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Defects in cilia have been associated with an expanding human
disease spectrum known as ciliopathies. Regulatory Factor X 3
(RFX3) is one of the major transcription factors required for cilio-
genesis and cilia functions. In addition, RFX3 regulates pancreatic
islet cell differentiation and mature g-cell functions. However, how
RFX3 protein is regulated at the posttranslational level remains
poorly understood. Using chemical reporters of protein fatty ac-
ylation and mass spectrometry analysis, here we show that
RFX3 transcriptional activity is regulated by S-fatty acylation at a
highly conserved cysteine residue in the dimerization domain. Sur-
prisingly, RFX3 undergoes enzyme-independent, “self-catalyzed”
auto-fatty acylation and displays preferences for 18-carbon stearic
acid and oleic acid. The fatty acylation-deficient mutant of
RFX3 shows decreased homodimerization; fails to promote ciliary
gene expression, ciliogenesis, and elongation; and impairs Hedge-
hog signaling. Our findings reveal a regulation of RFX3 transcription
factor and link fatty acid metabolism and protein lipidation to the
regulation of ciliogenesis.
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Cilia are conserved organelles present on the surface of most
vertebrate cells, sensing diverse extracellular signals crucial for
cell proliferation, differentiation, polarity, and tissue homeostasis
(1-4). For example, cilia are critical for Hedgehog (Hh) pathway,
and many pathway components are required to localize to cilia for
signal transduction. Therefore, loss of cilia leads to impairment of
Hh signaling activities (2). An increasing number of human de-
velopmental and degenerative disorders have been attributed to
defects in cilia formation and functions, which are collectively
termed ciliopathies (5-8). Many ciliopathies are caused by dis-
ruption of ciliogenesis that is transcriptionally regulated by Regu-
latory Factor X (RFX) transcription factors (8-11). RFX was
identified initially as a regulatory protein that binds to the X-box of
a major histocompatibility complex (MHC) class II promoter (12).
RFX family transcription factors are conserved across a wide range
of species, including Saccharomyces cerevisiae, Schizosaccharomyces
prombe, Caenorhabditis elegans, Drosophila melanogaster, and ver-
tebrates (13). Eight members of human RFX transcription factors
(RFX1-8) have been identified (14). RFX factors have conserved
and critical roles in controlling ciliary gene expression and cilia
formation, including RFX1-4 in vertebrates, DAF19 in C. elegans,
and RFX in D. melanogaster (9, 10, 15-21). RFX1, RFX2, and
RFX3 are the closest homologs of DAF19 in C. elegans and RFX
in D. melanogaster (13). In particular, RFX3 plays a critical role in
ciliogenesis. It has been shown that RFX3 is broadly expressed
in ciliated cells and is essential for growth and function of cilia in
ciliated cells, including embryonic node cells, brain ependymal
cells, pancreatic islet cells, neuronal cells, and basal cells (10, 11,
17, 18, 22-24). RFX3-deficient mice exhibit defective cilia in the
brain and pancreas, with hallmarks of ciliopathies including left—
right asymmetry defects, hydrocephalus, corpus callosum agenesis,
and abnormal thalamocortical tract formation (17, 22, 23, 25, 26).

In addition to regulating ciliogenesis, RFX3 plays an impor-
tant role in regulating pancreatic endocrine cell differentiation,
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mature fB-cell function, and glucokinase gene expression (22, 27).
Interestingly, RFX3- and RFX6-knockout mice share many
common defects in islet cell differentiation and mature p-cell
function, suggesting that RFX3 and RFX6 may coordinately
regulate a set of genes associated with pancreas development
and f-cell function (22, 28). A recent study observed a re-
markably strong correlation between RFX transcription factors
and type 2 diabetes (T2D) risk, suggesting that RFX factors may
play a significant role in the genetic component of T2D pre-
disposition (29). Furthermore, a recent genome-wide association
study (GWAS) revealed that RFX3 is highly associated with gout
arthritis, which is one of the most common types of inflammatory
arthritis, suggesting that RFX3 might also play a role in the auto-
immune regulation (30). RFX1/3 double-knockout mice devel-
oped rapidly progressive hearing loss, indicating that RFX3 and
RFX1 may coordinately regulate genes involved in mice hearing
(31). This is supported by the ChIP-sequencing (ChIP-seq) anal-
ysis, which showed significant overlap of target genes between
RFX1 and RFX3 (27, 31).

RFX family proteins have a conserved winged-helix DNA-
binding domain in the N terminus, and most members contain a
conserved dimerization domain in the C terminus (10, 13, 32,
33). Although RFX family proteins can bind to DNA as a
monomer in vitro, numerous studies have suggested that RFX
dimerization or interactions with partner proteins is critical for
its transcriptional activity (10, 33-42). Various lines of evidence
have shown that RFX1-4 and RFX6 can form homodimers
and diverse heterodimers (14, 37, 40, 43), supporting the notion
that dimerization is essential for RFX transcription factors to
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cooperatively regulate target genes. However, how different RFX
factors cooperate with each other in regulating target gene ex-
pression remains elusive. In addition, how RFX factors are regu-
lated by posttranslational modifications is largely unknown.

