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Abstract  

The skin of Xenopus embryos contains numerous multiciliated cells (MCCs), which collectively 
generate a directed fluid flow across the epithelial surface essential for distributing the overlaying 
mucous. MCCs develop into highly specialized cells to generate this flow, containing 
approximately 150 evenly spaced centrioles that give rise to motile cilia. MCC-driven fluid flow 
can be impaired when ciliary dysfunction occurs, resulting in primary ciliary dyskinesia (PCD) in 
humans. Mutations in a large number of genes (~50) have been found to be causative to PCD. 
Recently, studies have linked low levels of Adenylate Kinase 7 (AK7) gene expression to patients 
with PCD; however, the mechanism for this link remains unclear. Additionally, AK7 mutations have 
been linked to multiple PCD patients. Adenylate kinases modulate ATP production and 
consumption, with AK7 explicitly associated with motile cilia. Here we reproduce an AK7 PCD-
like phenotype in Xenopus and describe the cellular consequences that occur with manipulation 
of AK7 levels. We show that AK7 localizes throughout the cilia in a DPY30 domain-dependent 
manner, suggesting a ciliary function. Additionally, we find that AK7 overexpression increases 
centriole number, suggesting a role in regulating centriole biogenesis.  We find that in AK7-
depleted embryos, cilia number, length, and beat frequency are all reduced, which in turn, 
significantly decreases the tissue-wide mucociliary flow. Additionally, we find a decrease in 
centriole number and an increase in sub-apical centrioles, implying that AK7 influences both 
centriole biogenesis and docking, which we propose underlie its defect in ciliogenesis. We 
propose that AK7 plays a role in PCD by impacting centriole biogenesis and apical docking, 
ultimately leading to ciliogenesis defects that impair mucociliary clearance.  

Introduction  

Cilia, both nonmotile and motile, are highly conserved microtubule structures that play an 
essential role in numerous physiological processes (Anvarian et al., 2019, Bustamante-Marin and 
Ostrowski, 2017, Reiter and Leroux, 2017). Motile cilia can form singularly, as in sperm flagella, 
or in the cells at the left-right organizer of the embryonic node. Alternatively, numerous cilia can 
form in a complex cell known as a multiciliated cell (MCC), whose cilia coordinately and 
rhythmically beat to generate a directed fluid flow (Boutin and Kodjabachian, 2019, Brooks and 
Wallingford, 2014, Meunier and Azimzadeh, 2016). Proper MCC development and function 
depends on a multistep process involving centriolar amplification, producing dozens of centrioles 
or basal bodies, which migrate apically and dock at the apical surface and give rise to motile cilia 
(Figure 1A). MCCs are found in numerous tissues where their role in creating a directed fluid flow 
is necessary, such as in the brain ependyma and in the fallopian tubes (Spassky and Meunier, 
2017). Furthermore, MCCs line the respiratory epithelium, where their motile cilia beat in a 
coordinated manner to drive directed mucociliary flow (Bustamante-Marin and Ostrowski, 2017). 
A loss in the directed fluid flow derived from motile cilia defects leads to a condition known as 
Primary Ciliary Dyskinesia (PCD) (OMIM 244400) (Bush, 2000, Bustamante-Marin and 
Ostrowski, 2017, Legendre et al., 2021). 

PCD is a rare inherited condition characterized by impaired ciliary function resulting from genetic 
mutations (Goutaki and Shoemark, 2022, Legendre et al., 2021, Lucas et al., 2020, Zariwala et 
al., 2019, Bush, 2000). Due to the wide distribution of motile cilia in diverse tissues, PCD presents 
with a broad range of symptoms, including respiratory dysfunction, situs inversus, infertility, and 
in rare cases, hydrocephaly. PCD has a complex etiology, in part due to the complex nature of 
the ciliary molecular machine that includes hundreds or thousands of distinct proteins (McCafferty 
et al., 2023). PCD was initially classified by genetic mutations producing defects in ciliary 
ultrastructure that is observed as defects in axonemal dynein arms; however, now approximately 
50 genes have been identified as causative in PCD patients (Horani and Ferkol, 2021, Zariwala 
et al., 2019). Some of those genes are distinct from classical PCD genes, such 
as MCIDAS, CCNO, FOXJ1, and GAS2L2, which regulate MCC differentiation, centriole 
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amplification, ciliogenesis, and cilia polarity, respectively, yet are all associated with an impaired 
directed fluid flow (Amirav et al., 2016, Pan et al., 2007, Stubbs et al., 2008, Stubbs et al., 2012, 
Yu et al., 2008, Boon et al., 2014, Bustamante-Marin et al., 2019, Horani and Ferkol, 2021, 
Wallmeier et al., 2014, Zariwala et al., 2019). Notably, up to 30% of individuals with PCD have no 
identified pathogenic mutations in related genes, suggesting that, genetically, we still have 
significantly more to learn about PCD (Zariwala et al., 2019). 

Adenylate kinases are metabolic enzymes that catalyze the reaction of 2 ADP ↔ 1 AMP + 1 ATP 
(Dzeja and Terzic, 2009, Otokawa, 1974).  They are important modulators of cellular energy levels 
and have additionally been linked to AMP signaling via AMP Kinase. Mutations in one member of 
the family of adenylate kinases, adenylate kinase 7 (AK7), have been identified in several patients 
with PCD (Mata et al., 2012). Furthermore, mice deficient for AK7 produce PCD phenotypes such 
as ciliary ultrastructure defects and impaired ciliary beat frequency (Fernandez-Gonzalez et al., 
2009). Interestingly, low levels of AK7 have been found to correlate with decreased beat 
frequency within broad cohorts of patients, suggesting that even in patients with a normal AK7 
gene, there may be feedback loops that lead to dysregulation of AK7 expression or protein 
stability (Mata et al., 2012, Milara et al., 2010). Despite these numerous links between AK7 and 
PCD, there remains a fundamental gap in our understanding of AK7’s role in MCC function. Motile 
cilia depend heavily on copious energy supplies for proper beating, which could require the 
function of AK7 (Dzeja and Terzic, 2009, Otokawa, 1974). Alternatively, AK7 could be important 
for numerous aspects of MCC development. In this study, we examined AK7 CRISPR/Cas9 
generated mutations in Xenopus, which presented with PCD phenotypes of impaired tissue-wide 
directed fluid flow and a mild decrease in ciliary beat frequency. Importantly, our findings indicate 
that AK7 has multiple roles in proper MCC formation and function. 
 
