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Primary cilia are sensory organelles that regulate various signaling pathways. When microtubules

are compared to a highway, motor proteins carry and transport cargo proteins, which are tuned by
post-translational modifications, such as acetylation. However, the role of acetylation in primary
cilia regulation remains unclear. In this study, histone K (lysine) acetyltransferase 2 B (Kat2b) was
identified as a novel regulator of primary cilia. Kat2b, which mainly regulates transcription as a p300/
CBP associated factor, is localized to the cytosol, centrosome, and cilium basal body. In addition, basal
Kat2b expression gradually increased during ciliogenesis. Kat2b regulates the rate of cilia assembly,
particularly in the early stages, and loss of Kat2b reduces the recruitment of intraflagellar transport
(IFT) components to the ciliary axoneme and impairs Hedgehog (Hh) signaling activation. In addition,
Kat2b-knockout mice showed mild abnormalities and ciliary IFT defects in the kidneys. These results
establish a link between acetylation regulated by Kat2b and its relevance to ciliary assembly and
function.
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The primary cilium, which is non-motile in kidney epithelial cells, is a rod-like cellular organelle that projects
from the plasma membrane'. For decades, the primary cilium has been considered degenerate; however, it was
recently reported that the loss of primary cilia causes disorders collectively known as primary ciliopathies®.
Ciliopathy includes a wide range of diseases, such as polycystic kidney disease (PKD)?, nephronophthisis
(NPHP), Bardet-Biedl syndrome (BBS), and Joubert syndrome*°. Moreover, it has been reported that cancer,
obesity, and schizophrenia are related to primary cilia®’, which act as a cellular antenna for numerous biological
signaling pathways, such as the Hedgehog (Hh), Notch, PCP, and mechanosensing pathways®.

The primary cilia are composed of the basal body, transition zone, ciliary membrane, ciliary tip, and axoneme®.
The axoneme is a microtubule-based ciliary backbone with a ‘9+0” arrangement—nine outer doublets and
no central microtubules'®. Components of cilium assembly and maintenance, such as intraflagellar transport
(IFT) complex proteins and components for signal transmission, move along the ciliary backbone!!"'2. Since
these proteins are not synthesized in primary cilia, smooth transport of IFT proteins is required for normal
functioning within primary cilia'®. Thus, microtubules work as a ‘highway’ for these ciliary proteins.

Microtubules are subjected to diverse post-translational modifications (PTMs), including acetylation,
polyglutamylation, detyrosination/tyrosination, polyglycylation,and phosphorylation!%. PTMsaffect microtubule
dynamics, organization, and interactions with other cellular components and process occurs in tubulin dimers,
including a-tubulin and B-tubulin'>!®. Above all, acetylation is most-studied tubulin modification and occurs
at lysine 40 (K40) of a-tubulin and it affects the stability of microtubules, especially enriched in primary cilia'?.
As an acetyl transferases, a-tubulin-N-acetyltransferase (a-TAT1) highly regulated a-tubulin aceytylation and
thus it is needed for rapid ciliogenesis'®. Conversely, histone deacetylase 6 (HDACS6) and sirtuin 2 (SIRT2)
deacetylated microtubule. However, further research is needed to reveal how PTMs regulate the formation and
function of primary cilia.

K(lysine)acetyltransferase 2b (Kat2b), also known as the p300/CBP-associated factor (PCAF), has been
recognized as a histone acetyltransferase (HAT) that promotes transcriptional activation!®. Recently, it was
reported that HAT and HDAC in the cytosol play novel roles®. Furthermore, in primary cilia research, HDAC2
knockdown promotes cilium assembly?!, whereas HDACG6 overexpression induces rapid cilium disassembly?2.
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However, whether acetyltransferases and deacetylases affect ciliary functions, such as IFT components or Hh
signaling, remains poorly characterized. Therefore, this study explored the role of Kat2b in primary cilia.

In this study, Kat2b was found to be required for the initial stage of a-tubulin acetylation for primary cilia
assembly within 6 h. Interestingly, Kat2b localization in the cytosol, centrosome, and basal body gradually
increased during ciliary assembly. Additionally, Kat2b interacts with a-tubulin to regulate its acetylation level.
Remarkably, Kat2b depletion caused defects in IFT component levels and activation of Hh signaling. In addition,
Kat2b-knockout mice showed mild abnormalities related to primary cilia defects in the kidneys. Taken together,
these findings highlight the novel role of Kat2b in the assembly and function of primary cilia.

Materials and methods

Cell culture

Mouse embryo fibroblast NTH/3T3 (CRL-1658TM, ATCC) cells obtained from the Korean Cell Line Bank were
used in this study. NIH/3T3 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (LM 001-05;
Welgene) supplemented with 10% fetal bovine serum (FBS) (#26140-079; Gibco) at 37 °C under 5% CO,. All
culture media were supplemented with 1% penicillin-streptomycin (LS 202-02; Welgene). To induce primary
cilia assembly, the cells were incubated under serum starvation conditions with DMEM without FBS for 6-24 h.

Kat2b-knockout mice

Kat2b-knockout mice (C57BL/6)?* were kindly provided by Dr. Ho-Shik Kim (Catholic University of Korea,
Seoul, Republic of Korea). To perform genotyping, mouse genomic DNA was isolated after overnight digestion
of the clipping toe obtained from mice about postnatal 10 days at 55 °C in lysis buffer containing proteinase
K. Next day, the mixture was subjected to heat inactivation at 85 °C for 30 min. PCR was performed using the
primers to distinguish wild-type Kat2b (Oligo F1; 5'-TTCTAGATCTGCCGGTGTCC-3’, Oligo F2; 5'-CTGCC
AGACCCTGTTTACAC-3') from Kat2b-knockout (Oligo F1; 5'-TCGCCTTCTTGACGAGTTCT-3'). In vivo
experimental procedures were conducted with the review and approval of the IACUC at Sookmyung Women’s
University, Seoul, Republic of Korea. Kidney extraction was performed after cervical dislocation.

