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Abstract

Deletion of murine Thm1, an intraflagellar transport A (IFT-A) component that mediates ciliary 

protein trafficking, causes hyperphagia, obesity and metabolic syndrome. The role of Thm1 or 

IFT-A in adipogenesis and insulin sensitivity is unknown. Here we report that Thm1 knock-down 

in 3T3–L1 pre-adipocytes promotes adipogenesis and enhances insulin sensitivity in vitro. Yet pre-

obese Thm1 conditional knock-out mice show systemic insulin resistance. While insulin-induced 

AKT activation in Thm1 mutant adipose depots and skeletal muscle are similar to those of control 

littermates, an attenuated insulin response arises in the mutant liver. Insulin treatment of control 

and Thm1 mutant primary hepatocytes results in similar AKT activation. Moreover, pair-feeding 

Thm1 conditional knock-out mice produces a normal insulin response, both in the liver and 

systemically. Thus, hyperphagia caused by a cilia defect, induces hepatic insulin resistance via a 

non-cell autonomous mechanism. In turn, hepatic insulin resistance drives systemic insulin 

resistance prior to an obese phenotype. These data demonstrate that insulin signaling across cell 

types is regulated differentially, and that the liver is particularly susceptible to hyperphagia-

induced insulin resistance and a critical determinant of systemic insulin resistance.
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Introduction

Obesity affects 1 in 3 individuals worldwide and associates with insulin resistance, placing 

individuals at heightened health risk. Adipose tissue plays a critical role in insulin sensitivity 

and serves both as an energy depot and endocrine organ (1). 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 
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can result from hypertrophy, which is the enlargement of adipocytes, or hyperplasia, which 

is the increased formation of adipocytes from precursor cells. While hypertrophy is 

associated with adipocytes with metabolic dysfunction, formation of new adipocytes from 

pre-adipocytes may promote healthy metabolism (1–3).

Genetic disorders, which manifest obesity and metabolic dysfunction, can provide valuable 

insights into underlying cellular and molecular mechanisms. Such disorders include 

ciliopathies caused by defects in primary cilia, which are antenna-like sensory organelles 

that mediate signaling pathways (4). Since most vertebrate cells have a primary cilium, 

ciliopathies manifest multiple clinical features, including renal, hepatic and pancreatic cystic 

diseases, retinal degeneration, and skeletal, neural and craniofacial defects. Additionally, in 

two ciliopathies, Alström Syndrome and Bardet-Biedl Syndrome (BBS), obesity presents as 

a central clinical feature, linking obesogenic processes to ciliary dysfunction (5, 6).

Intraflagellar transport (IFT) or the bi-directional transport of protein cargo along a 

microtubular axoneme is essential to cilia synthesis and maintenance (7, 8). The IFT-B 

complex associates with the kinesin-2 motor, which mediates anterograde IFT from the 

ciliary base to the tip, and the IFT-A complex and the cytoplasmic dynein motor mediate 

retrograde IFT from the ciliary tip to the base. IFT-A proteins also regulate ciliary entry of 

signaling and membrane-associated proteins in mammalian cells (9, 10). Other ciliary 

protein complexes include the BBSome, which acts as an adaptor between IFT complexes 

and protein cargo, transporting signaling molecules to and throughout the cilium (11–15), 

and the BBS-chaperonin complex, which facilitates BBSome formation (16, 17).

Primary cilia present on confluent pre-adipocytes, lengthen during early differentiation, then 

shorten during later differentiation stages and are absent in mature, lipid-filled adipocytes 

(18). Knock-down of Ift-B component, Ift88, of kinesin subunit, Kif3a, or of Alms1, which 

is mutated in Alström Syndrome, inhibits differentiation of 3T3–L1 mouse pre-adipocytes 

(19, 20). In contrast, patient-derived fibroblasts with mutations in the BBS-chaperonin 

components, BBS10 and BBS12, and BBS12-deficient human primary mesenchymal stem 

cells show enhanced adipogenesis. Further, obese Bbs12 knock-out mice have heightened 

adipose insulin sensitivity and enhanced systemic glucose and insulin metabolism, 

consistent with the notion that adipogenesis benefits metabolism (21, 22). Yet, lean, calorie-

restricted mice null for Bbs4, a component of the BBSome, are insulin-resistant (23). These 

opposing phenotypes indicate complexity in the regulation of adipogenesis and metabolic 

health by ciliary proteins.