Protein fatty acylation is an important cotranslational or
posttranslational modification of proteins, in which various fatty
acids are covalently attached to proteins. Fatty acylation plays
important roles in protein trafficking and localization, stability,
and binding to cofactors (44). Bioorthogonal chemical reporters
have been widely used to detect potential fatty acylated proteins
in previous studies (45, 46). Here we show that RFX1 and
RFX3 are S-fatty acylated proteins using chemical reporter and
mass spectrometry (MS) analysis. RFX3 is fatty acylated through
an enzyme-independent and self-catalyzed autoacylation process
and displays preferences toward 18-carbon fatty acids, such as
stearic acid and oleic acid. Furthermore, we identified that
RFX3 is fatty acylated at an evolutionarily conserved cysteine
residue in the dimerization domain. Auto-fatty acylation of
RFX3 is required for its dimerization and transcriptional activity,
thereby regulating target genes involved in ciliogenesis. Our
studies thus revealed RFX3 as an example of autoacylated
transcription factors and provided mechanistic insight into how
intracellular fatty acid pool and dynamic fatty acylation of
transcription factors regulate ciliogenesis.

Results

RFX3 Is Fatty Acylated at a Conserved Cysteine Residue in the
Dimerization Domain. To identify potential fatty acylated pro-
teins, we performed large-scale proteomic profiling of fatty ac-
ylated proteins in HEK293A cells and pancreatic p-cell line
MING using saturated fatty acid (15-hexadecynoic acid, Alk-C16)
or unsaturated fatty acid chemical reporter (cis-9-hexadecen-15-
ynoic acid, Alk-C16:1) (SI Appendix, Fig. S1), followed by
copper-mediated 1,3-dipolar cycloaddition (Click reaction)
with biotin-azide, enriched by streptavidin beads, and sub-
jected for proteomic analysis by liquid chromatography-MS/MS
(LC-MS/MS) (47-49). The MS data revealed both probes could
label endogenous RFX1 and RFX3 (SI Appendix, Fig. S1).
These results are consistent with previous proteomic studies
using chemical reporters of fatty acylation (17-ODCA), where
RFX1 was detected in T cells and neuronal cells and RFX3
was detected in neuronal cells (50-53). Taken together, the
proteomic studies suggested that RFX1 and RFX3 could be fatty
acylated, but detailed biochemical follow-up studies are needed
to validate these findings.

Therefore, we set out to confirm that RFX1 and RFX3 could
indeed be fatty acylated. HEK293A cells were transfected with
N-terminal Flag-tagged RFX1 and RFX3 and then labeled with
50 pM of Alk-C16, followed by Click reaction with biotin-azide.
The streptavidin blot revealed that RFX1 and RFX3 could in-
deed be labeled by Alk-C16 (Fig. 14). Treatment of Click re-
action products with 2.5% (vol/vol) hydroxylamine (NH,OH)
dramatically decreased fatty acylation levels of RFX3. Taken
together, our results confirmed that RFX1 and RFX3 are S-fatty
acylated through thioester bonds with cysteine residues (Fig. 1B
and SI Appendix, Fig. S2). Previous studies suggested that
RFX3 plays a significant role in ciliogenesis, pancreas develop-
ment, and B-cell function (17, 18, 22, 24, 27), and we focused our
studies on fatty acylation of RFX3. To test whether endogenous
RFX3 protein can be fatty acylated, HEK293A cells were met-
abolically labeled with 100 uM Alk-C16, followed by Click re-
action with biotin-azide. The fatty acylated proteome was then
enriched by streptavidin beads pull-down. Western blotting for
RFX3 in the pull-down samples indicated that endogenous
RFX3 was indeed fatty acylated (Fig. 1C).

To identify potential fatty acylation site(s) of RFX3, we
aligned the sequences of RFX3 protein across different species
including mouse, Xenopus, zebrafish, Drosophila (RFX), and
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C. elegans (DAF-19) and found one evolutionarily conserved
cysteine residue (Cys544) at the dimerization domain of RFX3
(Fig. 1D). Cys544 is also conserved in RFX1, RFX2, and RFX3
(8I Appendix, Fig. S3). According to the CSS-Palm software
(csspalm.biocuckoo.org/online.php) for the prediction of protein
palmitoylation sites, cysteine residues including Cys429, Cys431,
Cys542, Cys544, and Cys739 are potential palmitoylation sites
with relatively high scores. To confirm the fatty acylated cysteine
residues, we constructed a series of RFX3 mutants, in which the
cysteine residues of RFX3 were mutated to serines. HEK293A
cells were transfected with Flag-tagged wild-type (WT) RFX3
or the mutant constructs (C429S, C431S, C542S, C544S, and
C739S) and metabolically labeled with Alk-C16. Streptavidin
blot revealed that only the mutation of Cys544 could completely
abolish RFX3 fatty acylation, whereas the mutation of other
cysteine residues had little effect (Fig. 1E). Notably, Cys542 is
very close to Cys544 and relatively conserved across different
species and different members including RFX1-3, but it has no
effect on fatty acylation of RFX3, suggesting that Cys544 is
specific for RFX3 fatty acylation. To confirm the modification
site, we also performed aycl-PEG exchange (APE) assay, which
separates the acylated protein from nonacylated protein by
adding a mass tag (54). Our APE results showed that there is
only one slower migrating PEGylated polypeptide band that
corresponds to mono-S-fatty acylated WT RFX3, whereas the
slower migrating band disappears in the C544S mutant (Fig. 1F).

