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ABSTRACT 

 

ARL13B is a regulatory GTPase enriched in cilia, making it a popular marker for this 

organelle. Arl13bhnn/hnn mice lack ARL13B expression, die during midgestation, and 

exhibit defects in ciliogenesis. The R26Arl13b-Fucci2aR biosensor mouse line directs 

the expression of fluorescently tagged full-length Arl13b cDNA upon Cre recombination. 

To determine whether constitutive, ubiquitous expression of ARL13B-Cerulean can 

replace endogenous gene expression, we generated Arl13bhnn/hnn animals expressing 

ARL13B-Cerulean. We show that Arl13bhnn/hnn;Arl13b-Cerulean mice survive to 

adulthood with no obvious physical or behavioral defects, indicating that the 

fluorescently tagged protein can functionally replace the endogenous protein during 

development. However, we observed that rescued males failed to sire offspring, 

revealing a role for ARL13B in spermatogenesis. This work shows that the R26Arl13b-

Fucci2aR mouse contains an inducible allele of Arl13b capable of functioning in most 

tissues and biological processes. 
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INTRODUCTION 

 ARL13B is a regulatory GTPase that is enriched in cilia and is required for proper 

ciliogenesis and trafficking of signaling molecules (Caspary et al., 2007; Higginbotham 

et al., 2012; Larkins et al., 2011; Sun et al., 2004). Cilia are microtubule-based 

projections that can be non-motile or motile. Several transgenic models label cilia by 

fusing ARL13B to fluorescent proteins (Bangs et al., 2015; Borovina et al., 2010; Delling 

et al., 2013; Ford et al., 2018; Schmitz et al., 2017). These models display no obvious 

gain-of-function defects; embryos develop normally into viable adults and appear 

healthy overall. To date, analyses of these fluorescently labeled ARL13B models are 

solely in the context of ARL13B expressed from the endogenous locus. 

 Mice lacking ARL13B protein due to an ENU-induced mutation, Arl13bhnn, die 

around embryonic day (E)13.5 and exhibit short cilia and defects in the structure of the 

ciliary axoneme (Caspary et al., 2007). Arl13bhnn/hnn embryos display abnormal 

Hedgehog (Hh) signaling, consistent with cilia being required to transduce Hh signaling 

in vertebrates (Caspary et al., 2007; Huangfu et al., 2003). Indeed, components of 

vertebrate Hh signaling are abnormally trafficked in Arl13bhnn cilia (Larkins et al., 2011). 

 Conditional alleles of Arl13b circumvent embryonic lethality and show that 

ARL13B is critical for a variety of developmental processes. In the kidney, deletion of 

Arl13b leads to cystic kidneys (Augière et al., 2024; Bay et al., 2018; Duldulao et al., 

2009; Li et al., 2016; Seixas et al., 2016; Sun et al., 2004). Arl13b deletion throughout 

the central nervous system leads to hydrocephaly (Su et al., 2012; Suciu et al., 2021). 

Arl13b deletion in specific subsets of neurons or interneurons reveals brain defects 

including small cerebellar vermis, impaired interneuron migration, and abnormal radial 

glial scaffolding (Guo et al., 2017; Higginbotham et al., 2012; Higginbotham et al., 2013; 

Suciu et al., 2021). ARL13B also functions in the specialized sensory cilia of the visual 

and olfactory systems (Dilan et al., 2019; Fiore et al., 2020; Habif et al., 2023; Hanke-

Gogokhia et al., 2017; Joiner et al., 2015). Patients with the ciliopathy Joubert syndrome 

(JS) exhibit similar phenotypes, consistent with ARL13B mutations causing JS (OMIM 

612291) (Cantagrel et al., 2008; Thomas et al., 2015). 

 Arl13bV358A/V358A mice are viable and fertile despite lacking ARL13B protein 

specifically in cilia. This engineered variant, ARL13BV358A, retains the known 
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biochemical activities of ARL13B but is not detectable in cilia (Gigante et al., 2020; 

Higginbotham et al., 2012; Mariani et al., 2016). Arl13bV358A/V358A mice display enlarged, 

cystic kidneys, develop hyperphagia, and become obese, indicating ciliary ARL13B 

functions to regulate kidney development as well as energy homeostasis (Terry et al., 

2023; Van Sciver et al., 2023). Hh signaling is normal in Arl13bV358A/V358A mice while 

ciliogenesis is abnormal, showing the two processes can be uncoupled and ciliary 

ARL13B regulates ciliogenesis (Gigante et al., 2020). 

 ARL13B's function in ciliogenesis varies by cell type. Arl13b loss in tissues 

including the left-right organizer, neural tube, and mesenchyme leads to short cilia, 

albeit at normal frequencies (Caspary et al., 2007; Duldulao et al., 2009; Larkins et al., 

2011; Su et al., 2012). In contrast, cultured fibroblast cells derived from Arl13bhnn/hnn 

embryos exhibit short cilia at lower frequencies, and the efferent ducts of the 

mammalian male reproductive system display short motile cilia in normal numbers when 

Arl13b is deleted (Augière et al., 2024; Larkins et al., 2011). In the kidney, Arl13b 

deletion results in a complete absence of cilia (Duldulao et al., 2009; Li et al., 2016; 

Seixas et al., 2016; Sun et al., 2004). The mechanism(s) through which ARL13B 

controls ciliogenesis in any cell type remains unclear. 

 ARL13B expression levels correlate with cilia length in several cell types. While 

ARL13B loss leads to short or absent cilia, ARL13B overexpression can cause ciliary 

elongation (Larkins et al., 2011; Lu et al., 2015; Pintado et al., 2017). For example, 

primary wild-type or Arl13bhnn/hnn fibroblasts overexpressing Arl13b display longer cilia 

than untransfected cells (Larkins et al., 2011). Ciliary lengthening reflects tissue-specific 

functions of ARL13B in ciliogenesis. In the R26Arl13b-Fucci2aR biosensor mouse line, 

the expression of full-length, fluorescently tagged ARL13B-Cerulean results in longer 

cilia in cultured cells, the mesenchyme, kidney tubules, and liver bile ducts (Ford et al., 

2018). Meanwhile, cilia of the nasal epithelium and brain ependyma remain the same 

length as in control mice (Ford et al., 2018). This suggests ARL13B-Cerulean is 

functional and differentially impacts ciliogenesis in distinct cell types. 

