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SUMMARY

Proper centrosome number and function relies on the accurate assembly of centrioles, barrel-

shaped structures that form the core duplicating elements of the organelle. Growth of centrioles 

is regulated in a cell cycle-dependent manner; while new daughter centrioles elongate during 

S/G2/M-phase, mature mother centrioles maintain their length throughout the cell cycle. Centriole 

length is controlled by synchronized growth of the microtubules that ensheath the centriole 

barrel. Although proteins exist that target the growing distal tips of centrioles, such as CP110 

and Cep97, these proteins are generally thought to suppress centriolar microtubule growth, 

suggesting that distal tips may also contain unidentified counteracting factors that facilitate 

microtubule polymerization. Currently, a mechanistic understanding of how distal tip proteins 

balance microtubule growth and shrinkage to either promote daughter centriole elongation or 

maintain centriole length is lacking. Using a proximity-labeling screen in Drosophila cells, we 

identified Cep104 as a novel component of a group of evolutionarily conserved proteins that 

we collectively refer to as the Distal Tip Complex (DTC). We found that Cep104 regulates 

centriole growth and promotes centriole elongation through its microtubule-binding TOG domain. 
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Furthermore, analysis of Cep104 null flies revealed that Cep104 and Cep97 cooperate during 

spermiogenesis to align spermatids and coordinate individualization. Lastly, we mapped the 

complete DTC interactome and show that Cep97 is the central scaffolding unit required to recruit 

DTC components to the distal tip of centrioles.

eTOC Blurb

Ryniawec et al. investigate distal tip proteins that regulate centriole length. They find that Cep104 

is a novel component that binds microtubules and promotes centriole elongation. Double mutation 

of Cep104 and Cep97 reveals unique roles for these proteins during Drosophila spermiogenesis. 

These findings provide insight into centriole assembly.
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INTRODUCTION

Centrosomes are cytoplasmic organelles that function as the major microtubule-organizing 

center of the cell and are used to construct various microtubule-based structures, such 

as mitotic spindles and cilia1,2. The centrosome is built around a pair of centrioles, barrel-

shaped organelles composed of singlet, doublet, or triplet microtubules arranged in nine-fold 

radial symmetry1,2. While length of the centriole barrel can be highly variable between 

different cell-types within the same organism (ranging from ~0.18 μm in Drosophila 
embryos to ~1 μm in spermatocytes), centriole length is tightly regulated and consistent 

among cells of the same cell-type3. Controlling centriole length is critical, as the centriole’s 

structure tunes the microtubule nucleation capacity of centrosomes and restricts centriole 

duplication to once per cell cycle, ensuring tight control of centrosome number4–6. However, 

mechanisms that define centriole length and regulate centriole elongation are poorly 

understood.

Centriole duplication begins during S-phase with the formation of a ‘procentriole’, a central 

cartwheel composed of Sas6 oligomers surrounded by nine triplet microtubules, near the 

surface of an existing mother centriole1,2,7. Procentrioles appear orthogonal to the proximal 

end of the mother centriole and are arranged such that the centriolar microtubule plus-(+) 

ends reside at the distal tip of the centriole1,2,7,8. During the elongation phase, net centriole 

growth is slow and processive, with the microtubules growing collectively and elongating 

the centriole barrel, and, although not as dramatic as cytoplasmic microtubules, centriole 

microtubules appear to be dynamic even within a mother centriole that has reached its 

terminal length7–12.

Three evolutionarily conserved proteins localize to the distal tip of centrioles and control 

centriole length: Klp10a, Cep97, and CP11010,13–16. These components collaborate to 

promote the elongation of new daughter centrioles during G2/M-phase, while maintaining 

the length and planarity of the distal surface of mother centrioles throughout the cell 

cycle. Drosophila Klp10a (and human Kif24) are members of the kinesin-13 subfamily 
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of microtubule-depolymerases that prevent centriole over-elongation (or ciliogenesis, in 

the case of Kif24), reinforcing previous findings that centriolar microtubules are a key 

determinant of overall centriole length4,10,17. Cep97 and CP110 are well-established distal 

tip markers; Cep97 directly binds and recruits CP110 to centrioles and are generally thought 

to antagonize proteins that promote centriole elongation13,14,16,18,19. However, mutation 

of either Drosophila Cep97 or CP110 show opposite effects on centriole length when 

comparing different mutant tissues, suggesting that their activities are more intricate14,16. 

For example, centrioles in Cep97 null spermatocytes are longer than normal, but shorter 

in Cep97 or CP110 null mutant wing discs16. Moreover, Cep97 and CP110 suppress 

ciliogenesis by preventing growth of axonemal microtubules from the distal end of the 

centriole18–21. Thus, Cep97 and CP110 may suppress the elongation or shortening of 

centrioles in a cell-type specific manner and likely exert their effects at the plus-ends 

of centriolar microtubules. In addition to their effects on length of the centriole barrel, 

depletion or mutation of either Cep97, CP110, or Klp10a cause spurious growth of 

long individual microtubules that extend from the centriole distal tip in non-ciliated 

cells10,15,17,22.

These results have led to a model where Cep97 and CP110 form a “protective cap” at the 

distal tip to suppress centriolar microtubule growth but is porous enough to allow Klp10a 

limited access to microtubule plus-ends10,13. How the activities of these seemingly negative 

growth regulators are coordinated to allow centriole elongation is still unclear. Here, we 

identify Cep104 as a new, functionally important member of a complex we call the Distal 

Tip Complex (DTC), whose components act in a coordinated manner to control centriole 

length. Specifically, Cep97 binds and recruits Cep104 to the distal tip to promote centriole 

elongation through its microtubule-binding Tumor-Overexpressed Gene (TOG) domain. 

This behavior is particularly apparent during spermatogenesis when Cep104 cooperates with 

Cep97 in producing functional sperm.

RESULTS

Drosophila CG10137 is a homolog of human Cep104

To identify new regulators of centriole length, we performed a BioID proximity-labeling 

screen in cultured Drosophila S2 cells using Cep97 tagged with the promiscuous biotin 

ligase, miniTurbo23,24. V5-Cep97-miniTurbo localized as one or two distinct spots at 

Pericentrin-like protein (Plp)-labeled centrioles and covalently tagged proteins in proximity 

to distal tips, as detected with fluorescently-tagged streptavidin (Figures S1A and S1B). By 

performing tandem mass spectrometry on streptavidin-bead pulldowns, we identified 262 

proteins enriched (and 22 unique) when compared to cytoplasmic miniTurbo expressing 

cells, including the structural centriole proteins Sas4 and Ana2 which likely appear near 

the distal tip during procentriole assembly (Data S1). As expected, Cep97 and CP110 were 

highly enriched, as was Klp10a, an established CP110-binding protein10 (Figure S1C). We 

also identified an uncharacterized gene, CG10137, encoding a homolog of human (Hs) 

Cep104. Notably, Cep104 is required for proper cilia formation and resides at the centriole 

distal tip in cycling human cells25,26. Alignment of homologs from a variety of species 

revealed high sequence similarity and a general similarity in functional domain composition 
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and arrangement, suggesting that Cep104 is an evolutionarily conserved protein. Drosophila 
(Dm) Cep104 contains an N-terminal Jelly Roll/IFT25/APC10-like domain, an adjacent 

coiled-coil, a microtubule- or tubulin-binding TOG domain, and a C-terminal zinc finger 

(Figures 1A, S2A, and S2B)25,27–29. Interestingly, DmCep104 lacks the C-terminal EB1-

binding SxIP motif found in its vertebrate homologs (Figure S2B), and live imaging of 

GFP-Cep104 in S2 cells revealed that it does not track on microtubule plus-ends with 

TagRFP-EB1, unlike HsCep104 (Figure S2C; Video S1)25,30.

DmCep104 is recruited to the distal tip of centrioles during procentriole assembly

Previous proteomic screening identified Cep104 as a constituent of human centrosomes 

and was later shown to directly bind both Cep97 and CP110 and co-localize with CP110 

at the distal tips of centrioles in human cells25,31,32. While Cep104 is known to regulate 

the architecture of microtubules at the tips of ciliary and flagellar axonemes33,34, it is 

unknown whether Cep104 affects microtubules at centriole distal tips and/or regulates 

centriole length. To examine whether the centriole distal tip is a conserved site of Cep104 

localization, we generated antibodies to all four centriole distal tip proteins (Cep97, CP110, 

Klp10a, and Cep104), and examined their distributions in S2 cells. Antibody specificity 

was validated using both immunoblotting and immunostaining in RNAi-treated S2 cells 

(Figures S3A–D and S3A’–C’). As expected, Cep97 and CP110 localized as spots at the 

distal tips of Plp-stained centrioles (Figures S3A and S3B); Plp marks the surface of mature 

mother centrioles but not newly assembled daughters. Klp10a also appeared on centrioles 

as distinct spots and globally decorated microtubules in a punctate pattern, however, its 

centriole localization was relatively weak and variable (Figure S3C). Antibodies against 

Cep104 failed to detect the endogenous protein by Western blotting or immunostaining 

but specifically recognized transgenic GFP-Cep104 (Figures S3D and S3E), suggesting 

that endogenous Cep104 is a low abundance protein, although still detectable by BioID. 

GFP-Cep104 localized as either one or two distinct spots on Plp or Asterless (Asl)-stained 

centrioles (Asl also exclusively coats the surface of mature centrioles) (Figures 1B and 

S3E). Using 3D-Structured Illumination Microscopy (3D-SIM), we found that GFP-Cep104 

co-localized with Cep97 and CP110 on centriole distal tips (Figures 1C and 1D).

Although Cep97 and CP110 appear sometime after procentriole assembly35,36, it is unclear 

when during a canonical cell cycle that distal tip proteins are first recruited to centrioles. 

Using Fly-FUCCI, a fluorescent cell cycle reporter37, we found that Cep97, CP110 and 

Cep104 all appear on procentrioles concurrently near the G1/S-phase transition as measured 

by their near complete shift from one to two centriole-associated spots between G1- 

and S-phases (Figure 1E)37. Similarly, when S-phase cells were identified using EdU 

incorporation, nearly all centrioles had duplicated and were associated with two distal 

tip spots (Figure 1F). The EdU-negative population consisted of both G1- and G2/M-

phase cells (roughly 1:1) with centrioles that had either one or two distal tip spots, as 

expected. We conclude that Cep97, CP110 and Cep104 are recruited to distal tips soon 

after procentriole initiation where they remain throughout the cell cycle. Additionally, the 

centriole localization patterns of Cep97-CP110-Cep104 can be used as reliable markers in 

determining cell cycle stage in proliferating fly cells.
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Cep104 promotes centriole elongation

Depletion of distal tip proteins triggers ciliogenesis in most model cell lines13,17–21,38–40. 