To further characterize RFX3 fatty acylation, we performed more
LC-MS/MS analysis by employing chemical tagging methods that
were modified from a recent study (55). Briefly, Flag-RFX3 was
overexpressed in HEK293A cells and immunoprecipitated us-
ing anti-Flag beads, followed by sequential treatment with
N-ethylmaleimide (NEM), NH,OH, and iodoacetamide (IAA)
(SI Appendix, Fig. S44). After washing, RFX3 was either eluted
from beads followed by in-solution digestion or separated by SDS/
PAGE (SI Appendix, Fig. S4B) and subjected to in-gel digestion
before LC-MS/MS analysis. The peptide containing IAA-modified
Cys544 was identified from both in-solution and in-gel tryptic di-
gestion sample (Fig. 1G). We next prepared the samples with or
without NH,OH treatment side-by-side. Compared with the sam-
ple not treated with NH,OH, the peptide containing IAA-
modified Cys544 was identified from an NH,OH-treated sample,
and its abundance increased significantly (S/ Appendix, Fig. S4C),
suggesting that RFX3 could be S-fatty acylated at Cys544. In
addition, the peptides containing IAA-modified Cys542 and
Cys739 were also identified from in-gel digestion sample (S
Appendix, Table S1), suggesting that Cys542 and Cys739 might
be additional potential sites of RFX3 S-fatty acylation. Taken
together, our results suggest that Cys544 is the primary site of
RFX3 fatty acylation. However, we cannot completely exclude
the possibility that Cys542 and Cys739 are minor sites of RFX3
fatty acylation.

Fatty Acid Preferences and Dynamics of RFX3 Fatty Acylation. Our
streptavidin beads pull-down assay suggested that saturated
fatty acid Alk-C16 displays higher labeling efficiency for
RFX3 than that of the monounsaturated fatty acid Alk-C16:1
(Fig. 1C). We asked whether fatty acylation of RFX3 has
preferences for different types of fatty acids. To answer this
question, we utilized a series of fatty acid chemical probes in-
cluding different chain length and unsaturation levels (Fig. 24).
Flag-tagged RFX3 was transfected into the HEK293A cells,
labeled cells with 50 pM of probes, followed by Click reaction
with biotin-azide. The streptavidin blot results suggested that
18-carbon stearoylation probe (Alk-C18) displays the highest
labeling efficiency, whereas 14-carbon myristoylation probe
(Alk-C14) shows the lowest labeling efficiency (Fig. 2B). In
addition, 16-carbon palmitoylation probe (Alk-C16) shows
slightly lower labeling efficiency than that of 18-carbon stearic
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Fig. 1. RFX3 is S-fatty acylated at an evolutionarily conserved cysteine residue. (A) Biochemical validation of RFX1 and RFX3 fatty acylation by metabolic
labeling using chemical reporters of fatty acylation and streptavidin blot. (B) Treatment with hydroxylamine significantly decreased RFX3 fatty acylation. (C)
Streptavidin pull-down and Western blotting confirmed that endogenous RFX3 is fatty acylated in human pancreatic p-cells. (D) Alignment of dimerization
domain sequences of RFX3 family proteins by ClustalW, including human, mouse, Xenopus, Danio rerio, Drosophila, and C. elegans. (E) Mutation of cysteine
544 to serine completely abolished fatty acylation of RFX3. (F) APE assay confirmed S-fatty acylation of RFX3. (G) MS/MS spectral of RFX3 modified peptide
showing S-fatty acylation on Cys544. #, IAA modification.

Chen et al. PNAS | vol. 115 | no.36 | E8405

BIOCHEMISTRY



L T

/

1\

BN AS  PNAS D)

A o 0 B Vector RFX3 C
X = Probe 31 2 3 4 5 6
Sy~Hon Sy Hon rob o
L e | 250 &
Alk-C14 Alk-C20 % 150 — _;‘1.5 '['
100 —| 5]
Sk S—phon i _Glll"'-quCXRFxsgm _
1 o 4 o % Sl Ll - ]
2 5 @ - 205+
Alk-C16 Alk-C16:1 &B| s0— 2 ; i
- % 0- ' . _
5 & -'h.--v g 1 2 3 4 5 6
. .
on WOH -
Wy YE 10— wwwwwweweded Flag (RFX3)
Alk-C18 Alk-C18:1
s e e ee® GAPDH
D E S RFX3 F
Q —_——
Chase(h) £ o0 051 2 4
» ;?c?_ sSEF"- 9 t,p=14h  R2=090
TriacsinC (uM) - 0.31 3 5 10 % 150_ E 104
kDa - B 4 100_ -
APE|100 -:;---:g;ig PEG " ! = & QAK-C18-RFX3 9 05
& ass %
Input| 100 eseseweseses RFX3 % =
= > 0.6+
37 === = = = — GAPDH & i o
LA A A A A 2 oa : : : :
37— % 0 1 2 3 4
10— wsesepewes Flag (RFX3) < Chase (h)

_ eeeeee GAPDH

Fig. 2.

Fatty acid preferences and dynamics of RFX3 fatty acylation. (A) Fatty acylation chemical reporters used in the study. (B) Fatty acid preference of

RFX3 fatty acylation by metabolic labeling using chemical reporters of fatty acylation and streptavidin blot. (C) Quantification of RFX3 fatty acylation level
normalized by the expression level of Flag-RFX3. (D) APE assay showed the effect of long-chain fatty ACSL inhibitor Triacsin C on RFX3 S-fatty acylation. (E)
Pulse-chase analysis showed dynamic S-stearoylation of RFX3. (F) Determination of the half-life for the stearic acid turnover on RFX3 from pulse-chase ex-

periments. Values represent the average + SEM of three or four experiments.

