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Massive GGGGCC (G4C2) repeat expansion in C97f72 and the resulting loss of
C9orf72 function are the key features of ~50% of inherited amyotrophic lateral scle-
rosis and frontotemporal dementia cases. However, the biological function of C9orf72
remains unclear. We previously found that C90rf72 can form a stable GTPase activating
protein (GAP) complex with SMCR8 (Smith-Magenis chromosome region 8). Herein,
we report that the C9orf72-SMCRS8 complex is a major negative regulator of primary
ciliogenesis, abnormalities in which lead to ciliopathies. Mechanistically, the C9orf72—
SMCRS complex suppresses the primary cilium as a RAB8A GAP. Moreover, based on
biochemical analysis, we found that C9orf72 is the RAB8A binding subunit and that
SMCRS is the GAP subunit in the complex. We further found that the C9orf72-SMCR8
complex suppressed the primary cilium in multiple tissues from mice, including but not
limited to the brain, kidney, and spleen. Importantly, cells with C9orf72 or SMCR8
knocked out were more sensitive to hedgehog signaling. These results reveal the unex-
pected impact of C9orf72 on primary ciliogenesis and elucidate the pathogenesis of
diseases caused by the loss of C90rf72 function.
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The massive expansion of GGGGCC (G4C2) repeats in the first intron of C907/72 causes
~50% of genetic cases of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD) (1, 2). Two major mechanisms, gain of toxicity and loss of function, have been
proposed to explain the pathophysiology of C90rf72-ALS (1-4). The gain of toxicity is
attributed to the accumulation of poly-dipeptides and RNA G-quadruplexes derived from
massive G4C2 repeats (5, 6). Moreover, loss of function resulting from decreases in the
transcription and expression of C907f/2 exacerbates the outcomes resulting from the gain
of toxicity (4, 7, 8). Although many substantial studies have suggested that C9orf72 plays
a critical role in regulating autophagy (9, 10), lysosome function (11, 12), immune
responses (13, 14), synaptic function (15, 16), and membrane trafficking (17-19), the
specific physiological function of C9orf72 remains elusive.

C9orf72, Smith-Magenis chromosome region 8 (SMCRS), and WDR41 can form a
stable functional complex that regulates multiple biological processes in cells (9, 20). Both
CYorf72 and SMCRS are members of the differentially expressed in normal and neoplastic
cells family (17, 21), the members of which are well-characterized as guanine nucleotide
exchange factors (GEFs) for RAB GTPases (22, 23). C9orf72 has also been implicated in
the regulation of autophagy and membrane traflicking via its GEF function for many
RABs, such as RAB8A, RAB29, and RAB39B (9, 24). However, structural analyses have
revealed that the C90rf72-SMCR8 complex shows an overall structural fold similar to
that of the FLCN-FNIP2 complex, which regulatess mTORI signaling as a GTPase
activating protein (GAP) for RRAGC/D (18, 19, 25, 26). Besides, both structural and
bioinformatic analyses have suggested that Arg147 of SMCRS corresponds to the arginine
finger of FLCN, indicating that the C90rf72-SMCR8 complex might function as a GAP
in some signaling pathways (18, 19). Biophysical and biochemical experiments revealed
that the C90rf72-SMCR8 complex is a GAP for RAB8A (18, 27), RAB11A (18, 27),
and ARF1 (19, 28) and that Argl47 of SMCRS is critical for its GAP activity in vitro
(18,19, 28).