 
Results: 
 
AK7 localizes along cilia of MCCs 
 
AK7 is highly associated with ciliated epithelial tissues and has been shown to localize at the 
apical surface of ciliated cells and to sperm flagella (Lores et al., 2018, Milara et al., 2010). To 
explore AK7 localization in the Xenopus ciliated epithelium, we performed immunofluorescent 
(IF) staining using an AK7 antibody together with the standard cilia marker, acetylated tubulin. 
Stage (ST) 28 embryos contain a mature ciliated epithelium and we found co-localization of AK7 
with acetylated tubulin in the cilia (Figure 1B). Furthermore, this localization was confirmed using 
injection of mRNA encoding a fluorescently tagged version of the full length AK7 (AK7-GFP) 
(Figure 1C). Importantly, unlike other AKs, AK7 has as a  DPY30 domain (Lores et al., 2018). 
DPY30 domains have previously been identified in multiple cilia proteins and are known to be 
important for the ciliary function of RSP2 (Gopal et al., 2012).  Additionally, DPY30 domains share 
similarity to the RIIa domain known for dimerization and docking of the cyclic AMP-dependent 
protein kinase and A kinase anchoring proteins (AKAPs) (Kinderman et al., 2006, Gopal et al., 
2012). We generated a version of AK7 lacking the DPY30 domain and found that the ciliary 
localization is dramatically reduced, suggesting that this domain is important for its ciliary 
localization (Figure 1D). The localization of AK7 to cilia suggests its function could be regulating 
ATP levels for the energetically taxing motile cilia or potentially to facilitate signaling through 
cAMP.  
 
AK7 depleted embryos show an impaired mucociliary fluid flow 
AK7 expression levels have been found to correlate with ciliary function in patients with PCD 
(Milara et al., 2010). However, despite these links, a causative understanding of the ciliary defects 
produced by depletion of AK7 remains largely unexplored. To investigate and characterize this, 
we performed CRISPR/Cas9-mediated editing of AK7, combining two guide RNAs (gRNAs) 
targeting exons 1 and 4 of the gene (Supplementary (S) Figure S1A). The efficacy of the gRNAs 
on the target DNA was assayed in vitro (Figure S1B) (Bhattacharya et al., 2015, Wiedenheft et 
al., 2012).  Xenopus embryos were injected with the two guide RNAs and Cas9 protein for the 
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knockout condition (AK7-KO or AK7 Crispant), while Cas9 alone or gRNAs alone were used as 
controls (hereafter referred to as Cas9 and gRNAs, respectively). Importantly, in AK7 Crispant 
embryos we find a dramatic loss of AK7 antibody staining (Figure 2A). We next investigated 
possible PCD-related phenotypes in the AK7 Cispant embryos. PCD is mainly characterized by 
an impaired mucociliary function, hence, we tested the generation of directed flow in control and 
AK7 Crispant embryos. The Xenopus embryonic epithelium is covered in mucus, which moves 
along the epithelial surface in a flow sustained by the coordinated ciliary beating of MCCs. We 
applied fluorescent microspheres on the anterior side of anesthetized and immobilized live 
embryos at ST28 when directed flow is robust (Werner and Mitchell, 2013). In contrast to control 
embryos which generated vigorous flow, we observed a significant decrease in fluid flow in the 
AK7 Crispants (Figure 2B). Importantly, fluid flow returned to normal levels when we performed 
a rescue experiment by co-injecting embryos with AK7 mRNA not targeted by the gRNAs (Figure 
2B). This result confirms the importance of AK7 in tissue level mucociliary clearance and is 
consistent with a role in PCD. 
 
AK7 depleted MCCs have impaired ciliary beating  
 
The loss of tissue level flow can be due to multiple underlying defects, including loss of MCCs, 
loss of cilia, or loss of ciliary motility. To begin to characterize the cellular level defects in AK7 
Crispant embryos, we performed live imaging of ciliary beating. We used high-speed light 
microscopy to capture MCCs’ ciliary movements (Supplementary Movies 1-4). We quantified beat 
frequencies in the KO and control conditions using kymographs and found that that there was a 
clear decrease in beat frequency in the AK7 KO embryos (Figure 2C and 2D). Healthy wild type 
MCCs have a beat frequency of about 15 Hz (Werner et al., 2013), similar to the rate that we 
measured in our control groups (15.3  0.7 Hz and 15.7  0.4 Hz in the Cas9 or gRNAs conditions, 
respectively). In contrast, AK7-KO MCCs had a significant drop in beating frequency, with an 
average of 9.7 Hz  2.4 Hz (Figure 2C and D). These results align with previous papers in other 
model systems that reported a decreased beat frequency in AK7 knockouts and mutants 
(Fernandez et al., 2009; Milara et al., 2010). However, the roughly 30% decrease in beat 
frequency, while significant, did not seem consistent with the almost complete loss of fluid flow 
that we observed, suggesting that there could be additional phenotypes associated with the loss 
of AK7.    
 
AK7-depleted MCCs display defects in cilia number and morphology 
 
Our results indicate that a loss of AK7 expression in the Xenopus ciliated epithelium impairs 
mucociliary clearance and ciliary beating. To address the morphological phenotypes of AK7 
depletion on cilia, we performed both confocal and scanning electron microscopy (SEM) imaging. 
We performed IF on ST28 embryos using anti-acetylated tubulin antibodies to visualize cilia 
(Figure 3A). In control embryos MCCs display an average of 150-200 cilia. Given the difficulty in 
precisely counting cilia number in single MCCs, we quantified the gross amount of cilia per cell 
by dividing cells in three categories: cells with more than 50 cilia (corresponding to what is 
expected in wildtype conditions), cells with 10 to 50 cilia, and cells with less than 10 cilia. In our 
control conditions, almost all MCCs had more than 50 cilia (96.3% in gRNAs and 100% in Cas9, 
Figure 3C). Noticeably, in AK7 Crispant MCCs, we observed no MCCs with more than 50 cilia, 
while 55% of cells had less than 10 cilia, and the remaining 45% had 10 to 50 cilia (Figures 3A 
and 3C). These defects in cilia number are also observable in SEM images of ST28 embryos 
(Figure 3B and Figure S2B).  Furthermore, we measured the length of cilia using our side view 
imaging of cilia beating and found that cilia length decreased from ~ 15 mm in controls animals 
to 11mm in AK7 Crispants (Figure 3D and S2A). While significant, this analysis selected for only 
motile cilia and thus likely represents an underestimation of the overall effect on ciliary length. 
These results are consistent with the effects observed in SEM images (Figure 3B and 
Supplementary Figure S2B). Importantly, we can rescue the ciliary length and number defects by 
overexpressing full length AK7 (Figure 3C-D). These results suggest that in addition to the defects 
in cilia motility reported above, AK7 deficient cells also display a significant impairment in ciliary 
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biogenesis and morphology. This defect in ciliogenesis is an important component to the overall 
loss of ciliary clearance and flow.   
 