acid probe but higher than that of 20-carbon arachidic acid
(Alk-C20). Notably, the labeling efficiency of 18-carbon mono-
unsaturated oleic acid probe (Alk-C18:1) appears to be sub-
stantially higher than that of 16-carbon monounsaturated
palmitoleic acid probe (Alk-C16:1), similar to 18-carbon stearic
acid probe. We quantified RFX3 fatty acylation level in the
HEK293A cells treated with different fatty acid probes in four
independent experiments. The quantification results confirmed
that RFX3 fatty acylation has preferences for 18-carbon satu-
rated stearic acid and monounsaturated oleic acid in HEK293A
cells (Fig. 2C), suggesting that RFX3 fatty acylation might be
regulated by fatty acid metabolism. In addition, we treated
HEK293A cells with long-chain fatty acyl-CoA synthetase
(ACSL) inhibitor Triacsin C and analyzed the fatty acylation
level of RFX3 using APE assay. The APE results showed that
inhibition of ACSL by Triacsin C substantially decreased the
fatty acylated RFX3 level in HEK293A cells (Fig. 2D), sug-
gesting that fatty acylation of RFX3 might respond to changes
in intracellular long-chain fatty acyl-CoA levels. Taken to-
gether, our results suggested that RFX3 fatty acylation might
be regulated by intracellular metabolites.

We next asked whether RFX3 undergoes cycles of fatty acyla-
tion and de-fatty acylation. To determine the rates of fatty acyla-
tion cycling of RFX3, pulse-chase experiments were performed.
Results of multiple pulse-chase experiments showed that the
turnover rate of stearoylation of RFX3 is approximately 1.4 h,
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while the protein remained stable during the assay period (Fig. 2 E
and F), suggesting that fatty acylation of RFX3 is a dynamic pro-
cess. In addition, we measured the turnover rates of palmitic acid
and oleic acid on RFX3, with a half-life of about 1.5 h and 1.2 h,
respectively (SI Appendix, Fig. S5).

Recent studies have shown that palmostatin B can inhibit
depalmitoylases APT1/2 and o/f-hydrolase domain-containing
protein 17 (ABHD17) (56, 57). We asked whether palmostatin B
could affect RFX3 fatty acylation. Our results revealed that 10 pM
of palmostatin B could not increase RFX3 fatty acylation level (SI
Appendix, Fig. S64). In addition, overexpression of APT1/2 and
ABHD17 could not decrease the RFX3 fatty acylation level (S
Appendix, Fig. S6B), consistent with palmostatin B treatment re-
sults. Recent studies suggested that ABHD family proteins are
potential depalmitoylases (57, 58). We thus screened other
ABHDs and found that ABHD2 and ABHD6 might be potential
candidate proteins regulating RFX3 defatty acylation (S Appendix,
Fig. S7).

RFX3 Undergoes Auto-Fatty Acylation That Is Required for Its
Dimerization. To identify potential S-fatty acylation enzymes of
RFX3, we screened the known palmitoyl acyltransferases (PATS).
We cotransfected each of the 23 HA-tagged mouse ZDHHC
family members of S-acyltransferases (ZDHHC-PATS) and Flag-
tagged RFX3 into HEK293A cells and metabolically labeled
RFX3 using Alk-C16. Overexpression of ZDHHC-PATs failed to
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significantly enhance fatty acylation levels of REX3 (SI Appendix, To test this hypothesis, we used the recombinant human
Fig. S8), suggesting that ZDHHC-PATs might not be involved in ~ RFX3 protein in biochemical assays in vitro. RFX3 protein was
RFX3 fatty acylation and RFX3 might be fatty acylated through a  incubated with physiologically relevant concentrations (2.5 pM,
different mechanism. However, we cannot exclude the possibility 5 pM, or 10 pM) of a clickable analog of palmitoyl-CoA (15-
that an unknown enzyme contributes to the RFX3 fatty acylation.  hexadecynoic-CoA) for 30 min at neutral pH, followed by Click
We previously have reported that TEA domain transcription reaction with biotin-azide. The streptavidin blot showed that
factors (TEADs) are autopalmitoylated proteins (59). TEADs  RFX3 is strongly fatty acylated in vitro in the absence of
possess intrinsic “enzyme-like” activities and bind to palmitoyl- ZDHHC-PATs in a palmitoyl-CoA concentration-dependent
CoA directly. The cysteine residues located near the acyl-CoA  manner (Fig. 34), confirming that RFX3 fatty acylation is an
binding site could undergo self-catalyzed, “proximity”’-mediated  “autoacylation” and nonenzymatic process. Next, we fixed the
acylation, resulting in nonenzymatic palmitoylation. We spec-  concentration of 15-hexadecynoic-CoA at 5 uM and tested the
ulate that RFX3, like TEADs, might possess such enzyme-like  autoacylation of RFX3 at different time points. Our results
activities and undergo auto-fatty acylation. suggested that the fatty acylation level of RFX3 increases in a
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Fig. 3. Auto-fatty acylation of RFX3 is required for its dimerization. (A) RFX3 is fatty acylated in a fatty acyl-CoA concentration-dependent manner in vitro.
(B) RFX3 is fatty acylated in a time-dependent manner in vitro. (C) Hydroxylamine treatment substantially decreased in vitro fatty acylated RFX3. (D) Fatty
acyl-CoA preferences of RFX3 in vitro by APE assay. (F) Quantification of in vitro fatty acylated RFX3 normalized by RFX3 protein level. (F) Representative
streptavidin blot for measuring K,,, of in vitro fatty acylation of RFX3. (G) Plot of K,,, of in vitro fatty acylation of RFX3. Values represent the average + SEM of
three experiments. (H) Protein cross-linking results show stronger homodimerization of WT RFX3 than that of the fatty acylation-deficient C544S mutant. (/)
Co-IP experiment shows the dimerization level decreased in the fatty acylation-deficient C544S mutant. (J) Cartoon showing fatty acylation of RFX3 regulates
its dimerization and transcriptional activities.
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time-dependent manner (Fig. 3B). Treating the Click reaction
products with 2.5% (vol/vol) NH,OH substantially decreased
RFX3 fatty acylation levels, suggesting the in vitro fatty acylation
of recombinant RFX3 is sensitive to NH,OH (Fig. 3C). To mea-
sure the stoichiometry of fatty acyl-CoA modification of the
recombinant RFX3 in vitro, we performed in vitro APE assay.
Briefly, we incubated different fatty acyl-CoA with the recombi-
nant RFX3 for 45 min followed by APE analysis in vitro. The in
vitro APE results revealed that there is only one slower migrating
PEGylated polypeptide band corresponding to the fatty acylated
RFX3 (Fig. 3D), suggesting only one cysteine residue of RFX3 is
modified by fatty acyl-CoA in vitro. As expected, we found that
recombinant RFX3 contains a certain amount of fatty acylated
form. In addition, the fatty acylated RFX3 level was quantified in
three independent experiments. Consistent with the cell-based
APE results, the recombinant RFX3 has preferences for 18-
carbon saturated stearoyl-CoA and unsaturated oleoyl-CoA (Fig.
3E). Next, we fixed the concentrations of RFX3 protein at 0.1 pM
and reaction time for 10 min and determined initial velocity (V)
of RFX3 autoacylation reactions under different concentrations
of palmitoyl-CoA. The apparent K,,, of palmitoyl-CoA on RFX3
palmitoylation is around 7.5 pM (Fig. 3 F and G), which is com-
parable to the K, of ZDHHC-PATs (60). Taken together, we
found RFX3 possesses enzyme-like activities and could bind to
fatty acyl-CoA and undergo autoacylation.