The role of IFT-A in adipogenesis has not been reported. Mutations of IFT-A gene, THM1 
(TPR-containing Hedgehog Modulator 1; also known as TTC21B) (24), have been identified 

in BBS patients (25). Consistent with a role for THM1 in BBS, deletion of Thm1 in adult 

mice causes hyperphagia and obesity, which is preceded by misregulation of Pomc1 and 

Npy appetite-controlling neuropeptides (26). To investigate additional underlying 

mechanisms of Thm1-deficient metabolic disease, here we examine the role of Thm1 in 

adipogenesis and insulin resistance. Our findings demonstrate that diminished Thm1 levels 

in pre-adipocytes enhances insulin sensitivity and promotes adipogenesis in vitro. Yet pre-

obese Thm1 conditional knock-out (cko) mice show systemic insulin resistance and an 
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attenuated insulin response in hepatic tissue. Control- and Thm1 cko-derived primary 

hepatocytes have similar insulin sensitivity. Moreover, pair-feeding Thm1 cko mice produces 

a normal insulin response. These data reveal that hyperphagia caused by defective cilia 

drives insulin resistance prior to an obese phenotype in a non cell-autonomous manner. 

Additionally, these data reveal that the liver is particularly sensitive to hyperphagia-induced 

insulin resistance and an important determinant of systemic insulin resistance, and in turn, 

metabolic disease.

Materials and Methods

Generation of Thm1 kd 3T3–L1 cell lines

3T3–L1 mouse preadipocytes (ATCC; CL-173) were maintained in the pre-adipocyte state 

by culturing in pre-adipocyte expansion media, consisting of 90% Dulbecco’s Modified 

Eagle’s Medium DMEM (ATCC, 30–2002), 10% Bovine Calf Serum (ATCC, 30–2030) and 

1% penicillin/streptomycin, and passaging cells at 70% confluency.

To knock down Thm1, lentiviruses expressing Thm1 shRNA were generated as described 

(24). Briefly, pLKO.1 (empty vector or EV for control) or pLKO.1-Thm1 5’-

GTTCGTAGATGCCATTGAA-3’, together with delta 8.2 and VSVG plasmids, were 

transfected into 293T packaging cells using Viafect Transfection Reagent according to 

manufacturer’s instructions (Promega). Forty-eight hours after transfection, supernatant 

containing virus was collected and filtered. 3T3–L1 cells were infected with virus for 4 

hours. Infected cells were selected with 1μg/ml puromycin. Cells were plated sparsely to 

allow individual clones to form. Clones of 50–100 cells were picked using cloning disks 

(VWR) immersed in Trypsin, and expanded.

Differentiation Assay

Cells were differentiated according to ATCC’s chemically-induced differentiation protocol. 

Cells were plated in pre-adipocyte expansion media. Two days post-100% confluency is 

designated as Differentiation Day 0 (DD0). From DD0 until DD2, cells continued to be 

cultured in pre-adipocyte expansion media. On DD2, media was replaced with adipocyte 

expansion media, containing DMEM (ATCC), 10% Fetal Bovine Serum (Sigma), 1% 

penicillin/streptomycin, 1.0 μM dexamethasone (Sigma), 0.5 mM methylisobutylxanthine 

(IBMX; Sigma) and 1.0 μg insulin (Sigma). On DD5, adipocyte expansion media was 

replaced with adipocyte maintenance media, containing DMEM (ATCC), 10% FBS, 1% 

penicillin/streptomycin and 1.0μg insulin (Sigma) until DD8.