Apical docking of centrioles is defective in AK7-depleted MCCs 
 
Cilia are anchored to the apical surface of MCCs through 150-200 evenly spaced centrioles or 
basal bodies (Brooks and Wallingford, 2014). A decrease in the number of motile cilia could result 
from multiple underlying defects. To further dissect this phenotype, we performed an analysis of 
basal body position to determine if a defect in basal body docking was potentially driving the loss 
of cilia. Basal bodies are generated during a process known as centriolar biogenesis, which 
occurs close to the nucleus well below the apical surface. During MCC maturation, centrioles 
migrate apically and dock with the apical surface prior to initiating ciliogenesis (Klos Dehring et 
al., 2013, Zhang and Mitchell, 2015). We observed that in AK7 Crispant MCCs a considerable 
amount of centrioles fail to dock apically (Figure 4A, side projections). We further quantified the 
number of MCCs that showed sub-apical centrioles (defined as centrioles not in contact with the 
apical actin network). In control conditions, the occurrence of failed apical docking was negligible 
(4.65%in Cas9, and 7.5%in the gRNAs), indicating that these MCCs display a normal population 
of apically docked centrioles (Figure 4B). However, in the AK7 Crispant embryos, 46% of cells 
had some failed docking events, meaning that around half of the MCCs displayed some impaired 
centriolar maturation (Figure 4A-B). Our results suggest that failed centriole maturation and 
docking are contributing factors to the ciliogenesis defects, but also suggests that there are likely 
other contributing factors which combine to account for the significant loss of cilia in AK7 
Crispants.  
 
AK7 is an important regulator of centriole number 
 
We next assessed the relationship between AK7 and centriole number and found that cells 
overexpressing (OE) AK7 had a considerable increase in centriole number.  Control MCCs 
contained 181 +/- 32 centrioles whereas in cells OE AK7 there were 234 +/- 32 (p < 0.0001, 
Figure 5 A-B). Importantly, MCCs are known to have the ability to scale their apical area in relation 
to the centriole number such that they have larger apical surfaces when there are more basal 
bodies docked and smaller apical surfaces when less basal bodies are present (Kulkarni et al., 
2021).  We found that while controls cells had an average apical area of 219 +/- 52 m2, AK7 OE 
cells were significantly larger with an average size of 291+/- 50 m2 (p < 0.0001, Figure 5A, C). 
Consistent with these results when we calculated the Pearson correlation coefficient, we found 
similar correlations of r(35)=0.73 for control and r(35)=0.66 for AK7 OE and similar regression 
values (R2 value of 0.43 for control and 0.54 for AK7 OE, Figure 5D). Finally, we assessed overall 
centriole spacing by calculating the coefficient of variation of the distance between neighboring 
centrioles as a factor of increasing centriole number (between 2-10) and found similar variations 
between the two populations indicating that not only is cell size scaling with centriole number, but 
the organization of those centrioles is properly maintained (Figure S3).          
 
Given the loss of cilia in the AK7 Crispant embryos, we next set out to characterize centriole 
number in AK7 Crispant MCCs. Control embryos injected with the centriolar marker Sas6-RFP, 
marking centrioles, together with either Cas9 alone or gRNAs alone had 171 +/- 22 and 163 +/- 
26 centrioles respectively, which is consistent with previous reports for wild type embryos (Figure 
4C) (Kim et al., 2021, Werner et al., 2011). In contrast, AK7 Crispants had a significant decrease 
in centriole number to 88 +/- 35, which could be rescued back to 154 +/- 26 with the addition of 
AK7-GFP mRNA  (Figure 4C). Given the cell size and centriole number scaling mentioned above, 
we expected that AK7 Crispant MCCs would have significantly smaller apical areas given the 
decrease in centriole number. Surprisingly, the apical surface of AK7-depleted MCCs was not 
significantly different among all the conditions tested (Figure 4D). Consistent with these results 
we found that the correlation between apical area and centriole number was considerably lower 
in AK7 Cripants (r(41)=53  with an R2 = 0.19) compared to controls (Cas9 r(43)=0.76 with an R2 
= 0.58, gRNA r(39)=0.74 with an R2 = 0.54 and rescue r(26)= 0.76 with an R2 = 0.58; Figure 4E). 
Interestingly, we also observed the spacing of centrioles to be abnormal in AK7 Crispants. The 
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coefficient of variation was similar between wild type, Cas9, gRNA and AK7 for each number of 
nearest neighbors analyzed, whereas the variation was increased in AK7KO cells (Figure S3A-
B). Taken together, our results suggests that AK7 has a so far uncharacterized role in regulating 
proper centriole number and organization, which could be a critical feature underlying the loss of 
mucociliary clearance.  
 
Primary ciliary dyskinesia (PCD) is a condition characterized by impaired mucociliary clearance 
creating a broad range of symptoms such as respiratory dysfunction and infertility (Horani and 
Ferkol, 2021). To date, there are a diverse set of genes that are causative for PCD, and most of 
them result in immotile cilia. AK7 has been implicated in PCD (Fernandez-Gonzalez et al., 2009), 
but the underlying mechanistic defects have been unclear. In this study, we have identified a 
complex combination of phenotypes that implicate AK7 in multiple steps in proper MCC 
development. First, AK7 appears to be an important regulator of centriole numbers with OE 
leading to more centrioles and depletion leading to less centrioles. Importantly, AK7 KO cells fail 
to properly coordinate cell size to centriole number and have an increased variation in nearest 
neighbor distance suggesting that AK7 could play an important role coupling cell size to centriole 
biogenesis. Additionally, the centrioles that are generated in the KO embryos often fail to migrate 
apically and dock with the apical membrane. Interestingly, while AK7 localizes to cilia in a DPY30-
dependent manner, several of its key functions occur before cilia formation (e.g. centriole number 
and docking) suggesting that while cilia localization may be important for some functions, AK7 
has non ciliary roles as well. We propose that the combination of centriolar defects underlie the 
observed decrease in normal cilia number. Furthermore, when centrioles do manage to properly 
dock and generate a cilium, those cilia do not beat at normal frequency. Ultimately, in AK7 KO 
embryos the combination of a diverse range of phenotypes present as a loss of mucociliary flow 
that is indicative of PCD.  
 
