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Abstract
Primary cilia are non-motile sensory organelles, which extend from the surface of most
vertebrate cells. Mutations in ciliary genes result in a group of pleiotropic disorders termed
ciliopathies, which can manifest obesity, skeletal abnormalities, and infertility. Previously, we
identified THM1 as an intraflagellar transport Complex A protein essential for embryogenesis
and post-natal tissue development and homeostasis. Here, we investigate novel roles for Thm1
and its uncharacterized paralog, Thm2. shRNA-mediated Thm1 knockdown in 3T3-L1 mouse
pre-adipocytes reveals Thm1 deficiency increases adipogenesis and insulin sensitivity, providing
an additional mechanism underlying Thm1-deficient obesity. Like THM1, THM2 localizes
punctately along the ciliary axoneme, establishing THM2 as a ciliary protein. To determine a
role for THM2, we generated two Thm2-null mouse lines - one using a construct from the
knockout mouse project (KOMP) consortium, which has been backcrossed 5 generations onto a
C57BL6/J background, and the other, using CRISPR/Cas9 genome editing which has been
maintained on a mixed FVB/C57BL6/J background. Unexpectedly, Thm2-null mice on both
backgrounds survive into adulthood with seemingly normal health. However, Thm2 deletion with
an additional loss of one Thm1 allele on a C57BL6/J background at the 5th generation causes
skeletal defects resulting in markedly smaller mice by post-natal day 14. On a mixed
FVB/C57BL6/J background, Thm2-/-; Thm1aln/+ male mice appear healthy, but show a 44%
decrease in fertility, accompanied by low sperm count, abnormal sperm flagella and sperm
motility, and abnormal testis morphology, indicating defects in early sperm development. Thus,
our studies establish novel roles for Thm1 and Thm2 in adipogenesis, skeletal development, and
spermatogenesis and provide novel models to study molecular mechanisms underlying
ciliopathies. These studies also establish functional interactions between Thm1 and Thm2.
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Chapter One: Introduction
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1.1 Primary Cilia Structure
Cilia and flagella are evolutionarily conserved organelles found in nearly all eukaryotic
organisms ranging from the unicellular alga, Chlamydomonas reinhardtii and single-celled
protozoan, Tetetrahymena thermophila, to complex, multicellular vertebrates such as humans1.
Two different types of cilia have been characterized based on their microtubule structure: motile
cilia and sensory (primary) cilia2. Our studies focus on non-motile primary cilia, whose presence
was first documented in multiple tissues by Zimmerman, over a century ago, in 18983. Primary
cilia appear as antenna-like appendages extending from the surface of nearly all cell types4. For
more than 100 years after their discovery, these structures were thought to be vestigial
organelles4. However, in the early 2000’s, evidence accumulated revealing that primary cilia are
essential for the proper development and function of many tissue types5.
Primary cilia are found at the apical surface of vertebrate cells and begin assembly during
the G0/G1 stage of the cell cycle, when cells become quiescent6. The assembly of the primary
cilium is highly controlled, creating a complex structure with three major compartments: the
basal body, the transition zone, and the axoneme (Figure 1.1)5. When cells enter G0/G1, the
mother centriole matures and differentiates into the basal body of the primary cilium, attaching
to the apical plasma membrane through distal and subdistal appendages5. The basal body
functions as the microtubule-organizing center (MTOC)2, which serves as the microtubule
nucleation site during the construction of the ciliary axoneme6. Located at the basal body is a
subset of ciliary proteins including BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS10, and
BBIP10 that comprise a complex known as the BBsome7. Although generally not required for
cilia formation6, the BBsome is thought to function in trafficking vesicles and signaling
molecules to the cilium7 and is essential for human health8.
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Positioned adjacent to the basal body is the second compartment of the primary cilium,
the transition zone5. A characteristic of the transition zone is the presence of Y-shaped links.
These links connect the microtubules of the axoneme to the ciliary membrane9. This region is
responsible for regulating protein trafficking into and out of the primary cilium thereby acting as
a barrier and gate between the cytoplasm and cilium10. The “ciliary gate” is comprised of the
transition zone and the transition fibers of the basal body, and establishes and maintains the
unique protein composition of the cilium5. The transition fibers are thought to form a ciliary pore
complex that functions similarly to the nuclear pore complex5, regulating the entry and exit of
proteins into and out of the primary cilium. Recent studies in Chlamydomonas reinhardtii have
proposed that the ciliary necklace, a structure found within the transition zone, may participate in
the active transport of certain proteins into the cilium10. Proteins localizing to the transition zone
contribute different functions to the trafficking of select proteins into and out of the cilium9, with
defects leading to human disease6.
The most distal region of the primary cilium consists of a microtubule-based ciliary
axoneme that nucleates from the basal body in a 9+0 organization, making the primary cilium
non-motile5. The axoneme is surrounded by a ciliary membrane which contains a distinct subset
of signaling proteins and is attached to the plasma membrane4. The extension of the ciliary
axoneme is dependent on intraflagellar transport (IFT) proteins and only occurs at the plus-end
of the microtubules11. IFT proteins can be divided into two complexes: IFT Complex B and IFT
Complex A. IFT Complex B proteins utilize the plus-end directed kinesin-2 motor to facilitate
anterograde transport, moving cargo from the base to the tip of the primary cilium. The IFT B
complex consists of 11 IFT proteins including IFT172, IFT88, IFT81, IFT80, IFT74, IFT57,
IFT54, IFT52, IFT46, IFT27, and IFT20. IFT Complex A proteins utilize the minus-end directed
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dynein motor and largely mediate retrograde transport, returning cargo from the tip to the base of
the primary cilium. The IFT-A complex consists of 6 IFT proteins including IFT144, IFT140,
IFT139, IFT122, IFTA-1, and IFT4312. IFT-A and IFT-B proteins form IFT trains, which
transports cargo (structural and signaling proteins) throughout the primary cilium8. Cargo is
thought to be loaded onto the IFT-B trains near the basal body and carried to the ciliary tip where
it is released8. IFT-B components are then loaded onto IFT-A trains, and brought to the base of
the primary cilium8. Aberrant trafficking leads to defects in cilia structure and signaling,
affecting overall health12,13. In this dissertation, we focus on the roles of two ciliary genes, Thm1
(Ttc21b) and Thm2 (Ttc21a) in vertebrate cells and tissues.
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Figure 1.1. Primary Cilia Structure. Image (Schematic of Primary Cilia Structure) was
originally published in Malicki, J.J. & Johnson, C.A. The Cilium: Cellular Antenna and Central
Processing Unit. Trends Cell Biol (2016)5, located at http://www.cell.com/trends/cellbiology/fulltext/S0962-8924(16)30104-0. Copyright 2016 The Authors. This article is licensed
under the Creative Commons Attribution is an open access article under the CC BY license 4.0,
http://creativecommons.org/licenses/by/4.0/. Diagram of the primary cilium extending from the
surface of a cell. Three major regions are identified as the basal body, transition zone and
axoneme and include associated structures. Ciliary membrane is highlighted in green with the
cell membrane in black.
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1.2 Primary Cilia Function
Primary cilia function as sensory organelles, which receive extracellular signals5 and
translate them into intracellular signals. The mammalian Hedgehog (Hh) signaling pathway is
recognized as a cilia-dependent pathway important in development and tissue patterning14.
Interestingly, the Hh signaling pathway was first identified in Drosophila melanogaster15, in
cells without primary cilia14. Although these findings suggest differences between Drosophila
and mammalian Hh signaling, the pathways share several basic tenants. In both pathways, when
the Hh ligand is absent, the transmembrane receptor Smoothened (SMO) is held in a repressed
state by another transmembrane receptor, Patched (PTCH). Once the Hh ligand binds to PTCH,
SMO inhibition is released and the Hh signal is transduced into the activation of transcription
factors14,15. In Drosophila, SMO is released from cytoplasmic vesicles once the Hh ligand binds
to PTCH. SMO is then phosphorylated and accumulates at the plasma membrane, which results
in the activation of Cubitus interruptus (Ci), a transcription factor15. This activation is caused by
a series of phosphorylation events which disassemble an inhibition complex, allowing Ci to be
converted from its repressed form to its active form, which activates downstream target genes15.
In the mammalian Hh signaling pathway, one of three Hh ligands, Sonic Hedgehog
(SHH), Indian Hedgehog (IHH), or Desert Hedgehog (DHH), are able to bind to PTCH14. Each
of the Hh genes are thought to play specific roles in different tissue types with Shh usually being
associated with embryonic development and post-natal tissue homeostasis, Ihh with bone
development and Dhh with spermatogenesis15. Once one of the Hh ligands binds to PTCH,
which is located on the primary cilium, PTCH delocalizes from the primary cilium, releasing the
inhibition of SMO. SMO then translocates to the primary cilium, a step which is associated with
Hh pathway activation14. Once in the primary cilium, SMO activates GLI transcription factors,

6

GLI2 and GLI3, which translocate from the cilium to the nucleus to activate different Hh target
genes, including Gli114 (Figure 1.2). Although both GLI2 and GLI3 can be processed to function
as activators or repressors, GLI2 is primarily thought of as a positive regulator while GLI3
functions mainly as a repressor of the Hh pathway14. Experiments investigating GLI2 and GLI3
have shown their functional states are controlled by phosphorylation and dephosphorylation
events at specific sites within the proteins16. Interestingly, the contribution of Gli transcription
factors to Hh signaling differs in various tissue types15. Neural tube patterning is thought to be
largely dependent on Gli2, with lesser involvement from Gli1 and Gli3, while limb patterning is
thought to be dependent on Gli3, with Gli2 mutants exhibiting normal digit numbers15.
Furthermore, all key components of mammalian Hh signaling are found in the primary cilium,
underscoring the importance of the primary cilium in the regulation of the Hh signaling
pathway14.
Studies investigating roles for IFT proteins have revealed valuable insights into the
functions of IFT trafficking in Hh signaling. Epistatic experiments have shown Ift genes function
downstream of Smo, but upstream of Gli genes15. Analysis of neural tube patterning, a process
dependent on a SHH gradient15, revealed that mutations in both IFT- B and IFT-A proteins result
in Hh signaling abnormalities. Null or severe mutations in IFT Complex B proteins such as
IFT17217, IFT8817, IFT5218, and IFT5719 cause failure of primary cilium formation and
decreased Hh signaling with a loss of caudal neural tube ventral markers14, which are dependent
on the highest levels of Hh ligand20. In contrast, mutations in IFT Complex A proteins, such as
THM120 and IFT12221, cause shortened cilia with an accumulation of proteins in a swollen, bulblike distal tip, and upregulation of Hh signaling, with expansion of ventral-specific markers in
the caudal neural tube14. However, differences in the roles of IFT-A proteins in trafficking Hh
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signaling components into the primary cilium have recently been discovered. Although SMO
localized to the primary cilium in THM1 null nodal cilia20, deficiency of another IFT Complex A
protein, IFT121, in retinal pigment epithelial 1 (RPE) cells caused a significant decrease in SMO
ciliary localization, even when treated with a Hh pathway activator22. Similarly, treatment of
IFT144-null mouse embryonic fibroblasts (MEFs) with a Hh pathway activator, did not result in
SMO localization to the primary cilia23. In an IFT144 hypomorphic model, SMO localized to the
primary cilium23. These differing results indicate that certain IFT Complex A proteins can
regulate entry of signaling proteins or membrane receptors into the primary cilium, and that the
roles of IFT proteins individually, and as a complex, in Hh signaling are still not completely
understood.
In contrast to the widely accepted evidence linking Hh signaling to the primary cilium,
associations between primary cilia and the Wnt signaling pathway are still debated due to
conflicting experimental results12. In canonical Wnt signaling, β-catenin is phosphorylated and
held in an inhibition complex in the absence of Wnt ligand24. In response to ligand stimulus, the
inhibition complex is demolished, allowing β-catenin to travel to the nucleus and activate βcatenin-TCF responsive elements, activating the Wnt signaling pathway24. Evidence supporting a
role for ciliary proteins in Wnt signaling has been found both in vitro and in vivo. BBS4, BBS1,
MKKS, and KIF3A knockdown in human epithelial kidney (HEK) 293T cell lines24, and mouse
embryonic fibroblasts (MEF) derived from Kif3a-/- 25, IFT88orpk/orpk 25 and Thm1aln/aln 26 embryos
harboring a Bat-gal Wnt reporter showed an increase in Wnt signaling when treated with WNT3a
ligand compared to a control cell line24-26. Additionally, conditional deletion of Ift20 in the
kidney collecting ducts of mice resulted in cystic kidneys, and Western blot analysis revealed an
increase in the active nuclear β-catenin levels in cystic kidneys, at p (post-natal day) 3127.
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Transcriptional analysis of downstream Wnt target genes revealed an increase in Myc, Jun, Tcf3,
Tcf7, and Wisp1 in Ift20 conditional knockout mouse kidneys27. Conversely, extensive analysis
of Kif3a, IFT88, Dync2h1, and Thm1 mutant embryos in vivo revealed normal amounts of Wnt
activity when compared to control littermates28,29. Supporting this observation, mouse embryonic
IFT mutants do not show abnormalities associated with Wnt signaling such as gastrulation and
axis duplications12. Taken together, these results suggest cilia are likely not necessary for Wnt
signaling during the early stages of embryogenesis12, but may facilitate Wnt signaling later in
life, or in certain tissue types. Future studies are needed to examine the links between Wnt
signaling and the primary cilium.
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Figure 1.2. Hedgehog Signaling Pathway. Image from Christensen, S.T. & Ott, C.M. Cell
signaling. A ciliary signaling switch. Science 317, 330-1 (2007)30. Image reprinted with
permission from AAAS. http://science.sciencemag.org/content/317/5836/330.full?rss=1.
Schematic diagram of Hh signaling in the absence of Hh ligand (left) and the presence (right) of
Hh ligand. In the absence of Hh ligand, PTCH localizes to the primary cilium and excludes
SMO. In the presence of Hh ligand, Hh ligand binds to PTCH and PTCH delocalizes from the
cilium. This allows SMO to localize to the primary cilium where GLI transcription factors are
activated and translocate to the nucleus to activate Hh target genes.
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1.3 THM1 and THM2
The importance of Thm1 in mammalian embryonic development was first revealed in a
N-ethyl-N-nitrosourea (ENU) mouse mutagenesis screen for late developmental phenotypes to
generate models of autosomal recessive congenital defects20,31. As a result of the screen, multiple
mutants showing late embryonic lethality were identified, including alien (aln)31. The aln
mutation was mapped to mouse chromosome two and found to encode a missense mutation that
converts a glutamine to a proline residue of the Ttc21b/Thm1 (tetratricopeptide repeat-containing
hedgehog modulator 1) gene product20,31.
Recessive inheritance of the aln mutation results in a mutant lacking THM120. Loss of
THM1 causes peri-natal lethality, polydactyly, split and fused ribs, abnormal forebrain structure,
craniofacial abnormalities, and neural tube defects20,31. THM1 localizes punctately throughout
the ciliary axoneme20, suggesting that it functions in primary cilia. Further investigation of the
limbs of Thm1-null embryonic mice (aln) revealed shortened primary cilia with a bulb-like
structure at the distal portion of the cilium20. Immunofluorescence staining showed accumulation
of IFT88, an IFT-B protein at the tip of the cilium, a hallmark of impaired retrograde
trafficking20. Using a Thm1 knockdown cell line, live imaging analysis of IFT88 ciliary
trafficking confirmed a role for THM1 in retrograde trafficking, as measured by a decrease in
transport velocity of IFT88 particles from the tip to the base of the primary cilium20.
Molecular evidence supports a role for Thm1 as a negative regulator of Hh signaling. In
Thm1-null mouse embryos, Hh signaling transcriptional targets were upregulated and ectopically
expressed, indicating increased Hh signaling20. Specifically, in situ hybridization for Ptch1, a
transcriptional target of Hh signaling, showed increased staining in the maxilla, first branchial
arches, somites, and limbs in aln mutant embryos at embryonic day (E) 9.5 relative to control
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embryos20. In situ hybridization for Gli3 in E10.5 THM1 null embryos revealed an increased
expression in the branchial arches and limbs, and Western blot analysis for GLI3 in anterior limb
buds revealed a significant increase in the GLI3 activator: Gli3 repressor ratio20. Additionally,
aln mutants exhibit abnormal neural tube patterning, a process dependent on a Hh signaling
gradient20. In Thm1-null mice, neural tube ventral domain markers, HNF3β, NKX2.2, NKX6.1,
OLIG2, were expanded dorsally while a dorsal domain marker, MSX2, was decreased, consistent
with increased Hh signaling20. Epistatic genetic analysis revealed that THM1 is positioned
downstream of SMO and the SHH ligand, but upstream of GLI2 in the Hh signaling cascade20.
Taken together, these experiments highlight the importance of THM1 in cilia structure and
function in mammalian development.
Further studies suggest a critical role for Thm1 in embryonic brain development28. THM1
null embryos exhibit signs of abnormal forebrain architecture as early as E9.5, with a lack of
distinct separation between the telencephalon and the diencephalon28. Measurements at E12.5,
E14.5, E18.5, and post-natal day (P) 0 show significantly smaller telencephalons in aln mutants
compared to control littermates28. Molecular analysis of dorsal-ventral patterning of the
embryonic forebrain at E12.5 indicated an increase in the ventral neuronal subpopulations,
marked by Mash1 or Dlx2 and a decrease in dorsal domain markers such as Wnt3a, Lhx, and
Ngn228. In situ hybridization experiments revealed an increase in Shh and Hh target genes such
as Foxa2 and Ptch1 in the brain suggesting a potential mechanism for the forebrain abnormalities
observed28. Rescue experiments were performed by genetically down-regulating levels of the
Shh ligand28. When aln mutant mice also harbored one null allele of Shh, brain abnormalities
were partially rescued28, underscoring the functional significance of Thm1 as a negative regulator
of Hh signaling in the developing brain.
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In addition to a role for THM1 in embryonic development, evidence supports a role for
Thm1 in multiple tissue types during post-natal development26,32. Using a ubiquitous tamoxifen
inducible Cre recombinase, deletion of THM1 at E17.5 resulted in cystic kidneys at six weeks of
age26. Cystic kidneys of the Thm1 conditional knockout mice were accompanied by higher blood
urea nitrogen (BUN) levels, increased kidney weight to body weight ratios, and higher levels of
cAMP compared to control littermates26. Molecular studies in ex vivo embryonic kidney cultures
revealed an increased cystogenic potential of aln embryonic kidneys at E13.5 which was
attenuated by disrupting the Hh signaling cascade26. Loss of Thm1 combined with genetic loss of
Gli2, decreased cystogenesis of ex vivo cultured Thm1-null kidneys26. Additionally,
pharmacological inhibition of the Hh signaling pathway using Gant61 or Sant2, targeting GLI2
and SMO, respectively, was also effective in decreasing the cystogenesis of Thm1-null cultured
embryonic kidneys26. These results were supported by in vivo studies of Thm1 and Gli2 double
mutant conditional knockout mice. Conditional deletion of Gli2 in addition to Thm1 at E17.5
decreased renal cystogenesis at 6 weeks of age compared to Thm1 deletion alone26. These studies
established a role for THM1 and Hh signaling in post-natal kidney development.
Furthermore, post-natal loss of Thm1 at five weeks of age resulted in significantly higher
body weights of Thm1 conditional knockout mice compared to wild-type (WT) littermate
controls at eight weeks of age32. Pair-feeding experiments largely maintained the weights of
Thm1 conditional knockout mice similar to control mice, indicating hyperphagia as a
predominant mechanism of increased weight gain32. Further experiments provide evidence of
metabolic dysfunction in the Thm1 conditional knockout mice including increased levels of
leptin and blood glucose at 18 weeks of age32. Interestingly, a glucose tolerance test revealed sex
differences in the Thm1 conditional knockout mice. While female Thm1 conditional knockout
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mice responded to an intraperitoneal injection of glucose similarly to controls, male Thm1
conditional knockout mice lagged in clearing the glucose, resulting in significantly higher levels
of blood glucose at 60, 90, and 120 minutes post-glucose injection32. These results suggest that
Thm1 conditional knockout male mice have impaired glucose metabolism, a sign of type 2
diabetes32. Molecular analysis of the arcuate nucleus in the hypothalamus, a central regulating
center of appetite and energy expenditure33, revealed a decrease in pro-opiomelanocortin
(POMC) RNA transcript levels in pre-obese Thm1 conditional knockout mice, and lack the
alternation of these transcripts in response to fasting, in contrast to control littermates32. This
suggests that the Thm1 ciliary defect impairs the response to appetite-controlling stimuli,
resulting in hyperphagia and obesity32.
Interestingly, a separate study revealed an extra-ciliary role for THM1 in focal segmental
glomerulosclerosis (FSGS). Genetic analysis of 46 families with FSGS revealed 7 families with
an autosomal recessive mutation in Thm1, p.P209L, which was later determined to be a
hypomorphic mutation34. Histological analysis of patient kidney tissue biopsies with the p.P209L
mutation revealed both glomerular and tubulointerstitial lesions34. Although undifferentiated
podocytes have a primary cilium, mature podocytes lack this structure34. Studies examining the
localization of THM1 found THM1 at the base of the primary cilium in undifferentiated
podocytes. However, THM1 rearranges and localizes along the microtubule network in mature
podocytes34. Loss of THM1 led to abnormal actin and microtubule cytoskeleton organization34
revealing importance of Thm1 in the cytoskeleton of mature podocytes. These data were the first
to identify a role for a ciliary protein in hereditary glomerulopathy and shows THM1 is able to
function in areas of the cell outside of the primary cilium34.
A BLAST search revealed Ttc21a/Thm2 as a paralog of Thm120. Thm2 is found on mouse
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chromosome nine and is predicted to encode a protein 49% identical to THM120. Comparable to
THM1, THM2 is expected to have a similar protein structure including 10 tetratricopeptide
repeat (TPR) domains20. Furthermore, Thm2 and Thm1 share ubiquitous RNA developmental
expression patterns at E10.5, with increases in the branchial arches, maxillary prominence, limb
buds, somites, and spinal cord (Figure 1.3A)20. In contrast to Thm1, the role of Thm2 has not yet
been studied.
BLAST searches revealed Thm1 and Thm2 are orthologous to FLA17 in Chlamydomonas
reinhardtii20. This gene is known to encode an IFT Complex A protein, IFT13935. Analysis of
IFT Complex A proteins in Chlamydomonas reinhardtii revealed IFT139 is linked to the core
IFT-A complex (IFT144, IFT140, and IFT122) through IFT121 (Figure 1.3B)36. Loss of IFT139
in Chlamydomonas reinhardtii resulted in a flagellar bulge and a decrease in retrograde
trafficking velocity37. Thus, the findings of Thm1 loss in mammalian cells are consistent with
these data. This project focuses on expanding our knowledge of Thm1 in adipogenesis and
establishing a role for Thm2 in tissue development and maintenance.
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Figure 1.3. Comparison of THM1 and THM2. Image (A, B) reprinted by permission from
Macmillan Publishers Ltd: Nature Genetics, Tran, P.V. et al. THM1 negatively modulates mouse
sonic hedgehog signal transduction and affects retrograde intraflagellar transport in cilia. Nat
Genet 40, 403-10 (2008)20, copyright 2008. Image (C) adapted from Behal, R.H. et al. This
research was originally published in the Journal of Biological Chemistry. Behal, R.H. et al,
Subunit interactions and organization of the Chlamydomonas reinhardtii intraflagellar transport
complex A proteins. J Biol Chem (2012) 287, 11689-703, Copyright the American Society for
Biochemistry and Molecular Biology. (A) Predicted protein structures of THM1 and THM2
including the presence of TPR motifs. Protein structures predicted by Pfam
(http://pfam.wustl.edu/). (B) In situ hybridization at E10.5 shows similar developmental
expression patterns of Thm1 and Thm2. (C) Schematic diagram of core and peripheral IFT
Complex A proteins. IFT121 is thought to connect core and peripheral proteins.