 The R26Arl13b-Fucci2aR biosensor carries a floxed-STOP cassette between the 

CAG promoter and the full-length Arl13b cDNA fused to Cerulean, providing spatial and 

temporal control of expression (Ford et al., 2018). It also constitutively expresses 
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mVenus and mCherry fused to fragments of hGem and hCdt1, enabling simultaneous 

monitoring of cilia and cell cycle progression (Ford et al., 2018; Sakaue-Sawano et al., 

2008). The inclusion of full length Arl13b cDNA suggests functional protein is produced 

and implies the R26Arl13b-Fucci2aR biosensor might also serve as an inducible Arl13b 

allele. To test this, we asked whether the recombined allele expressing ubiquitous, 

constitutive ARL13B-Cerulean protein could replace endogenous ARL13B in the 

Arl13bhnn/hnn null mouse model. We also investigated the localization and level of 

ARL13B-Cerulean expression in several tissues where ARL13B functions. 

 

RESULTS 

 

Systemic expression of ARL13B-Cerulean rescues embryonic lethality of 

Arl13bhnn/hnn null mice 

 To generate Arl13bhnn/hnn;Arl13b-Cerulean mice, we first crossed R26Arl13b-

Fucci2aR mice with animals carrying CMV-Cre to indelibly activate biosensor 

expression in all tissues. For simplicity, we call this constitutively-on allele Arl13b-

Cerulean. We bred Arl13b-Cerulean mice to animals carrying Arl13bhnn, the Arl13b-null 

allele and intercrossed the Arl13bhnn/+;Arl13b-Cerulean progeny. We determined the 

survival rate of pups two weeks after birth and performed genotyping. As expected, 

Arl13bhnn/+;Arl13b-Cerulean intercrosses generated no viable Arl13bhnn/hnn mice, which 

are embryonic lethal (Fig. 1A). In contrast, we observed Arl13bhnn/hnn;Arl13b-Cerulean 

mice at close to the predicted frequencies (Fig. 1A). The rescued Arl13bhnn/hnn;Arl13b-

Cerulean mice survived into adulthood and displayed no gross morphological or 

behavioral defects (Fig. 1B). Thus, we conclude that ARL13B-Cerulean functionally 

compensates for the loss of endogenous ARL13B protein during embryonic 

development, indicating it is an inducible allele. 

 As ciliary ARL13B regulates body weight, we investigated growth in 

Arl13bhnn/hnn;Arl13b-Cerulean mice. We maintained cohorts of mice on breeder chow 

and measured body weight weekly from weaning (week three) to week twelve. We 

found no significant difference in weight curves between control (Arl13b+/+ or Arl13bhnn/+ 

with or without ARL13B-Cerulean) and Arl13bhnn/hnn;Arl13b-Cerulean male or female 
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mice (Fig. 1C). Arl13bhnn/hnn;Arl13b-Cerulean mice maintained normal body weight 

throughout adulthood (Fig. S1A,B). These data indicate that ARL13B-Cerulean 

functions to regulate body weight homeostasis. 

 To evaluate the relative expression levels of ARL13B and ARL13B-Cerulean 

protein, we performed western blots using lysates from E12.5 embryos. We observed 

endogenous ARL13B at approximately 60 kDa in all embryos except the Arl13bhnn/hnn 

mutants (Fig. 1D). We detected exogenous ARL13B-Cerulean fusion protein at 

approximately 72 kDa only in embryos carrying the biosensor (Fig. 1D). Lysates from 

embryos with two copies of the biosensor exhibited more ARL13B-Cerulean protein 

than those carrying one copy, although cleavage of the fusion protein complicated exact 

quantification (Fig. 1D, S1C). The stronger signal produced by ARL13B-Cerulean 

compared to endogenous ARL13B likely reflected a high level of Arl13b-Cerulean 

expression driven by the CAG promoter, but we cannot rule out a higher affinity of the 

antibody to the fusion protein. Taken together, these results show that ARL13B-

Cerulean is robustly expressed and rescues the embryonic lethality in Arl13bhnn/hnn 

animals. 

 

ARL13B-Cerulean expression restores wild-type levels of ciliation and cilia length 

to Arl13bhnn/hnn MEFs 

 To examine the ciliary localization of ARL13B and ARL13B-Cerulean in the 

Arl13bhnn/hnn;Arl13b-Cerulean mice, we isolated and immortalized mouse embryonic 

fibroblasts (MEFs) from wild-type, Arl13bhnn/hnn and Arl13bhnn/hnn;Arl13b-Cerulean E12.5 

embryos. We co-stained cilia with antibodies against glutamylated tubulin (GT335) and 

ARL13B. We detected both glutamylated tubulin and ARL13B in wild-type Arl13b+/+ cilia 

(Fig. 2A). Mutant Arl13bhnn/hnn cells lacked ciliary ARL13B protein and displayed short 

cilia (Fig. 2B,E). We saw ARL13B-Cerulean localizing to cilia in Arl13bhnn/hnn;Arl13b-

Cerulean cells using antibodies against either GFP, which recognizes the Cerulean tag, 

or ARL13B (Fig. 2C, S2A,B). These results show that ARL13B-Cerulean displays 

normal ciliary localization, consistent with the findings reported in R26Arl13b-

Fucci2aTg/Tg MEFs (Ford et al., 2018). 
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To test whether ARL13B-Cerulean rescued the ciliogenesis defects in 

Arl13bhnn/hnn, we quantified the ciliation rate and cilia length in the MEF lines. We 

observed a 32% decrease in the frequency of ciliated cells (from 62.3 to 30.5%) and a 

41% decrease in average cilia length (from 1.72 to 1.02 microns) in the Arl13bhnn/hnn 

MEFs compared to wild type (Fig. 2D,E). In contrast, we found 58% of 

Arl13bhnn/hnn;Arl13b-Cerulean cells were ciliated, with a mean cilia length of 1.54 

microns, similar to wild-type MEFs (Fig. 2D,E). We observed trends consistent with 

Arl13b-Cerulean zygosity modestly impacting ciliation and ciliary length but nothing 

reached significance, regardless of the Arl13b genotype (Fig. 2D,E). These data 

indicate that ARL13B-Cerulean rescues ciliation frequency and cilia length in 

Arl13bhnn/hnn MEFs. 

To determine the relative ARL13B and ARL13B-Cerulean protein expression 

levels in the immortalized MEFs, we performed western blots on whole cell lysates. We 

detected ARL13B-Cerulean only in cell lines that carried the biosensor (Fig. S2C). In 

contrast to our findings in embryo lysates, we observed up to a 3-fold increase in 

ARL13B-Cerulean expression over ARL13B in the MEFs (Fig. S2D). We saw increased 

expression of ARL13B-Cerulean in wild-type MEFs with two copies of the biosensor 

compared to one, however precise quantification was again complicated by cleavage of 

the fusion protein (Fig. S2D). 