 

Methods  
All experiments in Xenopus embryos were performed utilizing previously described methods 
(Werner and Mitchell, 2013). Embryos were obtained via in vitro fertilization utilizing standard 
protocols approved by the Northwestern University Institutional Animal Care and Use Committee 
(Sive et al., 1998, Sive et al., 2007, Sive et al., 2010).   

Plasmids and mRNAs: AK7 of Xenopus laevis was amplified with PCR and cloned into pCS2+ 
vector containing N-terminal GFP with Enzyme/Enzyme. ∆DPY-30 was amplified with PCR and 
cloned into pCS2+ containing N-terminal GFP with BamHI/Xba.  SAS6 was amplified with PCR 
and cloned into pCS2+ containing N-terminal RFP with Enzyme/Enzyme. AK7-GFP, ∆DPY30-
GFP, and Sas6-RFP vectors were linearized with NotI and mRNA synthetized using the Sp6 
mMessage Machine Kit (Life Technologies, AM1320). Embryos were injected with mRNA at 2 or 
4 cells stages with 200 – 800 pg per embryo.   

CRISPR: Embryos were injected at the 1 cell stage for the CRISPR-mediated DNA editing. 
Embryos were injected with 500 to 750 pg of Cas9, with 500-750 pg of gRNAs (Synthego Inc), 
or with a combination of 500 pg of Cas9 protein and 500 pg of gRNAs for the AK7 KO 
condition. Single gRNAs were designed using CHOPCHOP (Labun et al., 2021).  Two gRNAs 
were used in concert to increase the likelihood of editing. The following guides were used: AK7 
Exon 1 (- strand, TTCCTGTGAATGAATCTATCTGG) and AK7 Exon 4 (+ strand, 
CCGAAGCAAACCTATTGATCCG).   
 
Immunofluorescence:  Embryos were fixed at stage 28 with 4% PFA/PBS, blocked in 10% heat-
inactivated goat serum, and primary and secondary antibody dilutions were prepared in 5% goat 
serum. Mouse anti-acetylated a-tubulin (T7451; Sigma-Aldrich) was used at 1:500 and rabbit 
anti-AK7 (A14600; AB Clonal) was used at 1:100. Cy-3-, Cy-5-conjugated goat anti-rabbit or goat 
anti-mouse, respectively, were used at 1:750 dilution. Phalloidin 405 (A30104 , Invitrogen, 1:100) 
staining was used to visualize actin.  
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Microscopy and analysis: Confocal imaging was performed on a Nikon A1R laser scanning 
confocal microscope using a 60X Plan-Apo objective (1.4 N.A.) Live imaging of cilia beating was 
performed using light microscopy on the Nikon Ti2 microscope using a 100X Plan-Apo objective 
(1.35 N.A.).  To measure centriole number, apical area, sub-apical centrioles and cilia number, 
images were analyzed manually using Nikon NIS elements software. Ciliary beating frequency 
was analyzed with kymographs drawn on the apical-most side of cilia, over 1 second of 
movement (all the movies were performed at >300fps).  The coefficient of variation analysis of 
centriole nearest neighbor distance was performed using Python script available at Github.   
 
Fluid flow measurement: Cilia-driven fluid flow was measured as previously described utilizing a 
Leica M165 FC dissecting microscope connected to the Casio Exilim 60fps mounted digital 
camera (Werner and Mitchell, 2013). Fluid flow velocity was calculated by determining the 
displacement of individual fluorescent microspheres (F8836, Invitrogen Inc.) over the surface of 
the embryos using a particle tracking software on Fiji (Schindelin et al., 2012).   
 
Statistical analysis:  Normality was assayed in all data sets before any statistical analysis, 
through KS test, histograms and boxplot inspections. When normality was violated, non-
parametric tests were used. For all histograms, bars represent the mean and error bars indicate 
the minimum and maximum values in the datasets. For all statistical analyses, *p < 0.05, ** p < 
0.01, *** p < 0.001, and  **** p < 0.0001.  
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Figure Legends: 

Figure 1.  Localization of AK7 to cilia.  (A) Schematic representing MCC development 
illustrating the processes of centriole biogenesis, apical docking and MCC’s apical area 
expansion and ciliogenesis. (B) Representative image of AK7 ciliary localization in MCC stained 
with anti-AK7 (magenta and white) and anti-acetylated tubulin (cyan and white) antibodies 
together with phalloidin (green).  (C) Representative image of a MCC from an embryo injected 
with AK7-GFP (magenta, white) and stained with anti-acetylated tubulin (cyan, white) antibody 
together with phalloidin (green). (D) Representative image of a MCC from an embryo injected 
with AK7DPY30-GFP (magenta, white) and stained with anti-acetylated tubulin (cyan, white) 
antibody together with phalloidin (green).  Scale bars are 5 m.  

Figure 2.  AK7 deletion causes an impairment of fluid flow and ciliary function. (A) 
Representative images of MCCs stained with anti-AK7 (magenta, white) and anti-acetylated 
tubulin (cyan) antibodies together with phalloidin (green) showing strong ciliary staining in 
controls (Cas9 alone or gRNA alone) that is missing in AK7 KO cells (Cas9 + gRNAs). Scale is 5 
m. (B) Quantification of mucociliary flow using the displacement of fluorescent beads in embryos 
injected with Cas9 alone (n = 3 embryos, 6 flow measurements), gRNA alone (n = 3 embryos 7 
flow measurements), Cas9 + gRNA (AK7 KO; n = 2 embryos, 8 flow measurements), or Cas9 + 
gRNA + AK7-GFP mRNA (Rescue; n = 3 embryos 21 flow measurements).  (C) Quantification of 
ciliary beat frequency in Cas9 alone (n = 3 embryos, 14 cells), gRNA alone (n = 3 embryos, 24 
cells), Cas9 + gRNA (AK7 KO; n = 5 embryos, 13 cells), or Cas9 + gRNA + AK7-GFP mRNA 
(Rescue; n = 4 embryos, 15 cells). (D) Representative kymographs of 1 second from our high-
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speed movies used to quantify beat frequency (See Supplemental Movies 1-4). Graphs in B and 
C are box and whisker plots where the error bars represent the min and max values. 