16

1.4 Ciliopathies
Mutations in genes which cause dysfunctional cilia result in a collection of inherited
disorders termed “ciliopathies”38. Ciliopathies are a heterogeneous group of diseases39 with an
incidence of 1:1,000 to 1:150,00038. These diseases share broad-ranging clinical abnormalities
including obesity, cystic kidney disease, skeletal dysplasia, retinal degeneration, and male
infertility40. (Figure 1.4). Treatment options for ciliopathies are limited to managing the
symptoms of disease, with no curative options available4. Importantly, these clinical features are
also prevalent in the general population, including obesity (1:3)38, cystic kidney disease
(1:500)38, skeletal dysplasia (1:5,000)41, retinal degeneration (1:3,000)38 and male infertility
(7:100)42. Thus, the study of ciliary genes allows unique insight into potential shared molecular
mechanisms between ciliopathies and abnormalities in the general population.
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Figure 1.4. Clinical Manifestations of Ciliopathies. Image reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Genetics. Goetz, S.C. & Anderson, K.V. The primary
cilium: a signalling centre during vertebrate development. Nat Rev Genet 11, 331-44
(2010)12, copyright 2010. Diagram showing the multiple organ systems affected by ciliopathies
due to the nearly ubiquitous presence of cilia on the cells in our body. In particular, we focus on
obesity, skeletal, and sterility abnormalities.
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1.4.1 THM1 and THM2
Mutations in THM1 have been found in patients with ciliopathies. Genetic analysis of 753
ciliopathy patients revealed THM1 mutations in five ciliopathies, including Jeune Asphyxiating
Thoracic Disorder Syndrome (JATD), Meckel Syndrome (MKS), Joubert Syndrome (JBTS),
Bardet-Biedl Syndrome (BBS), and Nephronophthesis (NPHP)43. In total, pathogenic THM1
mutations were found in approximately 5% of ciliopathy patients43. Interestingly, one-third of
patients with a homozygous mutation in another ciliary gene also harbored a heterozygote THM1
mutation, suggesting that mutations in THM1 may be both causal and modifying factors in
human ciliopathies43. The mutational load of THM2 in ciliopathies has not been published. Based
on these human genetic studies and our experimental findings, we are interested in the roles of
THM1 and THM2 in obesity, skeletal dysplasia, and male infertility.

1.4.2 Obesity
Obesity has become a worldwide epidemic, with an estimated 1.4 billion people affected
globally44. Patients with obesity often develop metabolic syndrome, which is estimated to affect
between 10-84% of the general population, varying with the demographics of the population
examined44. Individuals with metabolic syndrome are two times more susceptible to
cardiovascular disease and five times more susceptible to type 2 diabetes, due to the presence of
abdominal obesity, insulin resistance, dyslipidemia, and hypertension45. Obesity and its
associated chronic conditions cost the United States alone an estimated $209 billion46,
reinforcing the need to understand and elucidate novel mechanisms underlying this disease.
Primary cilia have been proposed to play a role in leptin and insulin signaling cascades
which function in metabolic homeostasis. Insulin is produced by the β-cells of the pancreas and
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promotes the uptake of glucose in tissues including skeletal and cardiac muscle, and adipose
tissue, while leptin is a hormone produced in white adipose tissue and acts on the hypothalamus
as a satiety signal33. Evidence suggests primary cilia are essential in the hypothalamus, a key
regulatory center of food intake, energy expenditure, and homeostasis33. Furthermore, cilia have
been shown to function in tissues outside of the central nervous system, including in skeletal
muscle, cardiac muscle, liver, and adipose tissue33. Defects in primary cilia have been linked to
obesity and metabolic syndrome33 with two ciliopathies, Bardet-Biedl Syndrome (BBS) and
Alström Syndrome (ALMS), holding remarkably high rates of obesity, at 72-91% and 95%,
respectively38.
Bardet-Biedl Syndrome is a genetically inherited disorder with an autosomal recessive
mode of inheritance47. Populations from around the world have vastly different occurrence rates
with the incidence in North America below 1:100,000 individuals, while the incidence rate in an
isolated group of residents living on the Faroe Islands of Denmark is strikingly higher at
1:3,70048. ALMS is also a recessively inherited disorder, but is found in the population much less
frequently with only 500 cases reported globally. Both patients with BBS and ALMS are
affected by a broad spectrum of clinical abnormalities, including retinal abnormalities, obesity,
kidney disease, liver disease, male hypogonadism, and diabetes33,38,47. Although BBS and ALMS
share many clinical phenotypes, BBS patients are also affected with polydactyly, cognitive
deficiencies, and situs invertus33. The onset age of obesity differs between BBS and ALMS with
ALMS patients developing obesity as early as six months of age49, while BBS patients develop
obesity after two to three years of life47.
Careful analysis of BBS patients has revealed a complex genetic basis for this disease,
rooted in mutations of at least 21 BBS genes50, all of which have a ciliary function48. Evidence
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suggests that at least some BBS patients may have a triallelic inheritance pattern with three
mutations at two different gene loci47,51. Furthermore, mutations in loci other than BBS genes
have been identified in patients with BBS including Thm143 and ALMS147. These findings
suggest that BBS clinical outcomes may be modified based on mutations in interacting alleles47
coding for proteins within the ciliary proteome. Genomic sequencing of ALMS patients has
identified 239 mutations, all of which are found in the ALMS1 gene52. Although it is known
ALMS1 localizes to the primary ciliary base and centrosomes, the function of the protein is not
completely understood2, but is thought to play a role in ciliary trafficking52. The clinical
phenotype of ALMS has been hypothesized to be modified by other genes, however, such genes
have not yet been identified49.
Mouse models of BBS and ALMS recapitulate many of the phenotypes in human
diseases, including hyperphagia, obesity, retinal degeneration, and male sterility33,38,53. In
particular, mouse models have provided valuable insights into leptin and insulin signaling and
the mechanisms by which aberrant cilia function results in obesity and metabolic dysfunction.
BBS1 has been shown to interact with the leptin receptor, and loss of BBS proteins is thought to
lead to abnormal leptin trafficking54. Underscoring the importance of BBS proteins in leptin
signaling, Bbs2, Bbs4, and Bbs6 knockout mice did not reduce their food intake or lose weight
after receiving an intracerebroventricular leptin injection, suggesting that these mice are unable
to respond to leptin. Analysis revealed a decrease in STAT3 phosphorylation, a downstream
target of leptin signaling, providing a molecular basis for the observed abnormalities in response
to leptin injection54. In contrast, another group used an Ift88 conditional knockout mouse model
and a Bbs4 knockout mouse model. Interestingly, after these mice were intraperitoneally injected
with leptin, the mice decreased their food intake, suggesting that they are able to respond to
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leptin signals. On a molecular level, these mice also showed a response to leptin with an increase
in STAT3 phosphorylation55. These conflicting results suggest that the role of primary cilia in
leptin signaling is complex and still relatively unknown33.
Conflicting results regarding insulin signaling have also been reported in different Bbs
mouse models. Associations between primary cilia and insulin signaling components have been
established with the insulin receptor localizing to primary cilia of insulin-activated β cells of the
pancreas56. Bbs4 pre-obese null mice were injected with glucose and, compared to their
littermate controls, had impaired glucose clearing as measured by higher levels of glucose in the
blood. This was accompanied by a decrease in first-phase insulin secretion by the Bbs4 null
pancreatic islets56. On the other hand, Bbs12 knockout mice, although obese, did not show
impaired glucose handling when administered a glucose tolerance test. Surprisingly, these mice
were more sensitive to injected glucose, with lower blood glucose levels when compared to
control littermates. Pathway analysis reveals this response is specific to adipose tissue, with a
significant increase in PAKT levels, a known downstream target of insulin signaling57. Although
direct comparisons between these two studies are difficult, due to the differing weights of the
knockout mice compared to controls33, opposing results indicate that the roles of ciliary proteins
in insulin signaling are likely complex and warrant further investigation.
In vitro studies utilizing mutations in BBS genes have also provided important molecular
insight into adipocyte biology. Although differentiating pre-adipocytes have a primary cilium,
mature adipocytes lack this organelle58. The presence of a cilium on differentiating preadipocytes raises questions regarding the function of cilia in adipocyte differentiation.
Throughout the differentiation process, many pathways and regulators work in concert to
determine the extent of adipogenesis. Key pathways known to antagonize adipogenesis include
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Hedgehog (Hh) and Wnt signaling, while PPARγ and C/EBPα are transcription factors known to
promote adipogenesis58.
In a study of human white pre-adipocytes, knockdown of either BBS10 or BBS12
decreased the percentage of ciliated cells and increased PPARγ expression, indicative of proadipogenic signaling58. In a separate experiment, similar pro-adipogenic observations were
verified with an experiment using fibroblasts of patients with mutations in BBS10 and BBS1258.
Fibroblasts were differentiated into mature adipocytes and, compared to control cells, cells with
mutations in BBS10 or BBS12 had greater lipid accumulation58. Other models of the adipocyte
differentiation process involve the use of a mouse pre-adipocyte line, 3T3-L1 cells. Knockdown
of Ift88 in 3T3-L1 cells led to an inability of the cells to produce primary cilia59. Interestingly,
these cells exhibited a decrease in adipocyte differentiation with corresponding decreases in
PPARγ and C/EBPα59. Furthermore, knockdown of ALMS1 in 3T3-L1 cells led to a decrease in
adipogenesis and PPARγ expression60. These contradictory results suggest that although ciliary
proteins regulate adipogenesis, the extent and mechanism of regulation is unclear. Individual
ciliary proteins or complexes likely have unique, differing roles in regulating adipogenesis, and
future studies are needed to further investigate this possibility.

1.4.3 Skeletal Dysplasias
In the general population, skeletal dysplasias affect nearly 1:5,000 individuals and cause
short stature due to defects in skeletal development and maintenance41. Mutations in ciliary
genes can result in skeletal abnormalities, underscoring the importance of primary cilia in signal
transduction, mechanosensation and orientation within developing bone and cartilage61. In
particular, several ciliopathies are characterized by skeletal abnormalities including Jeune
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Asphyxiating Thoracic Disorder Syndrome (JATD), Oro-facial-digital syndrome type 1 (OFD1),
Ellis van Creveld syndrome (EVC)38, and Short-Rib Polydactyly Syndromes (I-IV)62. Here I
focus on JATD because mutations in THM1 have been identified in patients with this
ciliopathy43, as noted above.
JATD is an autosomal recessive genetic disorder affecting approximately 1:100,0001:130,000 individuals63. Major skeletal manifestations of JATD include polydactyly, shortened
long bones and the presence of a small, narrow thoracic cavity, which often leads to respiratory
insufficiency64. In 60-80% of JATD cases, respiratory insufficiency results in death during the
neonatal-infantile period of life64. However, some patients with JATD survive this timespan with
little to no respiratory distress and can develop kidney, liver, and pancreas abnormalities, and
retinal degeneration, later in life38,64. Of JATD patients three to ten years old, kidney failure is
the leading cause of death63. A case review of 13 individuals with JATD revealed a wide
spectrum of clinical abnormalities in patients with this disease65 which may be attributed, in part,
to the genetic heterogeneity of JATD. Genetic analysis of individuals with this disease has
revealed mutations in multiple cilia-related genes including WDR19 (IFT144)64,66, DYNC2H164,
IFT14064,67, and IFT8068, in addition to THM143, which all function in trafficking cargo
throughout the primary cilium. Moreover, sequencing analysis of some patients diagnosed with
JATD did not reveal mutations in any known genes, implying other loci may contribute to this
disease64.
In a case study analysis, researchers noted as JATD patients grew older, respiratory
problems and thoracic abnormalities seemed to lessen65. These data suggest that if patients
survive the critical early years of life, respiratory distress may subside65, increasing the
likelihood of survival. Although some surgical techniques have been successfully used to
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improve the constricted thoracic cavity in patients with JATD, the results are not guaranteed63.
Many of these procedures involve using invasive techniques to place bars or plates in the
sternum which expand the space within the thoracic cavity63. Due to the unknown success of
surgical procedures and lack of curative option63, further research is needed to uncover novel
genetic contributors and molecular mechanisms underlying this disease.
Endochondral and intramembranous ossification are two types of bone development that
give rise to the skeleton69. Intramembranous ossification is responsible for the development of
craniofacial bones while endochondral ossification is responsible for a large part of the
remaining skeleton69. The ossification process for both endochondral and intramembranous
derived bones begin with mesenchymal progenitor cells69. In endochondral ossification, these
cells differentiate into chondrocytes and go through a maturation process before they are
replaced by osteoblasts69. In contrast, mesenchymal progenitor cells mature straight into
osteoblasts during intramembranous ossification69. Since skeletal abnormalities in JATD arise
from irregular endochondrial bone development70, here we focus on the role of primary cilia in
endochondral ossification.
Endochondral ossification is a highly regulated process dependent on a variety of
signaling pathways71. In particular, Hh signaling in the developing growth plate of long bones,
such as the tibia, is important during the process of chondrocyte maturation71. In the growth
plate, chondrocytes mature through three major zones: the proliferation, prehypertrophic, and
hypertrophic zones71. IHH and Parathyroid hormone-related peptide (PTHrP) are two factors
essential in maintaining the organization of the endochondral growth plate72. PTHrP is a
hormone secreted by the periarticular cartilage, found near the growth plate72, and IHH is
secreted by prehypertrophic chondrocytes71. PTHrP diffuses through the growth plate, keeping
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cells in a proliferative state. Once the expression falls below a certain level, chondrocytes begin
expressing IHH, which also promotes chondrocyte proliferation72. This relationship forms a
feedback loop where PTHrP inhibits IHH expression and IHH stimulates the expression of
PTHrP72 (Figure 1.5). Suppressor of fused (Sufu) is a known negative regulator of Hh signaling
and conditional deletion of Sufu in chondrocytes resulted in an increase in the proliferation zone
and a decrease in the hypertrophic zone of tibia explants when compared to control mice at
E16.573. In contrast, absence of, or decreased, Hh signaling, promotes premature hypertrophy of
chondrocytes69. A study of Ihh-null mice revealed a decrease in long bone and rib length,
indicating abnormalities in endochondral ossification74 and providing further evidence of Hh
signaling in bone development.
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Figure 1.5. Growth Plate Signaling. Image reprinted by permission from Macmillan Publishers
Ltd: Nature, Kronenberg, H.M. Developmental regulation of the growth plate. Nature 423, 332-6
(2003)72, copyright 2003. Schematic diagram showing the feedback mechanisms of IHH and
PTHrP in the endochondral growth plate. (1) PTHrP inhibits the expression of IHH in the
proliferating chondrocytes. (2) Once PTHrP levels fall below a certain level, IHH is expressed
and promotes proliferation while (3) driving the expression of PTHrP from the articular cartilage.
(4) IHH stimulates perichondral cells to mature into the bone collar.
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Ciliary-mediated Hh signaling in chondrocytes has also been shown to be
mechanosensitive75. Using primary bovine chondrocytes, the effects of cyclical tensile strength
(CTS) on the Hh signaling pathway were assessed75. When chondrocytes were exposed to 10%
CTS, transcript levels of Ihh, Gli1 and Ptch1 increased compared to unstrained cell lines,
suggesting Hh pathway activation in response to mechanical stimulation75. In order to determine
the role of the primary cilium in this response, further studies were conducted using
chondrocytes derived from the Tg737ORPK mouse, harboring a hypomorphic mutation of Ift8875.
Immunofluorescence analysis of cilia from this cell line revealed the majority of chondrocytes
lacked a cilium in the Tg737ORPK line75. Interestingly, when the Tg737ORPK and control cell lines
were exposed to 10% CTS, Ihh transcript levels increased75. However, Gli1 and Ptch1 transcript
levels only increased in the control cell line, suggesting IHH ligand expression is mediated by
mechanosensation in a primary cilium-independent manner, however, primary cilia are needed to
transduce IHH signaling75.
Further evidence supporting a role for primary cilia in mechanotransduction of the Hh
signaling pathway was elucidated using hydrostatic loading76. Chondrocytes isolated from
Sprague Dawley rats at P2 were exposed to hydrostatic loading for one or two days76. After one
day, Ihh transcription levels were increased by seven-fold, and after two days were further
increased, up to 20-fold76. Additional pathway analysis after exposure to hydrostatic loading for
two days revealed Gli1 luciferase activity was increased three-fold compared to non-treated
control chondrocytes76. Interestingly, this increase in Gli1 activity was repressed when cells were
treated with cyclopamine, a Hh antagonist, or chloral hydrate, which causes cilia loss, indicating
an essential role for primary cilia in the Hh response triggered by hydrostatic loading76. Taken
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together, these data indicate a role for primary cilia in mechanosensation and Hh transduction in
models of cyclical tensile strength and hydrostatic loading.
Additionally, primary cilia are involved in the maintenance of growth plate
organization77. Chondrocytes in the growth plate arrange into ordered columns through a process
known as “chondrocyte rotation”77. In this process, once cells undergo proliferation, the daughter
cell initially resides next to the mother cell77. The daughter cell then rotates in line with the
established stacked columns77. Interestingly, primary cilia in the growth plate maintain a specific
orientation, and changes in primary cilia orientation are thought to result in growth plate
disorganization77. Ablation of Kif3a, a subunit of the ciliary anterograde motor, in the
chondrocytes of mice resulted in loss of primary cilia on chondrocytes and a disorganized growth
plate77,78. Interestingly, hypomorphic loss of Ift80 resulted in a disorganized growth plate, even in
the presence of primary cilia79. Together, these data indicate a role for cilia function, likely
signaling, in growth plate organization.
Ciliary mouse models of genes mutated in JATD have provided valuable insights into the
role of individual proteins in skeletal development. Hypomorphic loss of Ift140, an IFT Complex
A gene, resulted in embryonic lethality at E13.567. Interestingly, two Ift140 mutants survived
past E13.5, allowing skeletal formation to be assessed at E16.567. Skeletal preparations revealed
severe malformations involving abnormal development of the ribs and polydactyly67. Close
examination revealed Ift140 mutant ribs were characterized by branching, thickened
protuberances, and abnormal joint architecture between the vertebrae and the heads of the ribs67.
Analysis of primary cilia structure using scanning electron microscopy (SEM) showed irregular
cilia morphology, including a bulb-like structure at the distal tip67. Furthermore, molecular
analysis using in situ hybridization at E11.5 revealed disordered somites of the body plan, and
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abnormalities in Hh signaling including an expansion of Ptch1 and a restriction of Gli3 domains
in the developing limb bud, indicating an increase in Hh signaling67. The authors of this study
acknowledge that, although more severe than the human disorder JATD, the Ift140 hypomorphic
mouse mutations highlight a role for IFT Complex A proteins in skeletal abnormalities67.
The Ift144twt mouse mutant is another hypomorphic IFT Complex A mouse model66.
Ift144 mutants also die during embryogenesis, but survive close to birth66. Similar to Ift140
mutations, loss of IFT144 resulted in multiple skeletal abnormalities as assessed by skeletal
preparations at E18.5. Skeletal staining revealed Ift144 mutants with polydactyly and smaller
thoracic cavities with abnormal rib architecture, including rib fusion and branching, and
decreased hind limb length66. Although SEM of primary cilia revealed no overt abnormalities in
cilia structure, whole embryo in situ hybridization at E10.5 revealed an increase in Ptch1 staining
in the face and limbs, and disorganized somites of Ift144 mutant embryos66. This study adds to
the body of evidence implicating IFT Complex A proteins in skeletal development.
In addition to mouse models investigating the role of IFT-A proteins in skeletal
development, hypomorphic mutation of Ift80, an IFT-B gene, resulted in post-natal skeletal
deformities79. Although many of the Ift80 mutant mice did not survive embryogenesis, those that
did were characterized by severe skeletal defects79. Skeletal stains of Ift80 mutant mice at P21
show abnormalities of the thoracic cavity including abnormal boundaries between the bone and
cartilage and constriction of the rib cage79. Additional analysis of skeletal stains revealed
polydactyly and shortening of the long bones and skull in the Ift80 mutant mice79. Furthermore,
histological analysis of the humerus of post-natal day 2 mice revealed disorganization of the
growth plate in the Ift80 mutant compared to control littermates79, providing a potential
mechanism for the observed skeletal defects. Although immunofluorescence analysis showed the
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presence of structurally normal cilia on E14.5 Ift80 mutant derived MEFs, these cells showed a
decreased response to Hh agonist, as shown by lower levels of Hh target transcripts including
Ptch1 and Gli1 compared to littermate controls79.
More specifically, the role of Ift80 in chondrocyte differentiation has been investigated
using an inducible, chondrocyte-specific Cre-recombinase80. Three week cultures of isolated
mouse chondrocytes from Ift80 conditional knockout mice revealed a decrease in sulfated
proteoglycan deposits in IFT80-deficient chondrocytes, compared to control chondrocytes,
indicating a decrease in chondrocyte differentiation80. Transcriptional analysis revealed a
decrease in levels of chondrocyte markers Sox9, Aggrecan, and type X collagen80. Further
molecular analysis of isolated chondrocytes revealed a decrease in Hh signaling in response to
SHH ligand and an increase in Wnt signaling in response to WNT3A ligand, suggesting IFT80
mediates chondrocyte differentiation through regulation of Hh and Wnt signaling80. These
experiments provide a molecular basis for the cellular abnormalities of the reduced growth plate
observed in Ift80 conditional knockout mice. In addition, conditional deletion of Ift88, another
IFT-B gene, resulted in skeletal abnormalities including polydactyly, and shortening of the long
bones which could be detected during embryogenesis and post-natally81. Molecular analysis of
the forelimbs revealed a decrease in Gli1 levels, indicating a decrease in Hh signaling81. Taken
together, these results suggest further studies are needed to determine the precise contributions of
IFT Complex A and Complex B proteins in skeletal development.