To examine the relative transcript levels of Arl13b and Arl13b-Cerulean, we 

performed qRT-PCR using primers that differentiate between the 3’ ends of the 

transcripts (Fig. S2E). We detected Arl13b-Cerulean only in samples carrying the 

biosensor (Fig. S2F). In addition, we observed more Arl13b-Cerulean transcript in 

Arl13b+/+ or Arl13bhnn/hnn samples with 2 copies of the biosensor compared to those with 

1 copy (Fig. S2F). Despite these trends, increased amounts of mRNA or protein do not 

correlate with any change in ciliation rate or cilia length in the immortalized MEFs (Fig. 

2D,E). Taken together, these data indicate that Arl13b-Cerulean rescues the 

Arl13bhnn/hnn cilia phenotypes, and the zygosity of the biosensor does not impact the 

rescue. 
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Arl13bhnn/hnn;Arl13b-Cerulean kidneys do not develop cysts 

 As ciliary ARL13B regulates kidney development, we examined 

Arl13bhnn/hnn;Arl13b-Cerulean kidneys. We performed histology to assess tissue 

structure and immunofluorescence staining to monitor cilia. We saw normal kidney 

architecture and ARL13B-positive cilia in Arl13b+/+ and Arl13bhnn/+;Arl13b-Cerulean mice 

(Fig. 3A,B). In contrast to Arl13bV358A/V358A mice that express cilia-excluded ARL13BV358A 

and develop kidney cysts by four weeks of age, adult Arl13bhnn/hnn;Arl13b-Cerulean mice 

did not have cystic kidneys (Fig. 3C) (Van Sciver et al., 2023). Of note, we found 

increased intra- and inter-tubule dilations in Arl13bhnn/hnn;Arl13b-Cerulean kidneys, 

which may be due to interstitial edema, fibrosis, or inflammation (Fig. 3C). To investigate 

whether fibrosis was contributing to this phenotype, we performed Sirius Red staining 

on kidney sections. We found no appreciable fibrosis in Arl13bhnn/hnn;Arl13b-Cerulean 

kidneys, indicating fibrosis did not underlie the dilations (Fig. S3A-C). We observed 

ARL13B-positive cilia in kidney tubules of all three genotypes (Fig. 3A-C). In male 

Arl13bhnn/hnn;Arl13b-Cerulean mice, we observed a slight increase in total kidney weight 

to body weight ratio; there was no difference in females (Fig. 3D). We saw no change in 

gross morphology of the Arl13bhnn/hnn;Arl13b-Cerulean kidneys of either sex compared 

to controls (Fig. 3E). Arl13bhnn/hnn;Arl13b-Cerulean mice exhibited kidney weight to body 

weight ratios comparable to controls through 24 weeks, indicating they did not develop 

cystic kidneys later in life (Fig. S3D,E). Altogether these results indicate ARL13B-

Cerulean is sufficient to support normal kidney ciliation and morphology. 

 

Cerebellar patterning is normal in Arl13bhnn/hnn;Arl13b-Cerulean mice 

 To determine whether ARL13B-Cerulean is functional in the brain, we examined 

Arl13bhnn/hnn;Arl13b-Cerulean brain morphology, focusing on the cerebellum. We 

performed hematoxylin-eosin staining on cerebellar sections, and found patterning and 

size were comparable between control (Arl13bhnn/+) and Arl13bhnn/hnn;Arl13b-Cerulean 

mice (Fig. 4A). ARL13B-positive cilia were present at the Purkinje cell layer (PCL) 

interface between the outer molecular layer (ML) and the inner granule layer (IGL) in 

Arl13b+/+, Arl13bhnn/+;Arl13b-Cerulean and Arl13bhnn/hnn;Arl13b-Cerulean cerebella (Fig. 

4B). Choroid plexus cilia in Arl13bhnn/hnn;Arl13b-Cerulean brains were visible with 
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antibodies against ARL13B or GFP (Fig. 4C). We saw no overt hydrocephaly in 

Arl13bhnn/hnn;Arl13b-Cerulean mice, although we noted slight enlargement of the lateral 

ventricle lumens compared to control animals (Fig. S4A). To determine the ARL13B and 

ARL13B-Cerulean protein levels in cerebella, we performed immunoblot on lysates from 

adult tissues. We detected roughly twice the level of ARL13B-Cerulean compared to 

endogenous ARL13B protein in cerebella that carried the biosensor (Fig. S4B-D). These 

findings demonstrate that brain development is grossly normal in Arl13bhnn/hnn;Arl13b-

Cerulean animals. 

 

Pancreatic islet cilia are easily identified in Arl13bhnn/hnn;Arl13b-Cerulean mice 

 We examined the pancreas, a ciliated organ where ARL13B is clearly expressed 

(Cho et al., 2022; Li et al., 2021; Li et al., 2022). We evaluated Arl13bhnn/hnn;Arl13b-

Cerulean tissue morphology in sections stained with hematoxylin-eosin. We saw an 

increase in interstitial space surrounding the acinar cells of the Arl13bhnn/hnn;Arl13b-

Cerulean pancreas compared to the control (Fig. 5A). We performed immunofluorescent 

staining and detected glucagon-producing alpha and insulin-producing beta cells 

normally arranged in islets of Arl13bhnn/hnn;Arl13b-Cerulean mice (Fig. 5B). We also 

observed ARL13B-positive cilia in islets from each of the groups, with overlapping GFP-

positive staining in mice expressing ARL13B-Cerulean (Fig. 5C). These data indicate 

the pancreas develops normally in Arl13bhnn/hnn;Arl13b-Cerulean mice. 

 

Arl13bhnn/hnn;Arl13b-Cerulean males are infertile due to absence of mature sperm 

 In the course of phenotyping, we mated Arl13bhnn/hnn;Arl13b-Cerulean with control 

Arl13bhnn/+;Arl13b-Cerulean mice. Females of either genotype or male control 

Arl13bhnn/+;Arl13b-Cerulean mice produced litters of normal size (Fig. 6A,B). In contrast, 

Arl13bhnn/hnn;Arl13b-Cerulean males did not produce any litters during 6-8 weeks of 

mating even though we detected copulation plugs, indicating mating behavior is normal 

(Fig. 6B). We examined testis weight to body weight ratios and found no significant 

differences between Arl13bhnn/hnn;Arl13b-Cerulean and control mice (Fig. 6C, S5A). 

To investigate the Arl13bhnn/hnn;Arl13b-Cerulean male infertility, we analyzed testis 

sections stained with periodic acid-Schiff reagent and hematoxylin (PAS-H). The 
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Arl13bhnn/hnn;Arl13b-Cerulean seminiferous tubule architecture was largely normal (Fig. 