Mouse embryonic fibroblast (MEF) isolation and culture maintenance

To generate Kat2b MEF cells, pregnant female mice were sacrificed at the embryonal stage (E13.5-E15.5).
The tail of each embryo was saved for genotyping. The embryonic body was minced for 3 min using a blade.
Next, minced tissue was incubated for 30-40 min in the 37 °C incubator with 0.05% Trypsin—-EDTA (LS015-
01; Welgene). The mixture was harvested with the culture medium and centrifuged at 1500 rpm for 3 min.
The supernatant was aspirated, and the pellet was resuspended and plated onto T75 cells with culture medium
(DMEM supplemented with 10% FBS and 1% P/S).

Antibodies and drugs
The primary antibodies used and their dilutions for western blotting (WB), immunocytochemistry/
immunofluorescence (ICC/IF), and immunoprecipitation (IP) were as follows: mouse anti-PCAF(Kat2b)
(1:500-1:1000 for WB and IP) (sc-13124; Santa Cruz), rabbit anti-IFT20 (1:500-1:1000 for WB) (13615-1-
AP; Proteintech), rabbit anti-IFT25 (1:500 for WB, 1:200 for ICC/IF) (15732-1-AP; Proteintech), rabbit anti-
IFT46 (1:1000 for WB) (ab122422; Abcam), rabbit anti-IFT52 (1:1000 for WB, 1:500 for ICC/IF) (17534-1-AP;
Proteintech), rabbit anti-IFT88 (1:1000 for WB) (sc-84318; Santa Cruz), rabbit anti-IFT140 (1:1000 for WB, 1:500
for ICC/IF) (17460-1-AP; Proteintech), rabbit anti-GLI1 (1:500 for WB) (#2534; Cell Signaling Technologies),
mouse anti-SMO (1:50 for ICC/IF) (sc-166685; Santa Cruz), mouse anti-acetylated a-tubulin (1:1000 for WB and
ICC/IF) (T6793; Sigma), rabbit anti-acetylated a-tubulin (1:1000 for WB) (#5335; Cell Signaling Technologies),
mouse anti-gamma-tubulin (1:1000 for ICC/IF) (T6557; Sigma), mouse anti- a-tubulin (1:1000 for WB) (#3873;
Cell Signaling Technologies), rabbit anti-Arl13b (1:500 for ICC) (#17711-1-AP; Proteintech) mouse anti-
a-tubulin (for IP) (sc-5286; Santa Cruz), rabbit anti-pericentrin (1:1000 for WB and ICC/IF) (ab4448; Abcam),
rabbit cytoskeletal actin antibody (1:14,000 used as loading control for WB) (A300-491A; Bethyl Laboratories),
normal mouse anti-IgG (for IP) (12-371; EMD Millipore), and rabbit anti-Flag (1:2,000 for WB) (F7425; Sigma).
The secondary antibodies used were as follows: goat anti-mouse IgG (1:2500 for WB) (ADI-SAB-100J; Enzo
Life Sciences), goat anti-rabbit IgG (1:2500 for WB) (ADI-SAB-300]; Enzo Life Sciences), anti-biotin HRP-
linked antibody (1:2500 for WB) (7075S; Cell Signaling Technologies), and Alexa Fluor 488 goat anti-mouse
(1:1000 for ICC/IF) (#A11029; Invitrogen). The drugs used in this study were as follows: Garcinol (kindly gifted
by Dr. Ho-Shik Kim, The Catholic University of Korea) and SAG (ab142160; Abcam).

siRNA (small interfering RNA) transfection, short hairpin RNA (shRNA) transduction and
reagent treatment

To regulate target gene expression using siRNA, cells were transiently transfected with 30 nM control siRNA
(sc-37007; Santa Cruz) and PCAF siRNA (sc-36199; Santa Cruz) using Lipofectamine RNAiMAX transfection
reagent (#13778150; Invitrogen). To perform establishing stable Kat2b knock-out NIH3T3, we used PCAF
shRNA Plasmid (Santa cruz, sc-36199-SH) and Control shRNA Plasmid-A (Santa cruz,, sc-108060) as control
cell line. Lentiviral particles were generated through HEK293T cells, which were then transduced into NIH3T3
cells and subcultured in medium containing 5ug/ml puromycin (Gibco, A1113803). Plasmid transfection
into NIH/3T3 cells was performed using FuGENE® HD Transfection Reagent (Promega) according to the
manufacturer’s instructions.
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Quantitative real-time PCR (qRT-PCR)

Messenger RNA (mRNA) was extracted from cells using the NucleoSpin® DNA/RNA/Protein kit (Macherey-
Nagel), strictly according to the manufacturer’s instructions. Briefly, 2 g of mRNA used was reverse-transcribed
to cDNA using M-MLV Reverse Transcriptase (M170B; Promega), RNasin® ribonuclease inhibitor (N211A;
Promega), 100 nM oligo-dT (C1101; Promega), and 2.5 nM dNTP mixture (U1205, U1225, U1215, and U1235;
Promega). qRT-PCR was performed using SYBR Green qPCR Master Mix (PB20.15-05; PCR Biosystem,
London, UK) and LightCycler® 96 System (Roche).