To test whether RFX3 undergoes spontaneous de-fatty acyl-
ation in vitro, we have performed auto-defatty acylation assay in
vitro. Briefly, we first incubated alkyne-palmitoyl-CoA with the
recombinant RFX3 for 2 h at room temperature and then removed
the excess unreacted alkyne-palmitoyl-CoA by buffer exchange
using the Amicon Ultra-0.5 centrifugal filter unit. RFX3 fatty
acylation level was detected every hour for 5 times. After removal
of alkyne-palmitoyl-CoA, there was no substantial decrease of
RFX3 fatty acylation level in a time-dependent manner (SI Ap-
pendix, Fig. S9), suggesting RFX3 might not undergo spontaneous
de-fatty acylation in vitro.

As the RFX3 fatty acylation site is located in the dimerization
domain of RFX3, we speculate that fatty acylation of RFX3 might
affect its dimerization. We performed in vivo cross-linking assay to
analyze RFX3 protein dimerization. We transfected WT RFX3 or
the C544S mutant into the HEK293A cells. After 36 h, cells were
treated with 1% formaldehyde (HCHO) as a negative control or
1 mM disuccinimidyl glutarate (DSG), which is a homobifunctional
cross-linker with the amine-reactive N-hydroxysuccinimide ester
group. After 10 min of incubation in cold PBS, HCHO- and DSG-
treated cells were quenched with 100 mM glycine, pH 3.0, and
500 mM Tris-HCI, pH 8.0, respectively, for an additional 15 min.
We observed a strong dimerization band of WT RFX3, whereas
the dimerization band of the fatty acylation-deficient mutant
C544S decreased substantially in Western blotting analysis (Fig.
3H). To further confirm that fatty acylation could regulate RFX3
dimerization, we carried out a coimmunoprecipitation (co-IP)
experiment. Flag-tagged RFX3 (WT or C544S mutant) and
GFP-tagged RFX3 (WT or C544S mutant) were cotransfected
into HEK293A cells, respectively. The expression levels of Flag-
tagged RFX3 in WT and the C544S mutant are at a comparable
level. Although the expression level of the GFP-tagged C544S
mutant is slightly higher than that of GFP-tagged WT RFX3,
we have observed markedly decreased dimerization with fatty
acylation-deficient C544S mutant (Fig. 3]), confirming that fatty
acylation of RFX3 promotes its dimerization.

Previously, fatty acylation of proteins has been linked to the
regulation of protein membrane localization. We carried out
immunofluorescence (IF) assay to analyze the localization of WT
or C544S mutant of RFX3. We found that the fatty acylation-
deficient C544S mutant of RFX3, similar to the WT RFX3,
mainly localizes to the nucleus in NIH 3T3 cells (S Appendix,
Fig. S10), suggesting that fatty acylation does not affect RFX3
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localization. Taken together, we speculate that fatty acylation of
RFX3 is required for its dimerization, thereby affecting its tran-
scriptional activity (Fig. 37)