6D). The presence and patterning of germline (spermatogonia, spermatocytes) and 

support cells (Sertoli, Leydig) in Arl13bhnn/hnn;Arl13b-Cerulean testes did not differ from 

wild type (Fig. 6D). We identified both round and elongating spermatids in the 

Arl13bhnn/hnn;Arl13b-Cerulean testis, consistent with normal meiosis (Fig. 6D). In later 

stages of spermatogenesis, elongating spermatids migrated toward the tubule lumen 

and sperm flagella were visible in the control testis (Fig. 6D). We had difficulty detecting 

mature sperm at the luminal surface of Arl13bhnn/hnn;Arl13b-Cerulean seminiferous 

tubules and did not observe sperm flagella in the lumen by histology (Fig. 6D). In 

addition, we could not visualize normal sperm in the Arl13bhnn/hnn;Arl13b-Cerulean 

cauda epididymis (Fig. 6E). Instead, the epididymides of Arl13bhnn/hnn;Arl13b-Cerulean 

mice appeared empty or contained cellular debris (Fig. 6E). These data indicate the 

Arl13bhnn/hnn;Arl13b-Cerulean testis lacks mature flagellated sperm. 

Nuclear condensation, acrosome formation, and flagellum biosynthesis occur 

during the final phase of spermatogenesis. We looked at nuclei (stained with Hoechst), 

centrosomes (stained with antibody against fibroblast growth factor receptor 1 

oncogene partner, FGFR1OP, aka FOP), the acrosome (marked with peanut agglutinin, 

PNA), and flagella (stained with antibodies against acetylated tubulin) in testis sections 

from wild-type and Arl13bhnn/hnn;Arl13b-Cerulean mice. We observed defects in the 

nucleus, acrosome, and flagellum morphology of Arl13bhnn/hnn;Arl13b-Cerulean sperm, 

suggesting defects in multiple aspects of sperm maturation (Fig. 6F). 

To examine spermatid head and tail morphology, we isolated sperm from wild-

type, Arl13bhnn/+;Arl13b-Cerulean and Arl13bhnn/hnn;Arl13b-Cerulean males and stained 

with Hoechst, PNA, and acetylated tubulin. Overall, wild-type and control sperm 

displayed falciform heads with condensed nuclei and normal acrosomes as well as long 

flagella, whereas Arl13bhnn/hnn;Arl13b-Cerulean sperm exhibited abnormal heads and 

short, misshapen flagella (Fig. 6G). As we observed in the testis sections, the 

Arl13bhnn/hnn;Arl13b-Cerulean sperm displayed defects in acrosome formation and 

nuclear condensation (Fig. 6G). In addition, Arl13bhnn/hnn;Arl13b-Cerulean sperm tails 

were shorter than controls, with a mean length of 19.2 compared to 110.6 microns (Fig. 

6G, S5B). 
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To determine the impact of this flagellar defect on sperm motility, we analyzed 

sperm characteristics using computer-assisted sperm analysis (CASA) software. This 

revealed Arl13bhnn/hnn;Arl13b-Cerulean sperm were present at low concentration (5.17 

vs 84.24 million per ml) and exhibited poor motility (0.19 vs 26.61 million per ml) 

compared to wild type (Fig. S5C-E). The combined sperm characteristics of low count, 

poor motility, and abnormal morphology are termed oligoasthenoteratozoospermia 

(OAT), a common clinical presentation of male infertility. Collectively, our results show 

that ARL13B-Cerulean is unable to compensate for endogenous ARL13B function in the 

male reproductive system, resulting in OAT in mice. 

 One possible explanation for the infertility and sperm morphology phenotype is 

that ARL13B-Cerulean expression interferes with normal ARL13B function despite not 

causing phenotypes in other tissues. However, we observed no reproductive or 

phenotypic differences in Arl13b+/+ or Arl13bhnn/+ males carrying one or two copies of 

Arl13b-Cerulean compared to those lacking the biosensor, arguing against ARL13B-

Cerulean expression possessing a gain-of-function effect (Fig. 6). 

 Taken together, our results showed that ARL13B plays a critical role in sperm 

maturation and development. Furthermore, the infertility phenotype suggests that 

ARL13B-Cerulean expression differs from that of endogenous ARL13B in a manner that 

renders ARL13B-Cerulean unable to compensate for endogenous ARL13B function in 

the male reproductive system. 

 

ARL13B-Cerulean is expressed in the testis and sperm 

We investigated the expression levels of ARL13B and ARL13B-Cerulean in testis 

via western blot. We observed both proteins were present and that ARL13B is 

expressed at low levels (Fig. 7A, S6A,B). Indeed, endogenous ARL13B appears to be 

expressed at lower levels than in other tissues we examined (compare Fig. 7A to 1D, 

S2C, S4B). 

To determine where ARL13B and ARL13B-Cerulean are expressed in situ, we 

performed immunofluorescent staining on wild-type and Arl13bhnn/hnn;Arl13b-Cerulean 

testis sections. We detected a few ARL13B-positive cilia on cells located near the basal 

membrane of Arl13b+/+ seminiferous tubules (Fig. 7B). In Arl13bhnn/hnn;Arl13b-Cerulean 
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testis, we also identified these cilia with GFP antibody, indicating that both endogenous 

ARL13B and ARL13B-Cerulean were expressed in these support cells (Fig. 7B). The 

basal and myoid cells of Arl13b+/+ and Arl13bhnn/hnn;Arl13b-Cerulean epididymides 

exhibited similar infrequent cilia (Fig. S6C). 

 To investigate the intracellular location of the ARL13B and ARL13B-Cerulean 

proteins, we stained isolated sperm with antibodies against ARL13B and GFP. We were 

unable to detect ARL13B in wild-type sperm by immunostaining, saw faint expression in 

the head and midpiece of Arl13bhnn/+;Arl13b-Cerulean sperm, and observed higher 

levels of expression along the whole length of Arl13bhnn/hnn;Arl13b-Cerulean sperm (Fig. 

7C). These data are consistent with the levels of protein expression we detected in 

testis by western blot. We saw increased fluorescence of ARL13B-Cerulean from control 

Arl13bhnn/+;Arl13b-Cerulean to Arl13bhnn/hnn;Arl13b-Cerulean when we stained with anti-

GFP antibodies (Fig. 7C). Taken together, our data indicate that the ARL13B-Cerulean 

biosensor is functional in most tissues during development and reveals an essential role 

for ARL13B in spermiogenesis. 

