolates the ciliary role of the ARL13B protein. This model enables
285 us to directly interrogate, at a subcellular resolution, how ARL13B controls cilia-mediated

286  signaling pathways involved in maintaining energy homeostasis. A slight sex difference was
287  observed in the glucose homeostasis phenotype. This phenotype could be studied further once
288 the anatomical and cellular basis for ciliary Arl13b-dependent obesity has been identified. Our
289 data indicate that ARL13B typically localizes to cilia in tissues that regulate energy homeostasis.
290 The absence of ARL13B from cilia in these tissues leads to obesity, suggesting a critical role for
291 ciliary ARL13B in body weight control. Future studies will identify the cell type or combination of
292  cells that require ciliary ARL13B function and the mechanism of ciliary ARL13B action to

293 regulate energy homeostasis.
294

295 Materials and Methods

296  Ethics Statement

297  All mice were cared for in accordance with NIH guidelines, and animal experimental procedures
298  were approved by the Institutional Animal Care and Use Committees (IACUC) at Emory
299  University (20170058), the University of California, San Francisco (AN201856), and Indiana

300  University-Indianapolis (SC358R).

301 Mouse lines. Mice were housed in a barrier facility and maintained on a 12:12 light cycle (from
302 7 a.m.to 7 p.m.) at an ambient temperature of 23°C * 2°C and relative humidity of 50%—70%.
303  Mice were fed with rodent diet 5058 (Lab Diet) and group housed (up to 5 mice per cage). Lines
304 used were Arl13bY¥® (C57BL/6J-Arl13b®™™¢) [MGI: 6256969], Arl13b%"°? (C57BL/6J-
305  Arl13b®™™) [MGI: 6279301], and Arl13b-Fucci2a [MGI:6193732]®%. Mice were genotyped for
306 the V358A mutation using primers MB11: 5'-CCTATATTCTTCTAGAAAA-

307 CAGTAAGAAGAAAACCAAGAAACTAAGACTCCTTTTCATTCATCGGGC-3' and MB12: 5'-
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308 GACAGTAAAGGATTCTTCCTCACAACCTGAC-3' to detect the mutant allele, and primers
309 MB21: 5-CTTAAGATGACTTTGAGTTTGGAAGAAATACAAGATAGC-3' and MB22: 5'-
310 GCGTGGGACTCTTTGGAGTAGACTAGTCAATACAGACGGGTTCTA-3' to detect the wildtype
311 allele. Band sizes were 395bp for wildtype and 273bp for mutant. Mice were genotyped for the
312 R79Q mutation using primers 223 _2F: 5-TCACTTGCAACAGAGCATCC-3" and 223 2R: 5'-
313 ACAGCTCTGCCCGTGTTTAC-3 followed by Sanger sequencing the 304bp PCR product. Mice
314  were genotyped for the Arl13b-Fucci2a allele using primers F: 5'- AAAACCTCCCACACCTCCC

315 -3 and R: 5'- CGACCATCACAAGTGTCACC -3..

316 Mouse metabolism studies. Mice were single-housed for 7 days, and food was weighed daily.
317 The average daily food weight between groups was taken. Energy expenditure was measured
318 by the Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments,
319  Columbus, Ohio). Mice were tested over 96 continuous hours, and the data from the last 48
320 hours were analyzed. Kilocalories per hour were calculated using the Lusk equation: Energy
321 Expenditure = (3.815 + 1.232 x respiratory exchange ratio [RER]) x oxygen consumption rate
322 (VO») and analyzed with CalR software™” (ANCOVA with body weight used as a covariate).

(™ (45)

323 Lean mass and fat mass were measured using the EchoMRI"™" system

324  Glucose tolerance test. Adult mice were fasted for 16 hours and injected with 1 g/kg body
325  weight glucose intraperitoneally (Sigma G7021). Blood glucose was measured at 0, 10, 20, 30,
326 60, 90, and 120 minutes via tail sampling with the AlphaTrak3 blood glucose meter (Zoetis). A

327  blood sample for fasting glucose levels was taken at time point 0, before glucose was injected.