However, S2 cells do not form primary cilia and, therefore, offer an attractive system 

to study the functions of these proteins in regulating centriole length independent of 

ciliogenesis. Depletion of Cep97 or CP110 in S2 cells led to centriole shortening, 

and near elimination (Figure S3F), reportedly due to Klp10a-mediated microtubule 

depolymerization10. In contrast, centriole number increased after Klp10a depletion (Figure 

S3F), reportedly due to fragmentation of excessively elongated centrioles10,22. While we 

were unable to verify depletion of endogenous Cep104 by Western blot, we confirmed 

RNAi efficiency using RT-PCR, which eliminated the endogenous Cep104 mRNA (Figure 

2A, upper panel). Moreover, Cep104 RNAi eliminated transgenic Cep104-GFP (Figure 2A, 

lower panel). Unlike Cep97 or CP110, Cep104 depletion did not lead to centriole loss and, 

in fact, Cep97 was retained on centriole tips (Figures 2B). Therefore, we used 3D-SIM to 

measure the distance between the mother Cep97 spot and the procentriole’s Cep97 spot 

as a proxy for the length of centrioles (Figure 2C). Compared to centrioles in control 

cells, Cep104 depletion significantly decreased the distance between Cep97 spots (Figure 

2D and 2E). As a more direct measure of centriole length, we also immunostained cells 

for Spd2 which labels the microtubule wall of the mother centriole barrel10, appearing 

as parallel stripes in longitudinal section (Figure 2F). Restricting length measurements to 

those centriole pairs strictly oriented in longitudinal configuration also showed that the 

distance between Cep97 spots decreased in Cep104-depleted cells (Figures 2G and 2H). 

Likewise, longitudinal measurements of Spd2 length showed a significant shortening in 

mother centriole length in Cep104-depleted cells (Figure 2I), validating the use of Cep97 

spots as a proxy for centriole length.

To test Cep104’s role in centriole growth in vivo, we generated cep104 null flies using 

CRISPR/Cas9 genome editing which was confirmed by PCR (Figure 2J). As in S2 cells, 

Cep97 was present on centrioles in cep104 null somatic cells of the third instar larval wing 

disc (Figure 2K). However, centriole lengths within these mutant cells were unchanged 

compared to wild-type controls (Figures 2L and 2M). Thus, our findings suggest that 

Cep104 is required for proper centriole growth in some, but not all somatic cells, and 

acts through a mechanism distinct from Cep97 and CP110 as evident by their phenotypic 

differences.

Cep104 promotes centriole elongation through its microtubule-binding TOG domain

We next sought to understand how Cep104 promotes centriole growth. Since Cep104 

contains a microtubule-binding TOG domain, we hypothesized that Cep104 increases 

centriole length by promoting centriolar microtubule growth25,28,29. Accordingly, Cep104 

overexpression may produce abnormally long centrioles that fragment, resulting in apparent 

centriole amplification as observed with Klp10a depletion (Figure S3F)10. Therefore, we 

overexpressed GFP-tagged Cep104 and measured centriole numbers as a readout for 

centriole over-elongation. Notably, Cep104-GFP overexpression produced supernumerary 

centrioles (Figure 3A) and increased centriole length compared to controls (Figures 3B 

and C). While we interpret centriole amplification to be the result of fragmentation, we do 

not directly test this and cannot exclude alternative causes. Interestingly, overexpression of 
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N-terminally tagged GFP-Cep104 did not result in centriole amplification, indicating that N-

terminal tagging of Cep104 interferes with its function but not its localization (Figure 3A). 

We also observed an abnormal accumulation and extension of Plp on daughter centrioles, 

suggesting an increase in their length as well as premature Plp recruitment (Figure 3D). 

Additionally, wing disc cells overexpressing Cep104-GFP showed centriole elongation 

(Figures 3E and 3F). This contrasts with work in human cells where overexpression of 

Cep104 does not alter centriole length; however, the Cep104 constructs in that study were 

N-terminally tagged and thus potentially inactive25.

Since Cep104 alters microtubule geometry at the tips of flagella and cilia by binding 

axonemal microtubules through its TOG domain, and HsCep104’s TOG domain can 

polymerize microtubules in vitro25,27–29,33,34, we tested whether a similar mechanism 

promotes centriole elongation. Key residues within the TOG Heat Repeats A, B, and 

E were mutated to negatively charged residues (F477E, A531E, V532D, and R667E; 

called TOGmut) to disrupt Cep104 binding to microtubules27–29, 41. Purified Cep104 

TOGmut showed a markedly decreased ability to co-sediment with taxol-stabilized 

microtubules compared to WT TOG (Figure 3G). Furthermore, when Cep104-GFP was 

highly overexpressed in S2 cells, it decorated the interphase microtubule array in addition 

to centrioles (Figure 3H, left). In contrast, Cep104-TOGmut-GFP did not, and instead 

formed cytoplasmic puncta (Figure 3H, right). Although Cep104-TOGmut-GFP localized 

to centriole distal tips, it was unable to produce overly long centrioles compared to its wild-

type counterpart (Figure 3I–K). Thus, our results indicate that Cep104 promotes centriole 

elongation by binding to, and stabilizing, the distal tips of centriolar microtubules.

Cep104 and Cep97 display independent, synergistic functions during spermiogenesis

Removal of centriole distal tip proteins is an early prerequisite step for vertebrate 

ciliogenesis18. However, a recent study of cep97 null mutant flies found structural defects 

in both mechanosensory cilia and spermatid flagella, revealing an unexpected requirement 

for Cep97 in forming these organelles16. Unlike Cep97 or CP110, Cep104 redistributes 

to the tips of cilia (and flagella) where it regulates axonemal microtubule morphology 

and function26,29,33,34. Cep104 depletion results in shorter primary cilia in human RPE-1 

cells, and mutations in Cep104 are linked to ciliopathies, such as Joubert Syndrome29,42,43. 

Because the role of Drosophila Cep104 in ciliogenesis was unknown when we initiated our 

study, we examined the effects of centriole distal tip proteins on spermatid production, a 

model system for the formation of flagella44. Although cep104 null mutants were viable and 

fertile, males were less fertile than wild-type (y,w) flies, a trend we also observed in cep97 
mutants (Figure 4A). Strikingly, cep104 cep97 double mutant males were nearly sterile 

(Figure 4A), indicating a functional synergy between these proteins which was reflected 

in the pronounced diminutive size of the sperm-storing seminal vesicles in double mutant 

males (Figures 4B and 4C)45,46.

To determine the cause of males sterility in cep104 cep97 double mutants, we analyzed 

post-meiotic spermatid development. During spermiogenesis, the 64 spermatid nuclei and 

their attached basal bodies share a common cyst and become aligned44. Single cep104 or 

cep97 null mutants each showed a small degree of misalignment of spermatid heads, but 
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cep104 cep97 double mutant testes exhibited almost half the expected number of aligned 

nuclei, with additional misplaced DNA aggregates spread throughout the length of the testes 

(Figures 4D, S4A, S4D, and S4E). While the origins of these DNA aggregates are unknown, 

mispositioned sperm may die, leaving behind aggregates that contain both nuclear and 

mitochondrial DNA. Additionally, the distal tips of spermatid axonemes were poorly aligned 

in all mutant genotypes, but most severely in cep104 cep97 mutants where axonemes 

appeared tangled (Figure 4E).

We next inspected the individualization complexes (IC) that separate the sperm and 

ensheathes them in membrane47. ICs are clusters of 64 actin cones that travel together 

from the basal bodies along the axonemes to mediate their sperm-separating function47,48. 

Unlike the mild phenotypes seen in the individual mutants, ICs were severely disorganized 

in cep104 cep97 double mutants, with actin cones facing opposite directions and separated 

from each other (Figures 4F and S4F). Cysts of spermatids undergoing individualization can 

be labelled with Cleaved Caspase 3 (CC3) and the loss of Waste Bags and Cystic Bulges 

(consequences of efficient sperm individualization) further support the observation that 

sperm individualization is perturbed in double mutants (Figures S4B, S4C and S4G)45,48. 

Taken together, our findings suggest that Cep104 and Cep97 contribute to spermiogenesis 

through independent, but synergistic mechanisms, to align axonemes and facilitate sperm 

individualization (Figure S4H).

We also measured the lengths of giant centrioles in spermatocytes (meiosis II) to 

determine if the cep104 cep97 synergistic phenotypes manifest prior to spermiogenesis. 

In spermatocytes, centrioles are converted into basal bodies, producing short primary cilia 

that persist throughout division49. Therefore, we used Asl-staining to measure centriole 

length because Asl does not label axonemes. Centrioles were approximately 15% longer 

in both the cep104 and cep97 single mutants (as previously reported for a cep97 deletion 

mutant)16. Although double mutant centrioles were no longer than in the single cep97 
mutant, centrioles were longer compared to the cep104 mutants (Figure 4G). Given these 

results, it is possible that length defects incurred on basal bodies contribute to the subsequent 

synergistic effects of the double mutant on post-meiotic spermatid maturation. Furthermore, 

our findings indicate that length control is different when centrioles are associated with 

cilia; centrioles were longer in cep104 null mutant spermatocytes, unlike non-ciliated S2 and 

wing disc cells (Figure 2). Regardless, Cep104’s ability to induce centriole over-elongation 

may be ubiquitous. To test this, we overexpressed Cep104-GFP in the testes and measured 

centriole length in spermatocytes (Figure 4H). We found that centrioles were 5% longer in 

Cep104-GFP expressing spermatocytes (but, interestingly, not as long as in cep104 deletion 

mutants). Thus, Cep104 can promote centriole elongation in cells regardless of ciliary status.

Lastly, we tested whether Cep104 might be involved in the formation or function of non-

motile cilia, such as in ciliated mechanosenory neurons. Loss of mechanosensory function 

manifests as an uncoordinated phenotype and can be assessed using a climbing assay. We 

found that neither cep104 or cep97 null mutants showed a locomotion phenotype (Figure 

S5B). However, a cep104 cep97 double mutant took more than twice the amount of time to 

a climb a set distance (Figure S5A), suggesting that, similar to their role in spermiogenesis, 

Cep104 and Cep97 act synergistically in the proper function of mechanosensory cilia.
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Cep97 and Cep104 localize to distinct microtubule structures within spermatids

To identify possible explanations for the synergistic phenotypes we observed during sperm 

production in the cep104 cep97 double mutant flies, we next examined the localization 

of Cep104 and Cep97 GFP fusion proteins expressed in testes. Interestingly, we found 

examples of distinct as well as overlapping localization patterns for Cep104 and Cep97. 

During spermatid maturation, Cep104-GFP (but not Cep97-GFP) decorated the dense 

complex, a microtubule-based structure associated with the basal body that lines the 

elongated nuclei within the spermatid head, analogous to the manchette in mammalian 

sperm (Figure 5A)50–52. Conversely, we confirmed that Cep97-GFP localized to axonemes 

ahead of the migrating ICs, as previously described16, but Cep104-GFP was noticeably 

absent (Figure 5B). However, Cep97-GFP and Cep104-GFP co-localized in two regions: the 

distal tips of elongated centrioles in pre-meiotic spermatocytes, which assemble immotile 

cilia (Figure 5C), and the distal tips of axonemes at sperm tails (Figure 5D)16. Within 

the sperm tail, axonemes are separated from the distal membrane-compartmentalized short 

cilium (ciliary cap) by a gating structure called the ring centriole, identified by expression 

of Unc53,54. We found that Cep104-GFP localized proximal to the ring centriole (marked 

by Unc-RFP) and not within the short cilium (Figure S5B). Surprisingly, while Cep97 

localized exclusively at the distal tips of pre-meiotic spermatocyte centrioles, Cep104-GFP 

also localized along the entire centriole (Figure 5C). (This pattern differs from a recent study 

showing that Cep104-GFP was restricted to centriole distal tips in spermatocytes55).