 

DISCUSSION  

 Here, we showed that the ARL13B-Cerulean protein expressed by the 

R26Arl13b-Fucci2aR biosensor compensates for the loss of endogenous ARL13B in 

Arl13bhnn/hnn mice. We found that Arl13bhnn/hnn;Arl13b-Cerulean mice developed normally 

and survived into adulthood without gross morphological or behavioral defects indicating 

R26Arl13b-Fucci2aR is an inducible, functional Arl13b allele. Rescuing the embryonic 

lethality of Arl13bhnn/hnn allowed us to examine the function of ARL13B-Cerulean in 

several organs. We observed normal tissue anatomy and ciliation in the 

Arl13bhnn/hnn;Arl13b-Cerulean kidney, brain, and pancreas. In addition, we examined the 

localization and expression level of ARL13B-Cerulean in these organs and detected 

normal ciliary enrichment and robust protein expression. Surprisingly, 

Arl13bhnn/hnn;Arl13b-Cerulean males were infertile. They exhibited low sperm counts, low 

sperm motility, and abnormal sperm shape – with short flagella and atypical acrosome 

structures. These findings suggest that ARL13B-Cerulean can functionally replace 
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ARL13B in most developmental processes and reveal that endogenous ARL13B is 

required for normal spermatogenesis. 

 One unanticipated result of this work was that expression of ARL13B-Cerulean 

did not result in overt cilia phenotypes. We observed higher levels of ARL13B-Cerulean 

than ARL13B protein in embryo, MEF, cerebellum, and testis lysates, but did not see 

significant increases in ciliary length. This contrasts with previous findings in vivo where 

Arl13b gene dosage directly correlates with ciliary length. Cilia are longer upon Arl13b 

overexpression in zebrafish or Arl13b-mCherry transgene expression in mice (Bangs et 

al., 2015; Lu et al., 2015; Pintado et al., 2017). Similarly, wild-type primary MEFs 

carrying two copies of the Arl13b-Cerulean biosensor display longer cilia (Ford et al., 

2018). In wild-type mice homozygous for Arl13b-Cerulean, cilia are longer in several 

tissues, although other tissues did not show this change (Ford et al., 2018). One 

possibility is that cilia lengthening results from high levels of ARL13B. Perhaps the 

immortalization of MEFs in our study selected for ARL13B protein levels that don’t reach 

this threshold. Furthermore, in vivo Arl13b overexpression has proven challenging: the 

broadly used Arl13b-mCherry transgenic mouse is the only line (of four founders) that 

has consistent expression and the Arl13b-EGFP transgenic mouse is one of only two 

founders (Bangs et al., 2015; Delling et al., 2013). As transgenesis typically produces 

many more founders, the few ARL13B-expressing founders may reflect the fact that 

high ARL13B levels are not compatible with life. Thus, the protein levels of ARL13B-

Cerulean may undergo similar selective pressure. In any case, ARL13B-Cerulean can 

functionally replace endogenous ARL13B with no adverse effects on growth and 

development. 

This work reveals a novel function for ARL13B in spermatogenesis. ARL13B 

localizes to primary cilia of basal cells in the adult mouse epididymis and functions in 

the male reproductive system to affect fluid flow and immune response (Augière et al., 

2024; Bernet et al., 2018; Girardet et al., 2020; Girardet et al., 2022). However, ARL13B 

is not known to function in the germline. We predicted that the spermatogenesis defect 

is due to abnormal ARL13B-Cerulean expression in the testis. Although endogenous 

ARL13B protein levels are lower in testis than in cerebellum or embryo lysates, we 

found that ARL13B-Cerulean is robustly expressed in the Arl13bhnn/hnn;Arl13b-Cerulean 
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testis as well as in isolated sperm. Mice lacking ARL13B specifically in cilia, 

Arl13bV358A/V358A, are viable and fertile so one possibility is that cellular ARL13B plays a 

critical function in spermatogenesis (Gigante et al., 2020). Answering this question will 

likely require using the Arl13bflox conditional null allele and appropriate Cre lines, which 

will also address issues of cell autonomy. 

 The cause of the defective spermatogenesis we observed in Arl13bhnn/hnn;Arl13b-

Cerulean is unclear. It is unlikely that the biosensor had a gain-of-function or dominant-

negative phenotype as Arl13b+/+ and Arl13bhnn/+ males carrying Arl13b-Cerulean were 

fertile. Notably, the full-length Arl13b cDNA fused to Cerulean differs from endogenous 

ARL13B mRNA. Distinct isoforms of proteins are expressed exclusively in somatic or 

germ cells (Eisa et al., 2021; Grassi et al., 2022; Konno et al., 2015; Nielsen and Raff, 

2002). Perhaps specific ARL13B isoforms are expressed in the germline. Alternatively, 

the role of ARL13B in building a flagellum during spermatogenesis could be specific to 

flagellogenesis. While flagella and cilia possess axonemes, they also contain different 

components and perform distinct functions. For instance, mammalian sperm flagella 

have unique accessory structures such as the mitochondrial sheath, outer dense fibers, 

and the fibrous sheath. ARL13B may normally interact with specific partners to 

contribute to the building of the flagellum, and ARL13B-Cerulean may be unable to 

replace endogenous protein for those interactions. Clearly, some difference between 

endogenous ARL13B and ARL13B-Cerulean is functionally relevant to 

spermatogenesis. 

 A key feature of the regulatory GTPase family to which ARL13B belongs is the 

ability to work with distinct effector proteins depending on cell type, subcellular location, 

or timing. It is possible that ARL13B has effectors specific to the testis or germline that 

play a role during spermatogenesis (nuclear condensation, acrosome formation, flagella 

outgrowth). On the other hand, some of ARL13B’s known effectors regulate 

spermatogenesis, suggesting the defects reflect a more general function of ARL13B. 

For example, ARL13B associates with the exocyst complex to regulate intracellular 

vesicle trafficking, with the BBSome to facilitate cargo coupling on the membrane, and 

with members of the IFT-B complex to regulate ciliary traffic (Barral et al., 2012; Cevik et 

al., 2013; Liu et al., 2023; Nozaki et al., 2017). Conditional deletion of Exoc1, encoding 
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an exocyst component, in spermatogonia leads to spermatocyte aggregation and 

impaired fertility (Osawa et al., 2021). Mice carrying mutations in BBSome subunits 

exhibit male infertility due to an absence of sperm flagella (Davis et al., 2007; Mykytyn 

et al., 2004; Nishimura et al., 2004). Similarly, mutations in IFT proteins result in 

defective sperm morphology, quantity, and/or motility (Liu et al., 2017; San Agustin et 

al., 2015; Shi et al., 2019; Zhang et al., 2016; Zhang et al., 2017). Further work is 

needed to determine whether these effectors contribute to the mechanism(s) underlying 

the infertility we observed in the Arl13bhnn/hnn;Arl13b-Cerulean males. 