Fatty Acylation Regulates RFX3-Mediated Ciliary Gene Expression and
Ciliogenesis. As RFX3 plays a well-defined role in ciliogenesis in
vertebrates (17, 18, 24), we ask whether fatty acylation of
RFX3 is required for ciliary gene expression and cilia formation.
Mouse embryonic fibroblast NIH 3T3 cells are commonly used
for the study of ciliogenesis. To further explore the functions of
RFX3 fatty acylation, we generated NIH 3T3 cell lines stably
expressing Flag-tagged WT RFX3 or the fatty acylation-deficient
C544S mutant. Western blot analysis confirmed the comparable
expression levels of WT and the mutant in NIH 3T3 stable cell
lines (SI Appendix, Fig. S114). We then performed quantitative
RT-PCR (qRT-PCR) assay to analyze expression levels of
RFX3 target genes including Dync2lil, Dnaicl, and Dnalil.
Dync2lil is a well-defined target gene of RFX3, encoding a
protein of the dynein-2 complex that is essential for the intra-
flagellar transport system as well as generation and maintenance
of cilia (17, 18, 22, 27, 61-63). Defects in this gene lead to dys-
function of the dynein-2 complex, abnormal cilia function, and
Hh pathway impairment that causes several types of ciliopathy
including short-rib polydactyly syndrome (SRPS) (64-66).
Dnaicl/DNAII encodes a dynein complex protein in respiratory
cilia, and defects in this gene lead to abnormal ciliary structure
and function involved in the first identified human ciliopathy
called primary ciliary dyskinesia (PCD) or Kartagener syndrome
(67-70). Dnalil/DNALII encodes a flagella protein and is a
potential candidate gene associated with PCD (71, 72). DNAII
and DNALII have been identified as RFX3-associated ciliary
genes in human airway epithelium (24). Our qRT-PCR results
suggested that overexpression of WT RFX3, but not the fatty
acylation-deficient mutant C544S, significantly increased the
expression of Dync2lil, Dnaicl, and Dnalil in NIH 3T3 cells (S
Appendix, Fig. S11B). To minimize the confounding effects from
endogenous RFX3, we generated RFX3-knockout cell lines
(KO-1 and KO-2) by using the CRISPR/Cas9 genome-editing
system, and the knockout efficiency was evaluated by Western
blot analysis (SI Appendix, Fig. S124). We then performed qRT-
PCR assay to analyze the expression of three RFX3 target genes
(Dync2lil, Dnaicl, and Dnalil) and found loss of RFX3 led to
decreased expression of these ciliary genes (SI Appendix, Fig.
S12B), which is consistent with previous reports (17, 22, 27).
RFX3 and other RFX family members, such as RFX1, may co-
operatively regulate an overlapping set of target genes and might
have functional redundancy (10), which might cause the rela-
tively low-fold decrease of the ciliary genes in RFX3-knockout
cells. We next performed an IF assay to analyze cilia formation
in the two knockout cell lines. Interestingly, compared with
control cell lines, the ciliated cells were statistically significantly
decreased in the two RFX3 knockout cell lines (SI Appendix,
Fig. S12 C and D), consistent with the previous reports that
RFX3 plays a regulatory role in cilia formation in NIH 3T3 cells.

To further evaluate the effect of RFX3 fatty acylation on its
target gene expression and cilia formation, we next re-expressed
WT RFX3 and the fatty acylation-deficient C544S mutant in the
established RFX3-knockout NIH 3T3 cells. Western blot con-
firmed that the RFX3 protein expression levels are comparable
in cells expressing WT RFX3 and the C544S mutant (Fig. 44).
Our gRT-PCR results suggested that re-expression of WT
RFX3, but not the fatty acylation-deficient C544S mutant,
markedly increased the expression of the RFX3 target genes,
including Dync2lil, Dnaicl, and Dnalil (Fig. 4B). We next per-
formed IF assay to analyze the cilia formation in the established
stable cells, and the percentage of ciliated cells was quantified.
Compared with the RFX3-knockout cells, reintroducing WT
RFX3, but not the C544S mutant, significantly increased the
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Acetylated tubulin

Flag (RFX3)

Fatty acylation of RFX3 regulates ciliary gene expression and cilia formation. (A) Western blot analysis shows comparable expression levels of WT

RFX3 and the C544S mutant in the established stable cells. (B) qRT-PCR results show expression of ciliary genes in different stable cell lines expressing vector
control, WT RFX3, and C544S mutant. (C) Representative images of cilia in different NIH 3T3 stable cell lines expressing vector control, WT RFX3, and C544S
mutant. Cells were stained with anti-acetylated tubulin antibody (red), anti-RFX3 antibody (green), and DAPI (blue). (Scale bars: 20 pm.) (D) Quantification of
the percentage of ciliated cells in different stable cell lines. At least 200 cells were analyzed for each cell line in three independent experiments. Values
represent the average + SEM of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (different from control; Student’s t test).

percentage of ciliated cells (Fig. 4 C and D). Taken together, our
results suggested that fatty acylation of RFX3 plays a regulatory
role in ciliary gene expression and ciliogenesis.

Fatty Acylation of RFX3 Regulates Cilia Elongation and Hh Signaling.
RFX3 has been reported as a key transcription factor associated
with cilia growth (18, 22). We noticed that cilia are shorter in the
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RFX3-knockout NIH 3T3 cells than in control cells. To analyze
the cilia length more quantitatively and accurately, we performed
three-dimensional image constructions using confocal micros-
copy to visualize and measure the cilia length in cells. Reintro-
ducing WT RFX3 into the RFX3-knockout NIH 3T3 cells,
but not the fatty acylation-deficient mutant C544S, signifi-
cantly increased the cilia length (Fig. 5 4 and B), suggesting
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that fatty acylation of RFX3 is required for cilia elongation in
NIH 3T3 cells.