Oil Red O Staining

3T3–L1 empty vector (EV) and Thm1 knock-down (kd) cells were seeded onto poly-L-

lysine coated coverslips in a 24-well plate and differentiated. At DD8, cells were fixed with 

4% paraformaldehyde in phosphate-buffered saline for 1 hour. Cells were then incubated 

with 60% isopropanol for 5 minutes and subsequently stained with Oil Red O (Sigma) for 20 

minutes. After removing Oil Red O stain, cells were counterstained with hematoxylin 

(Sigma) for 20 seconds, then rinsed. Coverslips were inverted and mounted with 

Fluoromount-GT (Electron Microscopy Sciences) onto a slide.
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Immunofluorescence Staining

Cells were seeded onto Poly-L-Lysine coated coverslips in 24-well plates. At desired 

experimental time points, cells were fixed with 4% paraformaldehyde in phosphate-buffered 

saline containing 0.1% Triton x-100 for 10 minutes at room temperature. Cells were blocked 

in 2% Bovine Serum Albumin (Sigma) for 1 hour at room temperature. Cells were then 

incubated with primary antibody diluted in blocking solution overnight at 4°C. Primary 

antibodies used include: acetylated alpha-tubulin (Sigma), ARL13B (Proteintech), IFT-81 

(Proteintech), γ-tubulin (Sigma), PPARγ (Cell Signaling), and CEBPα (Cell Signaling). 

Cells were washed and incubated with secondary antibody, AF488 or AF542 (Life 

Technologies) for 1 hour at room temperature. To visualize lipid droplets, slides were 

incubated with BODIPY (Fisher) for one hour at room temperature. Coverslips were 

inverted and mounted onto slides using DAPI Fluoromount-G (Electron Microscopy 

Services, 17984–24). Cells were visualized and imaged using a Nikon80i microscope 

attached to a Nikon DS-Fi1 camera.

Protein Extraction and Western Blot

Protein from cells and tissue was extracted using Passive Lysis Buffer (Promega) with 

protease/phosphatase inhibitor mini tablets, EDTA free (Pierce). Cells were resuspended and 

rocked in lysis buffer for 15 minutes, centrifuged at maximum speed for 1 minute. 

Supernatants were then collected. Frozen tissue was homogenized in lysis buffer using 

Bullet Blender Bead Lysis tubes (MidSci) and a Bullet Blender Storm 24 (Next Advance) set 

at Speed 10 for approximately 10 minutes. Homogenates were centrifuged at 4°C at 

maximum speed for 1 minute, and supernatants were collected. Protein concentration was 

determined using the BCA assay (Pierce). Cell and tissue protein extracts (35–40μg protein/

lane) were loaded onto a 4–20% SDS-gel (BioRad). Proteins were transferred onto PVDF 

membrane (Millipore). Membranes were incubated in blocking solution (5% milk in TBST). 

Membranes were incubated with primary antibodies: THM1 (Sigma), phosphorylated AKT 

(Cell Signaling), phosphorylated ERK (Cell Signaling), AKT (Cell Signaling), ERK (Cell 

Signaling), ß-Actin (Cell Signaling), PPARγ (Cell Signaling), and CEBPα (Cell Signaling) 

overnight at 4°C. Membranes were washed and incubated with secondary antibodies 

conjugated to HRP (Cell Signaling). Signal was detected using SuperSignal West Femto 

Maximum Sensitivity Substrate (Pierce) and imaged using an Amersham Imager 600.

Insulin treatment and tissue retrieval from Thm1 conditional knock-out mouse

All animal procedures were approved by the Institutional Animal Care and Use Committee 

at University of Kansas Medical Center. Thm1 conditional knock-out mice on a mixed FVB/

C57BL/6J strain background were generated and maintained using Thm1 floxed alleles, 

Thm1aln (null) allele and the Rosa26-CreERT allele (Jackson Laboratory) as described (26). 

Thm1fl/aln; Rosa26-CreERT mice and control littermates were injected intraperitoneally with 

10mg/40g tamoxifen (Sigma) at 5 weeks of age. Ad libitum fed pre-obese or overweight 

Thm1 conditional knock-out mice (Thm1fl/aln; Rosa26-CreERT) at two or seven weeks post-

Thm1 deletion, respectively (26), were fasted overnight, then injected intraperitoneally with 

5U/kg insulin (Sigma). Thirty minutes after insulin injection, mice were euthanized and 

tissues were collected and snap-frozen. A cohort of Thm1 conditional knock-out mice were 
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individually housed following Thm1 deletion and pair-fed for two weeks. Pair-fed mice were 

then fasted and treated with insulin in the same manner as ad libitum fed mice.