Western blotting

Proteins were extracted from cells and kidney tissues using NucleoSpin® RNA/Protein kit (Macherey—Nagel)
according to the manufacturer’s instructions. The protein concentration was quantified using bicinchoninic
acid (BCA) solution (B9643; Sigma) and copper (II) sulfate sodium (C2284; Sigma). The protein samples were
then separated by gel electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membranes (AE-
6667-P; ATTO). The membranes were blocked in 5% skim milk in PBS with 0.1% Tween® 20 (PBST) at room
temperature for 1 h and incubated with primary antibodies diluted in 1% skim milk in PBST at 4 °C overnight
for probing. The following day, the membranes were washed three times with PBST. Next, the membranes were
incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 2 h. The
membranes were then washed three times with PBST. Membranes were detected with the chemiluminescent
reagent EzWestLumWe Plus (WSE-7120; ATTO) using LAS-3000, LAS-4000 (Fujifilm), and Amersham Imager
600 (GE Healthcare). Using NE-PER Nuclear and Cytoplasmic Extraction Kit (78,833; Thermo Scientific) to
separate nucleus and cytosol and incubated at 100°C after mixing 5X protein sample buffer and quantified
protein. Whether the gels/blots complied with the digital image and integrity policies was verified. The original
full-length blots are provided in the Supplementary Materials.

Immunocytochemistry/immunofluorescence (ICC/IF)

For fluorescence staining, cells grown on 18x18 mm coverslips were washed in PBS and fixed in 4%
paraformaldehyde (PFA) at room temperature for 15 min. Alternatively, the cells were fixed in cold methanol
at —20 °C for 5 min. After fixation, the cells were blocked and permeabilized with PBS containing 0.1% Triton
X-100 and 1% bovine serum albumin (BSA). The coverslips were incubated with diluted primary antibodies
at 4 °C overnight. Next, the coverslips were washed thrice with PBS, incubated with secondary antibodies for
2 h, and stained with DAPI for 5 min at room temperature. Subsequently, the coverslips were washed three
times with PBS. Next, the coverslips were mounted using mounting solution (§3023; DAKO). For fluorescence
staining of the paraffin-embedded tissues, the sections were deparaffinized and rehydrated in graded ethanol.
Brog Decloaker RTU (Biocare Medical) was used for heat induced antigen retrieval and the paraffin-embedded
sections were blocked for 1 h followed by primary antibody incubation at 4°C overnight. After washing, the
slides were incubated with fluorescence-conjugated secondary antibodies (Invitrogen) at room temperature
for 2 h. Subsequently, the slides were washed three times with PBS and mounted using a mounting medium
containing DAPI (H-1500; Vector Laboratories). Cells and tissues were imaged using a confocal microscope
(LSM-700; Carl Zeiss at the Chronic and Metabolic Diseases Research Center, Sookmyung Women’s University)
and Zen software (Carl Zeiss).

Co-immunoprecipitation (Co-IP)

The NIH/3T3 cells were grown to confluence. Subsequently, the cells were treated with a serum-free medium for
6 h to induce early stage ciliogenesis. Cells were washed briefly in PBS and lysed in buffer containing as follows:
25 mM HEPES, 150 mM NaCl, 1 mM DTT, 0.5% Triton X-100, protease inhibitor (cOmplete™ Protease inhibitor
cocktail, 11697498001; Roche), and phosphatase inhibitor (PhosSTOP™, 4906837001; Roche). The protein
content was measured using the BCA method. Next, 500-1000 ug of proteins with PCAF (Kat2b) antibody or
a-tubulin antibody or mouse IgG antibody were incubated in a rotator at 4 °C overnight. The next day, magnetic
beads were added, and the mixtures were incubated on a rotator at 4 °C for 4 h. The samples were washed three
times in wash buffer containing 150 mM NaCl, 50 mM Tris-Cl, protease inhibitors, and phosphatase inhibitors.
Next, the samples were boiled at 98 °C for 5 min and analyzed by western blotting as described previously.

Statistical analysis

All experiments were independently repeated at least in triplicate. Statistical analyses were conducted using
GraphPad Prism 5 software (GraphPad, USA). The data was analyzed by one-tailed or two-tailed Student’s t-test
and values are presented as the mean + SD. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001, n.s., not significant.
The graph in Fig. 1d was generated from the results of three independent experiments under the identical
conditions. Among the transfected cells, the tagged Kat2b was classified according to whether it was located
in the cytosol, centrosome, and basal body. The measured results were calculated as a ratio of the number of
transfected cells and showed in a graph.

Ethics approval
The study was conducted in accordance with the ARRIVE guidelines. All experiments were conducted according
to the protocols approved by the IACUC at Sookmyung Women’s University, Seoul, Republic of Korea.

Results

Kat2b localized to the cytosol, centrosome, and basal body during cilia assembly

Previous studies have shown that serum withdrawal from the culture medium induces the formation of primary
cilia®’. To investigate the basal expression of Kat2b during cilium assembly, NIH/3T3 cells were exposed to
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Fig. 1. The expression of Kat2b located in the cytosol, centrosome, and basal body increased during
ciliogenesis, and depletion of Kat2b causes delays in ciliogenesis. (a) qRT-PCR data showing a gradual increase
in the level of Kat2b transcript during primary cilia formation. (b) Western blot data showing an increase

in Kat2b protein expression during ciliogenesis. (c) Representative figures of Kat2b localization in NIH/3T3
cells by serum starvation time (0 h, 6 h, 12 h, and 24 h). In serum starvation 12 h and 24 h, two panels were
displayed depending on presence of primary cilia NIH/3T3 cells were transfected with expressing GFP-tagged
full-length-Kat2b. After 24 h, cells were incubated under serum starvation conditions, followed by staining
with endogenous acetylated a-tubulin for primary cilia (red) and pericentrin (PCNT) for centrosome and
basal body (yellow). Nuclei were stained with DAPI (blue). (d) Quantification of the subcellular localization