1.4.4 Infertility
Approximately 48.5 million couples are estimated to struggle with infertility
worldwide82. Although both male and female factors can contribute to this health concern, male
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factors are thought to cause infertility 20-30% of the time and to contribute to infertility in 50%
of cases82. Based on population approximations, almost 11 million men are predicted to be
infertile in North America alone82. The vast majority of male infertility cases can be attributed to
poor sperm quality or amount, which result from abnormal events before, during, or after sperm
development in the testis42. These abnormalities can result from environmental83 or genetic
factors84, such as the male infertility observed in ciliopathies.
Interestingly, ciliopathies resulting in issues related to male fertility have been attributed
to abnormal mechanisms in both motile and primary cilia47,85. Motile cilia utilize mechanisms
similar to primary cilia, including IFT40, but are present on specific cells throughout the body
with multiple cilia per cell39. Instead of the 9+0 microtubule arrangement of primary cilia, motile
cilia contain a 9+2 arrangement with two microtubules located in the center of the axoneme40. In
addition, motile cilia contain dynein motor proteins, which utilize ATP to facilitate the beating
movement of motile cilia39. The sperm flagella (tail) shares the 9+2 microtubule organization and
presence of dynein motors with motile cilia, allowing for sperm motility39.
Primary Ciliary Dyskinesia (PCD) is a motile cilia disorder with an autosomal recessive
mode of inheritance and is thought to affect approximately 1:10,000 individuals85. Mutations in
genes causing PCD result in defective ciliary beating patterns, leading to different clinical
abnormalities including male infertility, hearing and respiratory defects, and situs inversus85.
Male infertility is generally the last abnormality characterized in patients with PCD, while
approximately 80% of newborns exhibit signs of severe respiratory abnormalities86 which lead to
recurrent infections85. Genetic analysis of patients with PCD uncovered mutations in
approximately 25 genes, most of which result in structural abnormalities of the motile cilia or
flagella86. Although mutations in most genes do not correlate with specific clinical outcomes, a
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mutation in the gene CCDC114, has been identified in patients with PCD, who exhibit normal
fertility85. Future studies are necessary to determine the roles of individual proteins and their
contributions to the development of diverse clinical manifestations observed in patients with
PCD.
Furthermore, patients with BBS, described above in section 1.4, are affected by
hypogonadism47. Male hypogonadism is characterized by a decrease in gametogenesis and/or
gonadal hormones87. The hypogonadism observed in male BBS patients results from testes
which fail to undergo puberty, causing infertility the vast majority of the time88. Underscoring
the importance of BBS proteins in sperm development, Bbs4 mutant mice develop primary and
motile cilia throughout the body, but fail to generate a sperm flagellum, resulting in infertility89.
By studying male infertility in models of ciliary mutants, I aim to uncover novel proteins and
mechanisms underlying male infertility in ciliopathies and the general population.
The testis is the major male reproductive organ responsible for spermatogenesis, or sperm
development90. Of interest, in situ hybridization revealed Hh-related signaling transcripts in cells
within the testis, including in germ cells and Sertoli cells found within the seminiferous
tubules91, and Leydig cells located in the interstitial tissue92. Germ cells undergo a highly
organized, step-wise process to mature into functional sperm and Sertoli cells form the bloodtestis barrier and aid in spermatogenesis and Leydig cell function90. Leydig cells produce male
sex hormones, such as testosterone, which plays an integral role in the hypophyseal-testicular
axis, affecting the development of male reproductive organs and spermatogenesis90. In the
hypothalamus-pituitary-gonadal

(HPG)

signaling

axis,

the

hypothalamus

produces

gonadotrophin releasing hormone (GnRH) which acts on cells in the pituitary93. The pituitary
then releases follicular stimulating hormone (FSH) and luteinizing hormone (LH), which reach
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the testis, and regulate the development of gametes through the production of steroid hormones
in the gonads, such as testosterone90,93. The steroid hormones form part of a negative feedback
loop and act on the hypothalamus and pituitary to control levels of GnRH, FSH, and LH87.
Most sperm development occurs within the germinal epithelium of the seminiferous
tubules and can be divided into three stages: spermatogoniogeneisis, maturation of
spermatocytes, and spermiogenesis90. Spermatogoniogenesis is a process that involves the
development of B type spermatogonia for the beginning of germ cell development90.
Spermatogonia develop into spermatocytes that are classified based the number of meiotic
rounds the cell has completed90. Spermatocytes that have not yet undergone a round of meiosis
are called primary spermatocytes while cells that have undergone the first round of meiosis are
called secondary spermatocytes90. The secondary spermatocytes undergo another round of
meiosis to become haploid cells called spermatids90. Spermatids then undergo spermiogenesis
where a variety of changes take place, including the growth of the flagella90. The Sertoli cells
then mediate a process known as spermiation where the spermatids leave the germinal
epithelium and become spermatozoa90. During this process, residual bodies can also be released
and digested by Sertoli cells (Figure 1.6)90.
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Figure 1.6. Process of Spermatogenesis. Image from Holstein, A.F., Schulze, W. & Davidoff,
M. Understanding spermatogenesis is a prerequisite for treatment. Reprod Biol Endocrinol 1,
107 (2003)90. Copyright Holstein et al; licensee BioMed Central Ltd. 2003. This is an Open
Access article: verbatim copying and redistribution of this article are permitted in all media
for any purpose, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC293421/. Drawing of a cross
section of a seminiferous tubule containing progressively more developed sperm towards the
center (lumen) of the tubule. Once spermatids are released from the germinal epithelium, they
are called spermatozoa.
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Interestingly, it appears as though Hh signaling may be regulated in a developmentally
appropriate manner throughout the process of spermatogenesis91. In situ hybridization in adult
mouse testis revealed the Hh signaling transcripts, Gli1, Gli2, Gli3, Ptch2, and Smo are
expressed at the beginning stages of spermatogenesis, in spermatogonia and spermatocytes, with
Gli1, Gli3, Ptch2, and Smo showing less intense staining in round spermatids91.
Complementarily, transcripts of a negative regulator of Hh signaling, Sufu, were found to be
expressed in round spermatids and immunohistochemistry revealed SUFU expression in round
and elongating spermatids, proposing SUFU works to downregulate Hh signaling towards the
end of spermatogenesis91. These observations suggest Hh signaling functions in the process of
spermatogenesis91.
In addition to the germ cells, there are other cell types within the testis involved in Hh
signaling92. The Sertoli cell precursors are the first known cell type of the testis to exhibit
transcription of Dhh, at E11.5, just one day after the earliest indicator of male determination, Sry,
is expressed92. The expression of Dhh in the Sertoli cells continues into adulthood92. In the testis,
Sertoli cells are closely intertwined with germ cells in the seminiferous epithelium, and coculture experiments showed that when mouse P9 testicular cells were cultured with a mouse
Sertoli cell-derived line (15P-1), testicular cells were able to undergo meiosis94. These results
suggest that signaling molecules from Sertoli cells may affect spermatogenesis92,94. Furthermore,
Leydig cells in the testis are shown to exhibit Ptch expression, a target of Hh signaling92.
Supporting a role for Hh signaling in Leydig cells, immunofluorescence experiments have
identified primary cilia on immature Leydig cells95. In vitro experiments utilizing an immature
mouse Leydig cell line (TM3), confirmed the ability of these cells to transduce the Hh signal95.
When TM3 cells were stimulated with a Hh agonist, SAG, cells were capable of transducing Hh
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signaling exhibited by increased SMO localization to the primary cilium and increased RNA
expression of Gli1 and Ptch195. Taken together, these data provide evidence for Hh signaling in
Sertoli and Leydig cells of the testis.
Underscoring the importance of Hh signaling in the testis, Dhh null mice are infertile and
are characterized by a 60% decrease in testis weight at P1092. Histological analysis of pure
129/Sv Dhh-null mice revealed the presence of primary spermatocytes, but the absence of
spermatids92. However, on a 129/Sv-C57BL/6J mixed background, some developing sperm
underwent meiosis, but failed to mature into sperm92. In Dhh mutant testis, Sertoli and Leydig
cells were present, but Leydig cells lacked Ptch expression, suggesting Leydig cells may be
targets for Dhh in the developing testis92. Interestingly, on a 129/Sv-C57BL/6J mixed
background, a separate group revealed that fetal Leydig cells failed to undergo differentiation,
suggesting a role for Hh signaling in this process96. Since Hh signaling plays an essential role in
multiple cells of the testis, sperm development can be affected by abnormalities in germ cell Hh
signaling, or by abnormalities in Sertoli and Leydig cell Hh signaling92.
Several mouse models highlighting proteins primarily involved in anterograde trafficking
have elucidated roles for ciliary proteins in spermatogenesis97-99. Hypomorphic loss of Ift88
resulted in infertile male mice with significantly lower sperm counts compared to control male
mice at eight weeks of age or more97. Close examination of sperm morphology showed
abnormally shaped sperm heads97. While many sperm heads lacked tails, the few tails present
were shorter and irregularly shaped compared to control sperm tails97. Localization analysis of
IFT88 revealed presence in the Golgi apparatus100, and head and tail of developing spermatids97.
Despite localization of IFT88 in the tail of developing sperm, immunofluorescence analysis
revealed the absence of IFT88 in mature sperm, suggesting IFT88 may only be required in the
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flagellum of developing sperm97. Furthermore, histological staining of testis architecture showed
a decrease and scattered organization of sperm heads surrounding the lumen, and abnormal
morphology of some spermatid heads, underlying the importance of Ift88 in sperm
development97.
Another IFT Complex B protein, IFT20, has been associated with male fertility98. IFT20
is expressed in the testis of male mice and increases in expression from P30-P42, when the first
wave of spermatogenesis occurs, suggesting this protein functions in sperm development98.
Conditional deletion of Ift20 specifically in male germ cells of mice showed that loss of IFT20
resulted in infertility when male mice are mated at two to three months of age98. Interestingly,
approximately 1/3 of Ift20 conditional knockout male mice mated with females at six weeks of
age were able to father litters that were reduced in size compared to control litters, and were
unable to father future litters98.
Using scanning electron microscopy (SEM), the structure of Ift20 mutant sperm was
investigated98. Analysis revealed a variety of phenotypes in the Ift20 conditional knock out mice
including some sperm heads without a tail, other sperm heads with a bent tail, and irregularly,
round-shaped sperm heads98. Interestingly, residual cytoplasm was also observed in the bent
portions of tails of Ift20 mutant mice98. Additionally, histological analysis characterized
abnormal features of sperm within the Ift20 mutant testis at different stages including the
presence of abnormal elongating spermatids, residual bodies in the lumen, and the absence of
sperm tails in the lumen98. Live imaging analysis revealed that while most Ift20 mutant sperm
failed

to

move,

some

flagella

exhibited

defective

beating

patterns98.

Further,

immunofluorescence staining revealed the absence of two proteins normally found in mature
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sperm flagella, ODF2 and SPAG16L, in Ift20 mutant mice98. These data indicate that the IFTB
gene, Ift20 is essential in sperm development and trafficking of proteins to the flagella.
Additional studies investigated a role for a subunit of the anterograde molecular motor,
KIF3a, in spermatogenesis99. Immunofluorescence of sperm at different stages of development
showed distinctive localization patterns99. KIF3A was found to localize to the cytoplasm in a
variety of stages of sperm development, including the spermatocytes, round spermatids, and
elongating spermatids99. Specifically, immunofluorescence analysis of round and elongating
spermatids showed KIF3A localization at the basal body and axoneme, with additional presence
in the manchette, in elongating spermatids99. However, in mature spermatids, staining for KIF3A
was only found in the principal piece, suggesting KIF3A localizes to different regions of the
sperm during the maturation process99.
To study the role of KIF3A in spermatogenesis, a male germ cell-specific conditional
knockout mouse was used99. Kif3a conditional knockout males mated with females were unable
to father litters, suggesting loss of Kif3a renders male mice infertile99. Histological analysis of
the epididymis revealed cellular remains and very few sperm in the KIF3A mutant mice, while
the control epididymis was filled with sperm99. The little sperm present in the KIF3a mutant
epididymis were characterized by abnormal head and tail morphology, with transmission
electron microscopy showing complete loss of axonemal and accessory structure organization99.
Despite a decrease in total testis weight, histological analysis revealed normal morphology of the
Kif3a mutant testis99. Although spermatogonia, spermatocytes and spermatids were unaffected
by loss of KIF3A, irregularities were seen in elongating spermatids99. Specifically, elongating
spermatids did not have tails and exhibited unusual head shapes99. Studies investigating the
mechanisms underlying abnormal sperm head shape in Kif3a mutant mice centered on the
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manchette, a structure known to function in sperm head shaping99. Taken together, these data
reveal a role for the IFT Complex B proteins and motor in sperm development97-99. Future
studies are needed to expand our knowledge of IFT Complex B proteins, and establish a role for
IFT Complex A proteins in spermatogenesis.