328 Insulin tolerance test. Adult mice were fasted for 3 hours before intraperitoneal injection with
329 0.75 U/kg body weight regular human insulin (Humulin R, Lilly USA, and Novolin R, Novo
330 Nordisk). Blood glucose levels were measured at 0, 15, 30, 45, and 60 minutes. A blood sample

331 for fasting insulin levels was taken at time point 0, before insulin was administered.
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332 Blood serum analysis. Blood was allowed to coagulate at room temperature for 30 minutes,
333 then centrifuged at 1200 x g for 10 min at room temperature. Serum was collected and stored at
334  -80°C. Insulin and leptin levels were measured with Crystal Chem’s ultra-sensitive mouse
335  ELISA kits according to the manufacturer’s protocol (leptin: catalog # 90080 and insulin catalog

336  #90030).

337 Tamoxifen administration. Tamoxifen (Sigma T5648) stock solution was prepared at a
338 concentration of 20mg/ml in 100% EtOH and stored at -20°C. Each dose of tamoxifen was
339 freshly prepared in corn oil on the day of injection and dissolved using a speed vacuum
340 centrifuge (Eppendorf Vacufuge plus). To induce gene expression, 10ul/g tamoxifen in 200ul
341 corn oil was administered by oral gavage to 4-week-old mice using a 1ml syringe and a 22G

342  1.5-inch straight needle (Braintree Scientific Inc).

343 Tissue harvesting and preparation. Mice were euthanized with isoflurane inhalation followed
344 by perfusion with ice-cold PBS and ice-cold 4% paraformaldehyde (PFA). Brain and pancreas
345 tissues were harvested and post-fixed with 4% PFA overnight at 4°C. Tissues were then
346  cryoprotected in 30% sucrose in 0.1 M phosphate buffer at 4°C until tissues sank in solution.
347  Samples were then frozen in optimal cutting temperature compound (Tissue-Tek OCT, Sakura

348  Finetek).

349 Immunohistochemistry. 12um or 20um cryosections were rehydrated, blocked and
350 permeabilized in antibody wash (5% heat-inactivated goat serum, 0.1% Triton X-100 in Tris-
351 buffered Saline) for 30-40 minutes. Tissues were incubated with primary antibodies overnight at
352  4°C, washed three times with 0.1% Triton X-100 in Tris-Buffered Saline (TBST), and incubated
353  with secondary antibodies for 1 hour at room temperature. Tissues were washed three times
354  with TBST and incubated with Hoechst 33342 for 5 minutes. Slides were coverslipped with
355 ProLong Gold (ThermoFisher) mounting media. Slides cured overnight at room temperature in

356 the dark and were stored long-term at -20°C. Slides were imaged on a BioTek Lionheart FX
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357 microscope. Primary antibodies used were: mouse anti-ARL13B (1:1000, NeuroMab,
358 N295B/66); rabbit anti-acetylated a-tubulin (1:1000,Cell Signaling, 5335); mouse anti-acetylated
359  o-tubulin (1:2500, Sigma, T7451); chicken anti-ACIll (1:1000, Encor, CPCA-ACIII); rat anti-
360 insulin (1:1000, R&D systems, MAB1417); rabbit anti-glucagon (1:2000, Abcam, ab92517),
361 chicken anti-GFP (1:8000, Abcam, ab13970) recognizes cerulean. Secondary antibodies used
362 were goat anti-mouse AlexaFluor 488, goat anti-chicken AlexaFluor 647, goat anti-chicken
363  AlexaFluor 488, goat anti-rat AlexaFluor 568 and donkey anti-rabbit AlexaFluor 555 (all at

364  1:500, ThermoFisher).

365 RNAScope. Brains from adult mice were harvested, fixed, and prepared for RNAscope in situ
366  hybridization® *”). Briefly, 15um cryosections were mounted on slides and then post-fixed with
367 4% PFA for 16hr at 4(1C. Detection of transcripts was performed using the RNAscope 2.5 HD
368 Duplex Assay (Advanced Cell Diagnostics (ACD), Newark, CA). Tissue pretreatment was
369 performed according to technical note 320534 Rev A. Probe hybridization, counterstaining, and
370  mounting of slides were performed according to user manual no. 322500-USM Rev A. Slides
371  were assayed using probes to AgRP (Cat No. 400711) and POMC (Cat No. 314081) transcripts
372 (ACD). Sections were counterstained with hematoxylin, dehydrated, and mounted using
373 VectaMount (Vectorlabs, Burlingame, CA). Slides with positive control probe (PPIB-
374  C1/POLR2A-C2; Cat No. 321651) and negative control probe (DapB; Cat No. 320751) were run

375  with each experiment. (n = 3 animals per group).
376
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526
527 Figure Legends
528  Figure 1: ARL13BY®*®* protein is undetectable in primary cilia in adult mouse tissues.