of Kat2b. Counted cell numbers were as follows: serum starvation for 6 h, n=133; 12 h, n=129; and 24 h,
n=124. Data were collected from three independent experiments. (e) Validation of transcriptional Kat2b

level reduction in stable Kat2b knockdown NIH/3T3 cell line using qRT-PCR. (f) Validation of translational
Kat2b level reduction in stable Kat2b KO-NIH3T3 cells or control KO-NIH3T3 using western blot analysis. (g)
Representative figures of ciliated NTH/3T3 cells transfected in stable Kat2b KO and control cells. After serum-
free treatment, cells were fixed and stained using ICC in a time-course manner. Acetylated a-tubulin was
stained for primary cilia (green). Nuclei were stained with DAPI (blue). Primary cilia are indicated by white
arrows. Scale bar: 10 um. (h) Quantification of the percentage of ciliated cells in Kat2b-depleted cells compared
to control shRNA cells. Counted cell numbers were as follows: controls with serum starvation for 6 h, n=685;
12 h, n=665; 24 h, n=589. Kat2b-depleted cells with serum starvation for 6 h, n=789; 12 h, n=579; 24 h,
n=649. Data were collected from three independent experiments.
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serum starvation. Time-course analysis revealed that the mRNA levels (Fig. 1a) and protein (Fig. 1b) of Kat2b
gradually increased. These data indicated that Kat2b plays a specific role in ciliogenesis. Although Kat2b has
been recognized to predominantly localize to the nucleus, a recent study found that Kat2b also localizes to the
centrosome®. However, Kat2b localization to primary cilia has yet to be characterized. Thus, the subcellular
localization of Kat2b during primary cilia biogenesis was examined to verify whether Kat2b is associated with
primary cilia as a transcriptional coactivator in the nucleus or in other cellular locations. NIH/3T3 cells were
transfected with expression vectors containing DsRed-tagged Kat2b. The next day, cells were serum-starved and
fixed at 0 h, 6 h, 12 h and 24 h. Confocal microscopy revealed the subcellular localization of Kat2b (Fig. 1c,d).
Initially, 83.2% of Kat2b was localized mainly in the nucleus, and only approximately 16.8% of Kat2b existed
in the cytosol and centrosome. Interestingly, the proportion of Kat2b localized in the cytosol and centrosomes
slightly increased 6 h after serum starvation. Moreover, the proportion increased by approximately 2.5 times
as ciliogenesis progressed. Interestingly, Kat2b was also found to localize to the basal body. These findings
demonstrate that Kat2b localizes to the cytosol, centrosomes, and basal body during ciliogenesis, suggesting that
it plays a potential role in primary cilia formation.

Loss of Kat2b delays ciliogenesis

To evaluate the role in ciliogenesis in vitro, Kat2b-depleted NIH/3T3 cells were generated using short hairpin
RNA (shRNA) against Kat2b. The cells were then incubated under serum-starved conditions. The cells were
then harvested or fixed in a time-dependent manner. Kat2b expression was found to decrease by qRT-PCR
and western blotting compared to the control group (Fig. le,f). Using immunocytochemistry, the number of
primary cilia assembled at each time point was determined. The ablation of Kat2b proteins led to a decreased
percentage of ciliated cells at 6 and 12 h after serum starvation, indicating that Kat2b depletion causes retention
of ciliogenesis at an early stage (Fig. 1g,h). In contrast, there was no significant difference in the percentage of
ciliated cells at 24 h starvation, and it implied that loss of Kat2b has less effect on primary cilia overall maturation.
Thus, the results indicate that Kat2b is required for the appropriate initiation of ciliary formation.

Kat2b regulates the acetylation of a-tubulin via its acetyltransferase function

Acetylated microtubules, such as the axoneme of primary cilia, are considered long-lived'”. According to
a previous study, the acetylation of a-tubulin increases the flexibility of microtubules, contributing to better
resistance against mechanical stress and consequently making them long-lived?®. Acetylated-a-tubulin on lysine
40 residue is a cilia marker. Thus, the data led us to investigate the possibility that Kat2b regulates primary cilia
through the acetylation of a-tubulin as a non-histone target of Kat2b (Fig. 2a).

First, whether Kat2b affects the level of acetylated tubulin was evaluated. The western blot data showed that
although Kat2b depletion impaired the level of acetylated a-tubulin both early and late serum starvation, the total
amount of a-tubulin did not change (Fig. 2b). To verify whether the regulation of acetylated a-tubulin would be
dependent on the existence of Kat2b, an over-expressed Kat2b flag-tagged plasmid (FL-Kat2b) was transferred
into Kat2b-depleted cells with 6 h and 24 h serum starvation. The data revealed that acetylated a-tubulin levels
were rescued in Kat2b-depleted cells when FL-Kat2b was transfected, while the transfection itself did not affect
the acetylation level of a-tubulin (Fig. 2c). Based on these results, whether Kat2b regulates the acetylation level
of a-tubulin by interacting with it was evaluated. The immunoprecipitation results revealed that both Kat2b
and a-tubulin existed in the cell lysate and that Kat2b interacted with a-tubulin endogenously (Fig. 2d). In
addition, a-tubulin interacted with Kat2b and vice versa. To validate disrupted cilia assembly by Kat2b absence,
comparison between Arl13b, well-established ciliary marker, and acetylated a-tubulin was verified (Fig. 2e,f).
Both serum withdrawal 6 h and 24 h under silence Kat2b had no significant difference between Arl13b and
acetylated a-tubulin, but the intensity of acetylated a-tubulin itself and Arl13b were reduced.