1.5 Study Significance
An abundance of evidence suggests primary cilia are important signaling organelles,
essential for proper development of many tissue types throughout the body. Since mutations in
ciliary genes result in human diseases known as ciliopathies, which are characterized by clinical
manifestations found also in the general population, expanding our knowledge of ciliary proteins
and their roles within the body has broad clinical relevance. In particular, this dissertation
investigates the role of Thm1 and of the novel ciliary gene, Thm2, in obesity, skeletal
abnormalities, and male infertility.
In chapter two, a novel in vitro model of Thm1 deficiency was used to determine a role
for Thm1 in adipogenesis. The data show deficiency of Thm1 increases adipogenesis, adipogenic
promoting pathways, and insulin sensitivity. In chapter three, we investigate the role of the novel
ciliary gene, Thm2, together with Thm1 in skeletal development. Using the first Thm2 knockout
mouse model, and combining with a null allele of Thm1, the results show that loss of Thm2 and
one allele of Thm1 results in decreased body weight and length accompanied by a trend of
abnormal growth plate morphology when backcrossed five generations onto a C57BL6/J
background. In chapter four, a second mouse model of Thm2 loss was created using
CRISPR/Cas9 genome editing. Loss of Thm2, and one allele of Thm1, results in decreased male
fertility, low sperm count, impaired sperm motility, and abnormal testis morphology on a mixed
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FVB/C57BL6/J background. Taken together, these studies have established novel roles for Thm1
in adipogenesis and for the novel gene, Thm2, in post-natal skeletal development and male
infertility, expanding the ciliome. These studies also have revealed functional interaction
between Thm1 and Thm2. Further, these investigations provide novel in vitro and in vivo models
of Thm1 and Thm2 deficiency that will be instrumental in elucidating molecular mechanisms
underlying multiple clinical manifestations of ciliopathies.
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Chapter Two: Novel Role of Thm1 in Adipogenesis
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2.1 Abstract
Ciliopathies are genetic disease syndromes that can manifest obesity and are caused by
underlying primary cilia dysfunction. Mutations in THM1, an intraflagellar complex A
component which facilitates ciliary protein transport, have been reported in patients with BardetBiedl Syndrome, which presents obesity as a cardinal clinical feature. Previously, we have
shown that global deletion of Thm1 in adult mice causes hyperphagia and obesity. Here, we
show that Thm1 deficiency markedly enhances adipogenesis. shRNA-mediated Thm1 knockdown of 3T3-L1 pre-adipocytes resulted in decreased ciliary length and increased lipid
accumulation. When pre-adipocytes are differentiated into mature adipocytes, Thm1 loss results
in earlier AKT and ERK signaling activation, and nuclear expression of adipogenesis
transcriptional regulators, C/EBPα and PPARγ. Further, insulin treatment caused greater AKT
and ERK phosphorylation in Thm1-deficient pre-adipocytes, suggesting increased insulin
sensitivity. Together, these data indicate that Thm1 deficiency in pre-adipocytes promotes
differentiation and insulin signaling.
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2.2 Introduction
Obesity has become a significant global health concern. Obesity affects almost 1 in 3
individuals worldwide38 and associates with insulin resistance that can lead to Type II diabetes,
cardiovascular disease and non-alcoholic fatty liver disease, placing individuals at heightened
health risk. In light of this obesity epidemic, adipose tissue biology has garnered much interest.
Adipose tissue plays a critical role in insulin sensitivity, and serves both as an energy depot and
an endocrine organ101. In the latter role, adipose tissue secretes adipokines that are received by
multiple organs, including the brain, liver, skeletal muscle, and pancreas, regulating systemic
energy homeostasis. Expansion of adipose tissue results largely from hypertrophy or the
enlargement of adipocytes in adult-onset obesity, or from a combination of hypertrophy and
hyperplasia, which is the increased formation of adipocytes from precursor cells, in early-onset
obesity101. Hypertrophy without hyperplasia is associated with adipocytes with metabolic
dysfunction, while formation of new adipocytes from pre-adipocytes may promote healthy
metabolism101-103.
Genetic disorders which manifest obesity can provide valuable insight into cellular and
molecular mechanisms. Such genetic disorders include ciliopathies, which are caused by an
underlying primary cilia defect104. Primary cilia are singular, appendage-like organelles that
transmit extracellular signals to the cell interior to regulate cellular processes, such as
proliferation and differentiation, in a context-dependent manner. Since most vertebrate cells have
a primary cilium, ciliopathies manifest multiple clinical features, which include renal, hepatic
and pancreatic cystic diseases, retinal degeneration, as well as limb, neural, and craniofacial
defects12. In two ciliopathies, Bardet-Biedl Syndrome (BBS) and Alström Syndrome, obesity
presents as a central clinical feature, linking obesogenic processes to ciliary dysfunction105,106.
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Primary cilia extend from a modified centrosome known as the basal body, and are
constructed and maintained via intraflagellar transport (IFT) or the bi-directional transport of
protein cargo, which includes structural and signaling molecules, along a microtubular
axoneme12,107. Protein complexes that mediate IFT can be classified as IFT-B or –A. IFT-B
associates with the kinesin-2 motor to mediate anterograde IFT from the ciliary base to the tip,
while IFT Complex A proteins and the cytoplasmic dynein motor mediate retrograde IFT from
the ciliary tip to the base12. IFT-A proteins are also required for the ciliary entry of several
membrane receptors in mammalian cells22,108. Eight proteins (BBS1, BBS2, BBS4, BBS5, BBS7,
BBS8, BBS, and BBS18/BBIP1) conglomerate into a multi-protein complex, the BBSome109,110,
which transports signaling molecules to the cilium. Three other BBS proteins (BBS6, BBS10,
and BBS12) form a BBS-chaperonin complex together with BBS7 to facilitate formation of the
BBSome111,112. In Chlamydomonas, BBS proteins have also been shown to act as adaptors
between IFT complexes and cargo, facilitating transport of signaling molecules within cilia113. In
mammalian cells, evidence suggests BBS proteins may act in a similar fashion to enable ciliary
trafficking of polycystin proteins114,115, which are deficient in Autosomal Dominant Polycystic
Kidney Disease.
While mutations of a single gene, ALMS1, cause Alstrom Syndrome106, 21 BBS genes
have been identified to date116-119; reviewed in50. Most BBS cases are autosomal recessive, but
some also show evidence of tri-allelic inheritance47,51. In particular, heterozygous mutations of
THM1 (TPR-containing Hedgehog Modulator 1; also known as TTC21B), which encodes an
IFT-A protein20, have been identified in BBS patients who bear additional mutations in BBS
genes43.
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In vitro adipogenesis studies have demonstrated that primary cilia present on confluent
pre-adipocytes, lengthen during early differentiation stages, but shorten during later stages and
are absent in mature, lipid-filled adipocytes120. BBS10 and BBS12-patient derived fibroblasts and
BBS12-deficient human primary mesenchymal stem cells showed enhanced adipogenesis57,58. In
contrast, knock-down of Ift88, an IFT-B component, of Kif3a, a kinesin subunit, or of Alms1,
whose gene product localizes to the basal body, inhibited adipocyte differentiation of 3T3-L1
mouse pre-adipocytes60,121. BBS10 and BBS12 deficiency reduced the number of ciliated cells in
vitro58. In vivo, loss of IFT Complex B components results in short or absent cilia17, while
Alms1-mutant mice showed gradual loss of cilia122. The opposing effects on adipogenesis
suggest differing roles of these ciliary proteins in regulating adipogenesis. Consistent with the
notion that increased adipogenesis may benefit metabolism, obese Bbs12 knockout mice showed
enhanced glucose and insulin metabolism57,58. However, in contrast, lean, calorie-restricted Bbs4
mice were insulin-resistant123, indicating complexity in the roles of various BBS proteins in
determining adipocyte metabolic health.
The role of an IFT-A protein in adipogenesis has not been reported. We have shown that
THM1 loss impairs retrograde IFT, resulting in protein accumulation in swollen distal tips of
shortened cilia20, characteristic of an IFT Complex A mutant ciliary phenotype. Consistent with
THM1 mutations present in BBS patients, deletion of Thm1 in adult mice causes hyperphagia
and obesity, and the obese phenotype is preceded by misregulation of genes that encode
neuropeptides that regulate appetite32. To determine additional underlying mechanisms of Thm1deficient obesity, we have examined the role of Thm1 deficiency in adipogenesis. Our findings
suggest that diminished levels of this IFT Complex A protein promote adipogenesis and enhance
insulin sensitivity.
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2.3 Methods
2.3.1 Generation of 3T3-L1 Thm1kd cell line
3T3-L1 Thm1 knockdown and empty vector (control) cell lines were generated using
lentiviral transfection as described20. Briefly, viral particles were created by transfecting three
plasmids, 4.2µg vector (pLKO.1 or pLKO.1-Thm1 5’-GTTCGTAGATGCCATTGAA-3’, 7.4 µg
delta 8.2 and 0.4 µg VSVG into 293T packaging cells using the Viafect Transfection Reagent
(Promega, E4983) and incubated at room temperature for 20 minutes. The mixture was then
incubated with 293T cells for 48 hours, after which supernatant was collected and filtered to
obtain viral particles. Viral particles were placed onto 293T cells for 4 hours before media was
changed. To obtain cells containing the construct, cells were selected with 1µg/ml puromycin.
Individual clones were isolated using cloning disks (VWR) immersed in Trypsin, and expanded.
2.3.2 Differentiation Assay
3T3-L1 cells were maintained as pre-adipocytes in pre-adipocyte expansion media
containing 90% Dulbecco’s Modified Eagle’s Medium DMEM (ATCC, 30-2002), 10% Bovine
Calf Serum (ATCC, 30-2030) and 1% penicillin/streptomycin. To maintain in a pre-adipocyte
state, cells were passaged at 70% confluency. Cells were maintained in the pre-adipocyte media
until two days post-100% confluency. Two days post confluency was considered Differentiation
Day 0 (DD0). At DD0, pre-adipocyte media was removed and re-placed with adipocyte
expansion media containing DMEM (ATCC), 10% Fetal Bovine Serum (FBS) (Sigma), 1%
penicillin/streptomycin,

1.0

µM

dexamethasone

(Sigma,

D4902-25MG),

0.5

mM

methylisobutylxanthine- IBMX (Sigma, I587-1G) and 1.0 µg insulin (Sigma, I0516-5ML) until
Differentiation Day 2 (DD2) (48 hours). Adipocyte expansion media was then removed and
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replaced with adipocyte maintenance media containing DMEM (ATCC), 10% FBS and 1.0µg
insulin (Sigma, I0516-5ML) until differentiation day 8 (DD8).
2.3.3 Oil Red O Staining
3T3-L1 empty vector (EV) and Thm1 knockdown cells were seeded on poly-l-lysine
coated coverslips in a 24 well plate and differentiated according to the differentiation assay. At
Differentiation Day 8 (DD8), cells were fixed with 4% PFA for 1 hour. Cells were then
incubated with 60% isopropanol for 5 minutes and subsequently incubated with Oil-Red O
(Sigma, O0625) stain for 20 minutes. After removing Oil Red O stain, cells were stained with
Hematoxylin (Sigma, HHS32) for 20 seconds, rinsed, and then coverslips were inverted and
mounted with fluoromount (Electron Microscopy Sciences, 17984-25) on a slide.
2.3.4 Immunofluorescence Staining
Cells were seeded on Poly-l-Lysine coated coverslips in 24 well plates. At experimental
time points, cells were fixed with 4% PFA in PBST containing 0.1% Triton x-100 for 10 minutes
at room temperature. Cells were then blocked in 2% Bovine Serum Albumin (BSA) (Sigma,
A9647) overnight at 4°C. Primary antibodies were then added in blocking solution and incubated
overnight at 4°C. Primary antibodies used include: PPARγ (Cell Signaling, 2435S, 1:200),
CEBPα (Cell Signaling, 8178S, 1:100), ARL13b (Proteintech, 17711-1-AP, 1:300), γ-tubulin
(Sigma, T6793, 1:4,000), IFT81 (Proteintech, 11744-1-AP). Cells were then incubated with
secondary antibody (Life Technologies, 1008648, 1:500) for 1 hour at room temperature. Slides
were incubated with BODIPY stain (Fisher, 1:1,000) for one hour at room temperature, inverted,
and mounted on slides using fluoromount with DAPI (Electron Microscopy Services 17984-24).
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Slides were visualized and captured using a Nikon80i microscope attached to a Nikon DS-Fi1
camera.
2.3.5 Western Blot
3T3-L1 EV and Thm1kd cells were collected and protein was extracted using passive
lysis buffer (Promega, E1941) and protease/phosphatase inhibitor mini tablets, EDTA free
(Thermo, 88669). Briefly, cells were resuspended and mixed in lysis buffer for 15 minutes. After
which, cells were pelleted and protein was collected. Sample lysates were prepared and loaded
onto a 4-20% SDS-gel (BioRad 456-1093 (10 well) or 456-1096 (15 well)). Membranes were
probed for various antibodies: Thm1 (Sigma, HPA035495, 1:3,000), Phosphorylated AKT (Cell
Signaling, 4060S, 1:2,000), Phosphorylated Erk (Cell Signaling, 9106S, 1:2,000), AKT (Cell
Signaling, 4691S, 1:1,000), ERK (Cell Signaling, 9102, 1:2,000), B-Actin (Cell Signaling,
3700S, 1:1,000), PPARγ (Cell Signaling, 2435S), CEBPα (Cell Signaling 8178S).

2.4 Results
2.4.1 Thm1 deficiency promotes adipogenesis
To determine a role for Thm1 deficiency in adipogenesis, 3T3-L1 mouse pre-adipocytes
were infected with lentiviruses expressing Thm1 shRNA. Following selection with puromycin,
cells were clonally selected and expanded. Western blot analysis for THM1 showed that Thm1
knockdown clone 3 had the greatest knockdown (Figure 2.1A). Therefore, this line was
designated as Thm1 knockdown and used for all subsequent analyses. We examined the capacity
of Thm1 knockdown pre-adipocytes to form mature adipocytes in an in vitro differentiation
assay. Two days post-confluency, pre-adipocytes were induced by addition of dexamethasone,
isobutylmethylxanthine, insulin, and fetal bovine serum to the cell culture medium for two days,

49

then maintained in media containing insulin and fetal bovine serum for six days. Differentiation
into mature adipocytes was determined by assessing formation of lipid droplets that were stained
by Oil Red O. In the experiment shown at higher magnification, 4.5% of empty vector (EV) cells
and 89.2% of Thm1 knockdown cells were lipid-laden, revealing that Thm1 deficiency markedly
enhances adipogenesis (Figure 2.1B).
We examined ciliary phenotype of Thm1 knockdown pre-adipocytes. Post-confluent cells
were immunostained for ciliary markers, acetylated alpha tubulin and IFT81, as well as for
ARL13B and basal body marker, gamma tubulin. Thm1 knockdown cells showed shorter ciliary
length (Figures 2.1C and 2.1D).
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Figure 2.1. Thm1 knockdown in pre-adipocytes enhances differentiation. (A) Western blot
analysis of control and Thm1 knockdown 3T3-L1 pre-adipocyte clonal lines shows decreased
THM1 protein amounts. (B) Increased Oil red O staining at DD8 in Thm1 kd cell lines. (C)
Primary cilia of control and Thm1 knockdown clonal lines are shorter than cilia in the EV cell
line. (D) IFT81 localization in control and Thm1 knockdown clonal lines shows an accumulation
in Thm1 kd cells.
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2.4.2 Nuclear C/EBPα and PPARγ is increased in Thm1 deficient cells
Differentiation

of

pre-adipocytes

into

mature

adipocytes

is

orchestrated

by

downregulation of Wnt and Hedgehog (Hh) signaling pathways, and activations of AKT and
ERK pathways, leading to expression of adipocyte master transcriptional regulators,
Caat/Enhancer Binding Protein alpha (C/EBPα) and Peroxisome proliferator-activated receptor
gamma (PPARγ). Using Western blot, we examined levels of C/EBPα and PPARγ throughout
the differentiation process, and observed that both of C/EBPα and PPARγ were markedly
elevated in Thm1 knockdown cells at differentiation day 5 (DD5) and DD8 relative to control
cells (Figure 2.2A). To determine the subcellular localization of C/EBPα and PPARγ, we
immunostained cells for of C/EBPα and PPARγ together with boron-dipyrromethene (BODIPY),
a fluorescent dye with affinity to lipids. We observed that as early as DD1, Thm1 knockdown
cells showed increased nuclear localization of C/EBPα and PPARγ relative to control cells
(Figure 2.2B). At this early differentiation stage, lipid droplets have not yet formed. At DD8,
both control and Thm1 knockdown cells showed lipid droplets as observed by BODIPY stain,
and Thm1 knockdown cells continued to show increased nuclear of C/EBPα and PPARγ
expression.

52

Figure 2.2. Thm1 deficient 3T3-L1 cells show earlier upregulation of C/EBPα and PPARγ
during differentiation. (A) Representative Western blot shows upregulation of C/EBPα and
PPARγ at DD5 and DD8 in the Thm1 kd cell line. (B) Immunostaining for C/EBPα and PPARγ
at DD1 and DD8 shows upregulation of C/EBPα and PPARγ in Thm1 kd cells at DD1 and
DD8.
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2.4.3 AKT and ERK signaling are increased in Thm1 knockdown cells
To determine which signaling pathways may promote differentiation of Thm1
knockdown pre-adipocytes, we examined ERK and AKT signaling pathways throughout the
differentiation process. Western blot analysis revealed a trend of elevated P-AKT/AKT ratios in
Thm1 knockdown pre-adipocytes at 70% confluency and at DD0, and a trend of increased PERK/ERK ratios in Thm1 knockdown cells at DD1, suggesting the Thm1 ciliary defect in preadipocytes may promote AKT and ERK signaling (Figure 2.3).
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Figure 2.3. Thm1 deficient 3T3-L1 cells exhibit earlier peak activation of AKT and ERK
during differentiation. (A) Representative Western blot and (B) Quantification indicates a trend
of earlier PAKT/AKT and PERK/ERK expression in the Thm1 kd cell line. Bars represent mean
± standard error of the mean. N=4.
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2.4.4 Thm1 knockdown pre-adipocytes are sensitized to insulin signaling
Insulin signaling is an important component in pre-adipocyte differentiation and activates
AKT and ERK pathways. To examine insulin signaling in Thm1 knockdown pre-adipocytes,
cells at DD0 were treated with 100nM insulin for various durations. We observed that insulin
treatment resulted in increased P-AKT/AKT and P-ERK/ERK ratios in Thm1 knockdown cells
relative to control cells (Figure 2.4), suggesting increased insulin sensitivity. These data suggest
deficiency of Thm1 sensitizes pre-adipocytes to insulin signaling.
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Figure 2.4. Thm1 deficient 3T3-L1 cells are sensitized to insulin. (A) Western blot analysis of
AKT and ERK activation in insulin-stimulated pre-adipocytes at DD0. (B) Quantification of
western blot in A suggests an increase in PAKT/AKT and PERK/ERK ratios in the Thm1 kd cell
line in response to insulin treatment.
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2.5 Discussion
Obesity results when caloric intake exceeds energy utilization102. Adipose tissue senses
changes in energy intake by inducing hypertrophy and hyperplasia. When hypertrophy exceeds
hyperplasia, this may result in overproduction of biologically active metabolites that may lead to
inflammation and adipocytes that are metabolically unhealthy101. Conversely, hyperplasia may
promote metabolically healthy adipocytes, and therefore, modulating hyperplasia may have
therapeutic potential.
In this study, we provide the first demonstration of the role of an IFT Complex A protein
in adipogenesis. We show that Thm1 deficiency in 3T3-L1 pre-adipocytes markedly enhances
adipogenesis. Expression trends indicated Thm1 knockdown in 3T3-L1 pre-adipocytes showed a
heightened response to insulin and earlier activation of AKT and ERK pathways during
differentiation, culminating in elevated levels of C/EBPα and PPARγ compared to the EV cell
line.
The differing roles of ciliary proteins in adipogenesis are increasingly apparent.
Deficiency of Thm1, BBS10 or BBS12 promoted adipogenesis and insulin signaling, deficiency
of Ift88 or Kif3a suppressed adipogenesis and decreased insulin sensitivity59, while deficiency of
Alms1 inhibited differentiation, but did not affect insulin response60. These differences may
reflect that ciliary proteins work in concert to tune the signaling pathways that regulate
adipogenesis. Indeed, the cilium has been shown to intricately regulate the Hh signaling
pathway12. Similarly, pro-adipogenic pathways, in particular, insulin signaling, may be finetuned at the cilium. In support of this, insulin signaling components have been shown to enrich in
primary cilia or basal bodies of pre-adipocytes in response to insulin, including IGF1Rβ, IRS,
and P-AKT59,124. The insulin receptor has also been localized to primary cilia of insulin-
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stimulated β cells of the pancreas56. Additionally, Bbs1 or Bbs2 deficiency in HEK293T cells or
in mouse embryonic fibroblasts reduced levels of insulin receptor at the cell surface, suggesting a
role for these BBS proteins or of the BBSome in intracellular trafficking of the insulin
receptor123.
Downregulation of anti-adipogenic pathways, Hh and Wnt, is essential for differentiation
of preadipocytes102,125. Previously, we have shown that Thm1 loss enhances Hh and Wnt activity
in mouse embryonic tissues and cells20. Thus, prior to our experiments, we hypothesized loss of
Thm1 would result in inhibition of adipogenesis. Yet, in contrast to our expectations, Thm1
deficiency promoted adipogenesis. The differing effects of Thm1 deficiency in mouse embryonic
tissues and in 3T3-L1 pre-adipocytes on Hh and Wnt signaling reflect that regulation of ciliarymediated signaling pathways is context-dependent. Consistent with this notion, deletion of IFT
Complex B gene, Ift88 or of kinesin subunit, Kif3a, causes a loss of Hh signaling in early mouse
embryos17. Yet instead of enhancing adipogenesis, Ift88 or Kif3a knockdown in 3T3-L1 preadipocytes inhibited differentiation. To further delineate the mechanisms by which ciliary
proteins regulate insulin signaling, determining which ciliary proteins mediate intracellular and
ciliary trafficking of insulin signaling components, and determining the subcellular localization
of insulin signaling components in the presence and absence of insulin and the possible
mislocalization of insulin signaling components in various ciliary mutants are required.
Previously, we showed that Thm1 conditional knockout mice are hyperphagic and that
gene expression of appetite-controlling neuropeptides is misregulated prior to obesity onset32.
Our present data suggest increased adipogenesis is an additional mechanism underlying Thm1
deficient obesity.
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In summary Thm1 deficiency enhances adipogenesis and insulin signaling, contrasting
with deficiency of IFT-B or BBSome proteins, and resembling deficiency of BBS-chaperonin
proteins, BBS10 and BBS12. This suggests possible common mechanisms between THM1,
BBS10 and BBS12 or between IFT Complex A and BBS-chaperonin complexes. Given that
THM1 mutations have been identified in combination with BBS mutant alleles in BBS patients43,
our data suggest that THM1 mutations may modify insulin sensitivity in these patients. Further
studies are required to elucidate the mechanisms underlying the differing roles of ciliary classes
and proteins eg. IFT-B, IFT-A, BBS, Alström1, in adipogenesis and insulin signaling.
Polymorphisms in BBS genes have been associated with obesity in a general population,
suggesting a more widespread relevance for BBS-and cilia-mediated mechanisms126. Increasing
our understanding of the cellular and molecular processes that drive hyperplasia of adipose tissue
will enable identification of novel therapeutic targets and combinatorial strategies that may be
most effective.
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Chapter Three: Novel Role of Thm2 and Thm1 in Skeletal Development
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3.1 Abstract
Ciliopathies are genetic disorders caused by mutations of genes that encode proteins that
localize to the cilium. The clinical phenotypes of ciliopathies include obesity, cystic kidney
disease, infertility, and skeletal abnormalities. Loss of Thm1, an intraflagellar complex A gene,
results in a myriad of embryonic and post-natal abnormalities. Here, we study the role of a novel
gene, Thm2, which is a paralog of Thm1. We have found Thm2 localizes to the axoneme of the
primary cilium, establishing THM2 as ciliary protein. Unlike loss of Thm1, which results in
shortened primary cilia, Thm2 knockdown in 293T cells results in normal cilia length, suggesting
Thm2 is dispensable for ciliogenesis. To determine a role for Thm2 in vivo, Thm2 knockout mice
were generated using a construct from the Knockout Mouse Project (KOMP) consortium.
Unexpectedly, Thm2-null mice survive into adulthood with seemingly normal health. Since
paralogs can have redundant functions, a null allele of Thm1 (alien) was used to determine a role
for Thm2. At post-natal days 14 and 21, Thm2-/-;Thm1aln/+ mice backcrossed five generations
onto a C57BL6/J background are significantly smaller than control littermates and tibia growth
plates show an increase in the length of the proliferation zone and a decrease in the length of the
hypertrophic zone at P14. Together, these data establish THM2 as a ciliary protein necessary for
skeletal development.
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3.2 Introduction
Skeletal dysplasias affect 1:5,000 people and are often characterized by short stature
leading to a wide range of clinical outcomes41. Many bones in the skeleton develop through a
process known as endochondral ossification69. Endochondral ossification occurs when
mesenchymal progenitor cells differentiate into chondrocytes which undergo a highly organized
maturation process, resulting in apoptosis69. Osteoblasts then use the matrix secreted by
chondrocytes as a template to form the bone72. Growth plates are found between primary and
secondary ossification centers in long bones and contain chondrocytes which can be divided into
different regions, such as the proliferating and hypertrophic zones72. Proliferating chondrocytes
become hypertrophic chondrocytes before they undergo apoptosis and are replaced by
osteoblasts72. One of the signaling pathways the growth plate is dependent on is a feedback loop
established between parathyroid hormone-related peptide (PTHrP) and Indian hedgehog (Ihh)
signaling which regulates the proliferation and maturation of chondrocytes72.
Primary cilia are found on the surface of nearly all vertebrate cells11 and are essential for
Hedgehog (Hh) signal transduction12. The presence of Hh ligand triggers enrichment of
Smoothened signal transducer in the primary cilium and culminates in activation of the Gli
transcription factors14. The structure and function of primary cilia depend on two intraflagellar
transport (IFT) protein complexes11. IFT Complex B proteins mediate anterograde trafficking,
powered by the kinesin motor, along the ciliary axoneme, while IFT Complex A proteins, and
the dynein motor, mediate retrograde trafficking11. Complex A proteins can also mediate the
ciliary entry of membrane receptors22. Direct evidence connecting cilia dysfunction to skeletal
abnormalities is found in patients with genetic disorders classified as ciliopathies38. Ciliopathies
result in a broad range of clinical phenotypes including retinal degeneration, cystic kidney
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disease, obesity, cognitive defects, and skeletal abnormalities40. Ciliopathies characterized by
skeletal abnormalities include Short-Rib Polydactyly Syndromes (I-IV)62, Jeune Asphyxiating
Thoracic Disorder Syndrome (JATD), Oro-facial-digital syndrome type 1 (OFD1), and Ellis van
Creveld syndrome (EVC)38. Of interest, mutations in Thm143 have been found in patients
diagnosed with JATD, a disorder resulting in skeletal abnormalities, including a small thoracic
cavity which often leads to respiratory insufficiency, shortened limbs, and polydactyly64.
Previously, mouse models harboring mutations in Ift genes have revealed the importance
of functioning primary cilia in skeletal development. While a mutation resulting in loss of the
complex A protein, THM1, resulted in peri-natal lethality20, hypomorphic mutations of Ift144
and Ift140 resulted in embryonic lethality66,67. Nonetheless, all IFT Complex A mutants were
characterized by polydactyly, and abnormal development of the ribs of the thoracic cavity during
embryonic development31,66,67. Hypomorphic mutation of the IFT Complex B gene, Ift80,
resulted in the majority of mice exhibiting embryonic lethality79. However, the mice that did
survive past birth exhibited skeletal abnormalities including shortened long bones, polydactyly,
disorganization of the growth plate, and abnormal rib development79. Another IFT Complex B
gene, Ift88, was conditionally deleted using a Prx1 Cre recombinase, which is expressed in the
limb bud and some craniofacial mesenchyme and resulted in polydactyly, embryonic and postnatal shortening of the long bones and defects in growth plate organization81. Taken together,
these data highlight an essential role for IFT proteins in skeletal development.
Although ciliary proteins are crucial to the proper development of the skeleton, the
function of all proteins within the ciliary proteome is unknown. Previously, we identified Thm1
as an IFT Complex A protein, and negative regulator of Hh signaling, important in embryonic
development20, and post-natal tissue maintenance26,32. To determine the role of a novel ciliary
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gene and paralog of Thm1, Thm220, we created the first known in vitro and in vivo models of
Thm2 deficiency. Here, we establish a role for Thm2, together with Thm1, in post-natal skeletal
development.