Insulin tolerance test

Following a 5-hour fast, mice were administered insulin (0.75U/kg or 0.25U/kg; Sigma) 

intraperitoneally, and glucose measurements from tail blood were taken using a Bayer 

Contour Blood Glucose monitor at 15-minute intervals from 0 to 60 minutes following 

insulin injection.

Mouse Primary Hepatocyte Isolation

Primary hepatocytes were isolated from mice using a two-step collagenase perfusion method 

as described previously(27, 28). Following anesthesia with ketamine and xylazine, the liver 

was perfused via the inferior vena cava for 10 min at 37°C first with calcium- and 

magnesium-free Hank’s Balanced Salt Solution (HBSS; Hyclone), then with HBSS 

containing calcium and magnesium (Hyclone) and 0.025mg/ml of Liberase TM (Roche). 

Once the liver revealed signs of digestion (approximately 8–10 minutes), the liver was 

excised and minced in cold calcium- and magnesium-free HBSS. The cell suspension was 

filtered through a nylon gauze (100 μm) and collected in 50 ml conical tubes. The cells were 

centrifuged for 5 minutes at 50 rcf at 4°C, then resuspended in fresh cold calcium- and 

magnesium-free HBSS. This was repeated 3 times to isolate the hepatocyte fraction. 

Hepatocyte viability was evaluated using the trypan blue exclusion method and number of 

hepatocytes was determined using a haemocytometer.

Primary Hepatocyte Insulin Treatment

Primary hepatocytes (6 × 105cells/well) were cultured in a 6-well plate in Williams E media 

overnight. The following morning, cells were treated with 10nM or 100nM insulin for 5 

minutes. Cells were washed in PBS, then pelleted and stored at −20°C until protein 

extraction.

Results

Thm1 deficiency promotes adipogenesis

3T3–L1 pre-adipocytes were infected with lentiviruses expressing Thm1 shRNA and 

clonally selected. Western blot analysis of Thm1 knock-down (kd) clones revealed up to 

80% reduction in THM1 levels (Figure 1A). In Thm1 kd cells, immunostaining for 

ARL13B, a ciliary membrane protein, revealed shorter ciliary length, while immunostaining 

for IFT81, a marker of the ciliary axoneme, revealed accumulation of this protein in bulbous 

distal tips indicative of defective retrograde IFT (Figure 1B). Statistically significant 

differences between control (EV – empty vector) and Thm1 kd ciliary lengths was achieved 

using ARL13B, but not IFT81. This could be because IFT81 accumulation in ciliary distal 

tips of Thm1 kd cells may cause staining beyond the ciliary axoneme, whereas IFT81 

labeling may be more restricted to the axonemes in control cells. Overall, the ciliary mutant 

phenotype is consistent with an IFT-A defect (24).
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We next examined capacity of Thm1 kd pre-adipocytes to form mature adipocytes. 

Differentiation into mature adipocytes was determined on DD8 by staining lipid droplets 

with Oil Red O. Thm1 kd clones showed markedly increased Oil Red O staining relative to 

control cell lines, indicating enhanced adipogenesis (Figure 1C).

PPARγ and C/EBPα are increased in Thm1-deficient cells by early differentiation

The differentiation of pre-adipocytes into mature adipocytes is orchestrated by 

downregulating Wnt and Hedgehog (Hh) signaling pathways, and activating insulin 

signaling, leading to expression of adipocyte master transcriptional regulators, Caat/

Enhancer Binding Protein alpha (CEBPα) and Peroxisome proliferator-activated receptor 

gamma (PPARγ). Using Western blot, we analyzed levels of THM1, PPARγ, CEBPα and 

CEBPß, at various time points from 70% confluency to DD8. At all differentiation states, 

THM1 levels remained low in Thm1 kd cells (Figure 2A; Figure S1). By DD5, PPARγ, 

CEBPα and CEBPß levels were higher in Thm1 kd cells than in EV cells, and at DD8, these 

transcription factors were even more elevated in Thm1 kd cells relative to EV cells. We 

immunostained cells for PPARγ and C/EBPα together with incubating with boron-

dipyrromethene (BODIPY), a fluorescent dye with affinity to lipids. Thm1 kd cells showed 

increased nuclear staining of PPARγ and C/EBPα relative to control cells as early as DD1 

(Figure 2B). At this early differentiation stage, lipid droplets have not yet formed, as shown 

by absence of BODIPY stain. At DD8, Thm1 kd cells continue to show greater nuclear C/

EBPα and PPARγ expression than control cells. BODIPY-stained lipid droplets are present 

in both control and Thm1 kd cells, but are more abundant in Thm1 kd cells. Together, these 

data indicate that Thm1 deficiency in pre-adipocytes increases the propensity of cells to 

differentiate.