According to previous research, garcinol inhibits the acetyltransferase activity of Kat2b?. In addition,
cytoplasmic acetylated lysine decreases in garcinol-treated human U20S cells?®. Thus, NIH/3T3 cells were
treated with 500 nM garcinol and serum starved them for 6 h to induce the early stage of ciliogenesis, which was
delayed by Kat2b depletion. The results indicated that the percentage of ciliated cells in the DMSO-treated group
was approximately 25%, whereas the percentage significantly decreased in garcinol-treated cells, showing that
approximately 12% of the cells were ciliated (Fig. 2g,h). In addition, the acetylated a-tubulin level normalized
Kat2b was also decreased in the garcinol-treated group compared to that in the control group (Fig. 2h). More
importantly, garcinol disrupted Kat2b localization within primary cilia, particularly in basal body (Fig. 2i).
Taken together, these findings highlighted the novel result that a-tubulin is a non-histone target of Kat2b. Kat2b
was revealed to interact with a-tubulin endogenously and regulate its acetylation level in a Kat2b-dependent
manner. Moreover, these findings demonstrated that Kat2b hampers the cilium assembly rate and acetylation of
a-tubulin via its acetyltransferase function.

Kat2b is required for the recruitment of IFT proteins and the Hedgehog signaling pathway
component to the primary cilia

Microtubules, which have a-tubulin as their subunit, act as a highway for many molecules, including IFT
particles?®. Previous studies have revealed that microtubule stability is regulated by acetylation®. The fact that
Kat2b functions in the acetylation of a-tubulin suggests that the weakened microtubule could not break the
highway but could hamper cargo transport along the microtubule. Thus, whether the IFT components may be
affected by Kat2b depletion was evaluated herein.

In the early stages of primary cilia assembly, the western blotting data showed that IFT25, IFT46, IFT52, and
IFT140, which are involved in cilia assembly, decreased in the whole lysate of NIH/3T3 cells when Kat2b was
silenced (Fig. 3a and Supplementary Fig. 1a). To exclude the possibility that Kat2b regulates the levels of IFT
components through its histone acetyltransferase function, the mRNA levels of IFT components in whole lysates
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of NIH/3T3 cells after 6 h of serum starvation were determined. Interestingly, the transcript levels of some IFTs
were either slightly increased or unchanged in Kat2b-depleted cells (Supplementary Fig. 1c).

Based on these findings, immunocytochemistry experiments were conducted to verify whether the loss
of Kat2b affected the ciliary-localized IFT components. Stable Kat2b knockdown cells were used to verify the
localization of IFT components with or without Kat2b expression (Fig. 3b). The confocal microscopy data
revealed that IFT25 was localized to the basal body and IFT52 was stained at the basal body, axoneme, and
ciliary tip in shControl NIH/3T?3 cells at an early stage of ciliogenesis. Interestingly, the fluorescence intensities
of IFT25 and IFT52 were decreased in stable Kat2b knockdown cells (Fig. 3e). However, the intensities of IFT46
and IFT140 were not changed in Kat2b-depleted cells (Supplementary Fig. 2a,b).

Unexpectedly, the western blotting results indicated that the majority of IFT components decreased after 24 h
of serum starvation, which is at the maturation stage of ciliogenesis, whereas the mRNA levels either increased
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«Fig. 2. Kat2b interacts with and regulates the acetylation level of a-tubulin. (a) Western blots showing Kat2b
and acetylated a-tubulin expression at 0, 6, 12, and 24 h after serum withdrawal. The graphs showed relative
western blotting band intensity of Kat2b and acetylated-a-tubulin normalized each loading controls. Data
were collected from three independent experiments. Statistical analysis for normalizing band was conducted
by paired t-test. (b) Acetylated a-tubulin expression was decreased in Kat2b silenced NIH/3T3 cells at 6 h and
24 h after serum starvation. The graphs next to immunoblot analysis showed quantified acetylated a-tubulin
band intensity. (c) Western blot data showed that overexpression of Kat2b restored the decreased acetylation
level of a-tubulin in Kat2b silenced cells at 6 h and 24 h after serum starvation. The relative band intensity of
a-tubulin acetylation was displayed through the graphs below. EV indicates empty vector (pCMV-tag2B) and
FL-Kat2b indicates full length Kat2b-pCMV-tag2B. (d) Immunoprecipitation data revealed that endogenous
Kat2b interacts with a-tubulin in NIH/3T3 cells. (e, f) Fluorescence images showed comparison between ciliary
markers under Kat2b silencing with serum starvation 6 h, 24 h. Arl13b marked ciliary membrane (green),
ac-a-tubulin, marked ciliary axoneme (red), and nuclei were stained with DAPI (blue). Graphs on right side
indicated fluorescence intensity of Arl13b normalized ac-a-tubulin, ac-a-tubulin and Arl13b, respectively. This
experiments were independently repeated in triplicate and graphs were analyzed by two-tailed Student’s t-test
and values are presented as the mean + SD. (g) Fluorescence images represented ciliated cells with or without
500 nM garcinol treatment for 6 h with serum starvation. Acetylated a-tubulin and y-tubulin were stained
for primary cilia (green). Nuclei were stained with DAPI (blue). Primary cilia are indicated by white arrows.
White arrows indicate primary cilia. Scale bar: 10 um. The graph showed quantification of the percentage
of primary cilia in garcinol-treated cells compared to DMSO-treated NIH/3T3 cells. Counted cell numbers
were as follows: DMSO-treated cells n =287, garcinol-treated cells n=248. (h) Western blot data showed that
the acetylation level of a-tubulin decreased in garcinol-treated NIH/3T3 cells. Graphs on right side showed
relative western blotting band intensity of acetylated-a-tubulin normalized a-tubulin and acetylated-a-
tubulin normalized Kat2b. (i) Images represented localization of Kat2b within cilia when treated garcinol, and
graph displayed mean of Kat2b fluorescence intensity within acetylated-a-tubulin. Data collected from three
experiments were quantified graphically.