3.3 Methods
3.3.1 Generation of THM2 knockdown cell line
Lentiviral transfection was used to generate a 293T Thm2 knockdown cell line. Briefly,
viral particles were created by transfecting three plasmids, 4.2µg vector (Thm2 shRNA sequence
GACTTTGATTAATTACTAT), 7.4 µg delta 8.2 and 0.4 µg VSVG into 293T packaging cells
using the Fugene transfection reagent (Promega, E2691) and incubated at room temperature for
20 minutes. The mixture was then incubated with 293T cells for 48 hours, after which
supernatant was collected and filtered to obtain viral particles. Media was then placed onto 293T
cells for 4 hours before media was changed. To obtain cells that had integrated the construct,
cells were selected with 1µg/ml puromycin. Cells were seeded sparsely to allow growth and
selection of cell clones using cloning disks immersed in Trypsin. Clones were then expanded.

3.3.2 Immunofluorescence Staining
Retinal pigment epithelial (RPE) or human embryonic kidney (293T) cells were seeded
on Poly-L-Lysine coated coverslips and grown and serum starved overnight and fixed with 4%
PFA in PBS containing 0.1% Triton x-100 for 10 minutes at room temperature. Fixed RPE or
293T cells were blocked in 2% Bovine Serum Albumin (Sigma, A9647) overnight at 4°C.
THM2 (Custom-made Antibody, Proteintech S4132-2, 1:50) and acetylated α-tubulin (Sigma
T6557, 1:4,000) were incubated with cells in 2% BSA overnight. Cells were incubated with
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secondary antibody (Life Technologies, A11005 and A11008, 1:500) for 1 hour at room
temperature, inverted, and mounted on slides using fluoromount with DAPI (Electron
Microscopy Services 17984-24). RPE cells were imaged on a Leica confocal microscope (Leica
TCS SPE) while 293T cells were imaged on a light microscope (Nikon 80i) attached to a camera
(Nikon DS-Fi1).

3.3.3 Generation of THM2 knockout mouse
Thm2 knockout-first C57BL/6J embryonic stem cells were obtained from the NIH
Knockout Mouse Project (KOMP) Repository (www.komp.org). These embryonic stem cells
were confirmed to contain the correct Thm2 knockout construct exhibiting evidence of
homologous recombination and correct karyotype, and subsequently, were injected into
C57BL/6J-Tyrc-2J (albino) blastocysts and implanted into female mice by Dr. Melissa Larson at
the University of Kansas Medical Center Transgenic and Gene Targeting Facility. Resulting
male chimeras were mated to multiple females. Genomic DNA from tails of resulting pups with
black coat color was genotyped by polymerase chain reaction (PCR) and PCR amplicons were
sequenced to confirm presence of the construct in the DNA. The KOMP allele contains a LacZ
neo construct flanked by flippase recombinase (FLP) recombinase target (FRT) sites. Mice
containing the KOMP construct were mated to a mouse carrying a FLP recombinase (Jackson
Laboratories, 009086) to excise the LacZ-Neo cassette. Resulting mice were then mated to mice
expressing cytomegalovirus (CMV) Cre recombinase (Jackson Laboratories, 006064) to excise
exon 6, which created a premature stop codon, and Thm2 null allele.
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3.3.4 Genotyping of Thm2 knockout mouse
Genotyping primers were designed flanking the lox-P sites surrounding exon 6. Primer
sequences used include: Thm2-KO-F- 5’ CAG ATA TCT CCC CAC TTG TTA ACG 3’, and
Thm2-KO-R- 5’ GTG TCA GAT ACC CTG GAA CCA GAG 3’. With these primers, a WT
band is amplified at a size of 1,086bp while a knockout band is amplified at a size of
approximately 400bp. At times, the PCR reaction favors the amplification of the knockout band,
making the WT band difficult to see. Therefore, to confirm the presence or absence of a WT
allele, an additional PCR reaction is performed using primers within exon 6, Thm2-WT-F5’AAC TTC CTG CCC GCT TTA GT 3’, and Thm2-WT-R-5’ GTG TCA GAT ACC CTG
GAA CCA GAG 3’. This PCR reaction results in a WT amplicon of approximately 461bp,
indicating the presence of a WT allele. PCR products are run on a 0.7% agarose gel for the
detection of the recombined band and a 2% agarose gel for detection of the WT band.

3.3.5 Generation of Thm2-/-;Thm1aln/+ mice
Thm2-/-;Thm1aln/+ mice were generated by intercrossing Thm2-/+ mice on a C57BL/6
background with Thm1aln/+ mice on an FVB background. Thm2-/+;Thm1aln/+ mice were
backcrossed five generations onto a C57BL6/J background and then intercrossed to generate
Thm2-/-;Thm1aln/+ mice.

3.3.6 Western Blot
293T cells and mouse tissues were collected and protein was extracted using passive lysis
buffer (Promega, E1941) containing protease inhibitors (Thermo Scientific, 88669). Briefly,
samples were resuspended and mixed in lysis buffer for 15 minutes (293T cells) or resuspended
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in lysis buffer and homogenized (tissues). Cells and tissues were then pelleted and supernatants
were collected. Sample lysates were prepared and loaded onto a 4-20% SDS-gel (BioRad, 4568094). Gels were run for approximately 3.5 hours at 90V to allow for adequate separation
between bands. Membranes were incubated with THM2 antibody using a Western blot procedure
as

described

(Tran

et

al.,

2008).

THM2

antibody

was

targeted

to

N’

Cys-

RRQNYETAINLYHQVLEK, 963-980aa, in exon 22. (Proteintech S4132-2, 1:5,000).

3.3.7 Weight and Length Measurements
Total mouse body weight was measured in grams using a standard weighing scale. Crown
to rump measurements in centimeters were taken manually using a standard ruler, measuring the
length from the tip of the nose to the end of the rump. Total body weights and crown to rump
measurements were recorded at post-natal days (P)14 and 21.

3.3.8 Embedding and Sectioning of Tibias and Kidneys
At P14, tibias of mice were dissected and placed in Cal-Ex, a decalcifying and fixing
solution (Fisher C5511-1D) overnight, while kidneys were dissected, and once renal capsules
were removed, were fixed in Bouin’s fixative (Polysciences, Inc. 16045) overnight. Tibias and
kidneys were placed into 70% ethanol in water. Tissues were processed and dehydrated through
a series of ethanol washes and embedded in paraffin wax. Paraffin blocks were sectioned at
10µm and 7µm for tibias and kidneys, respectively.
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3.3.9 Skeletal Preparations
Alizarin red and alcian blue staining was performed using standard protocols (Kingsley
Lab Protocol, Ryan Roundtree, Version 1.1, 3/31/2003). Briefly, mice were eviscerated and fixed
in 95% Ethanol for 1-2 days, and stained with alcian blue (Acros Organics 33864-99-2) for 14
days. After alcian blue staining, skeletons were fixed with 95% ethanol for an additional 1-2
days and cleared with potassium hydroxide for approximately 2-5 days, or until tissue was
cleared. Skeletons were then stained with 1% alizarin red (Acros Organics 130-22-3) in
potassium hydroxide for 1-2 days or until completely stained. Once staining was complete,
skeletons were placed into glycerol for imaging and long-term storage. Skeletal preparations
were then imaged (Leica M165C) and measured using Image J software.

3.3.10 Hematoxylin and Eosin Staining
Tibia and kidney sections at P14 were stained using standard hematoxylin and eosin
staining methods. Briefly, sections were de-paraffinized and rehydrated through a series of
ethanol rinses. Sections were then stained with Hematoxylin (Sigma HHS32) and Eosin (Sigma
HT110216) before being dehydrated and mounted with Permanent Mounting Media (Fisher,
SP15-500). Sections were imaged using a light microscope (Nikon 80i) attached to a Nikon DSFi1 camera.

3.3.11 Safranin O and Fast Green Staining
P14 tibia sections were stained using Safranin O and Fast Green Staining (American
MasterTech, KTSFO). Briefly, sections were de-paraffinized and rinsed in 100% ethanol. Slides
were stained with Weigert’s Hematoxylin, 0.2% Fast Green, and Safranin O in separate steps.
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After staining, sections were dehydrated in 100% Ethanol, cleared in Xylene and mounted using
Permanent Mounting Media (Fisher SP15-500).