Figure 3: AK7 deletion causes ciliogenesis defects. (A) Representative images of control 
(Cas9 and gRNA), AK7 KO and Rescue cells stained with anti-acetylated tubulin (magenta), AK7-
GFP (cyan) and phalloidin (green). (B) Representative SEM images of control (Cas9 alone) and 
AK7 KO embryos. Scale in (A) and (B) is 5 m. (C) Binned quantification of cilia number scoring 
cells as having > 50, 10-50 or < 10 cilia from embryos injected with Cas9 alone (n = 5 embryos, 
26 cells), gRNA alone (n = 7 embryos, 28 cells), AK7 KO (n = 5 embryos, 20 cells), and Rescue 
(n = 7 embryos, 26 cells). (D) Quantification of cilia length taken from side projection movies of 
cilia beating (n = 6 embryos, 42 cilia (Cas9), 6 embryos, 35 cilia (gRNA), 6 embryos, 24 cilia (AK7 
KO) and 6 embryos 33 cilia (Rescue); See Figure 2B and Supp Movies 1-4).  *** is < 0.0001. 
Graph in D is a box and whisker plot where the error bars represent the min and max values. 

Figure 4: AK7 deletion causes defects in centriole biogenesis and docking. (A) 
Representative images of MCCs injected with Sas6-RFP (magenta) of Cas9 alone, gRNA alone 
or AK7 KO stained with phalloidin (green) along with side projections (lower panels).  Scale is 5 
m.  (B-E) Quantification of the percentage of cells with centrioles that have failed to dock (B), 
total centriole number (C), total apical surface area (D) and the correlation between centriole 
number and cell size (E) in Cas9 (n = 9 embryos, 43 cells), gRNA (n = 11 embryos, 40 cells), AK7 
KO (n = 10 embryos, 41 cells) and Rescue cells (n = 8 embryos, 25 cells).  *** is < 0.0001 and 
n.s. is not significant. Graphs in C and D are box and whisker plots where the error bars represent 
the min and max values. 

Figure 5: AK7 overexpression increases centriole number and cell size. (A)  Representative 
images of embryos injected with Sas6-RFP (control, magenta and white) alone or together with 
AK7-GFP (AK7 OE; cyan) with phalloidin (green).  Scale bar is 5 m.  (B-D) Quantification of total 
centriole number (B), total apical cell area (C), and the correlation between centriole number and 
cell size (D) in control (n = 3 embryos, 35 cells) or in AK7 OE cells (n = 4 embryos, 35 cells).  *** 
is < 0.0001. Graphs in B and C are box and whisker plots where the error bars represent the min 
and max values. 

Supplemental Figure 1.  Editing capacity of AK7 via CRISPR/Cas9. (A) Schematic 
representation of guide RNA locations at the start of Exon1 and Exon4 together with the targeted 
sequences. (B) In vitro cleavage assay in which AK7 DNA was incubated for 1 Hr at 37º C either 
alone, with both guide RNAs and Cas9 protein, with the guide RNAs, or with Cas9 protein, 
indicating that editing only occurs in the presence of both guide RNAs and Cas9 protein. 

Supplemental Figure 2.  AK7 deletion affects cilia length. (A) Representative still images from 
high-speed movies of cilia beating (See Supplemental movies 1-4) with several cilia pseudo 
colored in white and labeled with their measured length. (B) Representative SEM images of Cas9 
and AK7 KO cells showing the ciliogenesis defects in AK7 KO cells.  Scale bar is 5 m.  

Supplemental Figure 3. AK7 KO but not AK7 OE affects centriole spacing. (A-B) 
Computational analysis of the coefficient of variation for the distance between centrioles as a 
factor of the number of nearest neighbors analyzed.  The variation is similar between control (n 
= 8 cells) and AK7 OE cells (n = 11 cells; (A)) whereas the variation is consistently higher in AK7 
KO cells (n = 9 cells) compared to Cas9 (n = 8 cells) or gRNAs (n = 9 cells; (B)).   

Supplemental Movie 1-4.  Cilia motility quantification.  Representative two second long 
movies of cilia beating that were used to generate kymographs for quantification (See Figure 2C-
D) of Cas9 alone (Movie S1), gRNA (Movie S2), Ak7 KO (Movie S3) and Rescue cells (Movie 
S4).       

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 25, 2023. ; https://doi.org/10.1101/2023.07.25.550535doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.25.550535
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

References:   

AMIRAV, I., WALLMEIER, J., LOGES, N. T., MENCHEN, T., PENNEKAMP, P., MUSSAFFI, H., ABITBUL, 
R., AVITAL, A., BENTUR, L., DOUGHERTY, G. W., NAEL, E., LAVIE, M., OLBRICH, H., 
WERNER, C., KINTNER, C., OMRAN, H. & ISRAELI, P. C. D. C. I. 2016. SystemaƟc Analysis 
of CCNO Variants in a Defined PopulaƟon: ImplicaƟons for Clinical Phenotype and 
DifferenƟal Diagnosis. Hum Mutat, 37, 396‐405. 

ANVARIAN, Z., MYKYTYN, K., MUKHOPADHYAY, S., PEDERSEN, L. B. & CHRISTENSEN, S. T. 2019. 
Cellular signalling by primary cilia in development, organ funcƟon and disease. Nat Rev 
Nephrol, 15, 199‐219. 

BHATTACHARYA, D., MARFO, C. A., LI, D., LANE, M. & KHOKHA, M. K. 2015. CRISPR/Cas9: An 
inexpensive, efficient loss of funcƟon tool to screen human disease genes in Xenopus. 
Dev Biol, 408, 196‐204. 