slightly or remained unchanged (Fig. 3c and Supplementary Fig. 1b and d). At this later stage, IFT25 was strongly
stained in the basal body and IFT52 was also localized in the basal body and axoneme (Fig. 3d). Surprisingly,
the immunocytochemistry data clearly showed that the intensity of IFT fluorescence markedly decreased in
shKat2b cells (Fig. 3e). This is unexpected because the depletion of Kat2b did not show a decreased percentage
of ciliated cells at the time point of 24 h after serum starvation. The results imply that even though cilia formation
was saturated in Kat2b-depleted cells to the same extent as in the control cells, ciliary function may be damaged.
To confirm these results, whole-body Kat2b knockout mouse embryonic fibroblast (MEF) cell lines were
used. Intriguingly, the fluorescence intensities of IFT25 and IFT52 were found to be significantly reduced in
Kat2b knockout (KO) MEF cells at 6 h and 24 h of serum starvation (Fig. 3f,g). Additionally, acetyl transferase
inactivation of Kat2b using garcinol was confirmed to attenuate ciliary recruitment of IFT52 (Fig. 3h). These
results suggest that the function of Kat2b in regulating acetylation of a-tubulin influences the ciliary recruitment
of some IFT proteins.

Since the loss of IFT25 impairs Hedgehog (Hh) signaling®! and the depletion of Kat2b hampers Hh signaling
in a cancer model*®, whether the ablation of Kat2b expression could affect the activation of Hh signaling in the
context of primary cilia was evaluated. To test this, Kat2b were silenced and exposed to serum starvation with
500 nM SAG (Smo agonist) the following day for 24 h. SAG (Smo agonist), an activator of Hh signaling, binds to
the heptahelical bundle of the Smo protein®* and induces ciliary translocation of Smo, leading to the activation
of Hh signaling. The data showed that Smo was recruited to the primary cilia, despite the lack of SAG treatment
in Kat2b depleted cells (Fig. 4a). Upon treatment with SAG, Smo was recruited to the whole axoneme with
strong fluorescence intensity in control NIH/3T3 cells, whereas the fluorescence intensity of the Smo protein
was significantly decreased in Kat2b depleted cells (Fig. 4a). Next, both the mRNA and protein levels of Glil, an
Hh signaling marker, were found to increase in SAG-treated cells, but not as much as when Kat2b was depleted
(Fig. 4b,c). The recruitment of Smo protein at the primary cilia and Glil mRNA levels were also impaired in
Kat2b knockout MEF cells (Fig. 4d,e). Furthermore, when cells treated SAG with serum starvation 24 h after
garcinol treatment for 6 h, fluorescence intensity of Smo reduced as well (Fig. 4f). Taken together, these findings
indicate that IFT recruitment and Hh signaling in primary cilia are damaged when Kat2b is absent.

Function of acetyltransferase Kat2b for ciliogenesis depends upon the localization in cytosol

To investigate the a-tubulin acetylation function of Kat2b in detail, an acetyltransferase domain-deleted construct
of Kat2b (AAT), a nuclear localization signal domain-deleted Kat2b (ANLS) and both-domain-deleted Kat2b
mutant (AATANLS) were created (Fig. 5a). Through immunocytochemistry experiments, it was confirmed
that DsRed tagged ANLS-Kat2b and AATANLS-Kat2b were not located in nucleus (Fig. 5b). The non-nuclear
localization of GFP-tagged-ANLS-Kat2b and AATANLS-Kat2b was also identified but GFP-tagged-FL-Kat2b
existed in nucleus by separation of nuclear and cytoplasmic fraction experiments (Fig. 5¢). NIH/3T3 cells were
transfected with the GFP-tagged Kat2b construct for 48 h, and the harvested cells were immediately separated
into cytosolic and nuclear fractions. The immunoblotting band intensities were normalized with each loading
control: a-tubulin as a cytosol control and histone H3 as a nuclear control. The percentage of Kat2b found in
the nucleus versus the cytoplasm was graphically represented. Less than half of the NLS domain-depleted Kat2b
were localized in the nucleus, and the NLS and AT domain-depleted Kat2b were in a nearly nonnuclear position.
The tagged vector was replaced with GFP to avoid overlap with the fluorescence wavelength that identifies the
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Fig. 3. The depletion of Kat2b impairs the recruitment of IFT and Hh components to primary cilia. (a, b)