3.4 Results
3.4.1 THM2 localizes to the primary cilia
To determine the subcellular localization of THM2, we used a custom-made antibody,
generated by Proteintech that recognizes an amino acid sequence in exon 22 of THM2. Since
Thm2 is a paralog of an established ciliary protein, Thm120, and both are orthologous to the
IFT139 flagellar protein in Chlamydomonas reinhardtii20, ciliary localization was investigated.
Immunofluorescence staining for THM2 in retinal pigment epithelial (RPE) cells revealed
localization throughout the axoneme of the primary cilium (Figure 3.1).
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Figure 3.1. THM2 localizes to the primary cilium. Immunofluorescence staining of THM2
(green) and acetylated α-tubulin (red) in RPE cells. Scale bar equals 5μm.
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3.4.2 In vitro loss of Thm2 does not affect cilia structure
In vitro and in vivo loss of Thm1 results in short cilia with a bulb-like tip due to a
decrease in retrograde IFT trafficking20. To examine the role of Thm2 in cilia structure, we
infected human embryonic kidney (293T) cells with lentivirus containing a shRNA targeted
against Thm2. Clones were selected and expanded to generate clonal Thm2 knockdown cell lines.
Protein level analysis revealed clone, 2-1, showed the most efficient knockdown (Figure 3.2A).
Cilia length was analyzed in EV 2-5 and Thm2 knockdown 2-1 clonal cell lines. The primary
cilia axoneme was stained for ARL13B (Figure 3.2B) and axoneme lengths were blindly
measured using Metamorph software. Histograms of measured cilia lengths revealed no
significant differences in cilia length distribution between Thm2 knockdown and control cell
lines (Figure 3.2C), suggesting THM2 loss alone does not affect ciliogenesis.
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Figure 3.2. Thm2 is dispensable for ciliogenesis. (A) Western blot analysis of clonally
expanded Thm2 knockdown clones, clone 2-1 showed the greatest decrease in THM2 expression
and was used for cilia length analysis. Empty vector clone 2-5 was used for control
measurements. (B) Immunofluorescence staining for primary cilia labeled with ARL13b (green)
in control and Thm2 knockdown cell lines and (C) Histogram distribution plots of primary cilia
lengths in EV and Thm2 knockdown cell lines indicate loss of Thm2 does not affect ciliogenesis.
Scale bar equals 10µm.
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3.4.3 Generation of Thm2 knockout mouse model
To determine a role for Thm2 in vivo, we created the first Thm2 knockout mouse model
(Thm2-/-). To generate this mouse model, a Thm2 knockout mouse construct from the Knockout
Mouse Project (KOMP) was used. Prior to my joining the lab, other lab members used a mouse
harboring a flippase recombinase (FLP) to excise a LacZ neo construct flanked by flippase
recombinase target (FRT) sites. Therefore, the mouse model I began to work with contained lox
P sites flanking exon 6 (Figure 3.3A). Mice containing the KOMP allele were mated with mice
expressing Cre recombinase driven by the cytomegalovirus promoter (CMV). This caused exon
6 to be excised, which created a premature stop codon, and Thm2 null allele. To genotype these
mice, primers were designed to flank exon 6 and revealed the presence of a WT band at 1,086bp
and a recombined band at approximately 400bp. At times, the PCR reaction favored the
amplification of the recombined (Thm2-/-) allele. To ensure the presence or absence of a WT
allele, a separate genotyping assay was used. If the WT allele was present, the genotyping assay
revealed a band at 461bp (Figure 3.3B). Western blot analysis of P14 testis confirmed the loss of
THM2 protein in the Thm2 knockout mouse compared to the WT mouse (Figure 3.3C).
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Figure 3.3. Thm2-/- mouse was generated using KOMP construct. (A) Schematic diagram of
the KOMP construct in genomic DNA of Thm2. Exons are represented by black boxes and
introns by the black line. Lox P sites surrounding exon 6 are depicted as red triangles. Genomic
primers are indicated in blue (WT and recombination band) and purple (WT band). Once exon 6
is spliced out, a premature stop codon is created. (B) Representative images of genotyping results
including WT, Thm2+/-, and Thm2-/- mouse using primers indicated in blue and the confirmation
of a WT band in the WT and Thm2+/- mice using primers indicated in purple. (C) THM2 western
blot analysis of P14 testis extracts confirms loss of THM2.
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3.4.4 Thm2-/-; Thm1aln/+ mice are smaller than control littermates
Since many mouse models harboring mutations in ciliary genes are embryonic
lethal20,21,66,67, we hypothesized that loss of Thm2 would cause embryonic lethality.
Unexpectedly, Thm2 knockout mice survived into adulthood with seemingly normal health.
Since paralogs can share redundant functions127,128, a null allele of Thm1 (aln) was introduced.
At P14, Thm2-/-;Thm1aln/+ mice backcrossed five generations onto a C57BL6/J background were
significantly smaller than their control littermates with a decrease in total body weight and crown
to rump length (Figure 3.4A-C). To determine whether Thm2-/-; Thm1aln/+ mice would maintain
the smaller size at weaning age, we followed their development to P21 at which the size
differences persisted with Thm2-/-; Thm1aln/+ mice being significantly smaller than their control
littermates (Figure 3.4D-F).
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Figure 3.4. Five generations on a C57BL6/J background, Thm2-/-; Thm1aln/+ mice exhibit
decreased total body weight and length. (A) Image of Control, Thm1aln/+, Thm2-/-, and Thm2-/-;
Thm1aln/+ littermates at P14. (B) Total body weights and (C) crown to rump lengths of P14
Control, Thm1aln/+, Thm2-/-, and Thm2-/-; Thm1aln/+mice. (D) Image of Control, Thm1aln/+, Thm2-/, and Thm2-/-; Thm1aln/+ mice at P21. (E) Total body weights and (F) crown to rump lengths of
P21 Control, Thm1aln/+, Thm2-/-, and Thm2-/-; Thm1aln/+ littermates. Results indicate Thm2-/-;
Thm1aln/+ mice are smaller than littermates at p14 and p21. Error bars represent mean ± standard
deviation. ****p≤0.0001, **p≤0.01, *p≤0.05
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3.4.5 Thm2-/-; Thm1aln/+ mice exhibit shortened endochondral bone lengths
Since mutations in ciliary genes have been shown to play a role in the development of the
endochondral skeleton20,31,79,81, and Thm2-/-; Thm1aln/+ mice were smaller than control littermates
at P14 and P21, we investigated the skeleton of Thm2-/-; Thm1aln/+ mice. More specifically,
mutations in THM1 have been identified in patients with Jeune Syndrome which is a skeletal
disorder affecting bones that are formed through endochondrial ossification, such as the tibia,
femur, humerus, radius, ulna, and ribs. To further characterize the nature of the skeletal defects
in Thm2-/-;Thm1aln/+ mice, skeletal preparations were performed using alizarin red and alcian blue
to stain the bone and cartilage, respectively, and bone lengths were measured using Image J
software (Figure 3.5A). At P14, Thm2-/-;Thm1aln/+ mice exhibited shorter bones, including the
tibia, femur, humerus, radius and ulna compared to control littermates. Furthermore, the sternum
and diameter of Thm2-/-, Thm1aln/+ ribcages were smaller than control littermates. Interestingly,
the skulls of Thm2-/-; Thm1aln/+ mice were also shorter when measured from the tip of the nose to
the back of the head, suggesting that skull bone development, which occurs through
intramembranous ossification instead of endochondral ossification, may also be affected (Figure
3.5B). These data indicate that Thm2 and Thm1 function in skeletal development in mice
backcrossed five generations on a C57BL6/J background.
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Figure 3.5. Bones of Thm2-/-; Thm1aln/+ mice are shorter than control mice (A)
Representative images showing P14 skeletal preparations of control and Thm2-/-;Thm1aln/+
littermates using alizarin red to stain bone and alcian blue to stain cartilage. (B) Graph showing
lengths of control and Thm2-/-; Thm1aln/+ bones at P14 shows shorter bones in Thm2-/-; Thm1aln/+
mice compared to littermate controls. Error bars represent mean ± standard deviation. **p≤0.01,
*p≤0.05
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3.4.6 Growth plates of Thm2-/-;Thm1aln/+ mice appear abnormal
Deletion of Ift80 and Ift88 have resulted in abnormal growth plate organization79,81. To
examine the decreased endochondral bone length defects in Thm2-/-; Thm1aln/+ mice at the
cellular level, we investigated the growth plate organization at P14 (Figure 3.6A). Broadly, the
growth plate can be divided into two major regions, the proliferative zone and the hypertrophic
zone72. When compared to control littermates, histological analysis of growth plates of Thm2-/-;
Thm1aln/+ mice appear to exhibit an abnormal staining pattern. Trends indicate Thm2-/-; Thm1aln/+
growth plates exhibited an increase in the proliferation zone length, and a decrease in the
hypertrophic zone. Similar results were obtained when growth plate sections were stained with
Safranin O and fast green, which stain the cartilage and bone, respectively (Figure 3.6B).
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Figure 3.6. Growth plates of Thm2-/-; Thm1aln/+ mice appear abnormal. (A) Hematoxylin and
eosin staining of Control and Thm2-/-; Thm1aln/+ growth plates at P14. (B) Control and Thm2-/-;
Thm1aln/+ growth plates stained with Safranin O and Fast Green at P14. PZ-Proliferation Zone,
HZ-Hypertrophic zone and black dotted line separates the two regions. (C) Quantification
indicates a trend of increased proliferation zone length and decreased hypertrophic zone length,
suggesting abnormal growth plate morphology. Scale bars equal 100µm.
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3.4.7 Thm2-/-; Thm1aln/+ kidneys are not cystic
Since renal cysts are among the most common clinical manifestations of ciliopathies129,
we analyzed the kidneys of Thm2-/-; Thm1aln/+ mice at P14. Histological analysis revealed normal
morphology of the Thm2-/-; Thm1aln/+ mice, similar to the morphology observed in control
kidneys (Figure 3.7A). Although total kidney weights are smaller in Thm2-/-; Thm1aln/+ mice
(Figure 3.7B), kidney weight/body weight ratio of Thm2-/-; Thm1aln/+ mice are not significantly
different from those of control littermates (Figure 3.7C).
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Figure 3.7. Kidneys of Thm2-/-; Thm1aln/+ mice are not cystic. (A) Histological analysis of
control and Thm2-/-; Thm1aln/+ kidneys. (B) Average kidney weights and (C) Kidney weight to
body weight ratios of Control, Thm1aln/+, Thm2-/- and Thm2-/-; Thm1aln/+ mice are not statistically
different. Scale bars equal 100µm. Error bars represent mean ± standard deviation. **p≤0.01,
***p≤0.001
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3.5 Discussion
In these studies, we establish Thm2 as a novel ciliary protein and generate the first known
in vitro and in vivo models of Thm2 deficiency. In vitro knockdown of Thm2 results in normal
cilia length while the in vivo model shows Thm2, together with Thm1, is essential for skeletal
development. These data expand our knowledge of the ciliary proteome, and more specifically
increase our knowledge of ciliary proteins involved in skeletal development. Previously, analysis
of IFT-A embryonic mutants, Thm120,31, Ift14067 and Ift14466, revealed defects in skeletal
development including polydactyly and abnormal rib morphology. Interestingly, hypomorphic
mutation of Ift8079 and conditional deletion of Ift8881, two Ift Complex B genes, led to
polydactyly and shortened long bones. To our knowledge, this is the first Ift-null mouse model
surviving embryogenesis and exhibiting post-natal skeletal abnormalities.
Mutations in THM143 have been identified in patients with Jeune Syndrome (JATD),
which is characterized by skeletal abnormalities64. Our data suggest Thm2-/-; Thm1aln/+ mice may
serve as a model to study Jeune Syndrome and abnormalities in endochondral ossification. The
most consequential skeletal abnormality of JATD is narrowing of the thoracic cavity, which
often results in respiratory insufficiency64. Other skeletal abnormalities include polydactyly and
shortening of the long bones64. In Thm2-/-; Thm1aln/+ mice, alcian blue and alizarin red skeletal
stains at P14 revealed narrowing of the thoracic cavity and shortening of the long bones. To date,
polydactyly has not been observed in any of the Thm2-/-; Thm1aln/+ mice. Furthermore, Jeune
Syndrome patients exhibit varying degrees of skeletal severity65. Approximately 60-80% of
patients die during the neonatal-infantile period of life64, but some patients are able to survive
into adulthood65. Thus, Thm2-/-; Thm1aln/+ mice provide a novel model to study skeletal defects
similar to those seen in the human disease.
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Analysis of P14 tibia growth plates in Thm2-/-; Thm1aln/+ mice appear to exhibit an
increased proliferation zone and a decreased hypertrophic zone. In the growth plate, PTHrP is
expressed from the perichondral cells and chondrocytes where it is able to promote proliferation
of chondrocytes within the growth plate72. Once the level of PTHrP is below a certain threshold,
pre-hypertrophic and early hypertrophic cells produce Ihh which affects a variety of skeletal
processes including increased chondrocyte proliferation within the growth plate, stimulation of
the production of PTHrP, and differentiation of perichondral cells to osteoblasts of the bone
collar72. Endochondral growth plates of Ihh-null mice exhibit a decrease in Hh signaling and
proliferation as measured by BrdU incorporation, as well as a decrease in proliferation zone
length at E14.574. In contrast, conditional deletion of Suppressor of Fused (Sufu), a negative
regulator of Hh signaling73, using a Col2a1-Cre recombinase resulted in increased Ptch1, a target
of Hh signaling, accompanied by an increase in the proliferative zone and a decrease in the
hypertrophic zone in the growth plate of E16.5 tibia explants73. An additional study revealed loss
of Sufu in mice resulted in hypoplasia of the scapula, radius, ulna, and humerus at E14.5,
compared to control littermates130. Therefore, these results suggest that, in the absence of Hh
signaling, chondrocytes undergo premature hypertrophy69 while the inappropriate activation of
Hh signaling causes chondrocytes to stay in the proliferation zone. These data suggest Hh
signaling in bone development is a tightly regulated process with both increases and decreases in
signaling resulting in skeletal abnormalities.
We hypothesize that because Thm2 and Thm120 localize to the primary cilium and
primary cilia are necessary for Hh signaling12, the abnormalities in growth plates of Thm2-/-;
Thm1aln/+ mice are due to abnormalities in Hh signaling. Since paralogs, such as the Gli
transcription factors, can have redundant functions127,128 and loss of Thm1 has previously been
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shown to result in increased Hh signaling20, we hypothesize that like Thm1, loss of Thm2 may
also increase Hh signaling, leading to an increase in the proliferation zone or decrease in the
differentiation (proliferative to hypertrophic zone) of chondrocytes in the growth plate of Thm2-/; Thm1aln/+ mice. However, further molecular studies are needed to support this hypothesis.
Interestingly, in vitro knockdown of Thm2 in 293T cells resulted in normal cilia lengths
and the kidneys of P14 Thm2-/-; Thm1aln/+ mice appear normal. In contrast, loss of Thm1 during
late embryogenesis results in shortened primary cilia with a bulb-like tip and cystic kidneys at
six weeks of age26. This suggests Thm1 and Thm2 share unique and redundant functions which
may vary by tissue type.
Taken together, the first in vivo model of Thm2 loss has revealed a role for Thm2,
together with Thm1, in skeletal development. We show the shorter length of Thm2-/-; Thm1aln/+
bones is accompanied by an expansion of the proliferative zone of growth plates and a reduction
of the hypertrophic zone of growth plates of P14 tibias. Further studies investigating the
molecular mechanisms underlying the growth plate abnormalities will expand our knowledge of
roles of individual ciliary proteins and their role in signaling and endochondral ossification.
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Chapter Four: Novel Role of Thm2 and Thm1 in Spermatogenesis
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4.1 Abstract
Primary cilia are antenna-like appendages extending from the surface of almost all
vertebrate cells. Mutations in ciliary genes result in pleiotropic disorders collectively termed
ciliopathies. The clinical manifestations of ciliopathies can include obesity, cystic kidney
disease, skeletal abnormalities, and infertility. Thm1 encodes an intraflagellar transport (IFT)
Complex A protein and negative regulator of Hedgehog signaling. In mouse, early embryonic
loss of Thm1 causes peri-natal lethality, while post-natal loss results in cystic kidney disease and
obesity. Here, we investigate the role of a novel gene and paralog of Thm1, Thm2. Using
CRISPR/Cas9 genome editing, we generated a Thm2 knockout mouse on a mixed
FVB/C57BL6/J background. Thm2-null mice reached adulthood with normal body weights,
skeletal patterning, kidneys, lungs, and hearts at three months of age. Since paralogs can have
redundant functions, we combined a null allele of Thm1 (alien), with Thm2 deletion. Thm2-/;Thm1aln/+ mice on this mixed FVB/C57BL6/J background survived into adulthood with
seemingly normal health. However, Thm2-/-;Thm1aln/+ male mice exhibited a 44% reduction in
fertility compared to their control littermates. Thm2-/-;Thm1aln/+ male mice showed reduced
sperm count, abnormal sperm morphology and impaired sperm motility. Further, Thm2-/;Thm1aln/+ male mice showed abnormal testis morphology, including a thin germinal epithelium,
suggesting defects in early spermatogenesis. These findings establish novel roles for Thm2 and
Thm1 in spermatogenesis and expand our knowledge of the ciliary proteome.

88

4.2 Introduction
Infertility is a global issue affecting approximately 15% of couples82. Although medical
intervention can be helpful for couples struggling with infertility, the median out-of-pocket cost
for reproductive assistance is $5,338, placing a significant financial burden on families, and even
discouraging some from seeking assistance131. Both male and female factors contribute to
infertility cases, with female factors accounting for approximately 50%, male factors for 2030%, and a combination of male and female factors for the remaining 20-30% of cases82. Male
infertility can be caused by a variety of factors influencing sperm development, ultimately
leading to decreased sperm production and/or poor sperm quality42. Multiple cell types within the
testis participate in spermatogenesis, including germ cells, Sertoli cells, and Leydig cells90. Germ
cells mature within the germinal epithelium of the seminiferous tubules, where another cell type,
Sertoli cells, are found90. Sertoli cells support the process of spermatogenesis and function with
Leydig cells, which are situated in the interstitium, between seminiferous tubules90. Leydig cells
are integral to the hypothalamus-pituitary-gonadal signaling process, which controls the amount
of sex steroids produced by the testis, such as testosterone, which act to regulate
spermatogenesis90. Therefore, the mechanisms underlying male infertility can be complex,
costly, and difficult to manage, highlighting the need for further research.
Ciliopathies are a group of diseases that occur due to mutations in ciliary genes, and
provide a connection between genetic disorders and infertility47,85. Cilia depend on intraflagellar
transport (IFT) for the trafficking of protein cargo along the microtubule-based ciliary
axoneme11. Anterograde IFT, which transports cargo from the base to the tip of the cilium, is
mediated largely by IFT Complex-B proteins and the kinesin motor11. Retrograde IFT, which
returns cargo from the tip to the base of the cilium, is mediated by IFT Complex A proteins and
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the cytoplasmic dynein motor11. IFT-A proteins also mediate the ciliary entry of membrane
receptors in mammalian cells108. Cilia can be divided broadly into two categories - non-motile
(primary) and motile cilia40. Non-motile cilia contain an axoneme with a 9+0 microtubule
organization while motile cilia contain an axoneme with a 9+2 microtubule organization40 along
with axonemal dynein motor proteins which allow for the beating motion of the motile ciliary
axoneme39. Two ciliopathies have been associated with male infertility, primary cilia dyskinesia
(PCD), a disorder of motile cilia85, and Bardet-Biedl Syndrome (BBS), a disorder of primary
cilia47.
The sperm flagellum shares many structural similarities with motile cilia85. Therefore,
mutations resulting in abnormal ciliary beating patterns, such as those in PCD, affect the motility
of sperm flagellum, often resulting in infertility85. In contrast, infertility in BBS patients is
attributed to hypogonadism47 which leads to immature testis, almost always resulting in
infertility88. BBS is classified as a hypogonadotrophic hypogonadism which is caused by
decreases in the hormones of the hypothalamic-hypophyseal pathway, including gonadotrophin
releasing hormone (GnRH), follicular stimulating hormone (FSH) and luteinizing hormone (LH),
or growth hormone (GH)88. Furthermore, primary cilia are known to mediate Hh signaling14 and
evidence of Hh is found in germ cells91, Sertoli cells92, and Leydig cells92 throughout the testis.
Confirming the importance of Hh signaling in the testis, mouse mutants of the Hh signaling
ligand in the testis, Desert Hedgehog (Dhh)15, lack mature sperm and are infertile92.
Mutant mouse models generated from loss of ciliary proteins have revealed the roles of
specific ciliary genes in spermatogenesis. Global loss of Bbs4 resulted in infertility and sperm
lacking a flagellum, even though primary and motile cilia were generated throughout the body89.
Other mouse models revealed the role of anterograde IFT and motor trafficking components.
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Hypomorphic loss of Ift88Tg737Rpw resulted in abnormal sperm morphology, including the absence
of sperm tails in some cases, low sperm counts and male infertility97. Interestingly, conditional
deletion of Ift20 in male germ cells resulted in infertility at two to three months of age, but
reduced fertility at six weeks of age98. Ift20 mutant sperm exhibited a variety of phenotypes
including the complete absence of the tail, irregularly shaped sperm heads, or the presence of a
tail with a bend or kink 98. Further, loss of the molecular motor, Kif3a, in germ cells resulted in
male infertility, with decreased epididymal sperm amounts, and abnormal sperm morphology of
the head and tail99.
While the roles of anterograde trafficking components in spermatogenesis have been
studied, the function of proteins involved in retrograde IFT is unknown. Mutations in THM1, an
IFT Complex A gene20, have been identified in patients with BBS43. Loss of Thm1 in mouse
causes developmental defects20, cystic kidney disease26, and obesity32. Thm1 has a paralog,
Thm2, which is uncharacterized. To investigate the in vivo function of THM2, we generated a
novel mouse model of Thm2 loss using CRISPR/Cas9 genome editing and discovered novel
roles for Thm2, and Thm1, in sperm development.

4.3 Methods
4.3.1 Generation of Thm2 knockout (Thm2-/-) mouse
In collaboration with Dr. Jay Vivian at the University of Kansas Medical Center
Transgenic and Gene Targeting Facility (KUMC TGIF), Thm2-null mice were generated using
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 genomic
engineering. Dr. Shondra Miller at the Washington University Genome Engineering and iPSC
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Center (GEiC) identified, created, and validated guide RNA’s (gRNA’s) for functionality and
efficiency to cut DNA at specific target sites in vitro. Two gRNA’s that cut genomic DNA 30%
of the time were selected. Dr. Melissa Larson, of KUMC TGIF, performed pro-nuclear injections
on F1 embryos with FVB oocyte donors and C57BL6/J males. In total, 317 embryos were
injected with 20ng/µl of each of the gRNA’s and 50ng/µl of the Cas9 RNA and 198 embryos
were injected with 10ng/µl of each of the gRNA’s and 50ng/µl of the Cas9 gRNA. A total of 42
founders were born from these injections. When mutations due to non-homologous end joining
(NHEJ) in genomic DNA were confirmed via sequencing, founders were crossed to wild-type
(WT) FVB mice to expand the lines.

4.3.2 Genotyping of NHEJ events following CRISPR/Cas9 genome editing
Multiple PCR reactions were designed to characterize the mutations generated by NHEJ
following CRISPR/Cas9 genome editing. Two sets of genotyping primers were designed around
the gRNA in exon 4 while one set of genotyping primers was designed to flank the entire region
between exon 4 and intron 8. The first primer set surrounding exon 4 included F-Thm2ex4p-5’
TAC TAC GCC AGC CTC TTC CT 3’ and R-Thm2ex4p-5’ CCC TCC TGT ACC TCT TTG
GA 3’ and was expected to produce a WT band of 107bp. The second primer set surrounding
exon 4 included F-Thm2ex4r-5’ TGT CTG AAG CCA ACA GAG AGG 3’ and R–Thm2ex4r-5’
GTT CAA GGC CAC CTT TGC T 3’ and was expected to produce a WT band of 1,000bp. PCR
amplicons with a lower molecular weight indicate evidence of NHEJ in exon 4. Primers designed
to detect a mutant band with the large deletion flank exon 4 and intron 8 and include, FThm2ex4b-5’ GGA GAG CAG CTT GAA GGA AA 3’ and R-Thm2ex4b-5’ GTC ACG GCT
GGT GTG ATT C. A PCR amplicon was expected at 216bp, only in the event of NHEJ. To
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detect the presence of a WT allele, a separate PCR reaction using primers within exon 6, F-WT5’AAC TTC CTG CCC GCT TTA GT 3’ and R-WT-5’ GTG TCA GAT ACC CTG GAA CCA
GAG 3’ were used. In the presence of a WT allele, this PCR reaction yields an amplicon of
approximately 461bp.

4.3.3 Sequencing of Thm2 knockout mouse
PCR products obtained using primers from above were ran on an agarose gel, excised,
and DNA was extracted using the Qiaex II DNA extraction kit (Qiagen, 20021). Samples were
sent to Genewiz for sequencing analysis. Sequencing results were then analyzed to determine the
presence or absence of stop codons resulting from NHEJ events.

4.3.4 Skeletal Preparations
At three months of age, alizarin red and alcian blue staining was performed using
standard protocols (Kingsley Lab Protocol, Ryan Roundtree, Version 1.1, 3/31/2003). Briefly,
mice were eviscerated and fixed in 95% ethanol for 1-2 days. They were then stained with alcian
blue (Acros Organics 33864-99-2) for 14 days and fixed with 95% ethanol for an additional 1-2
days. Potassium hydroxide was used for approximately 2-5 days, or until tissue was cleared.
Skeletons were then stained with 1% alizarin red (Acros Organics 130-22-3) in potassium
hydroxide for 1-2 days, or until completely stained. Once staining was complete, skeletons were
placed into glycerol for long-term storage and imaged.
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4.3.5 Histological Analysis
When mice were three months of age, hearts, lungs, and kidneys were placed in Bouin’s
fixative (Polysciences, Inc. 16045) overnight and placed in 70% ethanol in water. Testis were
placed in either Bouin’s fixative (Polysciences, Inc. 16045) or 4% paraformaldehyde (PFA)
overnight, cut in half, and placed again overnight in 4% PFA or Bouin’s fixative before being
placed in 70% ethanol in PBS or 70% ethanol in water, respectively. Tissues were processed and
dehydrated through a series of ethanol washes and embedded in paraffin wax. Paraffin blocks
were sectioned at 7µm. Histological staining was then performed using standard hematoxylin
and eosin staining methods. Briefly, sections were de-paraffinized and rehydrated through a
series of ethanol rinses. Sections were then stained with Hematoxylin (Sigma HHS32) and Eosin
(Sigma HT110216) and mounted with Permanent Mounting Media (Fisher, SP15-500). Stained
sections were imaged using a Nikon 80i light microscope attached to a Nikon DS-Fil camera.

4.3.6 Fertility testing
Control and Thm2-/-; Thm1aln/+ mice from the same litter were weaned and housed
together until at least 7-8 weeks of age. Control and Thm2-/-; Thm1aln/+ male mice were then
placed in separate cages with females for one month. Pregnancies were recorded to determine
percent fertility.

4.3.7 Sperm count and morphology analysis
Sperm from control and Thm2-/-; Thm1aln/+ mice was collected from the caudal
epididymis of 12-week-old mice after swim up. Briefly, caudal epididymides and vas deferens
were isolated, cut with a razor blade and placed in PBS at 37°C for 10 minutes. Sperm were then
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counted using a hemocytometer. For morphological analysis, sperm were placed in 4% PFA after
swim up and imaged using Nikon TE2000 inverted microscope attached to a Photometrics
CoolSnap HQ cooled cCD camera.