BOON, M., WALLMEIER, J., MA, L., LOGES, N. T., JASPERS, M., OLBRICH, H., DOUGHERTY, G. W., 
RAIDT, J., WERNER, C., AMIRAV, I., HEVRONI, A., ABITBUL, R., AVITAL, A., SOFERMAN, R., 
WESSELS, M., O'CALLAGHAN, C., CHUNG, E. M., RUTMAN, A., HIRST, R. A., MOYA, E., 
MITCHISON, H. M., VAN DAELE, S., DE BOECK, K., JORISSEN, M., KINTNER, C., CUPPENS, 
H. & OMRAN, H. 2014. MCIDAS mutaƟons result in a mucociliary clearance disorder 
with reduced generaƟon of mulƟple moƟle cilia. Nat Commun, 5, 4418. 

BOUTIN, C. & KODJABACHIAN, L. 2019. Biology of mulƟciliated cells. Curr Opin Genet Dev, 56, 1‐
7. 

BROOKS, E. R. & WALLINGFORD, J. B. 2014. MulƟciliated cells. Curr Biol, 24, R973‐82. 
BUSH, A. 2000. Primary ciliary dyskinesia. Acta Otorhinolaryngol Belg, 54, 317‐24. 
BUSTAMANTE‐MARIN, X. M. & OSTROWSKI, L. E. 2017. Cilia and Mucociliary Clearance. Cold 

Spring Harb Perspect Biol, 9. 
BUSTAMANTE‐MARIN, X. M., YIN, W. N., SEARS, P. R., WERNER, M. E., BROTSLAW, E. J., 

MITCHELL, B. J., JANIA, C. M., ZEMAN, K. L., ROGERS, T. D., HERRING, L. E., REFABERT, L., 
THOMAS, L., AMSELEM, S., ESCUDIER, E., LEGENDRE, M., GRUBB, B. R., KNOWLES, M. R., 
ZARIWALA, M. A. & OSTROWSKI, L. E. 2019. Lack of GAS2L2 Causes PCD by Impairing 
Cilia OrientaƟon and Mucociliary Clearance. Am J Hum Genet, 104, 229‐245. 

DZEJA, P. & TERZIC, A. 2009. Adenylate kinase and AMP signaling networks: metabolic 
monitoring, signal communicaƟon and body energy sensing. Int J Mol Sci, 10, 1729‐72. 

FERNANDEZ‐GONZALEZ, A., KOUREMBANAS, S., WYATT, T. A. & MITSIALIS, S. A. 2009. MutaƟon 
of murine adenylate kinase 7 underlies a primary ciliary dyskinesia phenotype. Am J 
Respir Cell Mol Biol, 40, 305‐13. 

GOPAL, R., FOSTER, K. W. & YANG, P. 2012. The DPY‐30 domain and its flanking sequence 
mediate the assembly and modulaƟon of flagellar radial spoke complexes. Mol Cell Biol, 
32, 4012‐24. 

GOUTAKI, M. & SHOEMARK, A. 2022. Diagnosis of Primary Ciliary Dyskinesia. Clin Chest Med, 
43, 127‐140. 

HORANI, A. & FERKOL, T. W. 2021. Understanding Primary Ciliary Dyskinesia and Other 
Ciliopathies. J Pediatr, 230, 15‐22 e1. 

KIM, S. K., BROTSLAW, E., THOME, V., MITCHELL, J., VENTRELLA, R., COLLINS, C. & MITCHELL, B. 
2021. A role for Cep70 in centriole amplificaƟon in mulƟciliated cells. Dev Biol, 471, 10‐
17. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 25, 2023. ; https://doi.org/10.1101/2023.07.25.550535doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.25.550535
http://creativecommons.org/licenses/by-nc-nd/4.0/


KINDERMAN, F. S., KIM, C., VON DAAKE, S., MA, Y., PHAM, B. Q., SPRAGGON, G., XUONG, N. H., 
JENNINGS, P. A. & TAYLOR, S. S. 2006. A dynamic mechanism for AKAP binding to RII 
isoforms of cAMP‐dependent protein kinase. Mol Cell, 24, 397‐408. 

KLOS DEHRING, D. A., VLADAR, E. K., WERNER, M. E., MITCHELL, J. W., HWANG, P. & MITCHELL, 
B. J. 2013. Deuterosome‐mediated centriole biogenesis. Dev Cell, 27, 103‐12. 

KULKARNI, S., MARQUEZ, J., DATE, P., VENTRELLA, R., MITCHELL, B. J. & KHOKHA, M. K. 2021. 
Mechanical stretch scales centriole number to apical area via Piezo1 in mulƟciliated 
cells. Elife, 10. 

LABUN, K., KRAUSE, M., TORRES CLEUREN, Y. & VALEN, E. 2021. CRISPR Genome EdiƟng Made 
Easy Through the CHOPCHOP Website. Curr Protoc, 1, e46. 

LEGENDRE, M., ZARAGOSI, L. E. & MITCHISON, H. M. 2021. MoƟle cilia and airway disease. 
Semin Cell Dev Biol, 110, 19‐33. 

LORES, P., COUTTON, C., EL KHOURI, E., STOUVENEL, L., GIVELET, M., THOMAS, L., RODE, B., 
SCHMITT, A., LOUIS, B., SAKHELI, Z., CHAUDHRY, M., FERNANDEZ‐GONZALES, A., 
MITSIALIS, A., DACHEUX, D., WOLF, J. P., PAPON, J. F., GACON, G., ESCUDIER, E., 
ARNOULT, C., BONHIVERS, M., SAVINOV, S. N., AMSELEM, S., RAY, P. F., DULIOUST, E. & 
TOURE, A. 2018. Homozygous missense mutaƟon L673P in adenylate kinase 7 (AK7) 
leads to primary male inferƟlity and mulƟple morphological anomalies of the flagella 
but not to primary ciliary dyskinesia. Hum Mol Genet, 27, 1196‐1211. 

LUCAS, J. S., DAVIS, S. D., OMRAN, H. & SHOEMARK, A. 2020. Primary ciliary dyskinesia in the 
genomics age. Lancet Respir Med, 8, 202‐216. 

MATA, M., LLUCH‐ESTELLES, J., ARMENGOT, M., SARRION, I., CARDA, C. & CORTIJO, J. 2012. New 
adenylate kinase 7 (AK7) mutaƟon in primary ciliary dyskinesia. Am J Rhinol Allergy, 26, 
260‐4. 