 In summary, our data show that full-length Arl13b cDNA with a Cerulean tag can 

functionally replace the endogenous Arl13b gene in several tissues and biological 

processes, with the notable exception of spermatogenesis. Future studies are required 

to determine the cell types that require ARL13B for spermatogenesis as well as the 

mechanism by which ARL13B regulates spermatogenesis. Our findings expand upon 

previous work illustrating that the R26Arl13b-Fucci2aR biosensor is a powerful tool to 

monitor cilia and cell cycle progression. Our work is significant in demonstrating that 

Arl13b-Cerulean is a functional, inducible allele of Arl13b. 

 

MATERIALS AND METHODS 

 

Mice 

 All animal experiments were approved by the Institutional Animal Care and Use 

Committee of Emory University and were performed in compliance with guidelines 

established by the National Institute of Health. Mouse alleles used in this study were 

Arl13bhnn (MGI:3578151), CMV-cre (Tg(CMV-cre)1Cgn, MGI:2176180) acquired from 

the Jackson Laboratory (RRID:IMSR_JAX:006054), and R26Arl13b-Fucci2aR 

(Gt(ROSA)26Sortm1(CAG-Cerulean/Arl13b,-Venus/GMNN,-Cherry/CDT1)Rmort, MGI:6193734) purchased 

from EMMA (EM:12168). Adult animals were over 8 weeks of age. Genotyping was 

performed on biopsied samples (ear punch or yolk sac) by Transnetyx using real-time 

PCR. 
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Antibodies and reagents 

 Antibodies used in this study are listed in Table S1.  

 

Cell culture 

MEFs were derived from E12.5 mouse embryos and cultured in DMEM 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 5% 

CO2 at 37°C. MEFs were immortalized by transfection with a plasmid containing the 

large T antigen of SV40.  

For immunofluorescence, immortalized MEFs were plated on glass coverslips 

and serum-starved for 24 hours in DMEM supplemented with 0.5% FBS. Cells were 

fixed in 4% paraformaldehyde (PFA) for 10 minutes, washed 3x with phosphate-

buffered saline (PBS) for 5 minutes each, and blocked with tris buffered saline (TBS) + 

5% goat serum + 0.1% Triton X-100 (blocking buffer) for 10 minutes. Cells were 

incubated with primary antibodies diluted in blocking buffer overnight at 4°C, washed 3x 

with blocking buffer for 5 minutes each, and incubated with secondary antibodies diluted 

in blocking buffer for 1 hour at room temperature in the dark. Finally, cells were washed 

3x with blocking buffer for 5 minutes each and mounted onto glass slides using Prolong 

Gold. 

 Images were obtained with a BioTek Lionheart FX automated microscope 

(Agilent) and processed with Gen5 imaging software (version 3.11, Agilent) and FIJI 

(release 2.16.0) (Schindelin et al., 2012). For cilia counts, we quantified the number of 

nuclei and glutamylated tubulin-positive cilia in each field of view with multiple fields 

imaged. To determine cilia length, the CiliaQ plugin for FIJI was used with 

measurements taken using the glutamylated tubulin channel (Hansen et al., 2021). 

 

Western blot 

 Lysates were obtained by homogenizing tissue with Pierce RIPA Buffer 

(ThermoScientific) containing protease inhibitor cocktail (Sigma Aldrich) using a 

mechanical pestle. After sonication on ice, lysates were incubated at 4°C for 30 minutes 

turning end-over-end. Lysates were centrifuged at 13000 rpm for 15 minutes at 4°C and 

the protein content of the supernatant was determined using the Pierce BCA Protein 
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Assay (ThermoScientific). Equal amounts (30µg) of protein were separated by SDS-

PAGE and transferred onto nitrocellulose membranes. After blocking with StartingBlock 

T20 PBS (ThermoScientific) (antibody block) for at least 1 hour, membranes were 

incubated with primary antibodies diluted in antibody block for 1 hour at room 

temperature or overnight at 4°C. Primary antibodies were detected using fluorescently-

conjugated secondary antibodies. The Azure600 imaging system (Azure Biosystems) 

and FIJI software were used to visualize and quantify proteins, with anti-actin-

rhodamine loading control used to normalize band intensity. 

 

Histological analyses 

 Mice were perfused transcardially with 4% PFA in PBS. Organs were dissected, 

postfixed in 4% PFA (kidney, pancreas, brain) or Bouin’s fixative (testis) overnight at 

4°C, then dehydrated in ethanol for paraffin embedding or cryoprotected with 30% 

sucrose in phosphate buffer then embedded in Tissue-Tek OCT compound (Sakura) for 

frozen sectioning. Paraffin sections (kidney, testis, pancreas) were acquired at 5 µm and 

frozen sections (brain) were acquired at 10 µm. Sections were mounted onto Superfrost 

Plus microscope slides. 

For histology, deparaffinized or rehydrated frozen sections were stained with 

hematoxylin and eosin, Sirius Red and fast green, or periodic acid and Schiff’s reagent 

with hematoxylin (PAS-H) following standard protocols. Slides were coverslipped with 

Cytoseal 60 (Epredia). For immunofluorescence, antigen retrieval was performed on 

deparaffinized sections using hot 10 mM citrate buffer, pH 6.0, before incubation with 

primary antibodies overnight at 4°C. Sections were then incubated with fluorescent 

secondary antibodies and Hoechst, and coverslipped with Prolong Gold 

(ThermoFisher). 

 

Quantitative reverse transcriptase PCR (qRT-PCR) 

 Cells were collected, snap frozen, and stored at -80°C. RLT lysis buffer (Qiagen) 

was added, and RNA was purified with the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s protocol. Potential genomic DNA contamination was eliminated by 

incubation with RNase-free DNase (Qiagen). To generate cDNA, total RNA was reverse 
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transcribed using iScript (Bio-Rad). The SsoAdvanced Universal SYBR Green Supermix 

kit (Bio-Rad) was used to perform real-time PCR on prepared cDNA. Each reaction was 

performed in triplicate for each biological sample and normalized to Gapdh. Primers 

were: FucciQ “F3”: 5’-GTGATGCTCAGGACACGATC-3’; FucciQ ‘R3”: 5’-

CGGTGGTGCAGATGAACTTC-3’; Arl13bQ “R4”: 5’-TTGTCTTGCCCATCATCAGC-3’; 

Gapdh-F: 5’-CGTCCCGTAGACAAAATGGT-3’; Gapdh-R: 5’-

GAATTTGCCGTGAGTGGAGT-3’. 