4.3.8 Live imaging of sperm
Sperm were imaged in an enclosed imaging chamber made using a glass slide, coverslip,
and petroleum jelly sealant. Caudal epididymis and vas deferens were dissected and sperm was
allowed to swim out in PBS for 10 minutes and imaged immediately after. Live sperm were
imaged using a Nikon TE2000 inverted microscope (10x objective lens) and a Photometrics
CoolSnap HQ2 cooled CCD camera, which were controlled by Nikon Elements Advanced
Research 4.50.00. Images were captured using a 100ms exposure at approximately 6 frames per
second. Movies were edited and sped up 2x in iMovie software.

4.4 Results
4.4.1 Generation of Thm2 null mice using CRISPR/Cas9 genome editing
To determine a role for Thm2 in vivo, we generated a Thm2-null mouse using
CRISPR/Cas9 genome editing. Two gRNA’s were designed to target exon 4 and intron 8 (Figure
4.1A). Through this targeting approach, two types of deleterious gene rearrangements could
result through non-homologous end joining (NHEJ): one generating deletions in exon 4 only, and
the other generating large deletions encompassing exon 4 through intron 8. Genotyping primers
were designed to flank the gRNA in exon 4 as well as the entire region between exon 4 and
intron 8. In the presence of a WT allele, the first primer set (purple) was expected to produce an

95

amplicon of approximately 107 bp, and the second primer set (red) was expected to produce an
amplicon of approximately 1,000bp (Figure 4.1A). Any mutations or insertions in exon 4 would
cause the amplicon to deviate from the expected size. Therefore, amplicons detected at smaller,
or larger, base pair sizes were used to indicate mutations caused by NHEJ in exon 4. In contrast,
the primers flanking exon 4 and intron 8 were not expected to produce a PCR amplicon in the
presence of a WT allele because the distance between the two primers is too large to be
amplified (4,664bp) with a regular Taq polymerase. However, in the event that NHEJ occurred
and the genomic region encompassing exon 4 and intron 8 is deleted, band sizes were estimated
to be approximately 216bp. Representative results for founders harboring the large deletion
between exon 4 and intron 8 are shown (Figure 4.1B). Genotyping results indicated that
mutations in exon 4 alone were found in approximately 43% of the founders while mutations
spanning exon 4 to intron 8 were found in approximately 40% of the founders (Figure 4.1C). As
expected, mice harboring a mutation spanning exon 4 to intron 8 resulted in a PCR amplicon of
approximately 200bp (not less than 100bp, but not more than 300bp). Sequencing results of
multiple founders confirmed mutations in exon 4 alone and loss of the entire genomic region
between exon 4 and intron 8. We chose to expand a line harboring a mutation deleting the entire
region between exon 4 and intron 8, which created a stop codon in exon 4. Using the PCR
primers spanning exon 4 and intron 8, a PCR amplicon of 198bp is generated (blue arrows).
Using the PCR primers located near exon 6 (orange arrows), a WT amplicon of 461bp is
generated (Figure 4.1D). The large deletion results in complete loss of the first predicted
tetratricopeptide (TPR) motif. In the event that aberrant splicing takes place from exon 3 to exon
9, approximately 176 codons (13.4% of the total protein) and 20kDa of protein would be lost.
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This did not occur. Western blot analysis of P14 kidney and testis reveal the complete loss of
THM2 protein (Figure 4.1E).
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Figure 4.1. Generation of Thm2 null mouse using CRISPR/Cas9 Genome Editing. (A) Two
guide RNA’s were generated to target exon 4 and intron 8 (red horizontal lines). Primers
designed to detect mutations occurring in exon 4 are in purple and red. Primers used to detect
mutations deleting the region between exon 4 and intron 8 are in blue. Primers used to detect the
presence of a WT band are in orange. (B) Representative image of genotyping results generated
from founders harboring mutations deleting the region between exon 4 and intron 8. (C)
Genotyping results indicated gRNA’s created deletions in exon 4 and from exon 4 to intron 8
approximately 43% and 40% of the time, respectively. (D) Sequencing analysis revealed a
founder line harboring a mutation deleting exon 4 to intron 8 which created a stop codon in exon
4. This line resulted in a WT band of 461bp and a mutant band at 198bp. (E) Western blot
analysis of P14 kidney and testis revealed the complete loss of Thm2 in Thm2-/- mice.
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4.4.2 Thm2 knockout mice appear healthy at three months of age
Loss of many intraflagellar transport proteins, including THM120, results in embryonic
lethality21,66,67. However, not surprisingly, Thm2-/- mice survived into adulthood with seemingly
normal health, similar to the Thm2 knockout mouse described in Chapter 3. At three months of
age, Thm2-/- mice on a mixed FVB/C57BL6/J background were characterized by normal body
weight (Figure 4.2A) and normal skeletal patterning (Figure 4.2B). Histological analysis of heart,
kidney, and lungs of Thm2-/- did not reveal any abnormalities (Figure 4.2C), suggesting Thm2-/mice are healthy at three months of age.
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Figure 4.2. Thm2 null mice are seemingly healthy at three months of age. Thm2-/- mice
exhibit (A) similar skeletal patterning and (B) body weights. (C) Histological analysis of Thm2
null mice heart, kidneys, and lungs at three months of age shows normal morphology. Scale bar
equals 100µm.
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4.4.3 Thm2-/-; Thm1aln/+ mice are characterized by decreased fertility
Since Thm2 and Thm1 are paralogs20 and paralogs can have redundant functions127,128, we
combined a null allele (aln) of Thm1 with Thm2 deletion. While setting up breeding cages, we
noticed that several Thm2-/-; Thm1aln/+ male mice produced vaginal plugs in females, but these
matings did not result in pregnancies. Thus, to examine Thm2-/-; Thm1aln/+ male fertility more
systematically, ≥ 7 week-old Thm2-/-; Thm1aln/+ male mice and littermate controls were placed
with females and resulting pregnancies were monitored over a one-month period. All control
males tested were able to father litters with females. In contrast, five of nine Thm2-/-; Thm1aln/+
males fathered litters with females, indicating a decrease in fertility (Figure 4.3A).

4.4.4 Thm2-/-; Thm1aln/+ mice exhibit decreased sperm counts and abnormal morphology and
motility
To determine the mechanisms underlying the decrease in fertility, sperm from the caudal
epididymis were counted and morphology was analyzed. Sperm counts revealed significantly
lower sperm numbers in the Thm2-/-; Thm1aln/+ males compared to control males (Figure 4.3B).
Furthermore, sperm morphology of Thm2-/-; Thm1aln/+ males exhibited abnormalities. The sperm
tails of Thm2-/-; Thm1aln/+ mice showed three different morphologies: (1) normal (2) bent, and (3)
retroflexed, with the tail flipped back towards the head (Figure 4.3C). Retroflexed sperm were
infrequently observed in control mice, and sperm with bent tails were observed to a greater
extent in Thm2-/-; Thm1aln/+ male mice. Further, while control sperm exhibited normal waveform
beat of the tail, propelling the sperm forward, Thm2-/-; Thm1aln/+ sperm showed impaired
motility. Retroflexed mutant sperm showed abnormal twitching movement or circular movement
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(Movie 4.1). These results suggest low sperm count and abnormal sperm morphology leading to
defective motility result in the inability of some Thm2-/-; Thm1aln/+ males to impregnate females.
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Figure 4.3. Thm2-/-; Thm1aln/+ mice exhibit decreased fertility, low sperm counts, and
abnormal morphology. (A) Table summarizing data from fertility matings indicates decreased
fertility in Thm2-/-; Thm1aln/+ mice. (B) Sperm counts from caudal epididymides of Thm2-/-;
Thm1aln/+ mice were lower than control littermates. (C) Light microscopy of sperm in control and
Thm2-/-; Thm1aln/+ mice show three different sperm morphology categories (1) Normal flagellum
(light blue arrow), (2) Bent flagellum (white arrow), and (3) retroflexed flagellum (dark blue
arrow). Error bars represent mean plus standard deviation.*p≤0.05

103

Control

Thm2-/-; Thm1aln/+

Movie 4.1. Thm2-/-; Thm1aln/+ sperm exhibit decreased motility and abnormal beating
pattern. Live imaging analysis of control and Thm2-/-; Thm1aln/+ sperm shows abnormal flagellar
beating movement in Thm2-/-; Thm1aln/+ mice.
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4.4.5 Testis of Thm2-/-; Thm1aln/+ mice are abnormal
Since Thm2-/-; Thm1aln/+ male mice exhibited low sperm counts, and sperm with abnormal
morphology, we investigated the morphology of the testis. Spermatogenesis occurs within the
seminiferous tubules of the testis and is dependent on multiple cell types90. Leydig cells are
found in the interstitium, between seminiferous tubules92, and respond to hormones necessary to
produce testosterone, which aid in the process of spermatogenesis90. Sertoli cells are located
within the seminiferous tubules and support the maturation of male germ cells90. Male germ cells
mature as they move towards the lumen of the seminiferous tubules90. Histological analysis of
Thm2-/-; Thm1aln/+ testes revealed a spectrum of abnormalities, ranging from mild to severe. At
the mild end of the spectrum, approximately half of the seminiferous tubules exhibit a decrease
in sperm in the lumen. In the middle of the spectrum, Thm2-/-; Thm1aln/+ mice exhibit less sperm
in the lumen of seminiferous tubules, and a thin germinal epithelium, suggesting impaired
maturation of the germ cells. At the severe end of the spectrum, Thm2-/-; Thm1aln/+ testis are
characterized by seminiferous tubules with a thin germinal epithelium, the presence of vacuolelike structures, a nearly complete absence of flagella in the lumen, and increased amounts of
interstitium between the seminiferous tubules (Figure 4.4), revealing the defects can involve cells
outside the seminiferous tubules.

105

Figure 4.4. Histological analysis reveals abnormal testis morphology of Thm2-/-; Thm1aln/+
mice. Hematoxylin and Eosin staining of ≥12 week testis ranging from mild to severe
abnormalities in 3 mutant mice with age-matched controls. Mild Thm2-/-; Thm1aln/+ testes exhibit
a decrease in the amount of flagella in the lumens of the seminiferous tubules. Moderate
abnormalities exhibit a significant decrease in the flagella in the lumens and a decrease in the
germinal epithelium. Severe abnormalities exhibit a nearly complete loss of flagella within the
lumen of the seminiferous tubule, increased interstitium, and vacuole-like structures. Solid black
arrow with block arrowhead indicates the lumen of seminiferous tubules with little to no sperm
flagella. Solid black arrow denotes narrow germinal epithelium. Dashed line black arrow with
block arrowhead indicates vacuole-like structures in seminiferous tubules. Asterisk denotes
increased interstitium.
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4.4.6 Thm2-/-; Thm1aln/+ kidneys are normal
Loss of many ciliary proteins, including THM1, results in cystic kidney disease26,27,132,133,
underscoring the importance of primary cilia in kidney development, and renal tubular integrity.
To investigate the role of Thm2 in kidney tubular development, we examined kidney morphology
at 12 weeks of age in Thm2-/-; Thm1aln/+ and control mice. Histological analysis revealed kidneys
with normal morphology (Figure 4.5).
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Figure 4.5. Histological analysis reveals normal kidney morphology of Thm2-/-; Thm1aln/+
mice. (A) Hematoxylin and Eosin staining of kidneys of ≥ 12 week old control and Thm2-/-;
Thm1aln/+ mice. Staining indicates the absence of cystic kidneys in Thm2-/-; Thm1aln/+ mice. Scale
bar equals 500um.
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4.5 Discussion
In this study, we generate a novel in vivo model of Thm2 loss using CRISPR/Cas9
genome editing. Using two gRNA’s, we target exon 4 and intron 8 to create a large deletion
between exon 4 and intron 8, which results in a stop codon in exon 4. Loss of THM2 alone does
not result in obvious abnormalities at three months of age with normal body weight, skeletal
patterning, and kidney, lung, and heart histology. However, loss of Thm2 together with one allele
of Thm1 (alien), causes abnormal testis and sperm morphology, low sperm count, defective
sperm motility, and decreased fertility. To our knowledge, this is the first characterization of the
role of an IFT Complex A protein (THM1) in male fertility.
Previously, roles for IFT Complex B proteins, IFT88 and IFT20, in male fertility have
been shown97,98. Complete infertility was reported in hypomorphic Ift88Tg737Rpw mutants,
although age of mice was not specified97, while germ line specific loss of Ift20, using the Stra8iCre, decreased male fertility at six weeks of age and caused complete infertility at two to three
months of age98. Thm2-/-; Thm1aln/+ male mice of greater than 7 weeks of age exhibited a 44%
decrease in fertility compared to control littermates. Furthermore, similarities were observed
between the two IFT Complex B mutants, including abnormal sperm morphology and decreased
sperm count97,98. In both the Ift20 and the Ift88 mutants, several sperm flagella were completely
absent, with some Ift88 mutant mice exhibiting short sperm tails, and some Ift20 mutant mice
exhibiting sperm tails with a bend97,98. Unlike IFT Complex B mutants, Thm2-/-; Thm1aln/+ male
mice appeared to maintain the flagellar structure on all sperm heads. However, many sperm
flagella were characterized by abnormal morphology, with bent or retroflexed sperm tails.
Additionally, Thm2-/-; Thm1aln/+sperm showed impaired motility. Sperm with retroflexed tails

109

showed a twitching motion or circular movement, in contrast to the waveform displayed by
control sperm.
Mutations in THM1 have been identified in patients with BBS43. BBS is characterized by
a myriad of phenotypic abnormalities, including male hypogonadism47. Almost all male BBS
patients exhibit infertility and testes which fail to mature88. Hypogonadism in BBS patients is
attributed to abnormalities of the hypothalamic-hypophyseal axis88, which produces hormones
that regulate the amount of steroid hormones, such as testosterone90,93. Testosterone is important
in the development of male gonads and in spermatogenesis90. Deletion of Bbs2, Bbs3, and Bbs4
in mice results in male infertility and the complete absence of flagella within the seminiferous
tubules of the testis, demonstrating the importance of BBS proteins in spermatogenesis89,134,135.
Luteinizing hormone (LH) is an important regulator of the hypothalamic-hypophyseal
axis and of Leydig cell function. Loss of the LH receptor in mice resulted in a decrease in testis
size along with smaller seminiferous tubules and fewer, underdeveloped, Leydig cells136.
Additionally, spermatogenesis was halted at the round spermatid stage136. Further studies of
Thm2-/-; Thm1aln/+ male mice are necessary to determine the status of hypothalamic-hypophyseal
signaling, and can include measuring levels of serum testosterone, gonadotrophin releasing
hormone, follicular stimulating hormone, and luteinizing hormone.
Spermatogenesis occurs in the germinal epithelium of seminiferous tubules where male
germ cells mature before being released into the lumen of the tubule90. Within the testis, multiple
cell types, such as Sertoli cells, Leydig cells, and germ cells, participate in the process of
spermatogenesis90. Since the loss of Thm2 and Thm1 is not specific to a certain cell type, we
cannot rule out the role of Sertoli cells, Leydig cells, nor germ cells in the phenotypes observed
in Thm2-/-; Thm1aln/+ male mice. Conditional loss of Sertoli cells in mice at P50 resulted in a

110

severe decrease in Leydig cell number and germ cell number137. Interestingly, testis morphology
remained intact and basal levels of testosterone were maintained, suggesting that even after the
loss of a substantial number of Leydig cells, remaining Leydig cells were able to sustain baseline
testosterone levels137. Thus, further studies are needed to discern which cell types are affected in
Thm2-/-; Thm1aln/+ male mice.
Although BBS is characterized as a disorder of the primary cilium47, primary cilia are not
found in the seminiferous tubules, but are found on the surface of immature Leydig cells95.
Primary cilia mediate Hh signaling14 and loss of Thm1 results in an increase in Hh signaling20.
Since evidence of Hh signaling is found throughout spermatogenesis91, in Sertoli cells92, and
Leydig cells92, misregulation of Hh signaling may contribute to the abnormalities and decreased
fertility observed in the Thm2-/-; Thm1aln/+ male mice. Dhh null mice are characterized by a
significant loss of germ cells92, underscoring the importance of Hh signaling in spermatogenesis.
Since loss of Thm1 has been shown to increase Hh signaling, the abnormalities in testis structure
and spermatogenesis in Thm2-/-; Thm1aln/+ male mice may be attributed to defects in Hh
signaling.
In contrast to other ciliary mutants affecting spermatogenesis89,97,99,134, Thm2-/-; Thm1aln/+
adult male mice are not completely infertile, but rather exhibit a decrease in fertility. 44% of
Thm2-/-; Thm1aln/+ male mice are infertile, suggesting variability in the phenotype. Furthermore,
the testis morphology of Thm2-/-; Thm1aln/+ mice also exhibits variability, with some mutants
exhibiting relatively mild defects, including a decrease in sperm in approximately half of the
seminiferous tubules, and others exhibiting severe abnormalities, including a thin germinal
epithelium, presence of vacuoles within the seminiferous tubules, and increased interstitium.
Since the genetic background of mice can affect phenotype92, this variability may be attributed to
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the mixed FVB/C57BL6/J background. Backcrossing the mutations ten generations onto either a
pure C57BL6/J or FVB background may render the Thm2-/-; Thm1aln/+ male mice completely
infertile, and decrease the variability of the testis phenotype.
Finally, although loss of Thm1 results in cystic kidney disease26, and a clinical
manifestation of BBS is renal cystic disease33,