MCCAFFERTY, C. L., PAPOULAS, O., LEE, C., BUI, K. H., TAYLOR, D. W., MARCOTTE, E. M. & 
WALLINGFORD, J. B. 2023. An amino acid‐resoluƟon interactome for moƟle cilia 
illuminates the structure and funcƟon of ciliopathy protein complexes. bioRxiv, 
2023.07.09.548259. 

MEUNIER, A. & AZIMZADEH, J. 2016. MulƟciliated Cells in Animals. Cold Spring Harb Perspect 
Biol, 8. 

MILARA, J., ARMENGOT, M., MATA, M., MORCILLO, E. J. & CORTIJO, J. 2010. Role of adenylate 
kinase type 7 expression on cilia moƟlity: possible link in primary ciliary dyskinesia. Am J 
Rhinol Allergy, 24, 181‐5. 

OTOKAWA, M. 1974. Adenylate kinase acƟvity. In ciliary axonemes isolated from Tetrahymena 
pyriformis. J Biochem, 76, 335‐40. 

PAN, J., YOU, Y., HUANG, T. & BRODY, S. L. 2007. RhoA‐mediated apical acƟn enrichment is 
required for ciliogenesis and promoted by Foxj1. J Cell Sci, 120, 1868‐76. 

REITER, J. F. & LEROUX, M. R. 2017. Genes and molecular pathways underpinning ciliopathies. 
Nat Rev Mol Cell Biol, 18, 533‐547. 

SCHINDELIN, J., ARGANDA‐CARRERAS, I., FRISE, E., KAYNIG, V., LONGAIR, M., PIETZSCH, T., 
PREIBISCH, S., RUEDEN, C., SAALFELD, S., SCHMID, B., TINEVEZ, J. Y., WHITE, D. J., 
HARTENSTEIN, V., ELICEIRI, K., TOMANCAK, P. & CARDONA, A. 2012. Fiji: an open‐source 
plaƞorm for biological‐image analysis. Nat Methods, 9, 676‐82. 

SIVE, H. L., GRAINGER, R. M. & HARLAND, R. M. 1998. The early development of Xenopus laevis:  
A laboratory manual, Plainview, New York, Cold Spring Harbor Laboratories. 

SIVE, H. L., GRAINGER, R. M. & HARLAND, R. M. 2007. Xenopus laevis In Vitro FerƟlizaƟon and 
Natural MaƟng Methods. CSH Protoc, 2007, pdb prot4737. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 25, 2023. ; https://doi.org/10.1101/2023.07.25.550535doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.25.550535
http://creativecommons.org/licenses/by-nc-nd/4.0/


SIVE, H. L., GRAINGER, R. M. & HARLAND, R. M. 2010. MicroinjecƟon of Xenopus oocytes. Cold 
Spring Harb Protoc, 2010, pdb prot5536. 

SPASSKY, N. & MEUNIER, A. 2017. The development and funcƟons of mulƟciliated epithelia. Nat 
Rev Mol Cell Biol, 18, 423‐436. 

STUBBS, J. L., OISHI, I., IZPISUA BELMONTE, J. C. & KINTNER, C. 2008. The forkhead protein 
Foxj1 specifies node‐like cilia in Xenopus and zebrafish embryos. Nat Genet, 40, 1454‐
60. 

STUBBS, J. L., VLADAR, E. K., AXELROD, J. D. & KINTNER, C. 2012. MulƟcilin promotes centriole 
assembly and ciliogenesis during mulƟciliate cell differenƟaƟon. Nat Cell Biol, 14, 140‐7. 

WALLMEIER, J., AL‐MUTAIRI, D. A., CHEN, C. T., LOGES, N. T., PENNEKAMP, P., MENCHEN, T., MA, 
L., SHAMSELDIN, H. E., OLBRICH, H., DOUGHERTY, G. W., WERNER, C., ALSABAH, B. H., 
KOHLER, G., JASPERS, M., BOON, M., GRIESE, M., SCHMITT‐GROHE, S., ZIMMERMANN, 
T., KOERNER‐RETTBERG, C., HORAK, E., KINTNER, C., ALKURAYA, F. S. & OMRAN, H. 2014. 
MutaƟons in CCNO result in congenital mucociliary clearance disorder with reduced 
generaƟon of mulƟple moƟle cilia. Nat Genet, 46, 646‐51. 

WERNER, M. E., HWANG, P., HUISMAN, F., TABOREK, P., YU, C. C. & MITCHELL, B. J. 2011. AcƟn 
and microtubules drive differenƟal aspects of planar cell polarity in mulƟciliated cells. J 
Cell Biol, 195, 19‐26. 

WERNER, M. E. & MITCHELL, B. J. 2013. Using Xenopus Skin to Study Cilia Development and 
FuncƟon. In: MARSHALL, W. F. (ed.) Methods in Enzymology, Volume 525: Cilia, Part B. 

WIEDENHEFT, B., STERNBERG, S. H. & DOUDNA, J. A. 2012. RNA‐guided geneƟc silencing 
systems in bacteria and archaea. Nature, 482, 331‐8. 

YU, X., NG, C. P., HABACHER, H. & ROY, S. 2008. Foxj1 transcripƟon factors are master regulators 
of the moƟle ciliogenic program. Nat Genet, 40, 1445‐53. 

ZARIWALA, M. A., KNOWLES, M. R. & LEIGH, M. W. 2019. Primary Ciliary Dyskinesia. In: ADAM, 
M. P., MIRZAA, G. M., PAGON, R. A., WALLACE, S. E., BEAN, L. J. H., GRIPP, K. W. & 
AMEMIYA, A. (eds.) GeneReviews((R)). SeaƩle (WA). 