 

Sperm isolation and staining 

The epididymis was dissected and kept in a Petri dish containing PBS. Sperm 

were released from the cauda epididymis by puncturing the tissue with fine forceps. The 

sperm suspension was placed on a glass-bottom 35 mm dish and incubated for 30 

minutes in a CO2 incubator at 37°C. Next, the sperm cells were fixed in 4% PFA in PBS 

for 10 minutes at room temperature, permeabilized and blocked for 1 hour in TBS + 5% 

goat serum + 0.1% Triton X-100 (blocking buffer) and incubated with primary antibodies 

diluted in blocking buffer for 1 hour at room temperature. After washing 3x with blocking 

buffer for 5 minutes each, cells were incubated with secondary antibodies diluted in 

blocking buffer for 1 hour at room temperature in the dark. Another 3x washes with 

blocking buffer for 5 minutes each were followed by the addition of glass coverslips 

using Prolong Gold as the mounting medium. 

 

Statistical analyses 

 Data were analyzed by chi-squared test, unpaired t-test, or one-way ANOVA as 

indicated using Prism version 10.4.1 (GraphPad). Summarized data are presented as 

the mean ± standard deviation. Images are representative of a minimum of three 

biological samples and sample numbers for summarized data are indicated on the 

graph. 
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FIGURE LEGENDS 

Figure 1. Arl13bhnn/hnn;Arl13b-Cerulean mice are viable. 

A) Percentages of expected (gray) and observed (black) pups from nine litters of 

Arl13bhnn/+;Arl13b-Cerulean intercrosses genotyped at 2 weeks. Dashed gray bar 

indicates Arl13bhnn/hnn pups predicted by Mendelian ratios; this genotype doesn’t survive 

past embryogenesis. B) Arl13bhnn/+;Arl13b-Cerulean (control) and Arl13bhnn/hnn;Arl13b-

Cerulean (rescue) female mice at 21 weeks. C) Weekly body weights of male and 

female control (black) and Arl13bhnn/hnn;Arl13b-Cerulean (blue) mice. D) Western blot 

analysis of E12.5 whole-embryo lysates probed with antibody against ARL13B (top blot) 

and actin loading control (bottom blot). 

 

Figure 2. Arl13b-Cerulean rescues Arl13bhnn/hnn MEF ciliary phenotypes. 

Immortalized and serum-starved A) Arl13b+/+, B) Arl13bhnn/hnn, and C) 

Arl13bhnn/hnn;Arl13b-Cerulean MEFs stained with antibodies against ARL13B, GFP 

(recognizes Cerulean), and glutamylated tubulin GT335 (cilia marker). D) Percent 

ciliation (cilia/cells) for Arl13b+/+, Arl13bhnn/+, and Arl13bhnn/hnn cells without (0), or with (1, 

2 copies) Arl13b-Cerulean, as indicated. E) Ciliary length based on the GT335 channel. 

In the graphs, each point represents data from a single field of view with at least 150 

total cilia examined for each genotype. One-way ANOVA with Tukey’s multiple 

comparisons test, adjusted p values: ns, not significant; *p<0.05; ***p<0.001; 

****p<0.0001. 

 

Figure 3. Arl13bhnn/hnn;Arl13b-Cerulean kidneys do not develop cysts. 

Kidney sections from adult A) Arl13b+/+, B) Arl13bhnn/+;Arl13b-Cerulean, and C) 

Arl13bhnn/hnn;Arl13b-Cerulean mice stained with hematoxylin-eosin or antibodies against 

ARL13B, GFP, and glutamylated tubulin GT335. D) Kidney weight as a percentage of 

body weight for control (black) and Arl13bhnn/hnn;Arl13b-Cerulean (blue) male and female 

mice. Unpaired t-test, p values: ns, not significant; *p<0.05. E) Morphology of control 

and rescue kidneys. 
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Figure 4. Cerebellar patterning is normal in Arl13bhnn/hnn;Arl13b-Cerulean mice. 

A) Sagittal sections of adult control and Arl13bhnn/hnn;Arl13b-Cerulean cerebella stained 

with hematoxylin-eosin. Roman numerals indicate major folia. B) ARL13B, GFP, and 

glutamylated tubulin GT335 staining of cilia in the Purkinje cell layer (PCL) of the 

cerebellum. ML (molecular layer), IGL (inner granule layer). C) Choroid plexus of control 

and Arl13bhnn/hnn;Arl13b-Cerulean brains stained with ARL13B and GFP antibodies.  

 

Figure 5. Arl13bhnn/hnn;Arl13b-Cerulean pancreatic islets appear normal.  

A) Pancreas sections from control or Arl13bhnn/hnn;Arl13b-Cerulean mice stained with 

hematoxylin-eosin. B) Immunofluorescent staining of islet cells in control and 

Arl13bhnn/hnn;Arl13b-Cerulean pancreas sections using antibodies against glucagon and 

insulin. C) Antibody staining of pancreatic islets showing ciliary ARL13B, GFP, and 

glutamylated tubulin GT335. 

 

Figure 6. Arl13bhnn/hnn;Arl13b-Cerulean males are infertile. 

A) Average pups born per litter to Arl13bhnn/+;Arl13b-Cerulean (control) and 

Arl13bhnn/hnn;Arl13b-Cerulean (rescue) females mated with control males. Sample n = 

litters counted. B) Average pups born per litter to Arl13bhnn/+;Arl13b-Cerulean (control) 

and Arl13bhnn/hnn;Arl13b-Cerulean (rescue) males mated with control females. Sample n 

= litters counted (control) or males tested (rescue). C) Testis weight as a percentage of 

body weight for control and Arl13bhnn/hnn;Arl13b-Cerulean male mice. For each graph, 

unpaired t-test: ns, not significant, ****p<0.0001. D) Testis sections from adult Arl13b+/+ 

and Arl13bhnn/hnn;Arl13b-Cerulean males stained with PAS-H. E) Epididymis sections 

from adult Arl13b+/+ and Arl13bhnn/hnn;Arl13b-Cerulean males stained with hematoxylin-

eosin. Enlarged images show tubules from cauda epididymis. F) Adult testis sections 

stained with peanut agglutinin lectin (PNA, acrosome) and antibodies against 

FGFR1OP (FOP, centrosome), acetylated tubulin (AcTub, cilia), and Hoechst (nuclei). 

Dashed yellow lines indicate the basal lamina of the seminiferous tubule. Lu (lumen). G) 

Immunofluorescence of isolated control and Arl13bhnn/hnn;Arl13b-Cerulean sperm: 

stained with PNA, AcTub, and Hoechst. Insets show sperm heads. 
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Figure 7. ARL13B-Cerulean is expressed in testis and sperm. 

A) Immunoblot (IB) of lysates from adult testes probed with antibodies against ARL13B, 

GFP, and actin. B) Adult testis sections from Arl13b+/+ and Arl13bhnn/hnn;Arl13b-Cerulean 

males stained with antibodies against ARL13B, GFP, glutamylated tubulin GT335, and 

Hoechst. Dashed yellow lines indicate basal lamina of the seminiferous tubule. 