529 (A) Schematic of ARL13B protein domains and relevant amino acid sequence in wildtype and

530 mutant in the cilia localization sequence (CLS). (B) Schematic of ARL13B (green) localization in
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531  awildtype (Arl13b**), (grey) null (Arl13b™™"™) and cilia-excluded (Arl13b**) models. (C-H)
532 Immunofluorescence of ADCY3 (red) and ARL13B (green) in hypothalamic feeding centers PVN
533  (C-D), VMH (E-F), ARC (G-H) in the mouse brain from Arl13b** controls and Arl13b** mice.

534  Scale bars 20um and 5um for insets indicated by white boxes. Hoechst-stained nuclei are blue.
535

536  Figure 2: Exclusion of ARL13B from cilia leads to obesity.

+/+

537 (A-B) Weekly male and female body weights from 3 to 10 weeks of age: Arl13b™" (males n=14;
538 females n=13), Arl13b"* (males n=22; females n=22), Arl13""™ (males n=10; females n=9),
539  Arl13b"* (males n=24; females n=26), and Arl13b*™" (males n=15; females n=17). Data are
540 presented as means + SD. P values were determined by repeated measures ANOVA with

541  Tukey’'s multiple comparisons test. *P < 0.01. (C and H) Lean mass and (D and I) fat mass of
542  male and female control (Arl13b**) and Arl13b™*. (E and J) Serum leptin levels. (F and K) Food
543 intake. (G and L) Energy expenditure. Data are presented as means + SD. N numbers indicated
544  on graphs. Lean mass, fat mass, serum leptin, and food intake were analyzed using the Mann-

545  Whitney U test. Energy Expenditure was analyzed by CalR ANCOVA, with body weight included

546  as acovariate. **P < 0.01; ***P < 0.001; ns, not significant with P > 0.05.

o547

bA/A

548  Figure 3: Insulin resistance and impaired glucose metabolism in Arl13 mice

549  (A-B) Serum insulin levels in nonfasted 10-week-old male and female mice. Data points

550 represent individual mice. Data are presented as means + SD. Serum levels were analyzed
551 using the Mann-Whitney U test. *P < 0.05; **P < 0.01. (C-D) Glucose tolerance test in males
552 and females. Blood glucose was measured at indicated times after i.p. glucose injection. (E-F)
553 Insulin tolerance test of males and females. Blood glucose was measured at indicated times

554  afteri.p. insulin injection. The control group comprised pooled data from Arl13b**, Arl13b*, and
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555  Arl13b"™ mice, and they did not differ in body weight. Data are presented as means + SD. N
556 numbers indicated on graphs. P values were determined by repeated measures ANOVA with
557  Sidak’s multiple comparisons test. *P < 0.05; **P < 0.01, **P < 0.001; ****P < 0.0001; ns, not

558 significant with P > 0.05.
559
560 Figure 4: ARL13B’s GEF activity for ARL3 is not required for energy homeostasis.

561 (A-B) Body weights of adult male and female controls (Arl13b**) and mutants (Arl13bR79R79Q),
562 Data are presented as means = SD. N numbers indicated on graphs. ns, not significant with

563 Mann Whitney U test indicating P > 0.05.
564

565 Figure 5: Rescuing ciliary expression of ARL13B in adult mice prevents the metabolic

566 phenotype of Arl13b** mice.

567 (A) Schematic of the Arl13b-Fucci2a conditional allele with tamoxifen Cre induction timeline. (B-
568 C) Immunofluorescence of ADCY3 (red) and cerulean (cyan). (B) without Cre recombination.
569  (C) with Cre-recombination. (D-E) Longitudinal body weight data of control, Arl13b**, and

570 Rescue (Arl13b”*;AF2a; CAGG-CreER™). Data are presented as means + SD. N numbers

571 indicated on graphs. P values were determined by repeated measures ANOVA with Tukey's
572  multiple comparisons test. *P < 0.01. (F-G) Glucose tolerance test in males and females. Blood
573  glucose was measured at indicated times after i.p. glucose injection. (H-1) Insulin tolerance test
574  in males and females. Blood glucose was measured at indicated times after i.p. insulin injection.
575 N numbers indicated on graphs. Data are presented as means + SD. P values were determined
576 by repeated measures ANOVA with Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01,

577  **pP <0.001; ns, not significant with P > 0.05.
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