RABBA is a member of the RAB family that is critical for vesicle biogenesis, traffick-
ing, tethering, and fusion (29, 30). Specifically, RAB8A plays critical roles in intercellular
communication (31, 32), apical transportation (33, 34), exocytosis (35), axon growth
(36), and primary ciliogenesis (37, 38). The primary cilium, a single, nonmotile,
microtubule-based organelle that is present on the surface of most cell types in humans,
is the key regulator of homeostasis and development (39-41). Generally, the BBSome,
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Loss of C90rf72 function caused
by the abnormal GGGGCC (G4C2)
repeat expansion in C9orf72
might exacerbate amyotrophic
lateral sclerosis (ALS) and
frontotemporal dementia (FTD).
However, the biological function
of C90rf72 remains unclear.
Here, we report that the
C90rf72-SMCR8 (Smith-Magenis
chromosome region 8) complex
suppresses primary cilium
growth as a RAB8A GAP (GTPase
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link between C90rf72 function
and the primary cilium and
hedgehog signaling. This
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potential pathogenic mechanism
related to the loss of C9orf72
function.
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a protein complex related to Bardet—Biedl syndrome, is critical
for primary ciliogenesis (42). The BBSome can recruit Rabin8
via its C-terminal tail to the primary cilium, where Rabin8 acti-
vates RAB8A as a GEF (42). Once activated by Rabin8, RABSA
promotes the assembly and elongation of the ciliary membrane
by enhancing vesicle trafficking for primary ciliogenesis (43, 44).
The primary cilium functions as an antenna to sense changes in
the extracellular environment, including changes in light, sign-
aling molecules, and mechanical stimuli (45, 46). Noteworthily,
the primary cilium is fundamentally critical for hedgehog (Hh)
signaling, which is essential for embryonic development and
tissue homeostasis in vertebrates (47, 48). Dysfunction of the
primary cilium results in many serious diseases that are referred
to as ciliopathies, which manifest in patients as a wide spectrum
of disorders, including congenital heart disease (49), cystic kid-
ney disease (50, 51), and neurodegenerative diseases (52).
Notably, either the loss of C90rf72 or dysfunction of the primary
cilium can lead to neurodegenerative diseases and alterations in
inflammatory responses (53, 54). However, the relationship
between C9orf72 and the primary cilium has never been
investigated.

In this manuscript, we demonstrated that the C9orf72-SMCRS8
complex functions as a RAB8A GAP in cells to negatively regulate
primary cilium growth and found that cells with knockout either
C9or1f72 or SMCRS8 were more sensitive to sonic hh (Shh) stim-
ulation. Moreover, we also reveal the structural and biochemical
underpinnings by which the C9orf72-SMCR8 complex recog-
nizes RABSA and stimulates Guanosine-5'-triphosphate (GTP)
hydrolysis. Our data thus reveal the role of C90rf72 in regulating
the primary cilium, a key organelle at the plasma membrane (PM),
and Hh signaling, which sheds light on the potential pathogenic
mechanism related to the loss of C9orf72 function.

Results

The C90rf72-SMCR8 Complex Suppresses Primary Ciliogenesis. The
RAB8A-RABI11A cascade has been suggested to play a pivotal role in
primary ciliogenesis (38), and data from our previous study indicated
that the C90rf72-SMCR8 complex is a RAB8A/11A GAP (18,
27). Therefore, to explore whether the C90rf72-SMCR8 complex
affects primary ciliogenesis, we knocked out C9orf72 and SMCRS
in human HEK293T cells and APRE-19 cells (SI Appendix, Fig. S1
A and B). ARL13B (55) and acetylated tubulin (Ac-tubulin) (38)
are usually used as markers of the primary cilium. We first evaluated
whether ARL13B and Ac-tubulin could be used as primary cilium
markers in C9orf72-knockout (C9KO) cells and SMCR8-knockout
(S8KO) cells. Immunofluorescence staining showed that ARL13B
and Ac-tubulin overlapped well in the primary cilia of wild-type
(WT) cells, CIKO cells, and S8KO cells (SI Appendix, Fig. S1C),
suggesting that neither C9orf72 knockout nor SMCR8 knockout
affected the localization of ARL13B or Ac-tubulin in primary cilia.
Because we performed many cotransfection experiments and used
multiple fluorescence markers, in the following experiments, we
mainly used ARL13B as the primary cilium marker.
Immunofluorescence staining showed that the average incidence
of spontaneous primary ciliogenesis was significantly higher in both
CIKO cells and S8KO cells than in WT cells (Fig. 1 A-D). Moreover,
under serum-starvation conditions, the percentage of ciliated cells
increased dramatically in COKO cells and S8KO cells compared with
WT cells (Fig. 1 A-D). We also measured the primary cilium length
in cells cultured with or without serum. Both C9KO and S8KO cells
exhibited primary cilia with an increased average length (Fig. 1 A-D).
Consistently, overexpressing C9orf72 or SMCRS8 inhibited primary
ciliogenesis (S Appendix, Fig. S2 A-D). Notably, these phenotypes
caused by CIKO or S8KO could be rescued by overexpression of
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Fig. 1. Knocking out C9orf72 or SMCR8 enhances primary ciliogenesis. Representative immunofluorescence images and statistics analysis of cilia from wild-type
(WT), C90rf72-knockout (C9KO), and SMCR8 knockout (S8KO) HEK293T cells incubated with or without serum for 16 h (A and B) or ARPE-19 cells incubated with
or without serum for 24 h (C and D). The percentage of ciliated cells (Left) and the cilium length (Right) of HEK293T cells (B) or ARPE-19 cells (D) based on the
data presented in (A) or (C). Scale bars, 10 pm. Data from three experiments with >200 cells were presented as the mean with SD for incidence and median
with interquartile range for length. Significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test for incidence and Dunn’s
nonparametric test for length (**P < 0.01; ***P < 0.001; ****P < 0.0001).
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C9orf72 or SMCRS in cells, respectively (S Appendix, Fig. S2 F-L).
In contrast, overexpression of C9orf72 in S8KO cells did not restore
the phenotypes of the primary cilium due to SMCR8 knockout, and
vice versa (Fig. 2 A-H), indicating that C90rf72 and SMCRS syn-
ergically suppressed primary ciliognesis.