Since null mutations in either cep104 or cep97 cause disorganization of axonemes in 

maturing spermatids and Cep97 functions as a recruitment factor for its interacting partner 

CP11016,18,36, we asked whether Cep104’s localization within ciliated germline cells was 

dependent upon Cep97. In cep97 null mutant flies, Cep104-GFP was no longer present 

on axonemal tips within spermatid tails (Figure 5E), nor was it found at the distal 

tips of spermatocyte centrioles (Figure 5F). However, in two regions where Cep97 is 

normally not found -- the dense complex and along the spermatocyte centrioles -- Cep104-

GFP localization was unperturbed (Figures 5F and 5G). Altogether, our findings suggest 

that Cep104 and Cep97 function within distinct regions of spermatids to complete their 

individualization. At spermatid tails, Cep104 localization is dependent on Cep97 where 

they may cooperate in axoneme alignment or growth. However, within spermatids, Cep104 

and Cep97 localize independently to the dense complex and IC, respectively, and likely 

play different roles in axoneme alignment and individualization, potentially explaining their 

synergistic functional relationship (Figure S4H).

Cep97 acts as a platform to recruit proteins to the distal tip of centrioles – collectively 
referred to as the Distal Tip Complex (DTC)

Since Cep97 recruits Cep104 to the distal tips of spermatocyte centrioles and maturing 

spermatid axonemes in vivo, we next tested whether Cep97 functions as a central scaffold 

for proteins that target the distal tip of centrioles in non-ciliated somatic cells. Using 

RNAi in S2 cells, we depleted Klp10a, Cep97 or CP110 and assessed the localization of 

Cep104-GFP (Figure 6A). Cep104-GFP localized to the tips of centrioles in CP110-depleted 

cells and overly long centrioles in Klp10a-depleted cells but was not detected on centrioles 

after Cep97-depletion (Figure 6A). (Although either Cep97 or CP110 RNAi resulted in 
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centriole loss, some centrioles were found in these cultures despite the lack of new centriole 

biogenesis.) Likewise, Cep104-GFP localization to centrioles in cep97 null mutant wing 

disc cells was significantly decreased; although these centrioles were shorter in length, 

they generally maintained their structure16 (Figures 6B and 6C). These results and the 

well-established observation that Cep97 recruits CP110 to centriole distal tips support the 

idea that Cep97 is an assembly scaffold18,21,36.

We next tested for potential functional interactions between Cep104 and the other three 

distal tip proteins. Using centriole number as a readout for distal tip protein function, we 

found that co-depletion of Cep104 did not modify the centriole phenotypes of Klp10a, 

Cep97, or CP110 RNAi cells (Figures S3F and 6D). However, Cep104-GFP overexpression 

had an additive effect with Klp10a RNAi by significantly increasing the percentage of cells 

with >2 centrioles (Figure 6E), similar to overexpression of MAST/Orbit (a TOG-domain 

containing protein) in Klp10a-depleted spermatocytes22. These findings suggest that Cep104 

opposes Klp10a’s function in microtubule depolymerization.

Lastly, we mapped the interaction sites between centriole distal tip proteins using GFP 

immunoprecipitation of transgenic proteins expressed in S2 cells. Co-expression of V5-

tagged Cep104 with one of ten different GFP-tagged centriole proteins (including the long 

or short isoform of CP11014) revealed that Cep104 bound only Cep97 and itself (Figure 7A, 

lanes 8 and 11, S6B and S6C), indicating that Cep97 is the sole centriole recruitment factor 

for Cep104.

The regions of Cep104 and Cep97 required for binding were identified by co-

immunoprecipitation experiments in cells expressing a series of Cep104 and Cep97 

truncation/deletion constructs (Figures 7B and S6A) in cells that had been depleted of the 

relevant endogenous proteins by UTR-targeted dsRNA (Figure S3A–C). We found that both 

the Cep104 N-terminal Jelly Roll (JR) and adjacent coiled coil (CC) bind Cep97 (Figure 

7C). To more precisely map this interaction, we expressed a new series of C-terminal 

truncations in Cep104 that ended at the JR domain (Figure 7D). Our immunoprecipitations 

showed that, as additional Cep104 sequence was appended to the JR domain, Cep97 binding 

increased, reaching maximal binding with a construct containing amino acids 1–453 (Figure 

7E). We believe these data demonstrate that Cep104 binds Cep97 along a large binding 

surface. Reciprocal experiments mapped the Cep104-binding site in Cep97 to a large central 

and C-terminal segment (F2 and F3; Figures S6A and S6D). Furthermore, deletion of either 

the Cep97-binding JR or CC domains significantly reduced GFP-Cep104’s centriole distal 

tip localization, as demonstrated by the decrease in centrioles with two associated spots of 

Cep104 (Figure 7F). In summary, Cep97 recruits Cep104 to centriole distal tips through 

interactions involving large interfaces of their C- and N-terminal regions, respectively.

All interaction sites between Cep104, Cep97, CP110 and Klp10a were mapped by 

immunoprecipitation (Figures S6 and S7). Notable findings include: (1) Cep104 self-

interacts through JR-JR and CC-CC binding (Figures S6E), (2) Cep97 fragment-3 (aa 

514–806) binds CP110 fragment-1 (aa 1–325) (Figures S6F and S6G)18,56, (3) CP110-F1 

interacts with Klp10a N-terminus (aa 1–204) (Figures S7A–D)10, and (4) Klp10a self-

interacts through its Motor-domain and C-terminus (aa 279–805) (Figures S7E). Taken 
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together, our results suggest that Cep104-Cep97-CP110-Klp10a form a complex that we 

refer to as the Distal Tip Complex (DTC) with Cep97 acting as the foundational unit (Figure 

7G). While our fly DTC interactome generally agrees with previous findings, a few key 

differences exist compared to their human homologs: (1) fly Cep104 JR can self-associate, 

(2) unlike HsCep104, fly Cep104 does not interact with CP11027–29, and (3) Klp10a’s self-

interaction is not restricted to its C-terminus, as found for the human kinesin-13, MCAK57.

DISCUSSION

Here, we describe a new component of the centriole length regulating Distal Tip Complex 

(DTC) in Drosophila, CG10137/Cep104. Cep104 is recruited to the distal tip of centrioles 

by Cep97, and its microtubule-binding TOG domain promotes centriole elongation. While 

Cep104 is required for proper centriole growth in S2 cells, it is dispensable for centriole 

growth in wing disc cells, highlighting the variation in centriole length control even among 

different somatic cell-types. Similar variation is observed with other distal tip proteins. For 

example, centrioles are absent in CP110-depleted S2 cells (Figure S3B and S3F)10, but 

either shorter or unchanged in cp110 mutant wing disc cells14,16. We propose that Cep104 

is a microtubule polymerase within the DTC that promotes distal centriole growth. While 

Cep104 overexpression promotes centriole over-elongation in Drosophila, both non-ciliated 

(S2 and wing disc cells) and ciliated (spermatocyte) cells, Cep104 does not have this effect 

in human cells25. Possibly, additional regulatory mechanisms evolved in humans that prevent 

spurious growth, such as the LID domain within the PN2/3 region of CPAP/HsSas4, or the 

EB1-binding motif in HsCep104 that may shuttle excess Cep104 away from centrosomes 

– neither of which exist in DmSas4 or DmCep10411,25. Moreover, the tendency of some 

human cells to undergo ciliogenesis when the DTC is perturbed may mask the effects of 

HsCep104 overexpression11,18,25. Regardless, we also found that overexpressing Cep104 

with an N-terminal tag prevented it from inducing centriole over-elongation, and previous 

studies with HsCep104 used N-terminal tags25.

Our in vivo analyses of male cep104 null mutant flies showed reduced fertility, longer 

centrioles within meiotic spermatocytes, misalignment of spermatid axonemes and defects 

in sperm individualization. Many of these phenotypes synergized with loss of Cep97 to 

produce enhanced defects during spermiogenesis, including sterility, suggesting that they 

either work in different pathways or function redundantly in the same pathway. Regarding 

the function of the sperm individualization complex (IC), it is worth noting that ICs begin 

near the nucleus and continue along the spermatid axoneme47. Previous genetic studies 

suggest that assembly of the IC is sensitive to nuclear shape, basal body attachment 

to the nucleus, and recruitment of F-actin to the dense complex58–61. Furthermore, 

synchronous movement of the IC maintains the proper orientation of actin cones during 

individualization62,63. Together, Cep97 and Cep104 knockouts result in dramatic axoneme 

disorganization. We propose that failure to individualize arises initially from dysregulated 

growth of spermatid axonemes, resulting in spatial disorganization of nuclei and ICs.

cep97 cep104 double mutants were uncoordinated, suggesting that these proteins also act 

synergistically for normal formation or function of mechanosensory cilia. While preparing 

our manuscript, Drosophila Cep104 was identified in an RNAi screen for genes associated 
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with cilium assembly or motility, and its tissue specific depletion produced an uncoordinated 

phenotype55. Further analysis revealed that distal axonemes in cep104 mutant chordotonal 

neurons were shorter than controls and contained displaced microtubule doublets55. In 

contrast, cep97 null sensory neurons contain basal bodies but frequently lack cilia16. While 

it remains unclear why the cep97 and cep104 single mutants used in our study show normal 

locomotion, the structural differences observed in sensory cilia between the individual cep97 
and cep104 mutants may explain their functional synergy.

An outstanding question in the field is how DTC proteins collaborate to regulate centriole 

elongation and maintain length of mature centrioles. Centriole growth is characterized 

by stabilization of the microtubules that line centrioles64–68. In cells overexpressing 

microtubule-stabilizing proteins, like CPAP/Sas4, the microtubules grow asynchronously 

and, consequently, centriole distal ends appear distorted4,6,11,13,14,64,65. Although most DTC 

subunits are thought to either promote centriole shortening (Klp10a) or cap centrioles to 

prevent elongation and shortening (Cep97-CP110), the DTC is present at distal tips during 

times of growth. Because loss of DTC subunits results in individual microtubules extending 

from centriole distal tips, we propose that the DTC ensures that elongation is coordinated 

among the nine bundles of microtubules.

While we show that Cep104 can promote microtubule polymerization at the distal tip, 

we hypothesize it may possess additional functions. During periods when centriole length 

remains stable, Cep104 may restrict access of other microtubule polymerases to the 

distal tip, such as Sas4/CPAP or CLASP (MAST/Orbit)11,70, thus enforcing centriole 

length stability and explaining how DTC loss leads to growth of centrioles in Drosophila 
spermatocytes. Likely, coordinated activity of the four DTC subunits with Sas4/CPAP is 

temporally regulated to accomplish proper length control. By characterizing Cep104 and 

mapping the DTC interactome, we have taken the first steps into identifying how these 

proteins cooperate to regulate centriole length throughout the cell cycle. However, additional 

studies are required to fully understand DTC regulation and how mis-regulation promotes 

centriole over-elongation and the resultant centriole amplification observed in cancer cells6.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Gregory Rogers 

(gcrogers@arizona.edu)

Materials Availability—Fly strains, plasmids, cell lines, and antibodies generated in this 

study are available upon request from the Lead Contact.