ZHANG, S. & MITCHELL, B. J. 2015. Basal bodies in Xenopus. Cilia, 5, 2. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 25, 2023. ; https://doi.org/10.1101/2023.07.25.550535doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.25.550535
http://creativecommons.org/licenses/by-nc-nd/4.0/


AK7 Ab

AK7 Ab

Phalloidin Acet Tub

AK7-GFP

AK7DPY30-GFP

B

AK7-GFP

Phalloidin Acet Tub

C

AK7DPY30-GFP

Phalloidin Acet Tub

D

A

Developmental Time

 Centriole 

biogenesis

Apical docking

    size scaling

Ciliogenesis      Polarization 

 and  maturation

T
o

p
 V

ie
w

S
id

e
 V

ie
w

Acet Tub

Acet Tub

Acet Tub

Basal
bodies

Cilia

Nucleus

Figure 1.  Localization of AK7 to cilia.  (A) Schematic representing MCC development illustrat-
ing the processes of centriole biogenesis, apical docking and MCC’s apical area expansion and 
ciliogenesis. (B) Representative image of AK7 ciliary localization in MCC stained with anti-AK7 
(magenta and white) and anti-acetylated tubulin (cyan and white) antibodies together with phalloi-
din (green).  (C) Representative image of a MCC from an embryo injected with AK7-GFP (magen-
ta, white) and stained with anti-acetylated tubulin (cyan, white) antibody together with phalloidin 
(green). (D) Representative image of a MCC from an embryo injected with AK7DPY30-GFP 
(magenta, white) and stained with anti-acetylated tubulin (cyan, white) antibody together with 
phalloidin (green).  Scale bars are 5 m. 
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Figure 2.  AK7 deletion causes an impairment of fluid flow and ciliary function. (A) Representative 
images of MCCs stained with anti-AK7 (magenta, white) and anti-acetylated tubulin (cyan) antibodies 
together with phalloidin (green) showing strong ciliary staining in controls (Cas9 alone or gRNA alone) that 
is missing in AK7 KO cells (Cas9 + gRNAs). Scale is 5 m. (B) Quantification of mucociliary flow using the 
displacement of fluorescent beads in embryos injected with Cas9 alone (n = 3 embryos, 6 flow measure-
ments), gRNA alone (n = 3 embryos 7 flow measurements), Cas9 + gRNA (AK7 KO; n = 2 embryos, 8 flow 
measurements), or Cas9 + gRNA + AK7-GFP mRNA (rescue; n = 3 embryos 21 flow measurements).  
(B-C) Quantification of ciliary beat frequency in Cas9 alone (n = 3 embryos, 14 cells), gRNA alone (n = 3 
embryos, 24 cells), Cas9 + gRNA (AK7 KO; n = 5 embryos, 13 cells), or Cas9 + gRNA + AK7-GFP mRNA 
(rescue; n = 4 embryos, 15 cells). (C) Representative kymographs of 1 second from our high-speed 
movies used to quantify beat frequency (See Supplemental Movies 1-4). Graphs are box and whisker 
plots where the error bars represent the min and max values. 
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Figure 3: AK7 deletion causes ciliogenesis defects. (A) Representative images of control (Cas9 
and gRNA), AK7 KO and Rescue cells stained with anti-acetylated tubulin and (magenta) and phalloi-
din (green). (B) Representative SEM images of control (Cas9 alone) and AK7 KO embryos. Scale in 
(A) and (B) is 5 m. (C) Binned quantification of cilia number scoring cells as having > 50, 10-50 or < 
10 cilia from embryos injected with Cas9 alone (n = 5 embryos, 26 cells), gRNA alone (n = 7 embryos, 
28 cells), AK7 KO (n = 5 embryos, 20 cells), and rescue (n = 7 embryos, 26 cells). (D) Quantification 
of cilia length taken from side projection movies of cilia beating (n = 6 embryos, 42 cilia (Cas9), 6 
embryos, 35 cilia (gRNA), 6 embryos, 24 cilia (AK7 KO) and 6 embryos 33 cilia (rescue); See Figure 
2B and Supp Movies 1-4).  *** is < 0.0001. Graph in D is a box and whisker plot where the error bars 
represent the min and max values. 
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Figure 4: AK7 deletion causes defects in centriole biogenesis and docking. (A) Representative 
images of MCCs injected with Sas6-RFP (magenta) and Cas9 alone, gRNA alone or AK7 KO stained with 
phalloidin (green) along with side projections (lower panels). Scale is 5 m.  (B-E) Quantification of: the 
percentage of cells with centrioles that have failed to dock (B), total centriole number (C), total apical 
surface area (D) and the correlation between centriole number and cell size (E) in Cas9 (n = 9 embryos, 
43 cells), gRNA (n = 11 embryos, 40 cells), AK7 KO (n = 10 embryos, 41 cells) and Rescue (n = 8 embryos, 
25 cells).  *** is < 0.0001 and n.s. is not significant. Graphs in C and D are box and whisker plots where 
the error bars represent the min and max values. 
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Figure 5: AK7 overexpression increases centriole number and cell size. (A)  Representative 
images of embryos injected with Sas6-RFP (control, magenta and white) alone or together with 
AK7-GFP (AK7 OE; cyan) with phalloidin (green).  Scale bar is 5 m.  (B-D) Quantification of total cen-
triole number (B), total apical cell area (C), and the correlation between centriole number and cell size 
(D) in control (n = 3 embryos, 35 cells) or in AK7 OE cells (n = 4 embryos, 35 cells).  *** is < 0.0001. 
Graphs in B and C are box and whisker plots where the error bars represent the min and max values. 
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Supplemental FIgure 1.  Editing capacity of AK7 via CRISPR/Cas9.  (A) Schematic 
represenation of guide RNA locations at the start of Exon1 and Exon4 together with the 
targeted sequences.  (B) In vitro cleavage assay in which AK7 DNA was incubated for 1 Hr 
at 37º C either alone, with both guide RNAS and Cas9 protein, with the guide RNAs, or with 
Cas9 protein, indicting that editing only occures in the presense of both guide RNAs and 
Cas9 protein.  
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Supplemental Figure 2.  AK7 deletion affects cilia length. (A) 
Representative still images from high-speed movies of cilia beating 
(See Supplemental movies 1-4) with several cilia pseudo colored in 
white and labeled with their measured length. (B) Representative 
SEM images of Cas9 and AK7 KO cells showing the ciliogenesis 
defects in AK7 KO cells.  Scale bar is 5 m. 
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Supplemental Figure 3. AK7 KO but not AK7 OE affects centriole spacing. (A-B) 
Computational analysis of the coefficient of variation for the distance between centrioles 
as a factor of the number of nearest neighbors analyzed. The variation is similar 
between control (n = 8 cells) and AK7 OE cells (n = 11 cells; (A)) whereas the variation 
is consistently higher in AK7 KO cells (n = 9 cells) compared to Cas9 (n = 8 cells) or 
gRNAs (n = 9 cells; (B)). 
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