Thm1 kd pre-adipocytes potentiate insulin signaling

We next examined the Hedgehog (Hh) signaling pathway, which is downregulated during 

differentiation of pre-adipocytes. Using qPCR, extracts of Thm1 kd pre-adipocytes at DD0 

showed elevated Gli1 and Gli2 transcripts and decreased Gli3 transcripts, suggesting Thm1 
deficiency causes upregulation of the Hh pathway at DD0 (Figure 3A). We next examined 

capacity of cells at DD0 to respond to insulin, which is essential for pre-adipocyte 

differentiation and activates AKT and ERK. Control and Thm1 kd preadipocytes at DD0 

were treated with 100nM insulin for various durations. Thm1 kd cells showed greater P-

AKT/AKT and P-ERK/ERK ratios in response to insulin than control cells (Figure 3B; 

Figure S2), indicating increased insulin sensitivity. We also examined adipogenesis in the 

absence of one of three components that are critical in the differentiation media. These 

components include: dexamethasone (DEX), a glucocorticoid agonist that drives expression 

of PPARγ; methylisobutylxanthine (IBMX), which stimulates cAMP; and insulin. Omission 

of either DEX or IBMX from the differentiation media hindered adipogenesis of both 

control and Thm1 kd cells (Figure S3). In contrast, absence of insulin from the 

differentiation media reduced adipogenesis in control cells, but only slightly in Thm1 kd 

cells, suggesting the Thm1 kd cells are more resilient to the absence of insulin. These data 

suggest that Thm1 deficiency in pre-adipocytes potentiates insulin signaling.
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Pre-obese Thm1 conditional knock-out mice show systemic insulin resistance

Since hyperplasia in adipose tissue may promote healthy metabolism (1–3), increased 

differentiation of Thm1-deficient pre-adipocytes has potential to enhance insulin sensitivity 

and metabolic health. For instance, BBS12-patient derived fibroblasts and BBS12-deficient 

mesenchymal stem cells show enhanced adipogenesis and Bbs12 knock-out mice have 

heightened systemic insulin sensitivity (22). We reasoned that analysis of pre-obese mice 

would best reveal the direct role of Thm1 deficiency on metabolism; whereas metabolic 

changes in obese animals can be secondary, since disease processes have already taken 

place. We deleted Thm1 globally in mice at 5 weeks of age using the tamoxifen-inducible 

ROSA26-CreERT recombinase. Previously, we observed that Thm1 conditional knock-out 

(cko) mice begin to show increased body weight relative to control littermates at three weeks 

following gene deletion (26). Therefore, two weeks following gene deletion and prior to an 

obese phenotype (Figure S3), we examined insulin sensitivity in Thm1 cko mice. In 

response to an i.p. injection of insulin at a dose of 0.75U/kg, pre-obese Thm1 cko mice and 

control littermates showed similar glucose clearance (Figure 4A). Since deficiency of 

BBS12 enhances adipogenesis and heightens systemic insulin sensitivity (22), we 

questioned whether a lower insulin dose would reveal differences in insulin sensitivity 

between control and Thm1 cko mice. In response to an insulin dose of 0.25U/kg, glucose 

levels in control mice continued to decrease at 45 minutes post-insulin administration. 

However, glucose levels in pre-obese Thm1 cko mice decreased until 30 minutes post-

insulin administration, and were significantly increased at 45 minutes post-insulin 

administration relative to glucose levels in control mice (Figures 4B–D). Thus, in contrast to 

Bbs12 knock-out mice, pre-obese Thm1 cko mice have systemic insulin resistance.

Insulin-induced AKT activation is attenuated in liver of pre-obese Thm1 conditional knock-
out mice

To determine the origin of this systemic insulin resistance, we examined AKT activation in 

gonadal and mesenteric adipose depots, skeletal muscle and liver, in response to an 

intraperitoneal injection of insulin. Insulin activated AKT (P-AKT/AKT ratios) in gonadal 

and mesenteric adipose depots and in skeletal muscle of pre-obese Thm1 cko and control 

mice similarly (Figures 5A–C). However, in liver of pre-obese Thm1 cko mice, insulin did 

not activate AKT (Figure 5D).