Data and Code Availability

• The published article includes all datasets generated or analyzed during this 

study and will be shared by the lead contact upon request.

• This paper does not report original code.
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• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster stocks and husbandry—All strains used are listed in 

the Key Resource Table. Fly stocks were maintained on Bloomington Recipe Fly Food 

(LabExpress). Crosses were performed at 25°C. The following fly strains were used in this 

study: y,w (gift from Mark Peifer, University of North Carolina, Chapel Hill), cep97Δ 16, 

ubi::Cep97-GFP56, ubi::CP110-GFP53, cep104Δ (this study), and ubi::Cep104-GFP (this 

study). Transgenic flies were generated using standard P-element transformation (Bestgene, 

Inc.). cep104Δ null mutant flies were generated by CRISPR-mediated genome editing.

Cell culture—Drosophila S2 cells (Invitrogen) were cultured in Sf-900II SFM media (Life 

Technologies) as previously described71. dsRNA and DNA plasmids were transfected into 

S2 cells by nucleofection as previously described72. For immunoprecipitation assays, RNAi 

was performed for 8 days; 40 μg double-stranded (ds) RNA was transfected on day 0 and 

day 4 and 2 μg of DNA was transfected on Day 4, concurrent with dsRNA transfection. 

For immunofluorescence microscopy and preparation of whole cell lysates for Western 

blotting, RNAi was performed for 12 days; cells were transfected with 40 μg dsRNA on 

days 0, 4, and 8. 2 μg of DNA was transfected on days 4 and 8, concurrent with dsRNA 

transfection. For all experiments, gene expression was induced with 0.2–1 mM CuSO4 on 

Day 5 and cells were maintained in CuSO4 throughout the remainder of the experiment. 

Control dsRNA was generated as previously described72. dsRNA targeting Klp10a UTR, 

CP110 UTR, and Cep104 UTR were synthesized from PCR product of 3’ UTR sequences 

of cDNAs fused to the T7 RNA polymerase promoter sequence: 5’-TAATACGACTCACTA. 

dsRNAs targeting Cep97 was synthesized from the PCR product of the T7 RNA polymerase 

promoter sequence fused to 5’–3’ UTR fusion constructs in which the Cep97 coding 

region was deleted from the cDNA by mutagenesis. dsRNA for all Cep104 constructs was 

synthesized from cDNA coding region. In vitro dsRNA synthesis was prepared as previously 

described72. Stable Fly-FUCCI (Addgene) S2 cells were selected with 2 μg/ml neomycin 

G418 (Thermo Fisher Scientific).

METHODS DETAILS

Bacterial expression, protein purification, and antibody generation—Expression 

and purification of recombinant protein was performed as previously described73. Briefly, 

transformed BL21(DE3)pLysS (Promega Corp) grown to log phase were induced with 0.4 

mM IPTG then temperature shifted from 25°C to 14°C and incubated overnight. Cells 

were then lysed and incubated with the appropriate resin: MBP-tagged proteins with 

amylose resin (New England Biolabs), GST-tagged proteins with glutathione resin (Gold 

Biotechnology), and His6-tagged proteins with HisPur™ Ni-NTA resin (Thermo Fisher 

Scientific). Resin was washed by gravity flow, eluted, and the eluate dialyzed into PBS. For 

antibody production, proteins were conjugated to KLH and injected into either 2 chicken 

(His6-Cep97 514–806), 3 rats (MBP-Klp10a 1–201), 2 guinea pigs (MBP-CP110 326–549), 

or 2 rabbits (GST-Cep104 730–941) by Pocono Rabbit Farm and Labs. Antibodies were then 

affinity-purified by incubating antisera with GST-tagged versions of each protein fragment 
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conjugated to Affi-gel 10 resin (Bio-Rad), washed in Phosphate Buffered Saline (PBS), and 

eluted with low 0.2 MTris-Glycine buffer, pH 2.7 into 1/5th volume of neutralizing buffer 

(1 M Tris, pH8). Cep97 antibodies were further absorbed against BL21(DE3)pLysS lysate 

conjugated to Affi-gel 10 resin and flow-through was collected.

RT-PCR—S2 cells were treated with dsRNA for 12 days. RNA was extracted according to 

Qiagen RNeasy Mini Kit (Qiagen, #75144) protocol and treated with RNase-Free DNase 

to remove any genomic contamination (Qiagen, #79254). Concentration and purity were 

determined using a BioDrop Duo Spectrophotometer (Biochrom, UK). RT-PCR was then 

performed according to the SuperScript III One-Step system protocol (Invitrogen, #12574–

018). 5 ng of total RNA was used per reaction. Reverse transcription was carried out at 

55C, then 40 PCR cycles were performed on the resultant cDNA using gene-specific primers 

with an annealing temperature of 62C. Total reactions were run on an agarose gel for 

analysis. Primers used: Cep104-For (5′-CTTCCCATCCTGGTCTTCGG-3′), Cep104-Rev: 

(5′-CTTGCGGTCCAGATCCAACT-3′), Rp49-For (5′-AT CCGCCCAGCATACAGG-3′), 
and Rp49-Rev (5′-CTCGTTCTCTTGAGAACGCAG-3′).

Immunoblotting—Cells were lysed in Lysis Buffer (50 mM Tris-HCl, pH 7.2, 150 

mM NaCl, 0.5% Triton X-100, 1 mM DTT, and 0.1 mM PMSF), concentrations were 

determined by Bradford protein assay (BioRad), followed by addition of Laemmli sample 

buffer. Extracts were boiled for 5 min and stored at −20°C. Samples of equal total protein 

were resolved by SDS-PAGE, transferred onto nitrocellulose (GE Healthcare), probed with 

primary and secondary antibodies, and scanned on a LiCor Odyssey CLx imager (Li-Cor 

Biosciences). Primary antibodies used for Western blotting include rat anti-Klp10a (this 

study, 1:1000), guinea pig anti-CP110 (this study, 1:1000), chicken anti-Cep97 (this study, 

1:1000), rabbit anti-Cep104 (this study, 1:1000), mouse anti-V5 monoclonal (Thermo Fisher 

Scientific, 1:3000), mouse anti-GFP monoclonal JL8 (Thermo Fisher Scientific, 1:3000), 

and mouse anti-α-tubulin monoclonal DM1A (Thermo Fisher Scientific, 1:3000) or 488-

conjugated streptavidin. Antibodies were diluted in Western blocking buffer (5% milk in 

PBS, 0.1% Tween-20). Host animal specific IRDye 800CW secondary antibodies (Li-Cor 

Biosciences) were prepared according to the manufacturer’s instructions and used at 1:3000 

dilution.

Immunofluorescence microscopy

S2 cells:  Cells were spread on concanavalin A-coated glass bottom plates/coverslips and 

fixed in ice cold methanol for 15 minutes or 10% paraformaldehyde in HL3 (5 mM 

HEPES, pH 7.2, 5 mM trehalose, 10 mM NaHCO3, 70 mM NaCl, 5 mM KCl, 20 mM 

MgCl2, 115 mM sucrose) + 1 mM EGTA for 12 minutes. Cells were washed with PBS, 

0.1% Triton X-100 and blocked in IF blocking buffer (5% normal goat serum [NGS] in 

PBS, 0.1% Triton X-100) for 30 minutes at room temperature. 488-conjugated streptavidin 

and primary antibodies were diluted in IF blocking buffer and slides were incubated 

overnight at 4°C. Antibodies were used at the following dilutions: rabbit anti-Plp (1:3000)74, 

rat anti-Klp10a (1:1000), guinea pig anti-CP110 (1:3000), chicken anti-Cep97 (1:5000), 

rabbit anti-Cep104 (1:1000), rat anti-Asl (1:1000)75, guinea pig anti-Spd-2 (1:500)77, or 

488-conjugated streptavidin. After 3 washes with PBS, 0.1% Triton X-100, cells were 
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incubated at room temperature with 3.2 μM Hoechst 33342 (Thermo Fisher Scientific) 

and secondary antibodies diluted in IF blocking buffer for 30 minutes: anti-host animal 

AlexaFluor 488 (Thermo Fisher Scientific, 1:1500), anti-host animal Rhodamine Red-X 

(Jackson Immunoresearch, 1:1500), and anti-host animal Cy5 (Jackson Immunoresearch 

1:1500). Slides were then washed 3 times with PBS, 0.1% Triton X-100 and mounted 

with homemade mounting medium (PBS, 90% glycerol, and 0.1 M propyl gallate) for 

deconvolution microscopy or Prolong Glass (Thermo Fisher Scientific) for slides for 3D-

SIM. Cells were cultured with 15 uM EdU for 20 minutes immediately prior to fixation with 

methanol. EdU was detected with the Click-iT EdU assay by conjugating AlexaFluor 647 

dye according to manufacturer’s protocol (Thermo Fisher Scientific).

Testes:  Testes were dissected from 1–2 day old male flies in PBS and fixed in 

4% formaldehyde for 20 minutes. Fixed testes were washed and blocked in PBS, 

0.5% TritonX-100 (PBST), 5% normal goat serum (NGS). Testes were then incubated 

in primary antibody overnight at 4°C. Primary antibodies used were as follows: anti-

Asterless (1:15,000), anti-Cleaved caspase 3 (Cell Signaling Technologies, 1:100), anti-poly-

glutamylated tubulin GT335 (Adipogen, 1:500). Testes were washed and then incubated 

in secondary antibody (1:500, Life Technologies) for 2hr at room temperature. Alexa 488-

conjugated Phalloidin staining was performed concurrently with the secondary antibody 

(Life Technologies, 1:1000 dilution).

Wing Discs:  Third instar larvae were selected, and wing discs were dissected in PBS. 

For Cep97 staining, wing discs were fixed in 4% formaldehyde for 10 minutes before 

being blocked for 1 hour in PBS, 1% Triton X-100, 5% NGS. Wing discs were then 

incubated in primary antibody for 90 minutes at room temperature. For all other wing disc 

immunofluorescence, the procedure was identical to that used for testes. Primary antibodies: 

Anti-Cep97 (1:500) and anti-Asterless (1:15000).

Microscopy—Deconvolution microscopy of S2 cells was performed on the DeltaVision 

Core system (GE Healthcare) equipped with an Olympus IX71 microscope, 100x objective 

(NA 1.4), and a CoolSnap HQ2 CCD camera (Photometrics). Images were acquired and 

processed with softWoRx v7.00 (GE Healthcare). Structured-illumination microscopy (3D-

SIM) of S2 cells was performed using a Zeiss ELYRA S1 (SR-SIM) microscope using solid-

state (405/488/561/642 nm) laser lines, a 63× objective (NA 1.4), 3 pattern rotations, and an 

EM-CCD camera (Andor iXon). Images were acquired with Zeiss ZEN Black 2.3 software 

followed by SIM reconstruction, channel alignment, and maximum intensity projection. 

