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The N-DRC 1is an important macromolecular complex that help regulate flagella and cilia formation and
function. My research examined the last remaining components of the N-DRC that have yet to be
studied. This research completes the analysis of all components of the N-DRC.

My proposal set out the examine cilia and flagella formation by studying 3
components of the Nexin-Dynein Regulatory Complex (N-DRC). The N-DRC is a macromolecular protein
complex that helps regulate the beating motion of flagella and cilia as well as their formation.
Flagella and cilia are important for cell and organ function. The N-DRC is composed of 11 subunits
(DRC1-11). Eight N-DRC components have been studied in the mouse that lead to various phenotypes
such as abnormal organ development (DRC1), short sperm tails (Drc7), immotile sperm (Drc5/Tctel), or

no phenotype at all (Drc6/FbxI113). The remaining genes yet to be studied include DRC2, 10 (lgcd),
and 11 (Igca). Using CRISPR/Cas9, | managed to knockout all 3 genes. 1 found that Drc2 knockout mice
are perinatal lethal and exhibit hydrocephalus. Drcll/lqgca mice are fertile with no apparent
abnormalities, while Drcl10/lqcd analysis is still ongoing.
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Cilia are critical cellular organelles that extend from the cell and that function in
locomotion and signaling. Proper cilia formation and regulation is essential as defects
in cilia formation lead to many syndromic diseases termed ciliopathies (e.g. Polycystic
Kidney Disease). Ciliopathies affect many organs such as the kidneys, lungs, and
reproductive organs, and have severe consequences for patients. Using the flagellum of
mouse spermatozoa, which is a modified cilium, | examined components that regulate
cilia formation and function.

The purpose of this research was to understand genetic mechanisms of cilia formation
by using flagellum formation in mouse spermatozoa as a model. Cilia are critical
cellular organelles that function in locomotion and signaling. Proper cilia formation
and regulation is essential as defects in cilia lead to many syndromic diseases termed
ciliopathies (e.g. Polycystic Kidney Disease). Ciliopathies affect many organs such as
the kidneys, lungs, and reproductive organs, and have severe consequences for patients.
Using genetically modified mouse models, | examined the mechanisms of flagellum (a
modified cilium) formation, which will give insights into both male infertility and
ciliopathies.

Using the flagellum of mouse spermatozoa, which is a modified cilium, | examined
components that regulate cilia formation and function. The key scientific question
this research attempted to answer is understanding the mechanisms that govern cilia
formation and function. The research plan included two main aims:

Specific Aim 1: Determine whether uncharacterized components of the flagellum are
essential for flagellum formation and function.

The axoneme is essential for providing structural support to the flagellum and
generating motility through the motor activity of dynein. While many genes that comprise
the axoneme have been characterized, there remains several genes that have yet to be
examined in mouse. 1 knocked out three genes (Orc2, Drcl0, and DrclI) in mouse zygotes
(with CRISPR/Cas9) and characterize the phenotype using cell biological techniques and
by examining sperm function through mating tests and Computer Assisted Sperm Analysis
(CASA).

Specific Aim2: Describe the molecular function of the three DRC proteins.

By inserting epitope tags into the three DRC proteins from Aim 1, I wanted to perform
pul ldown experiments and identify the proteome of the three genes with mass spectrometry.
However, one gene (Drc1l) displayed no phenotype so | decided not to pursue that gene.
Another gene (DOrc2) showed hydrocephalus and premature death in mice and therefore
prohibited analysis of the gene in sperm flagella. Analysis of the last gene (Drcl10)
is still on going.
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hydrocephalus, and male infertility (Summarized in Table 1).

DRC10

Drc10 is located on mouse chromosome 5 and encodes for a protein that is 458 amino
acids long. On the reserve strand is another gene (Rita) that is implicated in Notch
signaling. Due to the presence of Rita on the reverse strand, only exon 2 (out of 5
exons) was deleted. Exon 2 contains the start codon and codes for half of Drc10. KO
males have been produced and analysis of this gene is ongoing.

DRC11/1QCA

Drc11 (official name: Igca) encodes a protein up to 857 amino acids long. The location
of this protein within the N-DRC has not been determined. | successfully removed the
majority of Drcll (107 kB, 17 out of 19 exons) and generated KO mice by intercrossing
Drc11 heterozygotes. Two Drcll KO males and 3 Drcll heterozygous males were paired
with wild-type females for 8 weeks to examine fertility. Drcl1 KO males sired pups at
comparable levels to heterozygous control animals (8.7 2.1 versus 7.0+ 2.7 pups per
litter, respectively). This data suggests that Drcl1 is not required for male fertility.
Analysis of spermatogenesis through histology did not reveal differences between wild
type and Drcll KOs (Figure 2). CASA analysis also did not reveal differences between
KO and control males. This
work was  submitted and
accepted 1in the upcoming
special issue on
contraception in the Biology
of Reproduction journal (Sun
et al, 2020).
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DRC2

Drec2 encodes a protein that is 493 amino acids long. Based on studies from Chlamydomonas,
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DRC2 1is localized near DRC1 and contacting the A-
microtubule of the outer doublet microtubules of the
axoneme (Figure 1). Drcl mouse KOs display primary
ciliary dyskinesia with defects in the heart, lungs,
and infertility. Of the Drc2 heterozygous
intercrosses | performed for this study, | obtained
169 pups total, of which 26 were Drc2 KO. Of the 26
Drc2 KOs, only 3 survived into adults while the
remaining died near weaning age (21 days after
birth). All Drc2 KO mice that died early displayed
hydrocephalus  (Figure 2). Hydrocephalus is
characterized by excessive cerebral spinal fluid in
the ventricles of the brain. Hydrocephalus was seen
in another N-DRC component (DOrc3), so the result of | Figure 3. Drc2 KO mouse
the Drc2 KO is not surprising. Only one male survived
into adulthood and was paired with three wild-type
females to determine the fertility status. After 3 | (white arrowhead).
months of pairing the Drc2 KO male with females, no
pups were produced despite the presence of cervical plugs. This suggests that Drc2 KO
males that survive into adulthood are infertile; however, as only one mouse was examined,
no definitive conclusions can be reached at this moment.
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Summary

Below is a table summarizing the phenotypes of the eleven components of the N-DRC in
mouse. The most severe phenotypes occur in Drcl-4 which affect multiple organs. Based

on work in Chlamydomonas,

it is proposed that Drcl-4 is in close contact with the

microtubules. Expression analysis of Drcl-4 in mouse shows expression in a broader

Mouse Orthologue KO phenotype
DRC1 Drcl/Ccdcl64 Primary ciliary dyskinesia
DRC2 Ccdc65 hydrocephalus
DRC3 Drc3/Lrre48 mild hydrocephalus,
maleinfertile
DRC4 Gas8 Primary ciliary dyskinesia
DRC5 Tetel Immotile sgs;SSCastaneda
DRC6 FbxI13 Not essential
DRC7 Ccdc135 Short sperm tails
DRC8 Efcab?2 unpublished
DRC9 lgcg Short sperm tail
DRC10 Igcd Ongoing analysis
DRC11 Igca Not essential
Table 1. Components of the DRC. Genes in grey are the subject
of this proposal.

range of tissues, while Drc5,
6, 7, 9, and 11 1is more
restricted to the testis.
This might explain the less
severe phenotype of these
genes.
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