Cilia are crucial for Hh signaling, and multiple Hh pathway
components are required to localize to cilia for proper signal
transduction (2). Loss of cilia is linked to defective Hh signaling.
Therefore, we asked whether fatty acylation of RFX3 could regu-
late Hh signaling, through regulating ciliogenesis. After treatment
with 100 nM of Smoothened agonist Hh-Ag-1.5 overnight, gRT-
PCR assay was performed to evaluate Hh target genes (Glil and
Prtchl) in the stable REX3-knockout NIH 3T3 cell lines. Compared
with vector control, the expression levels of Gli and Ptchl are sig-
nificantly decreased in the RFX3-knockout cells (SI Appendix, Fig.
S13), suggesting that RFX3 is required for Hh signaling. Reintro-
ducing WT RFX3, but not the fatty acylation-deficient C544S
mutant, significantly restored the expression levels of Glil and
Prchl (Fig. 5C), suggesting that fatty acylation of RFX3 could in-
deed regulate Hh signaling, possibly through regulating ciliogenesis.

Discussion

Protein S-fatty acylation is a reversible lipid modification, playing
important roles in regulating localization and functions of many
proteins. Here we show that the transcription factor RFX3 is

A

Acetylated tubulin

Vector

C5448

S-fatty acylated on an evolutionarily conserved cysteine residue
in the dimerization domain (Fig. 1). Using different chemical
reporters of fatty acylation, we found that fatty acylation of
RFX3 exhibits preferences for 18-carbon stearic acid and oleic
acid (Fig. 2 B and C). Future 3D structural studies of the
RFX3 dimerization domain may provide direct evidences for the
fatty acid selectivity profiles of RFX3. Pharmacological in-
hibition of ACSL reduced the RFX3 fatty acylation level in cells
(Fig. 2D), indicating that intracellular metabolites, such as the
long-chain fatty acyl-CoA level, might regulate RFX3 fatty ac-
ylation. A recent study found that the metabolite stearic acid can
function as a regulator of mitochondrial function in response to
diet by stearoylation of human transferrin receptor 1 (TFR1)
(73), suggesting an important role of metabolite stearic acid as a
signaling molecule. Our study showed that RFX3 undergoes
cycles of fatty acylation and de-fatty acylation, and the stear-
oylation turnover rate on RFX3 is about 1.4 h (Fig. 2 E and F).
The 18-carbon stearic acid oleic acid (¢1, = 1.2 h) exhibits a
slightly shorter half-life than 16-carbon palmitic acid (¢;, = 1.5 h)
(SI Appendix, Fig. S5). Our ABHD screening results revealed
that ABHD2/6 could decrease RFX3 fatty acylation (SI Appen-
dix, Fig. S7), implying that de-fatty acylation of RFX3 might be
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Fig. 5. Fatty acylation of RFX3 regulates cilia growth and Hh signaling. (A) 3D reconstructions of confocal imaging of cilia show the length of cilia from the
indicated cell lines. Cells were stained with anti-acetylated tubulin antibody (red), anti-RFX3 antibody (green) and DAPI (blue). (Scale bars: 10 um.) (B) The box
plot shows the mean length of cilia from different cell lines measured in confocal-microscopy stacks. At least 200 cilia were measured for each cell line.
Statistical significance of the difference in cilia length was analyzed using Student’s t test (***P < 0.0001). (C) Reintroducing WT RFX3 into the RFX3 knockout
cells, but not the fatty acylation-deficient mutant C544S, increased the expression of Hh target genes Gli and Ptch1 upon stimulation with Hh agonist Hh-
Ag1.5. Values represent the average + SEM of three experiments. ***P < 0.001 (different from control; Student'’s t test).
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an enzyme-mediated process. It is also possible that other un-
known enzymes are de-fatty acylases of RFX3. Future follow-up
studies will uncover the detailed regulation mechanism of
RFX3 de-fatty acylation. We further demonstrated that RFX3,
like TEAD, undergoes an auto-fatty acylation process (Fig. 3 4
and B). Surprisingly, the recombinant RFX3 displays preferences
for 18-carbon stearoyl-CoA and oleoyl-CoA in vitro (Fig. 3 D
and E), which is consistent with the cell-based results. We cal-
culated the apparent K, value (around 7.5 pM) of palmitoyl-
CoA on RFX3 palmitoylation (Fig. 3 F and G), which is within
the physiological range of intracellular fatty acyl-CoA concen-
trations. It has been reported that the total cellular concentra-
tions of long-chain (14-20 carbon) fatty acyl-CoA range from
5 uM to 160 pM, depending on the tissue and its metabolic state
(74-76). Our in vitro de-fatty acylation results indicated that
RFX3 might not undergo spontaneous de-fatty acylation (S
Appendix, Fig. S9), which is in line with cell-based results sup-
porting that RFX3 de-fatty acylation might be an enzymatic
process. Another possibility is that RFX3 might exhibit enzyme-
like properties and need a “substrate-like” protein to accept its
fatty acyl group. We further found that fatty acylation of RFX3 is
required for its dimerization (Fig. 3 H and I) and transcriptional
activities (Fig. 4B), but not for its nuclear localization (S
Appendix, Fig. S10). Intracellular metabolites may affect the
availability of long-chain fatty acyl-CoA and thereby regulate
RFX3 auto-fatty acylation and its transcriptional activities.
Taken together, our study provided a potential connection be-
tween fatty acylation of RFX3 and long-chain fatty acyl-CoA in
signal transduction. However, we cannot completely exclude that
Cys544 may also contribute to RFX3 dimerization via disulfide
bond formation, which could be an alternative or complementary
mechanism regulating RFX3.