Protein colocalization and centriole counts were determined manually from micrographs. S2 

cell centriole length measurements were performed in Fiji (ImageJ) and statistics and graphs 

were prepared in GraphPad Prism 8 (GraphPad). For measurements of centriole length using 

Spd2 (which specifically labels the barrel of the mother centriole) as well as their companion 

measurements of distance between Cep97 mother-daughter spots, these were restricted to 

centriole pairs where the mother centriole was viewed in transverse -- determined by two 

lines of Spd2 in 3D-SIM images. Length of Spd2 along the centriole barrel was measured by 

the full width at half maximum (FWHM) intensity in Fiji (ImageJ). The lengths for Spd2 on 

both sides of the mother centriole barrel were then averaged.
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Spinning disk confocal microscopy of tissue was performed using a Yokogawa CSU W-1 

spinning disk mounted on a Nikon Ti-2 eclipse stand. The microscope was equipped with 

a Prime BSI CMOS camera (Photometrics). A 20x Air (N.A., Nikon) or 100x Silicone 

immersion (N.A 1.4, Nikon) objective was used. Microscope control was performed through 

the Elements software package (Nikon). Individualization complex spread measurements – 

within one field of view (133.52×133.52μm) the distance was determined between the front 

of the furthest forward actin cone to the tail of the most rearward actin cone.

SIM of centrioles in wing disc was conducted using an OMX4 (GE healthcare) using 

immersion oil RI 1.514 and a 60× 1.42 N.A. oil immersion objective (Olympus). 3D 

SIM z-stacks were acquired with 0.125 μm increments and raw images were reconstructed 

using Softworx (Cytiva) using a wiener filter constant of 0.002–0.003. For centriole length 

measurements, images were cropped and subject to a 0.8 Gaussian filter. A line 5 px wide 

was then drawn through the center of the centriole and a line profile was plotted in ImageJ. 

Distance between the peaks and shoulders were then measured from the resulting plot. 

Shoulders were defined as half the maximum intensity of Cep97. For measurements of 

centriolar Cep104-GFP intensity, on a circular region of interest was drawn in the center of 

the Asterless (centriole) ring. The mean fluorescence intensity of that ROI was measured to 

determine Cep104-GFP levels.

For centriole imaging in spermatocytes, lattice SIM was performed using an Elyra7 (Zeiss) 

using immersion oil RI 1.518 (30°C) and a 63× 1.4 N.A. oil immersion objective (Zeiss). 

Lattice SIM z-stacks were acquired with 0.110 μm increments with 15 phases taken per 

z slice, raw images were reconstructed using Zen Black (Zeiss) using the Sim2 mode. 

Centriole images were cropped. A line approximately 300 nm wide was then drawn through 

the center of the centriole and a line profile was plotted in ImageJ. Length of the centriole as 

determined by the Asterless signal was then measured from the resulting plot.

BioID proximity labeling assay—Cells were transfected with the highly active 

biotin-ligase V5-tagged miniTurbo (containing a nuclear export signal [NES]) or V5-

Cep97-miniTurbo and induced for 24 hours prior to overnight treatment with 50 μM 

D-Biotin (Figure S1A). Western blotting was performed as described above, however, blots 

were washed with TBS-T (50 mM Tris pH 7.4, 125 mM NaCl, 0.1% Tween-20) and 

Streptavidin-800CW was diluted 1:1000 in TBS-T, 3% Milk, 0.02% SDS (Figure S1B). As 

previously published23, cells were then lysed in BioID lysis buffer (50 mM Tris-HCl, pH 

7.2, 500 mM NaCl, 0.5% Triton X-100, 1 mM EDTA) and excess biotin was removed with 

a polyacrylamide desalting column. Protein containing fraction were then mixed with 200 

ul streptavidin-coated Dynabeads and incubated at 4°C overnight. Beads were then washed 

with Wash 1 (BioID lysis buffer, 0.5% Triton X-100, 0.1% deoxycholic acid) and then Wash 

2 (50 mM Tris-HCl, pH7.2, 250 mM LiCl, 1 mM EDTA, 0.5% deoxycholic acid, 0.5% 

NP-40). Beads were extensively washed in 50 mM NH4HCO3 and resuspended in 100 ul of 

10 mM NH4HCO3.

Recovered product was then subjected to tandem mass spectrometry (MS/MS) to identify 

proteins (Figure S1C; Data S1). Normalized spectral abundance factors (NSAF) were 

analyzed as previously published on proteins with at least 2 unique peptides identified76. 
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Enrichment in the V5-Cep97-miniTurbo sample was determined by normalizing to NSAF 

counts from V5-miniTurbo-NES and enriched proteins were identified as having a score > 

1. MS/MS data we generated by the Taplin Mass Spectrometry Facility (Harvard Medical 

School) and deposited in the UCSD MassIVE Repsitory (MSV000092404).

DNA Constructs—To generate S2 cell expression constructs, full-length cDNAs Cep97 

(DGC EST library 1.0), CP110 (DGRC, RE58503), Klp10a (DGC EST library 1.0), 

and Cep104 (DGC EST library 1.0) were PCR amplified (Phusion polymerase, Thermo 

Fisher Scientific) and subcloned into the pMT/V5-HisC vector containing in-frame coding 

sequences for EGFP or V5 under the control of a metallothionein-inducible promoter. PCR-

based site-directed mutagenesis was used to make deletion mutants. To generate bacterial 

expression constructs, fragments of full-length cDNAs were PCR amplified and subcloned 

in-frame into pMal-c2x (MBP-tagged constructs), pGEX-6p2 (GST-tagged constructs), or 

pET28a (His6-tagged constructs).

CRISPR/Cas9 editing:  To generate the CRISPR deletion of Cep104 two guide RNAs 

(gRNA) and one homology donor construct were injected into embryos expressing Cas9 

under control of the vasa promoter. gRNAs were cloned into the pU6:Bbs1-ChiRNA 

vector79 using the following primers: Cep104 5’F: CTTCGTTGGACCGACACTACTGGA 

5’R: AAACTCCAGTAGTGTC GGTCCAAC, 3’F: CTTCGAGGCGAACACCACGTTAA, 

3’ R: AAACTTTAACGTGGTGTT CGCCTC. Homology arms were cloned using Gibson 

assembly into a vector backbone on either side of 3xP3 RFP which expresses RFP in the 

eyes to facilitate screening for genome integration. The following primers were used: 5’ 

Fwd: 

GTACTTCGCGAATGCGTCGAGATACCAATGCAGTACATCCTTCTTGTAGAGCCTGA

AGGA, 5’ Rev: CGCTTCTGACCTGGGAAAACGT 

GAAGAATTGTTGACGTCGCGCCGTCAAAAGCGCACTAC, 3’ Fwd: 

CGTATAATGTATG CTATACGAAGTTATAGGAAAGCGTACACTTAATC 

GATCTATTGGCCT, 3’ Reverse: 

CTCGTCGGTCCCGGCATCCGATCCAATAGGAAAACA 

CGCGACGGTCTTCAAAAAGG AGAG. Injected males were crossed with y,w females in 

order to remove the Vasa-Cas9. The offspring of this cross were screened for males 

expressing RFP in the eyes. These males were then crossed once more to a balancer stock. 

The deletion was confirmed by PCR (Figure 2F) using the following primers: Cep104 

Screening Forward: TTGGAACACGTAGCCTTTGGACAC and Reverse: 

TACTGGTGGTTCATCAAGCGTCTG.

cep97Δ cep104Δ double mutants were generated by genetic recombination. 

Flies were screened for the presence of both deletions using 

the following primers: Cep97 Fwd: CGCCTCCAATTATCGATAGACGTA, 

Cep97 Reverse: CTGTTTGGGTTAACAAAGCACAGT; expected size: 

680bp. Cep104 Fwd: AGAGAGTCGTAATCGTTGTCTGGG, Cep104 Rev: 

AACTGACGCGAATAGAACTGCTCC; expected size: 916bp. Cnn Fwd: 

TGTTAGGTTTTTCGAGGGG, Cnn Rev: TCGTCTATGCTTTTGGACAG; expected size: 

651bp.
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Immunoprecipitation—Immunoprecipitation (IP) assays were performed as previously 

described77. Recombinant, purified GFP-Binding Protein (GBP) fused to human Fc domain 

was bound to magnetic Protein A Dynabeads (ThermoFisher), and then cross-linked with 

dimethyl pimelimidate72. GBP-coupled Dynabeads were stored in PBS, 0.1% Tween 20 at 

4°C. Prior to use, beads were equilibrated in IP buffer (50 mM Tris, pH 7.2, 125 mM NaCl, 

1 mM EGTA, 1 mM DTT, 0.5% Triton X-100, 1x SigmaFast Protease inhibitors, 0.1 mM 

PMSF, and 1 μg/ml soybean trypsin inhibitor). Transfected cells were harvested, lysed in IP 

buffer, lysate concentration was determined by Bradford assay, and lysates were diluted to 

5 mg/ml. Lysates were then clarified by centrifugation at 10,000 × g for 5 minutes at 4°C 

and inputs were made from pre-cleared lysates in Laemmli Buffer. GBP-coated beads were 

rocked with lysates for 30 minutes at 4°C, washed four times by resuspending beads in 1 ml 

IP buffer, transferred to a new tube during the final wash, then boiled in 2x Laemmli sample 

buffer.

Microtubule Co-sedimentation—Microtubule co-sedimentation assays were performed 

as previously described78. Briefly, 10 μM porcine tubulin heterodimers were polymerized 

at 37°C in BRB80 buffer (80 mM PIPES, pH 6.8, 1 mM MgCl2, and 1 mM EGTA) 

containing 1 mM GTP and 1 mM DTT using increasing concentrations of paclitaxel 

(final concentration 20 μM). Purified His6-TOG domain and TOGmutant (TOGmut) were 

exchanged into BRB80, 100 mM KCl, 1 mM GTP, 1 mM DTT, and 20 μM paclitaxel, 

then incubated with varying concentrations of microtubules (final 50 mM KCl) for 20 

minutes and sedimented for 30 minutes at 70,000 × g, 25°C. Supernatant was removed and 

microtubule pellets were resuspended in a volume of 2x Laemmli sample buffer equal to the 

supernatant volume. Equal volumes of supernatant and pellet were resolved on Coomassie-

stained SDS-PAGE. Densitometry was performed on protein gels using Fiji (ImageJ) and 

relative TOG bound to microtubules was calculated in Microsoft Excel. Best-fits were 

performed in Prism 9 (GraphPad).

Male fertility assay—Virgin y,w females and males of the experimental genotype were 

incubated at 25°C for three days. Males were then individually added to vials containing 5 

females and mated for 90 minutes. Males were removed and the females were allowed to lay 

eggs for 24 hours. Offspring were counted prior to eclosion from the pupal case.

Climbing assay—Climbing/bang assay was performed using a modified version described 

in Dobbelaere et al., (2020)16. 10 three-day-old adult males of each genotype were collected 

in 14 cm tubes. Flies were allowed to recover from the CO2 and left in the tube for 20 min 

to recover. Flies were then banged to the bottom of the tube and recorded climbing back 

upward. The time measured represents the point at which 5 flies (half) had climbed above 

the 7 cm (halfway) point. Each data point represents an independent experiment of 10 male 

flies.