IFT components 6 h after serum starvation (early ciliogenesis). (a) Western blot data showed that protein
levels of IFT components decreased in Kat2b silenced NIH/3T3 cells. (b) Fluorescence staining data revealed
that the intensity of IFT components located in primary cilia was decreased in the stable Kat2b deleted cell.
Scale bar: 2 um (c-d) IFT components 24 h after serum starvation (maturated stage of ciliogenesis). (c)
Western blot data show that protein levels of IFT components decreased in Kat2b silenced NIH/3T3 cells. (d)
Immunocytochemistry data revealed that fluorescence intensity of IFT components located in primary cilia.
Scale bar: 2 um (e) Graphs showed fluorescence intensity of IFT25 and IFT52 under serum starvation 6 h, 24 h
in stable Kat2b KO NIH3Te and control NIH3T3. (f) Immunocytochemistry data display that the fluorescence
intensity of IFT25 and IFT52 (green) at primary cilia (red) in Kat2b KO MEF cells at 6 h and 24 h after serum
starvation, respectively. Scale bar: 2 pm. (g) Graphs showed fluorescence intensity of IFT25 and IFT52 under
serum starvation 6 h, 24 h in MEF cells. (h) Representative images displayed accumulation of IFT52 within
cilia when treated garcinol and serum withdrawal 6 h, and below graph showed fluorescence intensity at cilia.
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Fig. 4. Kat2b knockdown impairs the recruitment of Hh components to primary cilia. (a)
Immunocytochemistry data confirmed that the fluorescence intensity of Smo (green) was decreased in Kat2b
silenced cell. Acetylated a-tubulin and y-tubulin were stained for primary cilia and basal body (red). Nuclei
were stained with DAPI (blue). Scale bar: 2 um Right graph showed fluorescence intensity of Smo within
primary cilia. (b, c) qRT-PCR and western data showed that mRNA and protein levels of Glil expression
were decreased when Kat2b was depleted by siRNA transfection. Glil was used as an activation marker of
the Hh signaling pathway. NIH/3T3 cells were treated with serum starvation for 24 h and 500 nM of SAG

for activation of Hh signaling. (d) Immunocytochemistry data of Smo protein (green) at primary cilia (red)
in Kat2b KO MEF cells with serum starvation for 24 h and 400 nM of SAG. Scale bar: 2 um. Right graph
showed fluorescence intensity of Smo within primary cilia. (¢) QRT-PCR data showing that transcriptional Glil
expression was decreased in Kat2b KO MEF cells. (f) Representative images displayed accumulation of Smo
within primary cilia when treated garcinol 6 h before SAG treatment and serum withdrawal 24 h, and right
graph showed mean of fluorescence intensity within cilia.

IFT52 and proceeded with the following experiment. As observed in Fig. 3d, the ciliary localization of IFT52
in shControl NIH/3T?3 cells with the empty vector was situated at the cilia, and less ciliary distribution was
observed in shKat2b NIH/3T3 cells with the empty vector (Fig. 5d). In full-length-Kat2b transfected shKat2b
NIH/3T3 cells that had undergone complete recovery, the localization proportion of IFT52 with cilia surpassed
that of shControl cells, and almost all IFT52 was found in the ciliary structure of transfected cells. AAT and
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Fig. 5. The acetyltransferase domain of Kat2b in the cytosol is significant for localization of IFT components at
primary cilia. (a) Graphical view of domains of Kat2b and designed mutant Kat2b. (b) Immunocytochemistry
images confirmed the localization of the designed mutant Kat2b construct. DsRed tagged Kat2b constructs
were investigated vector transfected cell and nuclear localization signal domain deleted Kat2b positioned only
cytosol. (¢) Immunoblotting analysis verified cytosolic and nucleic distribution under transfection with Kat2b
constructs in NIH/3T3 cell. a-tubulin represented as cytosol marker and histone H3 as nuclear marker. (d)
Immunofluorescence images showed that IFT 52 localization depending on Kat2b existence in the nucleus

and function of acetylation. shControl NIH/3T3 cells transfected by empty vector, and stable Kat2b depleted
NIH/3T3 cells, as shKat2b, transfected by empty vector and mutant Kat2b constructs. Nuclei were stained with
DAPI (blue), transfected vector constructs were EGFP (green), acetylated a-tubulin and y-tubulin were stained
for primary cilia (red), and IFT52 were indicated yellow. White arrows indicate IFT components located in

the cilia axoneme. The proportion of IFT52 distribution by categories are displayed below the graphs; ciliary
axoneme, basal body, and not on the cilia. The graph on the bottom right indicated fluorescence intensity of
ciliary IFT52. Scale bar: 2 um.
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AATANLS constructs were transfected into stable Kat2b-depleted cells, as expected, proportion of IFT52-
positive cilia decreased compared to that in FL-Kat2b transfected cells at maturation stages of primary cilia
assembly. AATANLS -Kat2b in Kat2b-depleted cells in particular was acted as an empty vector, since the ratio of
IFT52 on the cilia and basal bodies was extremely similar. Finally, in ANLS-Kat2b-transfected shKat2b cells, a
nearly complete recovery was observed with ciliary localization of IFT52, analogous to the shControl cells. These
results indicate that the function of Kat2b as an acetyltransferase was significant for the correct localization of
IFT52. Thus, cytoplasmic Kat2b alone may play a sufficient role in the localization of IFT components in the
cilia.

Kat2b knockout mice show mild abnormalities related to cilia defects in kidneys

To test whether Kat2b depletion in vivo closely reflected the in vitro results, the kidney tissue of a Kat2b
knockout (KO) mouse model was examined. Primary cilia are found in the apical region of renal epithelial
cells*, and previous studies have revealed that IFT defects cause ciliopathies, such as cystic kidney disease®>*.
Because no significant developmental phenotype was found in kat2b KO in published papers?, there is still a
lack of research on disease phenotypes caused by Kat2b defects. First, the level of Kat2b was found to decrease in
Kat2b KO mice (Fig. 6a and b). Although the value of two kidney weights per total body weight did not change
(Fig. 6¢), Kat2b KO mice showed decreased expression of acetylated alpha tubulin (Fig. 6d). Hematoxylin and
eosin staining revealed that Kat2b KO mice have mild abnormalities in the kidneys. They showed dilated tubules
and loosened glomeruli, whereas the wild-type kidneys showed tight glomeruli (Fig. 6e). This is interesting
because disruption of the primary cilia component causes glomerular cysts*”*. Since the in vitro data (Fig. 3)
revealed that the loss of Kat2b impairs the recruitment of IFT components to primary cilia, immunofluorescence
experiments were conducted to investigate whether IFT defects also exist in vivo. Confocal microscopy showed
that the fluorescence intensity of IFT25 in primary cilia decreased in Kat2b KO, whereas IFT25 was distributed
over the cilia of renal tubules in WT mice (Fig. 6f). These results indicate that the loss of Kat2b caused primary
ciliary defects in vivo.