RFX3 is ubiquitously expressed in various tissues with ciliated
cells, such as embryonic node, brain, epidermis, and pancreas, and
plays a pivotal role in formation, growth, and function of cilia (17,
18, 22, 23, 25). The cilia can be substantially affected in multiple
ways due to the defects in RFX3, such as shortened cilia and a
reduced number of cilia (17, 23, 27). Our results suggested that
fatty acylation of RFX3 is required for the expression of ciliary
genes (Fig. 4B), cilia formation (Fig. 4 C and D), and growth (Fig.
5 A and B). The three detected ciliary genes (Dync2lil, Dnaicl, and
Dnalil) are involved in assembly and function of cilia and are as-
sociated with several types of ciliopathies (17, 18, 22, 27, 61-72),
suggesting fatty acylation of RFX3 may play a regulatory role in
the related ciliopathies. Cilia are essential for Hh signaling path-
ways (2). Our results indicated that fatty acylation of RFX3
regulates the expression of Hh target genes Glil and Pichl (Fig.
5C), probably through regulating cilia formation. In addition to
ciliogensis, RFX3 regulates pancreatic f-cell differentiation and
glucokinase gene Gck expression, which is crucial for the mature
B-cell functions (22, 27, 28). We found that knockout RFX3 in the
p-cell line (MING) leads to significantly reduced expression of the
Gck gene (SI Appendix, Fig. S14 A and B), consistent with
the previous study (27). Reintroducing WT RFX3, but not the fatty
acylation-deficient C544S mutant, significantly restored the ex-
pression levels of Gek (SI Appendix, Fig. S14 C and D), suggesting
that fatty acylation of RFX3 is required for Gck expression in the
MING pancreatic p-cell line. Previous studies showed that RFX6 is
a master regulator of the pancreatic program and is involved in
progenitor specification, endocrine cell differentiation, f-cell
function, and glucose homeostasis (28, 77-79). RFX3 and RFX6
have been proposed to cooperatively regulate common genes
required for the pancreatic program (28). Fatty acylation of

1. Gerdes JM, Davis EE, Katsanis N (2009) The vertebrate primary cilium in development,
homeostasis, and disease. Cell 137:32-45.

2. Goetz SC, Anderson KV (2010) The primary cilium: A signalling centre during verte-
brate development. Nat Rev Genet 11:331-344.
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RFX3 may be involved in this process and regulate the inter-
actions between RFX3 and RFX6 by forming the RFX3-
RFX6 heterodimer.

RFX1, RFX2, and RFX3 are evolutionarily related proteins
that share a highly conserved dimerization domain (SI Appendix,
Fig. S15) (13, 14, 33). Our MS data as well as previously reported
chemoproteomic profiling data suggested that RFX1 and RFX3
are potential fatty acylated proteins (S Appendix, Fig. S1) (50-53).
Our biochemical study confirmed that RFX1 and RFX3 are S-fatty
acylated proteins (Fig. 1 and SI Appendix, Fig. S2). It is likely that
RFX2 is also fatty acylated (SI Appendix, Figs. S3 and S15). Fur-
ther studies may provide detailed information on how fatty acyl-
ation affects the function of RFX1 and RFX2. A recent study
found that RFX2 can recruit and stabilize distal enhancers to
promoters via a chromatin loop created by RFX2 dimerization,
enabling distantly bound factor FOXJ1 to promote cilia gene ex-
pression during multiciliated cell differentiation (80). RFX3 may
activate target genes via dimerization in a manner similar to RFX2.
Another recent study reported that transcription factors including
RFX1-6 are highly associated with the risk of T2D (29). RFX3 has
been demonstrated to interact directly with RFX1, RFX2, RFX4,
RFX6, and another key ciliary transcription factor, FOXJ1
(SI Appendix, Fig. S16) (14, 24, 28, 40, 43). Overall, our study
suggested that fatty acylation of RFX3 may play a regulatory role
in the protein interaction network by affecting homo- or heter-
odimerization, thereby regulating ciliogenesis as well as tissue
specification. Deregulation of fatty acid metabolism might affect
fatty acylation of RFX3 and thereby the RFX3-mediated protein
interaction network, leading to ciliopathies and metabolic dis-
orders such as diabetes.

Materials and Methods

Cell Labeling and Click Reaction. Cells were treated with chemical probes or
DMSO for 4 h or overnight. Labeled cells were washed three times with cold
PBS and lysed with lysis buffer containing 50 mM TEA-HCI, pH 7.4, 150 mM
NaCl, 1% Triton X-100, 0.1% SDS, 1 mM PMSF, and 1x EDTA-free cOmplete
protease inhibitor mixture (Roche). Click reaction was performed in 100 pL
lysis buffer containing 50 pg protein, 100 uM biotin-azide, 1 mM TCEP,
100 pM TBTA, and 1 mM CuSO, for 1 h at room temperature. The reactions
were terminated by the addition of 20 pL of 6x SDS sample loading buffer.
The samples were heated for 5 min at 95 °C before being subjected to SDS/
PAGE analysis.

MS Analysis. Cells were harvested, followed by Click reaction. Click reaction
products were precipitated using methanol. The protein pellets were dis-
solved in resuspension buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 10 mM EDTA, and 2% SDS. Then samples were diluted with an equal
volume of buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NacCl, 10 mM
EDTA, and 1% Nonidet P-40 and incubated with prewashed streptavidin-
agarose beads overnight at room temperature. The beads were washed
three times with buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM Nadl,
10 mM EDTA, and 0.2% SDS. Then samples were washed an additional
15 times with buffer containing 50 mM Tris-HCl, pH 7.4, and 150 mM NaCl. The
prepared samples were directly digested on beads, and supernatants were
collected for LC-MS/MS analysis.

An extended section is provided in S| Appendix, S| Materials and Methods.
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