Quantification and Statistical Analysis—The following statistical test were 

performed: 2-way AVOVA analysis with Tukey’s t-test (Figures 2B, 3A, and S3F), two-

tailed, unpaired t-test (Figures 2D, 2E, 2G–I, 2L, 2M, 3B, 3C, 3E, 3F, and 4H), ordinary 
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one-way ANOVA with Tukey’s t-test (Figures 3J, 3K, 4A, 4G, S5A, S6B, and S6C), and 

one-way ANOVA with Dunnett’s multiple comparison (Figures 4C, S4D–G).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Hightlights

• Cep104 regulates centriole growth in Drosophila.

• Cep104 promotes elongation by binding to centriole microtubules.

• Cep97 is a scaffold that recruits centriole “distal tip complex” proteins.

• Cep104 and Cep97 have cooperative and distinct roles during spermiogenesis.
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Figure 1. Drosophila Cep104 is recruited to the distal tip of centrioles at the G1/S-phases 
transition
(A) Linear maps of Drosophila (Dm) and human (Hs) Cep104 depicting functional and 

structural domains. Note the C-terminal EB1-binding domain in HsCep04 is absent in the fly 

homolog.

(B-D) Interphase centrioles in transgenic GFP-Cep104 (green) expressing S2 cells were 

imaged with conventional fluorescence microscopy (B) or 3D-SIM (C and D). Fixed cells 

were immunostained for Plp (red, B and C), Asl (blue, D), Cep97 (blue, C) or CP110 (red, 

D). DNA, blue (B). Insets (B) show centrioles (dashed white boxes) at higher magnification. 

(C and D) GFP-Cep104 co-localizes with Cep97 and CP110 at distal tips of centriole 

pairs as a central spot within the mother centriole (appears as a ring in cross-section) and 

an adjacent spot marking the procentriole. Schematics of mother (M) and daughter (D) 

centriole configurations are shown (last column).

(E and F) Graphs show the percentage of centrioles (stained for Plp or Asl) that co-localize 

with either one or two spots of distal tip proteins (CP110, Cep97 and GFP-Cep104) in a 

Fly-FUCCI stable S2 line (E) or S2 cells pulsed for 20 min with EdU (F). The presence of 

two distal tip spots on a single centriole marks a duplicated mother-daughter centriole pair, 

which are present from the G1/S-phase transition through early mitosis. Note, by S-phase, 

nearly all centrioles contain distal tip proteins. n = 50 cells per replicate. Each experiment 

performed in triplicate. Error bars, SEM. See also Figures S1–S3, Data S1 and Video S1.
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Figure 2. Cep104 is required for centriole growth in Drosophila S2 cells
(A) dsRNA targeting a Cep104 exon efficiently diminishes its mRNA and transgenic GFP-

Cep104. (Upper panel) RT-PCR of Rp49 (control) and Cep104 from day 12 RNAi-treated 

S2 cells. (Lower panel) Anti-GFP immunoblots demonstrate effective depletion. α-tubulin, 

loading control.

(B) Cep104 depletion does not affect centriole number. RNAi-treated S2 cells were 

immunostained for Plp to mark centrioles, and the number of centrioles per cell was 

counted. n =100 cells in each of three experiments. Bars represent mean. Error bars, SEM.

(C) Centriole length measurements using 3D-SIM were performed by immunostaining for 

Plp or Asl (red) and Cep97 (green) in interphase cells to first identify optimally oriented 

mother-daughter pairs, where mother centrioles appeared as a ring with an orthogonally 

positioned procentriole/daughter. Graph shows Cep97 fluorescence intensity from a linescan 

through the centriole pair (arrow). Peak-to-peak and shoulder-to-shoulder (defined as a 

straight line drawn at 20% of the maximum Cep97 intensity) Cep97 measurements are 

presented.

(D and E) Whisker plots show centriole lengths in control and Cep104 RNAi-treated 

S2 cells. n = 65-control centrioles, 77-Cep104-RNAi centrioles combined from triplicate 

experiments. (D) Peak-to-peak lengths, control (215.0 nm ± 45.05), Cep104-RNAi (193.7 

nm ± 42.75). (E) Shoulder-to-shoulder lengths, control (417.9 nm ± 58.05), Cep104-RNAi 

(394.0 nm ± 49.38).

(F) (Left panel) Centriole length measurements using 3D-SIM were in control and 

Cep104-depleted cells performed by immunostaining for Spd2 (red) and Cep97 (green). 
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Measurements were performed on only mother-procentriole pairs strictly oriented with the 

mother centriole in longitudinal section and the procentriole positioned on one side. Spd2 

specifically labeled the mother centriole barrel appearing as two stripes. (Right panel) 

Schematics of mother (M) and procentriole (P) centriole configurations with regions of 

measurement indicated. For simplicity, the procentriole cartwheel is not shown.

(G and H) Whisker plots show centriole length in control and Cep104 RNAi-treated S2 cells. 

n = 82-control centrioles, 83-Cep104-RNAi centrioles combined from triplicate experiments. 

(G) Peak-to-peak lengths, control (250.9 nm ± 49.9), Cep104-RNAi (210.7 nm ± 47.1). (E) 

Shoulder-to-shoulder lengths, control (491.4 nm ± 58), Cep104-RNAi (449.3 nm ± 48.4). 

Measurements of Cep97 distance were performed as described in E and F but only on 

centriole pairs in with mothers in longitudinal orientation.

(I) Whisker plots show mother centriole length in control and Cep104 RNAi-treated S2 

cells. n = 82-control centrioles (213.9 nm ± 36.9), 83-Cep104-RNAi centrioles (201.7 nm 

± 32.2) combined from triplicate experiments. Measurements of mother centriole length 

(Spd2 stripes) were performed but only on mother-procentriole pairs with the mother in 

longitudinal orientation (described in Methods).

(J) DNA gel shows PCR amplicons from flies with the indicated genotypes: dH2O (control), 

y,w (wild-type), and CRISPR-null cep104Δ, cep97 Δ and cep104 Δcep97 Δ double mutant. 

Cnn, positive control.

(K) 3D-SIM of centrioles in control (y,w) and cep104Δ mutant wing discs immunostained 

for Cep97 blue and Asl (red).

(L and M) Whisker plots show centriole lengths in wing disc cells from control and cep104Δ 

mutant fly lines. Measurements were done as described in (C). n = 41-control centrioles, 

48-cep104Δ.

Error bars, SD unless indicated. Asterisks indicate significant differences: *, P <0.05; **, P 
<0.001; ***, P <0.0001; ns, not significant.
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Figure 3. Cep104 promotes centriole elongation through its TOG domain
(A) Cep104 overexpression increases centriole number in S2 cells. GFP-Cep104 indicates 

N-terminal GFP and Cep104-GFP indicates C-terminal GFP. Cells were then immunostained 

for PLP and the number of centrioles per cell was counted. n =100 cells per replicate, 

performed in triplicate. Error bars, SEM.

(B and C) Whisker plots show centriole lengths in S2 cells overexpressing either control 

GFP or Cep104-GFP. n =70-GFP centrioles, 68-Cep104-GFP centrioles combined from 

triplicate experiments. (B) Peak-to-peak lengths, GFP (210.4 nm ± 38.93), Cep104-GFP 

(241.3 nm ± 52.98). (C) Shoulder-to-shoulder lengths, GFP (448.1 nm ± 46.31), Cep104-

GFP (485.2 nm ± 54.85).

(D) Cep104 overexpression induces centriole elongation. 3D-SIM of S2 cells 

immunostained for Plp (red) and Cep97 (blue). Cep104-GFP (green). (Rows 1 and 2) 

Examples of normal duplicated centriole pairs. (Rows 3 and 4) Daughter centrioles show 

abnormal accumulation of Plp and longer growth (yellow arrowheads); mother centrioles 

shown in cross-section.

(E and F) Whisker plots show centriole lengths in wild-type or Cep104-GFP overexpressing 

wing discs. n =54-control centrioles (268.3 nm ± 56.9), 60-Cep104-GFP (304.2 nm ± 39.7) 

peak:peak and 49-shoulder-to-shoulder control centrioles (459.3 nm ± 84.53), 60-Cep104-

GFP (499.5 nm ± 70.9).

(G) The TOG domain mutant (TOGmut) of Cep104 has decreased microtubule binding 

compared to wild-type TOG. Purified TOG or TOGmut was incubated with a varying 

concentration of taxol-stabilized microtubules, then microtubules were pelleted and the 
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supernatant (soluble) and pellet (co-sedimenting) fractions examined by Coomassie-stained 

SDS-PAGE to evaluate microtubule-binding. Lanes 1 and 2, no TOG. The percent total TOG 

(%Tot) in the pellet is shown below each gel. n = 6, 2 independent TOG preparations.

(H) S2 cells overexpressing high levels of Cep104-GFP (green) decorate microtubules of 

the interphase array and centrioles (left), whereas Cep104-TOGmut-GFP (green) appears 

instead as punctate cytoplasmic aggregates (right). Immunostained for Plp (red) and tubulin 

(white). DNA, blue.

(I) Microtubule binding is not required for Cep104’s centriole distal tip localization. 

Cep104-TOGmut-GFP (green) localizes as 2 spots on Plp (red) foci. DNA, blue. Insets 

show centrioles (dashed boxes) at higher magnification.

(J and K) Whisker plots show centriole lengths in S2 cells overexpressing control GFP, 

WT-Cep104-GFP, and Cep104-TOGmut-GFP. n = 135-GFP centrioles, 132-Cep104-GFP, 

and 156-Cep104-TOGmut-GFP centrioles combined from triplicate experiments. (J) Peak-

to-peak, GFP (209.8 nm ± 40.40), Cep104-GFP (244.3 nm ± 54.03), Cep104-TOGmut-GFP 

(210.8 nm ± 46.23). (K) Shoulder-to-shoulder, GFP (461.6 nm ± 38.17), Cep104-GFP 

(501.3 nm ± 61.27), Cep104-TOGmut-GFP (462.9 nm ± 46.52).

Error bars, SD unless indicated. Asterisks indicate significant differences: **, P <0.01; ***, 

P <0.001; ****, P <0.0001; ns, not significant.
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Figure 4. Cep104 and Cep97 play independent, synergistic functions in spermiogenesis but not in 
regulating the length of meiotic centrioles
(A) Male flies lacking Cep104 and Cep97 are almost entirely infertile. n =25-control, 

16-cep104Δ, 19-cep97Δ, 19-cep104Δcep97Δ.

(B and C) The DNA-stained seminal vesicles (dashed lines) of cep104Δcep97Δ males are 

reduced in size (B). Graph (C) shows measurements of seminal vesicle areas. n =11-control, 

10-cep104Δ, 15-cep97Δ, 10-cep104Δcep97Δ.