We next assessed insulin response in overweight Thm1 cko mice at 7 weeks following gene 

deletion (Figure S4). Following insulin injection (0.25U/kg), glucose levels in mutant mice 

reduced very minimally or not at all (Figures 6A–C). Additionally, at each time point, 

glucose levels in mutant mice were significantly elevated relative to control littermates, 

indicating that the systemic insulin resistance worsens with time following gene deletion. 

Moreover, while insulin administration to overweight Thm1 cko mice activated AKT in 

gonadal adipose tissue (Figure 7A), AKT was not activated in mesenteric adipose tissue, 

skeletal muscle nor liver (Figures 7B–D). These data indicate that insulin resistance is 

evident first in the liver, then in mesenteric adipose tissue and skeletal muscle. In contrast, 

gonadal adipose tissue is not affected by insulin resistance in overweight Thm1 cko mice.
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Cultured Thm1-mutant primary hepatocytes and pair-fed Thm1 conditional knock-out mice 
show normal insulin response

To determine if the insulin resistance in the liver is a direct effect of Thm1 deletion, we 

isolated primary hepatocytes from pre-obese Thm1 cko mice and littermate controls and 

examined insulin response in cultured cells. Primary hepatocytes of control and Thm1 cko 

mice showed similar levels of insulin-induced AKT activation (Figure 8A), suggesting the 

hepatic insulin resistance observed in vivo is an indirect effect of Thm1 deficiency. To 

determine if hyperphagia in Thm1 cko mice (26) may be a factor in inducing insulin 

resistance, we pair-fed the animals for two weeks following Thm1 deletion. This time point 

coincides with the juncture at which ad libitum-fed pre-obese mice were examined. Pair-fed 

Thm1 cko mice responded similarly to control littermates in an insulin tolerance test (Figure 

8B). Further, i.p. administration of insulin caused similar AKT activation in the livers of 

control and pair-fed Thm1 cko mice (Figure 8C). These data reveal that hyperphagia drives 

the hepatic insulin resistance, which in turn, drives the systemic insulin resistance.

Discussion

In this study, we demonstrate the role of IFT-A in adipogenesis and insulin sensitivity. Thm1 
deficiency in 3T3–L1 pre-adipocytes promotes insulin signaling and adipogenesis. This is 

similar to BBS10- and BBS12-mutant fibroblasts, but contrasts with IFT-B deficiency in 

3T3–L1 pre-adipocytes, which suppresses adipogenesis and decreases insulin sensitivity (19, 

29). These differences likely reflect that ciliary proteins work in concert to tune anti- and 

pro-adipogenic signaling pathways. For instance, the cilium intricately regulates the Hh 

pathway; Hh signaling components enrich in the cilium to enable pathway transduction, and 

IFT-B and –A proteins act as positive or negative Hh modulators in a context-dependent 

manner (8). Similarly, insulin signaling may be fine-tuned at the cilium. In support of this, 

insulin-signaling components, IGF1Rβ, P-IRS and P-AKT, have been shown to localize to 

primary cilia or basal bodies of 3T3–L1 pre-adipocytes in response to insulin (29, 30). 

Additionally, the insulin receptor has been localized to primary cilia of insulin-stimulated β 
cells of the pancreas (31).

Although Thm1 deficient pre-adipocytes are sensitized to insulin signaling in vitro, pre-

obese Thm1 cko mice show systemic insulin resistance, and insulin response is first 

attenuated in the liver. Yet primary hepatocytes derived from control and Thm1 cko mice 

have similar insulin response, suggesting the hepatic insulin resistance in vivo is not a direct 

effect of Thm1 deletion and arises from a non-cell autonomous mechanism. Moreover, pair-

feeding Thm1 cko mice produces a normal insulin response, supporting that differences 

between in vitro and in vivo (ad libitum fed mutant mice) insulin sensitivity may reflect cell 

autonomous versus non-cell autonomous effects, respectively. Ultimately, these data indicate 