Arrowheads point to cilia. C) Sperm isolated from cauda epididymides of Arl13b+/+, 

Arl13bhnn/+;Arl13b-Cerulean, and Arl13bhnn/hnn;Arl13b-Cerulean males imaged by phase 

contrast and fluorescence microscopy using antibodies against glutamylated tubulin 

GT335, ARL13B, and GFP. Nuclei are stained with Hoechst.  
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Table S1. Antibodies used in this study 

Antibody Manufacturer Catalog number Dilution 

(purpose) 

Polyclonal rabbit anti-

ARL13B 

ProteinTech 17711-1-AP 1:2000 (IB) 

1:1000 (IF) 

Polyclonal chicken anti-GFP Abcam Ab13970 1:1000 (IF) 

Mouse anti-glutamylated 

tubulin (GT335) 

AdipoGen AG-2032020 1:1000 (IF) 

Monoclonal mouse anti-

acetylated tubulin (AcTub) 

Sigma T6793 1:2500 (IF) 

Polyclonal rabbit anti-insulin Cell Signaling 3014 1:1000 (IF) 

Monoclonal mouse anti-

glucagon 

Abcam Ab10988 1:500 (IF) 

Polyclonal rabbit anti-

FGFR1OP (FOP) 

ProteinTech 11343-1-AP 1:500 (IF) 

PNA-rhodamine Vector Labs RL-1072 1:1000 (IF) 

AlexaFluor-conjugated 

secondary 

ThermoFisher A11039, A31572, 

A21206, A11029, 

A21202 

1:500 (IF) 

Goat anti-mouse-AF647 Jackson Immuno 115-606-003 1:500 (IF) 

Polyclonal rabbit anti-GFP Abcam Ab290 1:1000 (IB) 

Actin-rhodamine Bio-Rad 12004163 1:5000 (IB) 

IR680LT secondary LI-COR 926-68020 1:5000 (IB) 

IR800CW secondary LI-COR 925-32213 1:5000 (IB) 

IF, immunofluorescence; IB, immunoblotting 

  

.CC-BY-NC 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted March 26, 2025. ; https://doi.org/10.1101/2025.03.24.644968doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.24.644968
http://creativecommons.org/licenses/by-nc/4.0/


30 
 

Figure S1. Complete weight analysis and quantification of embryonic protein 

expression. 

Body weights of control (black) and Arl13bhnn/hnn;Arl13b-Cerulean (blue) A) male and B) 

female mice at the time of sacrifice. C) Quantification of the signal intensity for western 

blot shown in Fig. 1D. Data are normalized to actin and set relative to the ARL13B band 

intensity in wild-type embryos (Arl13b+/+). 

 

Figure S2. Expression of ARL13B-Cerulean and ARL13B in MEF lines. 

A) Percent ARL13B-positive and B) GFP-positive cilia for Arl13b+/+, Arl13bhnn/+, and 

Arl13bhnn/hnn cells without (0), or with (1, 2 copies) Arl13b-Cerulean, as indicated. 

Each point represents data from a single field of view with at least 150 cilia examined 

for each genotype. One-way ANOVA with Tukey’s multiple comparisons test, adjusted p 

values: ns, not significant; ***p<0.001, ****p<0.0001. C) Immunoblot analysis of MEF 

lysates probed with antibody against ARL13B. The actin loading control is shown below. 

D) Quantification of the signal intensity for western blot shown in Fig. S2C, with data 

normalized to actin and set relative to the ARL13B band intensity in wild-type MEFs. E) 

Graphic representation showing locations of primers used in qRT-PCR. F) Quantification 

of transcript levels for endogenous Arl13b (black) and Arl13b-Cerulean (blue) in cell 

lines, normalized to Gapdh and set relative to Arl13b expression in wild-type MEFs. 

 

Figure S3. Arl13bhnn/hnn;Arl13b-Cerulean kidneys do not exhibit fibrosis. 

Sirius red-fast green staining of A) Arl13b+/+, B) Arl13bhnn/+;Arl13b-Cerulean, and C) 

Arl13bhnn/hnn;Arl13b-Cerulean kidney sections. Reddish-purple color indicates collagen 

associated with fibrosis, and green shows counterstain. D-E) Kidney weight versus body 

weight of control (black) and Arl13bhnn/hnn;Arl13b-Cerulean (blue) D) male and E) female 

mice at time of sacrifice. 

 

Figure S4. Enlarged ventricles in Arl13bhnn/hnn;Arl13b-Cerulean mice. 

A) Coronal sections through the lateral ventricles of adult control and 

Arl13bhnn/hnn;Arl13b-Cerulean brains stained with hematoxylin-eosin. B) Western blot 

showing lysates from cerebella of all mouse genotypes probed with antibodies against 
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ARL13B and GFP. Actin loading control is shown below. IB, immunoblot. C) 

Quantification of signal intensity for ARL13B western blot shown in Fig. S4B with data 

normalized to actin and set relative to the ARL13B band intensity in wild-type 

cerebellum. D) Quantification of signal intensity for GFP western blot shown in Fig. S4B 

with data normalized to actin and set relative to the ARL13B-Cerulean band intensity in 

Arl13b+/+;Arl13b-Cerulean cerebellum (lane 2). 

 

Figure S5. Measurement of fertility parameters. 

A) Testis weight versus body weight of control (black) and Arl13bhnn/hnn;Arl13b-Cerulean 

(blue) males. B) Sperm tail length, with at least 65 sperm measured per genotype, 

including samples from at least three males per genotype. Unpaired t-test: 

****p<0.0001. C) Images of sperm under brightfield microscopy, 10x magnification. D) 

Sperm count measured by CASA, n = 1 of each genotype. E) Sperm motility measured 

by CASA, n = 1 of each genotype. 

 

Figure S6. Expression of ARL13B-Cerulean and ARL13B in testis and epididymis. 

A) Quantification of signal intensity for ARL13B western blot shown in Fig. 7A with data 

normalized to actin and set relative to the ARL13B band intensity in wild-type testis. B) 

Quantification of signal intensity for GFP western blot shown in Fig. 7A with data 

normalized to actin and set relative to the ARL13B-Cerulean band intensity in 

Arl13b+/+;Arl13b-Cerulean testis (lane 2). C) Adult epididymis sections from Arl13b+/+ 

and Arl13bhnn/hnn;Arl13b-Cerulean males stained with antibodies against ARL13B, GFP, 

glutamylated tubulin GT335, and Hoechst. Arrowheads point to cilia. 
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