(D-F) cep104Δcep97Δ double mutants show severe defects in sperm individualization during 

late spermatocyte maturation. Cartoons mark regions of interest (red boxes) shown as 

magnified images (D’-F’) within testes of the indicated genotypes. H↔T denotes head-to-

tail axis of spermatids. (D’ and E’) Spermatid heads and tails (dashed lines) were stained for 

Asl (green) and/or poly-glutamylated tubulin (magenta or monochrome) to label axonemes. 
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cep104Δcep97Δ spermatid heads and tails are severely disorganized with fewer nuclei 

compared to single mutants. (F’) Individualization complexes (IC) revealed by phalloidin 

labeling of actin (green) and immunostaining for CC3 (magenta) to label cystic bulges. 

Actin cones travel as a cluster towards spermatid tails with cone tips pointing backwards. In 

cep104 Δ and cep97 Δ mutants, lagging and leading actin cones were observed (arrowheads). 

However, in cep104Δcep97Δ double mutants, ICs were spread across a wide area with no 

distinguishable cystic bulge and actin cones of mixed orientation. DNA, blue.

(G) (Left) Lattice SIM images of spermatocyte centrioles in meiosis II immunostained 

for Asterless (Asl). (Right) Elimination of Cep104 or Cep97 or both results in similar 

increases in centriole length compared to control. n =119-control, 131-cep104Δ, 104-cep97Δ, 

104-cep104Δcep97Δ.

(H) Cep104-GFP overexpression increases centriole length in meiosis II. (Left) Lattice 

SIM images of Asterless immunostained centrioles. (Right) Graph shows centriole length 

measurements. n = 92-control, 8 testes; 92-ubi:Cep104-GFP, 6 testes.

Error bars, SD. Asterisks indicate significant differences: **, P<0.01; ***, P<0.001; **** 

P<0.0001; ns, not significant. See also Figures S4 and S5.
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Figure 5. In fly testes, Cep104 localization is dependent on Cep97 only in those regions where 
Cep104 co-localizes with Cep97
(A-G) Cep104 is dependent on Cep97 for its localization to axonemal tips in spermatid 

tails and centriole distal tips in spermatocytes where they normally co-localize but is not 

dependent on Cep97 to target the dense complex in spermatid heads (needle stage) and 

centriole barrels in spermatocytes. Cep97 distinctly localizes to the IC. Cartoons (left) 

mark regions of interest (red boxes) shown as magnified images (right) within testes of 

the indicated genotypes and expressing either Cep97-GFP (green, A-D) or Cep104-GFP 

(green, A-G). Testes were immunostained for Asterless (Asl) (magenta; A, C, F, G), 

polyglutamylated tubulin (magenta; D, E) or actin (red; B) and CC3 (blue; B). DNA, blue 

(A, G). H↔T denotes head-to-tail axis of spermatids. The fraction of wild-type localizations 

of the indicated GFP-fusion protein in centrioles/cysts/ICs is shown; for example, the 

Cep104-GFP pattern at axoneme tips is observed in 76% of wild-type spermatid tails (D) but 

absent in 97% of cep97Δ mutants (E).
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Figure 6. Cep104 is dependent on Cep97 for its localization to the distal tip of centrioles in 
somatic S2 cells and wing discs
(A) Cep97, but not CP110 or Klp10a, recruits GFP-Cep104 to centriole tips. RNAi-treated 

S2 cells expressing control GFP (green) or Cep104-GFP (green) were immunostained for 

Plp (red) to mark centrioles and Cep97 (white) to label distal tips. DNA, blue. Scale, 2.5 μm. 

Insets show boxes at higher magnification. Inset scale, 0.3 μm. (B) 3D-SIM of Cep104-GFP 

(cyan) on centrioles in control (y,w) and cep97Δ mutant wing discs immunostained for 

Asterless (red).

(C) The fluorescence intensity of Cep104-GFP on wing disc centrioles is significantly 

diminished in cep97Δ mutant flies. n =71-control, 71-cep97Δ. Error bars, SD. Asterisks 

indicate significant difference: ****, P < 0.0001.

(D and E) A functional interaction analysis of centriole distal tip proteins reveals that 

overexpression of Cep104 in Klp10a-depleted cells increase centriole number, indicating 

an increase in cells with centriole over-elongation. Double RNAi-treated S2 cells (D) or 

cells expressing GFP or Cep104-GFP (E) were immunostained for Plp, and the number of 

centrioles per cell was counted. n =100 cells in each of three experiments. Error bars, SEM. 

Asterisks indicate significant differences: ****, P < 0.0001.
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Figure 7. The centriole Distal Tip Complex is composed of Cep104-Cep97-CP110-Klp10a
(A) Cep104 binds only Cep97 and itself. S2 cells were co-transfected with the indicated 

plasmids and the next day induced to express for 24 h by the addition of 0.5 mM CuSO4. 

Anti-GFP IPs were then prepared from clarified cell lysates, and Western blots of the inputs 

and IPs probed for GFP, V5, and α-tubulin (loading control). n = 3. Low, short exposure; 

high, long exposure.

(B) Schematics of the Cep104 truncation and deletion constructs used in (C). Dashed lines 

indicate deleted sequence.

(C) Cep104 binds Cep97 through its JellyRoll (JR) and Coiled-Coil (CC) domains. S2 cells 

depleted of endogenous Cep104 by RNAi targeting its 3’UTR were co-transfected with the 

indicated plasmids. IPs were performed as in (A) and blots of lysates probed with anti-GFP, 

V5 and α-tubulin. n = 3.

(D) Schematics of the Cep104 truncation constructs used in (E).

(E) Cep104 N-terminus (amino acids 1–453) is sufficient for maximal binding of Cep97. S2 

cells were treated as described in (C). n = 3.

(F) The JR and CC domains are necessary for Cep104 to target the distal tips of centrioles. 

S2 cells were transfected with the indicated GFP-tagged constructs and then immunostained 

for Plp. Graph shows percentage of centrioles in GFP-positive cells associated with 2 

Cep104 spots, indicating a distal tip localization of a duplicated centriole pair.
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(G) Schematic shows sites of interaction (red lines) and self-association (red brackets) 

within components of the centriole Distal Tip Complex (DTC) based on IP analysis. LRR, 

leucine-rich repeat. See also Figures S6 and S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Cleaved caspase 3 Cell Signaling 
Technologies

#9664

Mouse monoclonal anti-polyglutamylated tubulin GT335 Adipogen #AG-20B-0020-
C100

Guinea pig anti-Spd2 antibody Renata Basto 
(Institut Curie)

N/A

Alexa Fluor 488 conjugated secondary antibodies Thermo Fisher 
Scientific

Variable host 
and target 
species

Mouse monoclonal anti-GFP JL-8 antibody Thermo Fisher 
Scientific

Cat#NC9777966

Alexa Fluor 568 conjugated secondary antibodies Thermo Fisher 
Scientific

Variable host 
and target 
species

Mouse monoclonal anti-V5 antibody Thermo Fisher 
Scientific

Cat#R960–25

Mouse monoclonal anti-α-tubulin DM1a antibody Sigma-Aldrich Cat#T9026

Rabbit polyclonal anti-Cep104 antibodies This study N/A

Chicken polyclonal anti-Cep97 antibodies This study N/A

Guinea pig polyclonal anti-CP110 antibodies This study N/A

Rat polyclonal anti-Klp10a antibody This study N/A

IRDye 800CW goat anti-mouse IgG secondary antibody Li-Cor Cat#926–32210

IRDye 800CW donkey anti-chicken secondary antibody Li-Cor Cat#926–32218

IRDye 800CW donkey anti-guinea pig IgG secondary antibody Li-Cor Cat#926–32411

IRDye 800CW goat anti-rat IgG secondary antibody Li-Cor Cat#926–32219

IRDye 800CW goat anti-rabbit IgG secondary antibody Li-Cor Cat#926–32211

AlexaFluor 488 goat anti-chicken IgG Thermo Fisher 
Scientific

Cat#A11039

AlexaFluor 488 goat anti-guinea pig IgG Thermo Fisher 
Scientific

Cat#A11073

AlexaFluor 488 goat anti-rat IgG Thermo Fisher 
Scientific

Cat#A11006

AlexaFluor 488 donkey anti-rabbit IgG Thermo Fisher 
Scientific

Cat#A21206

Rhodamine Red-X AffiniPure donkey anti-rabbit IgG Jackson 
Immunoresearch

Cat#711–295–
152

Rhodamine Red-X AffiniPure goat anti-rat IgG Jackson 
Immunoresearch

Cat#112–295–
143

Cy5 AffiniPure Donkey anti-chicken IgY (IgG) Jackson 
Immunoresearch

Cat#703–175–
155

Cy5 AffiniPure Donkey anti-guinea pig IgG Jackson 
Immunoresearch

Cat#706–175–
148

Cy5 AffiniPure goat anti-mouse IgG Jackson 
Immunoresearch

Cat#115–175–
166
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REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa Fluor 647 conjugated secondary antibodies Thermo Fisher 
Scientific

Variable host 
and target 
species

Bacterial and virus strains

BL21(DE3)pLysS competent E.coli Promega Corp Cat#L1191

5-alpha competent E.coli New England 
Biolabs

Cat#C29871

GC10 Competent Bacteria Genesee 
Scientific

Cat #42–659 or 
Cat # 42–661

Chemicals, peptides, and recombinant proteins

Neomycin G418 Thermo Fisher 
Scientific

Cat#J62671.03

Glutathione Agarose Resin Gold 
Biotechnology

G-250–10

complete His-Tag Purification Resin Roche Cat#57356000

Affi-Gel 10 Gel Bio-Rad Cat#1536099

Amylose Resin New England 
BioLabs

Cat#E8021S

Normal Goat Serum Sigma Aldrich Cat#G9023

Triton X-100 Thermo Fisher 
Scientific

Cat#BP151–500

Paraformaldehyde 16% Solution Electron 
Microscopy 
Sciences

Cat#15710

488-conjugated streptavidin Thermo Fisher 
Scientific

Cat#S11223

Biotin Sigma-Aldrich Cat#B4501

Dynabeads Protein A Thermo Fisher 
Scientific

Cat#10001D

Dynabeads™MyOne™Streptavidin C1 Thermo Fisher 
Scientific

Cat#65001

IRDye® 800CW Streptavidin Li-Cor Cat#C91204–06

DAPI Thermo Fisher 
Scientific

Cat#D1306

Vectashield Vector 
Laboratories

Cat#H-1000

ProLong Glass antifade mountant ThermoFisher 
Scientific

Cat#P36984

Phusion High-Fidelity DNA Polymerase Thermo Fisher 
Scientific

Cat#F530L

Alexa Fluor™ 488 Phalloidin Invitrogen Cat#A12379

Aureobasidin A Takara Cat#630499

X-alpha-Gal Takara Cat#630463

Hoechst 33342 Life 
Technologies

Cat#H3570

Sf-900 II SFM Gibco Cat#10902–088

Penicillin Streptomycin Solution Corning Cat#30–002-CI

RNase-Free DNase Qiagen Cat#P79254

Curr Biol. Author manuscript; available in PMC 2024 October 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ryniawec et al. Page 37

REAGENT or RESOURCE SOURCE IDENTIFIER

Phenylmethanesulfonyl fluoride Sigma-Aldrich Cat#P7626

Critical commercial assays

T7 RiboMAX™ Large Scale RNA Production System Promega Cat#P1300

pENTR/D-TOPO Kit Thermo Fisher 
Scientific

Cat#K2400–20

SuperScript III One-Step system Invitrogen Cat# 12574–018

Gateway LR Clonase Thermo Fisher 
Scientific

Cat#11791043

RNeasy Mini Kit Qiagen Cat#75144

Deposited data

Experimental models: Cell lines

D. melanogaster: Cell line S2 Thermo Fisher 
Scientific

Cat#R69007

Experimental models: Organisms/strains

Drosophila melanogaster: ubi-CP110 GFP Rusan Lab FBal0319930

Drosophila melanogaster: y,w Gift from Mark 
Peifer, UNC 
Chapel Hill

N/A

Drosophila melanogaster: cep104 Δ This study N/A

Drosophila melanogaster: cep97 Δ Gift From 
Alexander 
Dammermann – 
Max Perutz 
Labs, Vienna.