that hepatic insulin resistance is driven by hyperphagia caused by defective cilia, and in turn, 

hepatic insulin resistance drives systemic insulin resistance. Interestingly, the liver is also the 

primary organ in diet-induced insulin resistance (32, 33). Thus, our data reveal convergence 

between cilia- and diet-induced insulin resistance mechanisms. The mechanisms which give 

rise to the particular susceptibility of the liver to hyperphagia-induced insulin resistance 

remain to be explored.
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In overweight mutants, insulin-induced AKT activation was attenuated not only in the liver, 

but also in skeletal muscle and mesenteric adipose tissue, revealing a timeline by which 

various tissues are affected with insulin resistance in a cilia model. In contrast to these 

affected tissues, gonadal adipose tissue continued to show robust insulin-induced AKT 

activation. This may be due to the increased propensity of Thm1-deficient pre-adipocytes to 

differentiate into mature adipocytes. However, the difference in insulin sensitivity between 

mesenteric and gonadal adipose depots may reflect that the context in which pre-adipocytes 

are situated may affect differentiation due to non-cell autonomous effects. Pre-adipocytes in 

mesenteric adipose tissue may encounter more factors that negatively regulate adipogenesis 

than pre-adipocytes in gonadal adipose depots. Our findings demonstrate that insulin 

signaling is regulated differentially across tissues, consistent with previous reporting that not 

all insulin signaling defects equally impact, for instance, the liver and muscle (34–36).

Intriguingly, primary cilia are not present on all insulin-responsive cells. Pre-adipocytes have 

primary cilia, while mature adipocytes do not (18). Similarly, hepatoblasts, which are 

present during embryogenesis, have primary cilia, but differentiated hepatocytes in the adult 

liver do not (37, 38). This raises the questions: Do ciliary proteins regulate insulin signaling 

outside the cilium? Is insulin signaling regulated differentially between ciliated and non-

ciliated cells? An extra-ciliary role for BBS proteins in intracellular trafficking of the insulin 

receptor was demonstrated by reduced levels of insulin receptor at the cell surface in Bbs1- 
or Bbs2-deficient HEK293T cells (23). Additionally, IFT proteins have been shown to 

enable proper formation and signaling at the immune synapse between a T-cell and an APC 

cell, both of which lack primary cilia (39). Thus, in cells lacking primary cilia, IFT proteins 

may generate signaling centers in alternative compartments.

Previously, we demonstrated that Thm1 cko mice are hyperphagic and that gene expression 

of appetite-controlling neuropeptides is misregulated prior to obesity onset (26). Our in vitro 
studies here suggest increased adipogenesis may be an additional mechanism underlying 

Thm1-deficient obesity. The enhanced adipogenesis in Thm1, Bbs10 and Bbs12 mutant cells 

suggests possible common mechanisms between these individual ciliary proteins or possibly 

between IFT-A and BBS-chaperonin complexes. Our data add to the known cellular and 

molecular processes that drive adipose tissue hyperplasia. Since adipose hyperplasia can 

promote healthy metabolism (1), knowledge of these processes can help identify novel 

therapeutic targets against insulin resistance (34). However, we also demonstrate that Thm1 
deficiency causes hyperphagia-induced insulin resistance prior to an obese phenotype in a 

non-cell autonomous manner. Thus, while Thm1 deficiency may be advantageous in some 

cell types, it is disadvantageous in others. This, together with our data demonstrating that 

insulin signaling is regulated differentially across cell types, highlights the importance of 

increasing our understanding of insulin signaling in various contexts. Finally, our data 

provide a chronology of tissues affected by insulin resistance in a cilia model and suggest 

that THM1 mutations likely modify insulin sensitivity in BBS patients harboring THM1 and 

BBS mutant alleles (25). Beyond BBS and ciliopathies, the presence of BBS polymorphisms 

in obese individuals in the general population (40), and the occurrence of aberrant cilia 

dynamics in adipose-derived mesenchymal stem cells from obese individuals in the general 

population (41) indicate an increasingly widespread relevance for cilia-mediated 

mechanisms.
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Nonstandard Abbreviations