histological analysis of Thm2-/-; Thm1aln/+

kidneys reveals normal kidneys at three months of age, suggesting Thm2 and Thm1 may have
unique and redundant functions in cilia structure and signaling which are specific to different
tissues.
In summary, we generated a novel model of Thm2 loss using CRISPR/Cas9 genome
editing and established a role for Thm2 and Thm1 in male fertility on a mixed FVB/C57BL6/J
background. Thm2-/-; Thm1aln/+ male mice mated to females after 7 weeks of age exhibited
decreased fertility, with only 56% of males exhibiting fertility, compared to 100% of control
males. Light microscopy analysis of epididymal sperm revealed significantly lower amounts in
Thm2-/-; Thm1aln/+ male mice compared to control mice, and abnormal morphology. Furthermore,
histological analysis of Thm2-/-; Thm1aln/+ testis revealed abnormalities ranging from mild to
severe defects. We propose defects in testis development, caused by misregulated Sertoli and
Leydig cell signaling, may underlie spermatogenesis abnormalities. To our knowledge, this has
not been reported in other IFT mutant models. Further studies are necessary to determine the
contribution of different cell types and signaling pathways resulting in decreased fertility, and
abnormal testis and sperm morphology of Thm2-/-; Thm1aln/+ male mice. Overall, this study
elucidates both unique and redundant functions of Thm2 and Thm1, increases our knowledge of
the ciliary proteome, and specifically establishes a role for Thm2, together with Thm1, in male
fertility.
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Chapter Five: Summary, Conclusions, Future Directions, and Significance
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5.1. Summary and Conclusions
5.1.1 Establishing novel roles for Thm1 and Thm2
To expand our knowledge of Thm1 and determine the function of a novel gene, Thm2, we
generated a Thm1 knockdown 3T3-L1 pre-adipocyte cell line, a Thm2 knockdown 293T renal
embryonic cell line, and two Thm2 knockout mouse models – one using a Knockout Mouse
Project (KOMP) construct and the other using CRISPR/Cas9 genome editing. Earlier studies of
post-natal loss of Thm1 resulted in obesity, which could be attributed to hyperphagia and
dysregulation of the POMC appetite-controlling neuropeptide, prior to the onset of obesity32.
Using a Thm1 knockdown 3T3-L1 mouse pre-adipocyte cell line, we established that deficiency
of Thm1 increased adipogenesis and insulin sensitivity, providing an additional mechanism
underlying Thm1-deficient obesity. Previous studies have revealed different roles for different
ciliary proteins in adipogenesis. Knockdown of the IFT Complex B protein, Ift88, a subunit of
the anterograde molecular motor, Kif3a, or Alms1 resulted in a decrease in adipogenesis, with a
corresponding decrease in markers of pro-adipogenic signaling, such as PPARγ59,60. In contrast,
loss of Bbs10 or Bbs12 resulted in increased adipogenesis with increased PPARγ levels58. These
results suggest ciliary proteins may work in concert to intricately regulate adipogenesis. Our data
show loss of Thm1 results in an increase in adipogenesis and pro-adipogenic markers such as
PPARγ and CEBPα, similar to loss of Bbs10 or Bbs12, but in contrast to loss of Ift88, Kif3a, and
Alms1.
Additionally, this work reveals that the novel ciliary gene, Thm2, together with Thm1, is
essential in skeletal and sperm development. While loss of Thm2 alone resulted in seemingly
normal mice, additional loss of one allele of Thm1 (alien) revealed skeletal and sperm defects
that were influenced by mouse strain background. An overt Thm2-/-; Thm1aln/+ phenotype was not
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obvious on a mixed FVB/C57BL6/J background, but after backcrossing the colony five
generations onto a C57BL6/J background, Thm2-/-; Thm1aln/+ mice were significantly smaller
than their littermates at post-natal day (P) 14 and P21, with shorter long bones and tibia growth
plates that showed expanded chondrocytic proliferation zones and shortened hypertrophic zones.
This growth plate phenotype is similar to that of mouse mutants of Sufu, a negative regulator of
Hh signaling73. The altered tibia growth plates indicate THM2 and THM1 function in
development of bone derived through endochondral ossification. In contrast to other IFT-A
mouse mutants, complete loss of Thm2, and one allele of Thm1, does not result in embryonic
lethality. In the human population, mutations in ciliary IFT-A genes, IFT14464,66, IFT14064,67,
and THM143 have been identified in patients with Jeune Syndrome. Hypomorphic loss of Ift144
and Ift140 resulted in embryonic lethality in the mouse66,67, whereas patients with Jeune
syndrome are born but, often, do not live past the early years of life64. Thus, Thm2-/-; Thm1aln/+
mice provide a novel post-natal model to study molecular and cellular mechanisms underlying
skeletal defects of Jeune Syndrome.
Using a second Thm2 knockout mouse model, we confirmed that Thm2 knockout mice do
not show an obvious phenotype. After introducing a null allele of Thm1 (alien)20, and
maintaining the line on a mixed FVB/C57BL6/J background, we also confirmed that Thm2-/-;
Thm1aln/+mice reach adulthood and appear normal. However, when male mice of at least seven
weeks of age were mated to females, only 56% of Thm2-/-; Thm1aln/+ male mice were able to
father litters, indicating a decrease in fertility. Similarly, germ-line specific Ift20 null mice
exhibited a 62.5% decrease in fertility when mated at 6 weeks of age. These mice were
completely infertile at 2-3 months of age98, suggesting that age exacerbates the infertility. Loss
of IFT88 and IFT20 resulted in abnormal spermatogenesis, with many sperm heads exhibiting a
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complete loss of flagella97,98. Interestingly, some Ift20 mutant sperm have flagella present, but
exhibit a bend in the morphology98. In contrast, all Thm2-/-;Thm1aln/+ sperm appear to maintain
the presence of a flagellum, but many are irregularly shaped with a bend or retroflexed position,
and have impaired motility.
Interestingly, histological analysis of Thm2-/-; Thm1aln/+ testis revealed variability in the
severity of abnormalities. Mild testis abnormalities of Thm2-/-; Thm1aln/+ mutants include
decreased sperm flagella in approximately half of the seminiferous tubules. In contrast, severe
testis abnormalities of Thm2-/-; Thm1aln/+ testis include nearly complete absence of sperm tails in
the lumen of seminiferous tubules, vacuoles, decreased width of germinal epithelium, and an
expanded interstitium. These abnormalities reflect defects in testis development. Mutations in
THM1 have been found in patients with Bardet-Biedl Syndrome (BBS)43 which is characterized
by various phenotypic abnormalities, including hypogonadism, resulting in infertility47.
Therefore, we hypothesize defects in Leydig cell and Sertoli cell signaling may cause the
abnormalities observed in Thm2-/-; Thm1aln/+ sperm. To our knowledge, this mechanism has not
been reported in prior IFT mutant models. Thus, the Thm2-/-; Thm1aln/+ mice may provide a novel
model to study molecular and cellular mechanisms underlying male infertility of BBS.
Taken together, our studies establish novel roles for Thm1 and Thm2 in adipogenesis,
skeletal development, and spermatogenesis and contribute valuable in vitro and in vivo models,
to study molecular mechanisms underlying the clinical abnormalities of ciliopathies. Further, our
studies elucidate novel genetic interactions between Thm1 and Thm2.
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5.1.2 Unique and redundant functions of Thm1 and Thm2
A BLAST search revealed mouse THM1 and THM2 proteins share 58% and 55%
homology, respectively, with Chlamydomonas reinhardtii IFT139, leading us to hypothesize
these paralogs share equal function of IFT139 in mammals. However, our studies indicate that
THM1 plays a broader and more identifiable role in organ systems throughout the body, and in
ciliogenesis20,26,28,32. In mouse, early embryonic loss of Thm1 resulted in peri-natal lethality, and
forebrain, skeletal, and neural tube patterning defects, while perinatal deletion of Thm1 resulted
in cystic kidney disease and obesity20,26,28,31,32. Further, our in vitro data demonstrate a direct role
for Thm1 in the regulation of adipogenesis. In contrast, Thm2 loss alone does not affect
embryogenesis nor post-natal development on a mixed FVB/C57BL6/J background, or on a
C57/BL6/J background at the 5th generation. Additionally, while deficiency of Thm1 impairs
retrograde IFT, causing shortened primary cilia with a bulb-like structure at the distal tip32, Thm2
knockdown reveals normal cilia length. Interestingly, deletion of Thm2, together with additional
loss of one allele of Thm1 impairs skeletal and sperm development, revealing that loss of Thm2
is sensitive to Thm1 dosage and therefore that the functions of THM2 and THM1 in bone and
sperm development are interdependent.
Our data also reveal that the unique and redundant functions of Thm1 and Thm2 vary
with tissue type. Based on our studies, Thm2 functions to a larger extent in development of the
skeleton and sperm than in other tissues, such as the kidney. Other paralogs, such as the Gli
transcription factors and Hh signaling ligands also show tissue specificity. For example, Gli2 is
involved in neural tube patterning while Gli3 functions in limb patterning15. Furthermore, Shh is
essential for embryogenesis and post-natal tissue maintenance, while Dhh functions in
spermatogenesis, and Ihh functions in bone development15. However, the complete loss of Thm1,
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together with loss of Thm2 may reveal additional roles for Thm2 in other tissue types, including
the kidney, hypothalamus, and/or adipose tissue.

5.1.3 Genetic modifiers of Thm1- and Thm2-null phenotypes
Our studies have revealed that the phenotypes of Thm2-/-; Thm1aln/+ mice are influenced
by genetic modifiers. Indeed, different mouse strains have been shown to modify the phenotype.
For instance, loss of IL-10 results in colitis on a C3H/HeJBir background, but not on a
C57/BL6/J background138. Additionally, loss of Dhh on a 129/Sv background halts
spermatogenesis at an earlier stage compared to loss on a 129/Sv/C57BL6/J background92. Our
investigations show that on a mixed FVB/C57BL6/J background, Thm2-/-; Thm1aln/+ mice exhibit
little evidence of skeletal defects. However, Thm2-/-; Thm1aln/+ mice five generations onto a
C57BL6/J background show a marked decrease in body weight and crown-to-rump length
compared to control littermates. These results suggest genetic modifiers on the C57BL6/J
background render the skeletal phenotype more severe. The differences observed are intriguing
because in the human population, the severities of phenotypes, even within the same ciliopathy,
are appreciable. For instance, most patients with Jeune Syndrome die during infancy (60-80%)64,
but some are able to survive into adulthood65.
Only two of fourteen Thm2-/-; Thm1aln/+ males five generations on a C57BL6/J
background were mated to females. One has completed fertility testing and although he was
placed in the same cage with four females for one month, none of them became pregnant,
suggesting that fertility defects of Thm2-/-; Thm1aln/+ mice on a FVB/C57/BL6/J mixed
background may also occur on a pure C57BL6/J background. Furthermore, the severity of the
testis phenotype of the Thm2-/-; Thm1aln/+ mice varies on the FVB/C57BL/J background, with
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some testes appearing only mildly affected, while others appear severely disrupted and include
the absence of flagella in the lumens of seminiferous tubules, decreased germinal epithelium, the
presence of vacuoles, and increased interstitium. In an attempt to explain the variability observed
between backgrounds and on a mixed background, I hypothesize that polymorphisms in other
ciliary genes present in different mouse strains contribute to the severity of the disease
phenotype.
Finally, our data suggest that Thm1 and Thm2 may both serve as genetic modifiers.
Neither Thm2-/- nor Thm1aln/+ mice show phenotypes, while combining these alleles results in
skeletal and sperm defects. This suggests that mutation of one allele of Thm1 or both alleles of
Thm2 may serve to modify disease severity of ciliopathies.

5.2 Future Directions
5.2.1 Furthering knowledge of Thm1 and Thm2 in adipogenesis
In chapter two, we showed that loss of Thm1 in pre-adipocytes results in an increase in
adipogenesis in vitro. Future directions include validating this increased adipogenesis in vivo.
Using the Thm1 floxed mouse allele, Thm1 can be specifically deleted in the pre-adipocytes of
mice with a tissue specific Cre recombinase, PdgfRα-Cre139. The adipocytes and fat pads of
Thm1 conditional knockout mice can then be assessed for abnormal size and morphology, and
analyzed for insulin sensitivity. Furthermore, a role for Thm2 has not yet been identified in
adipogenesis. In vivo and in vitro experiments can be used to determine if Thm2 functions in
adipogenesis. In vitro, Thm1;Thm2 double knockdown cell lines can be generated to measure the
extent of adipogenesis and insulin sensitivity. Additionally, Thm1;Thm2 double knockout mice
can be generated to validate in vitro results. Since loss of Thm2 does not affect normal
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development, null alleles for Thm2 can be utilized, but since loss of Thm1 results in perinatal
lethality20, conditional deletion of Thm1 in pre-adipocytes is necessary. The results of these
experiments will allow Thm2 to be included or excluded, from the list of genes that regulate
adipogenesis.

5.2.2 Furthering knowledge of Thm1 and Thm2 in skeletal development
In chapter three, we showed that loss of Thm2, in addition to one allele of Thm1 results in
skeletal abnormalities when mice have been backcrossed five generations onto a C57BL6/J
background. To fully understand the mechanisms underlying the abnormalities observed, cilia
structure and Hedgehog (Hh) signaling status should be investigated. Given the role of THM1 as
a negative regulator of Hh signaling and that reducing alleles of Thm1 together with deletion of
Thm2 generates phenotypes, we hypothesize that THM2 also functions as a negative regulator of
Hh signaling. If Hh signaling is upregulated in Thm2-/-; Thm1aln/+ mice, as hypothesized, genetic
downregulation, or pharmacological treatment, of Hh signaling can be performed to determine a
causative role for this pathway in the skeletal defects observed.
Additional analysis of Thm2-/-; Thm1aln/+ mice, just after birth, and as adults would help
establish a timeline to answer the question of when skeletal defects initiate and terminate. To
obtain the most informational data, daily weights can be recorded for the first week after birth,
when Thm2-/-; Thm1aln/+ skeletal abnormalities become apparent, and then continued on a weekly
basis. This would provide data on individual size progression, which would help to identify when
skeletal abnormalities manifest, and how progression of skeletal development occurs.
Preliminary studies have revealed Thm2-/-; Thm1aln/+ mice are indistinguishable from control
littermates, and Thm2-/-; Thm1aln/+ mice beyond weaning remain smaller than control littermates
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at 2 months of age (Figure 5.1). Furthermore, using a conditional allele of Thm1, Thm1 and
Thm2 double knockout mice could be generated to further understand the gene dosage effects of
Thm1 and Thm2 in the skeletal phenotype.
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Figure 5.1. Additional skeletal timepoints. (A) Preliminary analysis of Thm2-/-; Thm1aln/+ mice
at P1. (B-C) Preliminary analysis of control and Thm2-/-; Thm1aln/+ mice at ≥ 2 months of age
including (B) Body weights and (C) crown to rump lengths. Error bars represent mean ± standard
deviation.
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5.2.3 Furthering knowledge of Thm1 and Thm2 in spermatogenesis
In chapter four, our data showed loss of Thm2, in addition to one allele of Thm1, results
in a decrease in male fertility on a mixed FVB/C57BL6/J background. To understand the
molecular mechanisms resulting in the decreased fertility, future experiments include analyzing
the primary cilia length on cells in the testis, and determining Hh signaling status in the testis.
Since multiple cell types within the testis contribute to the development of sperm, future
investigations include determining the individual contributions of male germ cells, Sertoli cells,
and Leydig cells in the Thm2-/-; Thm1aln/+ spermatogenesis phenotype. In order to do this, a
Thm1 conditional knockout mouse can be used in combination with cell-type specific Cre
recombinase expression. Cell specific Cre recombinases previously established include,
stimulated by retinoic acid gene 8 (Stra8-iCre) for germ cells98, the anti-Mullerian hormone
(AMH-Cre) for Sertoli cells140, and Cytochrome P(450) 17alpha-hydroxylast/17, 20-lyase
(Cyp17iCre) for Leydig cells141. Another experiment that can be used to determine the role of
Sertoli cells in spermatogenesis utilizes the 15P-1 Sertoli cell-derived line94. Previously, these
cells have been shown to support spermatogenesis through meiosis when co-cultured with
testicular cells94. Co-culturing of control and Thm2;Thm1 double knockdown 15P-1 cell lines
with germ cells from wild type mice would determine if defects in spermatogenesis in Thm2-/-;
Thm1aln/+ mice are due to abnormal Sertoli cell signaling.
Mutations in THM1 have been found in patients with Bardet-Biedl Syndrome43, which
results in hypogonadotrophic hypogonadism88. This is characterized by abnormalities in the
hypophyseal-testicular signaling axis88, important for the development of the testis90. Circulating
hormone levels of this pathway, such as gonadotrophin releasing hormone (GnRH), luteinizing
hormone (LH), follicular stimulating hormone (FSH)88, can be measured to determine the status
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of this signaling pathway. Deviations of hormone levels in Thm2-/-; Thm1aln/+ mice compared to
control mice would indicate possible molecular mechanisms by which the testis and sperm
abnormalities occur. Additionally, using a Thm1 conditional allele, with a Cre recombinase
specific to the germ cells, Leydig cells, or Sertoli cells, Thm1;Thm2 double knockout mice can
be created to determine if the complete loss of Thm1 exacerbates the infertility.

5.2.4 Potential interactions of Thm1 and Thm2 with genes encoding signaling molecules that
localize to the primary cilium
Loss of Thm1 results in renal cysts, which are also present in patients with Autosomal
Dominant Polycystic Kidney Disease (ADPKD)26. Mutations in PKD1 and PKD2 are
responsible for ADPKD. PKD1 and PKD2 encode the proteins Polycystin-1 (PC1) and
Polycystin-2 (PC2) which localize to the primary cilium142 and form a complex responsible for
sensing signals143. Previously, loss of PC1 or PC2 together with proteins required for anterograde
trafficking, IFT20 and KIF3A, decreased the cystogenic potential of kidneys compared to loss of
PC1 or PC2 alone143. Furthermore, loss of one allele of Kif3a in addition to one allele of Pkd1
rescued the skeletal defects observed in Pkd1 heterozygote mice121. These results suggest that
signaling proteins, such as PC1 and PC2, may interact with IFT proteins within primary cilia.
Further studies investigating the interacting partners of Thm1 and Thm2 are necessary to
determine the extent and nature of these genetic interactions.

6.2.5 Establishing roles of Thm1 and Thm2 in other tissue types
Loss of Thm1 has resulted in peri-natal lethality, embryonic defects, obesity and cystic
kidney disease. However, loss of Thm2 and one allele of Thm1 does not appear to have an effect
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on kidney morphology or maintenance of body weight. To determine if Thm2 functions in other
tissue types throughout the body, complete double knockouts can be generated to fully
characterize the role of Thm2 during embryogenesis. Some preliminary data that I generated
support a role for Thm2 in forebrain development with Thm1;Thm2 double knockout mice
exhibiting smaller forebrains than Thm1 knockout mice alone. Histological analysis reveals
abnormal architecture in the telencephalon and diencephalon regions of the forebrain of Thm2-/-;
Thm1aln/aln mice (Figure 5.2). This suggests that Thm2 likely functions during embryogenesis,
which can be revealed with loss of Thm1. Similarly, potential roles for Thm2 in obesity and
cystic kidney disease can be elucidated using a conditional knockout of Thm1 and determining
the phenotype of the Thm2;Thm1 double knockout mice in comparison to Thm1 conditional
knockout mice alone. Based on our data in skeletal development and spermatogenesis, and
preliminary embryonic forebrain analysis, we hypothesize loss of Thm1 and Thm2 will
exacerbate the Thm1 knockout phenotypes, if Thm2 functions in that tissue type.
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Figure 5.2. Embryonic Forebrain Abnormalities. Preliminary analysis of embryonic
forebrains at (A) E10.5 and (C) E12.5 of control and Thm2-/-; Thm1aln/aln mice. (B) Histological
analysis of forebrain and (D) telencephalon (T) (dotted yellow line) and diencephalon (dotted
blue line) regions. Telencephalons are outlined in red dotted lines.
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5.2.6 Examining the function of Thm2 within the primary cilium
While we know THM2 localizes to the primary cilium, we do not understand the function
of THM2 within this organelle. Since IFT139 and THM1 are IFT-A proteins20, we hypothesize
that THM2 is also an IFT Complex A protein. To determine this, experiments can be performed
as described20. Briefly, IFT88-GFP can be expressed in a control cell line, Thm2 knockdown
cells lines, and Thm2;Thm1 double knockdown cell lines. Live imaging can then be used to
determine the trafficking of IFT88-GFP tagged particles. Since loss of THM2 alone does not
result in cilia differences, I do not expect an accumulation of IFT88-GFP tagged particles at the
tip of the cilia. However, I hypothesize Thm2;Thm1 double knockdown cell lines will show
further accumulation of IFT88-GFP at the ciliary tip compared to Thm1 knockdown cell lines
alone, which would indicate Thm2 is an IFT Complex A protein, responsible for retrograde
trafficking.

5.2.7 Investigating functional similarities and differences between Thm1 and Thm2 and
Chlamydomonas reinhardtii IFT139
In order to determine the functional relationships between mammalian Thm1 and Thm2
and Chlamydomonas reinhardtii IFT139, the mutant strain of IFT139 can be utilized. Loss of
Chlamydomonas reinhardtii IFT139 resulted in a bulge at the tip of the flagellum and a decrease
in trafficking velocity from the tip to the base37. Rescue experiments can be performed by
separately and jointly expressing mammalian Thm1 and Thm2 in the IFT139 mutant strain. Since
loss of Thm1 results in ciliary abnormalities20, but loss of Thm2 does not, I hypothesize that sole
expression of THM1 or joint expression of THM1 and THM2 will be needed to rescue the
phenotype. If THM1 is able to rescue the phenotype of IFT139 mutants alone, this suggests
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THM1 shares many functional similarities with Chlamydomonas reinhardtii IFT139 in
ciliogenesis. However, if both THM1 and THM2 are needed to rescue the phenotype of
Chlamydomonas reinhardtii IFT139 mutants, this suggests that THM1 and THM2 work together
to fulfill the functions of Chlamydomonas reinhardtii IFT139 in flagellar/ciliary assembly. These
studies will elucidate the functional similarities between Thm1 and IFT139 and Thm2 and
IFT139, which will enable further understanding of the roles of THM1 and THM2 in
flagella/cilia assembly, furthering our knowledge of protein relationships in the ciliary proteome.

5.3 Significance of this work
Since the beginning of this century, ciliary research has increased significantly, yet a
complete understanding of the ciliary proteome and its function has not yet been achieved. Our
studies focused on two paralogs, Thm1 and Thm2. Previously, it has been shown that Thm1 loss
results in embryonic lethality, embryonic skeletal and forebrain abnormalities, post-natal kidney
cysts, obesity, and increased Hh signaling20,26,28,31,32. In contrast, a role for Thm2 had not been
studied. By establishing a direct role for Thm1 in adipogenesis and insulin sensitivity, and a role
for the novel ciliary gene, Thm2, together with Thm1, in skeletal and sperm development, our
studies have contributed to the body of knowledge surrounding ciliary proteins (Figure 5.3). In
the process, we have developed novel in vitro and in vivo models of Thm1 and Thm2 loss, which
can be used to study the molecular underpinnings not only of adipogenesis, skeletal
development, and spermatogenesis, but also of other processes regulated by cilia, including
regulation of appetite, and maintenance of renal tubules and of the retina. By determining the
function of ciliary genes and their interactions, novel molecular mechanisms and therapeutic
targets can be identified toward treating the clinical manifestation of cilia dysfunction.
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Figure 5.3. Summary of findings. Our studies of Thm1 and Thm2 expand our knowledge of
Thm1 in adipogenesis and insulin sensitivity and establish Thm2 as a ciliary protein necessary for
skeletal development and spermatogenesis, together with Thm1.
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