FBti0212678

Drosophila melanogaster: ubi-cep104::GFP This study N/A

Drosophila melanogaster: ubi-Cep97::GFP Rusan Lab Rusan Lab

Oligonucleotides

Primer: dsRNA synthesis T7 RNA polymerase promoter sequence: TAATACGACTCACTA This paper N/A

5’ Cep104 gRNA F: CTTCGTTGGACCGACACTACTGGA IDTDNA N/A

5’ Cep104 gRNA R: AAACTCCAGTAGTGTCGGTCCAAC IDTDNA N/A

3’ Cep104 gRNA F: CTTCGAGGCGAACACCACGTTAA IDTDNA N/A

3’ Cep104 gRNA R: AAACTTTAACGTGGTGTTCGCCTC IDTDNA N/A

5’homology arm F: 
GTACTTCGCGAATGCGTCGAGATACCAATGCAGTACATCCTTCTTGTAGAGCCTGAAGGA

IDTDNA N/A

5’ homology arm R: 
CGCTTCTGACCTGGGAAAACGTGAAGAATTGTTGACGTCGCGCCGTCAAAAGCGCACTAC

IDTDNA N/A

3’ homology arm F: 
CGTATAATGTATGCTATACGAAGTTATAGGAAAGCGTACACTTAATCGATCTATTGGCCT

IDTDNA N/A

3’ homology arm R: 
CTCGTCGGTCCCGGCATCCGATCCAATAGGAAAACACGCGACGGTCTTCAAAAAGGAGAG

IDTDNA N/A

Cep104 CRISPR Screening F: TTGGAACACGTAGCCTTTGGACAC IDTDNA N/A

Cep104 CRISPR Screening R: TACTGGTGGTTCATCAAGCGTCTG. IDTDNA N/A

Cep97 PCR Screening F: CGCCTCCAATTATCGATAGACGTA IDTDNA N/A

Cep97 PCR Screening R: CTGTTTGGGTTAACAAAGCACAGT IDTDNA N/A

Cep104 PCR screening F: AGAGAGTCGTAATCGTTGTCTGGG IDTDNA N/A
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Cep104 PCR screening R: AACTGACGCGAATAGAACTGCTCC IDTDNA N/A

Cnn PCR Screening F: TGTTAGGTTTTTCGAGGGG IDTDNA N/A

Cnn PCR Screening R: TCGTCTATGCTTTTGGACAG IDTDNA N/A

Klp10A1–278 F: CACCATGGACATGATTACGGTGGGGC IDTDNA N/A

Klp10A1–278 R: CTGATGGTCATCGACGGCCTGGC IDTDNA N/A

Klp10A204–609 F: CACCATGGGCGCTAGTACCCGGCGATC IDTDNA N/A

Klp10A204–609 R:CTCCTTGACACGATCCGCATAGCGCAGCG IDTDNA N/A

Klp10A610–805 F: CACCATGCTGGTGGTCAAGGATATCGTCGAAG IDTDNA N/A

Klp10A610–805 R: ACGCTTGCCATTCGGCGAATTGAAGC IDTDNA N/A

Klp10A1–805 F: CACCATGGACATGATTACGGTGGGGC IDTDNA N/A

Klp10A1–805 R: ACGCTTGCCATTCGGCGAATTGAAGC IDTDNA N/A

Cep1041–201 F: CACCATGGCTAAGAAAATA CCTTTTAACGTGGTGTTCG IDTDNA N/A

Cep1041–201 R: CTCCTCCACATACATGGAGAAAAGCAGGTCATC IDTDNA N/A

Cep104202–713 F: CACCATGTCAATAGTGCAGACCATCCGAGAGTTGG IDTDNA N/A

Cep104202–713 R: ATCCAACTTGTCAAATTCGGTGAAGAGTTGGCGGTAC IDTDNA N/A

Cep104714–941 F: CACCATGCTGGACCGCAAGCAGGAG IDTDNA N/A

Cep104714–941 R: ATTTGACTTCTTGAGATTCCTCTTGCGTATATTCCCGGGACAG IDTDNA N/A

Cep1041–941 F: CACCATGGCTAAGAAAATACCTTTTAACGTGGTGTTCG IDTDNA N/A

Cep1041–941 R: ATTTGACTTCTTGAGATTCCTCTTGCGTATATTCCCGGGACAG IDTDNA N/A

RT-PCR primer 
Cep104-For: CTTCCCATCCTGGTCTTCGG

IDTDNA N/A

RT-PCR primer 
Cep104-Rev: CTTGCGGTCCAGATCCAACT

IDTDNA N/A

RT-PCR primer 
Rp49-For: ATCCGCCCAGCATACAGG

IDTDNA N/A

RT-PCR primer 
Rp49-Rev: CTCGTTCTCTTGAGAACGCAG

IDTDNA N/A

Recombinant DNA

pMT/V5-HisC Life 
Technologies

Cat#K4120–01

Fly-FUCCI live cell cycle reporter system: Ac-5-STABLE2-RFP-NLS-CycB(1–266)_GFP-E2F1(1–
230)_neo

Addgene Cat#73164

pU6-BbsI-chiRNA Addgene Plasmid #45946

pUWG DGRC 1284

pGBKT7 Takara Cat #: 630443

pGADT7 Takara Cat #: 630442

pMAL-c2 Addgene Cat#75286

pGEX-6p2 Addgene Cat#27–4598–01

pET28a Addgene Cat#69864–3

pMal c2x MBP-Klp10a 1–201 This study N/A

pET28A His6-Cep97 514–806 This study N/A
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pET28A His6-Cep104-TOG This study N/A

pET28A His6-Cep104-TOGmut This study N/A

pMal c2x MBP-CP110 326–549 This study N/A

pGex 6p2 GST-Cep104 730–941 This study N/A

pGex 6p2 GST-Klp10a 1–201 This study N/A

pGex 6p2 GST- Cep97 514–806 This study N/A

pGex 6p2 GST- CP110 326–549 This study N/A

pFlc-I Cep97 5’–3’ UTR Fusion This study N/A

pEB1-TagRFP Gift from 
Stephen Rogers, 
UNC Chapel 
Hill

N/A

pMT/V5 His C GFP-Cep104 This study N/A

pMT/V5 His C Cep104-GFP This study N/A

pMT/V5 His C Cep104-TOGmut-GFP This study N/A

pMT/V5 His C GFP-Sas6 Rogers Lab Rogers Lab

pMT/V5 His C Ana2-GFP Rogers Lab Rogers Lab

pMT/V5 His C Cep135-GFP Rogers Lab Rogers Lab

pMT/C5 His C GFP-Ana1 This study N/A

pMT/V5 His C Asl-GFP Rogers Lab Rogers Lab

pMT/V5 His C Cep97-GFP This study N/A

pMT/V5 His C CP110-S-GFP This study N/A

pMT/V5 His C CP110-L-GFP This study N/A

pMT/V5 His C Klp10a-GFP This study N/A

pMT/V5 His C GFP Rogers Lab Rogers Lab

pMT/V5 His C GFP-Cep104-JR This study N/A

pMT/V5 His C GFP-Cep104-ΔJR This study N/A

pMT/V5 His C GFP-Cep104-ΔCC This study N/A

pMT/V5 His C GFP-Cep104-ΔTOG This study N/A

pMT/V5 His C GFP-Cep104-TOG This study N/A

pMT/V5 His C GFP-Cep104-CC-TOG This study N/A

pMT/V5 His C GFP-Cep104-ΔZnF This study N/A

pMT/V5 His C GFP-Cep104-ZnF This study N/A

pMT/V5 His C GFP-Cep104–201 This study N/A

pMT/V5 His C GFP-Cep104–318 This study N/A

pMT/V5 His C GFP-Cep104–453 This study N/A

pMT/V5 His C GFP-Cep104–729 This study N/A

pMT/V5 His C V5-miniTurbo-NES This study N/A

pMT/V5 His C V5-Cep97-miniTurbo This study N/A

pMT/V5 His C V5-Cep104 This study N/A
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pMT/V5 His C V5-Cep97 This study N/A

pMT/V5 His C V5-Klp10a This study N/A

pMT/V5 His C V5-CP110-S This study N/A

pMT/V5 His C V5-CP110-L This study N/A

pMT/V5 His C Cep97-F1-GFP This study N/A

pMT/V5 His C Cep97-F2-GFP This study N/A

pMT/V5 His C Cep97-F3-GFP This study N/A

pMT/V5 His C Cep97-ΔF1-GFP This study N/A

pMT/V5 His C Cep97-ΔF2-GFP This study N/A

pMT/V5 His C Cep97-ΔF3-GFP This study N/A

pMT/V5 His C CP110-F1-GFP This study N/A

pMT/V5 His C CP110-F2-GFP This study N/A

pMT/V5 His C Klp10a-NT-GFP This study N/A

pMT/V5 His C Klp10a-Neck-GFP This study N/A

pMT/V5 His C Klp10a-Motor-GFP This study N/A

pMT/V5 His C Klp10a-CT-GFP This study N/A

pMT/V5 His C Klp10a-ΔNT-GFP This study N/A

pMT/V5 His C Klp10a-ΔNeck-GFP This study N/A

pMT/V5 His C Klp10a-ΔMotor-GFP This study N/A

pMT/V5 His C Klp10A-ΔCT-GFP This study N/A

pMT/V5 His C Klp10A-N/M-GFP This study N/A

pMT/V5 His C Klp10A-ΔN/M-GFP This study N/A

Software and algorithms

Prism 7 GraphPad www.graphpad.c
om/
scientificsoftwar
e/prism/

FlyCRISPR design tool University of 
Wisconsin

www.flycrispr.or
g

Elements Nikon www.microscop
e.healthcare.niko
n.com/products/
software/nis-
elements/viewer

FIJI / ImageJ NIH www.fiji.sc

Zen Black Zeiss www.micro-
shop.zeiss.com/e
n/us/
softwarefinder/
software-
categories/zen-
black

Adobe Illustrator Adobe www.adobe.com
/in/products/
illustrator.html

Adobe Photoshop Adobe www.adobe.com
/products/
photoshop.html
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Softworx Cytiva https://
download.cytival
ifesciences.com/
cellanalysis/
download_data/
softWoRx/7.2.1/
SoftWoRx.htm
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