ARL13B ADP Ribosylation Factor Like GTPase 13B

BBS Bardet Biedl Syndrome

CEBPα Caat/Enhancer Binding Protein alpha

cko conditional knock-out

DD differentiation day

EV empty vector

Hh Hedgehog

IFT intraflagellar transport

kd knock-down

PPARγ Peroxisome proliferator-activated receptor gamma

Thm1 TPR-containing Hedgehog modulator 1
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Figure 1. Thm1 knock-down in pre-adipocytes enhances differentiation.
A) Western blot analysis for THM1 on extracts of EV and Thm1 kd 3T3–L1 preadipocyte 

clonal lines. B) Immunostaining for primary cilia markers on EV (P2C3) and Thm1 knock-

down cells (P1C1) with quantification. Graphs represent mean ± SD. Statistical significance 

was determined by T test. **P<0.01 C) Oil red O staining following adipogenesis assay.
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Figure 2. Thm1-deficient 3T3–L1 cells show earlier induction of adipogenesis master 
transcriptional regulators, C/EBPα and PPARγ.
A) Western blot analysis at different differentiation days. B) Immunostaining at DD1 and 

DD8. Experiments were performed ≥3 times with EV (P2C3) and Thm1 kd cells (P1C1).
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Figure 3. Thm1-deficient 3T3–L1 cells are sensitized to insulin signaling.
A) qPCR of pre-adipocytes at DD0. N=5 for EV (P2C3); N=5 for Thm1 kd (P1C1) B) 

Western blot analysis of insulin-stimulated pre-adipocytes at DD0 and quantification. 

Experiment was performed 4 times. Additional experiments are shown in Figure S1.
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Figure 4. Pre-obese Thm1 conditional knock-out mice have reduced systemic insulin sensitivity.
Insulin tolerance tests and animal weights A) of pre-obese male mice injected with 0.75U/kg 

insulin; N=3 control; N=3 Thm1 cko mice; B) of pre-obese male mice injected with 

0.25U/kg insulin; N=3 control; N=3 Thm1 cko males; C) of pre-obese female mice injected 

with 0.25U/kg insulin; N=3 control; N=3 Thm1 cko females. Graphs represent mean ± 

SEM. Statistical significance was determined by T test. *P<0.05; ***P< 0.0005; ****P< 

0.00005
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Figure 5. Pre-obese Thm1 conditional knock-out mice show attenuated insulin response in liver.
Western blot analysis following i.p. injection of pre-obese mice with 5U/kg insulin on 

lysates of A) gonadal fat, B) mesenteric fat, C) skeletal muscle and D) liver. Graphs show 

quantification of Western blots. Bars represent mean ± SEM. Statistical significance was 

determined by ANOVA and Tukey’s test. *P<0.05; **P< 0.005; ***P< 0.0005
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Figure 6. Overweight Thm1 conditional knock-out mice show systemic insulin resistance.
Insulin tolerance tests (0.25U/kg insulin) and body weights A) of overweight males; N=4 

control; N=3 Thm1 cko males; and B) of overweight females; N=6 control; N=3 Thm1 cko 

females. Graphs represent mean ± SEM. Statistical significance was determined by T test. 

*P<0.05; **P<0.005; ***P< 0.0005; ****P< 0.00005
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Figure 7. Overweight Thm1 conditional knock-out mice show attenuated insulin response in 
liver, skeletal muscle and mesenteric adipose tissue.
Western blot analysis following i.p. injection of overweight mice with 5U/kg insulin on 

lysates of A) gonadal fat, B) mesenteric fat, C) skeletal muscle and D) liver. Graphs show 

quantification of Western blots. Bars represent mean ± SEM. Statistical significance was 

determined by ANOVA and Tukey’s test. *P<0.05; **P< 0.005; ***P< 0.0005
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Figure 8. Pair-fed Thm1 conditional knock-out mice show normal insulin response.
A) Western blot analysis on extracts of primary hepatocytes treated with insulin for 5 

minutes with quantification. Shown is a representative experiment of N=2. B) Insulin 

tolerance tests (0.25U/kg) and body weights of pair-fed males and females. N=3 control; 

N=3 Thm1 cko mice. Graphs represent mean ± SEM. C) Western blot analysis on liver 

lysates of pair-fed mice following i.p. injection of 5U/kg insulin. Graph shows quantification 

of Western blot. Bars represent mean ± SEM.
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