Discussion

In this study, Kat2b was investigated as a potential novel regulator of primary cilia using in vitro and in vivo
experiments. The results suggest that the loss of Kat2b caused a delay in ciliogenesis and reduced the acetylation
of a-tubulin through its acetyltransferase activity. Importantly, Kat2b depletion hampered the recruitment of
IFT components to the cilium and decreased Hh signaling activation. Eventually, Kat2b KO mice showed mild
renal abnormalities and aberrant IFT25 recruitment. These findings strongly imply a relationship between Kat2b
and the acetylation of a-tubulin, which organizes primary cilia. In the early stages of primary cilia assembly, loss
of Kat2b disrupts a-tubulin acetylation. As a result, IFT25 and IFT52 were found to be abnormally positioned.
Despite Kat2b defects, the structural maturation of primary cilia was possible; however, the expression and
accumulation of some IFTs and Smo within primary cilia appeared abnormal. (Fig. 7).

These results are supported by two recently published papers on the relationship between primary cilia and
other PTMs, such as polyglutamylation. The authors suggested that polyglutamylation itself does not impair the
primary cilia phenotype; however, it regulates the function of primary cilia via the Hh signaling pathway>.
This supports our hypothesis and results, considering that cilium assembly was compensated for at the late
stage of ciliogenesis in Kat2b depleted cells, although Kat2b regulates ciliary functions such as IFTs and the Hh
signaling pathway. This suggests that PTMs in the primary cilium, such as acetylation and polyglutamylation, are
involved in the functional aspects of primary cilia rather than assembly and have shared roles.

A recent proteomic approach conducted by Fournier et al. to identify the Kat2b-targeted acetylome®® may
provide insights into this. For example, KIF17 may be targets of Kat2b. KIF17 is a member of the kinesin-2
family and contributes to IFT-B transport*"*2, More interestingly, their acetylome data uncovered many proteins
related not only to motor proteins but also to other primary ciliary proteins that could be acetylated by Kat2b; for
instance, ALMS] is an Alstrom syndrome gene, which is ciliopathic*®. DZIP1L is another ciliopathic gene that
encodes the ciliary transition zone protein and is associated with autosomal recessive polycystic kidney disease
(ARPKD)*. SDCCAGS3 has also been reported to localize to the basal body and interact with IFT88*. TTBK2
is a ciliary gene that is involved in the early stages of ciliogenesis*®. These results provide strong evidence for the
ciliary role of Kat2b. Further investigation is needed to elucidate the possible relationship between Kat2b and
other primary ciliary proteins.

Combined with previous studies, the findings presented in this study provide evidence for the development
of therapeutic approaches for ciliopathies. The results revealed that Kat2b regulates primary ciliary function.
Furthermore, Kat2b KO mice were found to show mild pathological effects, including glomerular abnormalities
and dilated tubules in the kidney. Whether Kat2b upregulation attenuates this pathological effect and recover
ciliary function requires further investigation. Taken together, these findings highlight the novel role of Kat2b in
regulating primary cilium function and its pathological effects on the kidney.
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Fig. 6. Kat2b knockout mice show decreased IFT25 in primary cilia and renal abnormalities. (a) Kat2b
mRNA expression data using qRT-PCR validated that the level of Kat2b was decreased in the kidney of Kat2b
KO mice. (b) Western blots also showed decreased Kat2b expression in KO mice. (c) Two kidney weights

per total body weight demonstrate that there were no significant differences between Kat2b KO mice and
wild-type mice. (d) Western blot data showed that acetylated a-tubulin level decreased in the renal tissue of
Kat2b KO mice. (e) H&E staining of kidney paraffin sections from 16 weeks Kat2b knockout mice showed
glomerular cyst, loosen glomeruli, and dilated tubules. Black arrowheads indicate glomeruli. The black dotted
line defines the area of the dilated tubule. Scale bar: 100 um. (f) Confocal microscopy analysis revealed that
the fluorescence intensity of IFT25 (red) at primary cilia decreased in the renal tubule from 16 weeks Kat2b
knockout mice compared to the wild-type. Acetylated a-tubulin and y-tubulin were stained for primary cilia
(green). Nuclei were stained with DAPI (blue). The White dotted line defines the area of the renal tubule. Right
graph showed relative mean of IFT25 fluorescence intensity within primary cilia. Scale bar: 20 um.
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a < Early Stage > b < Maturation Stage > c < Maturation Stage >
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Fig. 7. Summary illustration of this study. Red ovals indicate KAT2B; green circles indicate IFT-B particles;
blue circles indicate SMO; light grey circles indicate a-tubulin. The color intensity indicates the abundance.
(a, b) During ciliogenesis, the basal expression level and subcellular localization of Kat2b in the cytosol,
centrosome, and basal body gradually increased. Kat2b interacts with a-tubulin and regulates the acetylation
level of a-tubulin via its catalytic activity. When Kat2b was depleted, the rate of cilium assembly was delayed,
causing less acetylation level of a-tubulin, and the recruitment of IFT to be impaired. (c) When the Hh
signaling pathway was activated using SAG treatment, the recruitment of SMO along the cilium is less under
the absence of Kat2b.
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