The GAP Activity of the C90rf72-SMCR8 Complex Is Required
for Primary Ciliogenesis Suppression. To explore the mechanism
by which the C90rf72-SMCR8 complex suppresses primary
ciliogenesis, we first assessed the effect of knocking out C9orf72
and SMCR8 on the cell cycle since the primary cilium is highly
associated with the cell cycle and mutually exclusive with cell
division (46). The results showed that neither C9orf72 nor
SMRC8 KO affected the cell cycle (S/ Appendix, Fig. S3 A and B).

Ciliogenesis requires intraflagellar transport (IFT) (56). IFT pro-
teins are necessary for the movement of IFT particles and are critical
for ciliogenesis (56). Hence, we then examined whether C9KO and
S8KO cells showed differences in the expression levels or localization
of key IFT proteins (IFT20, IFT74, and IFT88) (57). The immu-
nofluorescence staining and western blot results showed that neither
C9orf72 nor SMCR8 KO changed the expression levels or locali-
zation of IFT proteins (SI Appendix, Fig. S3 C-F).

Given that the C90rf72-SMCR8 complex shows GAP activity
for RAB8A/11A and Arf1/5/6 (18, 19), we proposed that the GAP
activity of the C9orf72-SMCR8 complex is critical for inhibiting
ciliogenesis. Argl47 of SMCRS has been shown to be necessary
for the GAP activitK of the C90rf72-SMCRS8 complex (18, 19).
Therefore, SMCR8"“’A, a mutant lacking GAP activity, was gen-
erated to test our hypothesis. Compared with overexpression of
WT SMCRS, overexpression of SMCR8"'“’* in SSKO HEK293T
and S8KO ARPE-19 cells had little effect on either the incidence
of ciliogenesis or the average cilium length (Fig. 3 A-D), indicat-
ing that the GAP activity of the C90rf72-SMCR8 complex is
required for the suppression of ciliogenesis.

Collectively, these data suggested that the GAP activity of the
C90rf72-SMCRS complex is necessary for the suppression of pri-

mary ciliogenesis, especially under serum starvation conditions.

The C90rf72-SMCR8 Complex Suppresses Primary Ciliogenesis as
a GAP for RAB8A. Many RABs, including RAB5A, RABSA, RAB10,
RAB11, RAB17, and RAB23, have been suggested to be involved
in primary ciliogenesis (58). Using a bioluminescence-based GTPase
activity assay (18), we found that the C9orf72-SMCRS8 complex
showed GAP activity against most of the aforementioned RABs,
except RAB23 (ST Appendix, Fig. S4A). Therefore, we investigated
whether overexpression of the six RABs would affect primary
ciliogenesis. The results indicated that RAB8A significantly increased
both the incidence and length of the primary cilium (57 Appendix,
Fig. 4 Band C). Importantly, only RAB8A localized to the primary
cilium (87 Appendix, Fig. S4B). As expected, overexpression of
ARF1/5/6 did not affect the primary cilium (SI Appendix, Fig. S4 D
and E). Moreover, HEK293T cells and ARPE-19 cells with RABSA
KO showed a primary cilium phenotype similar to that of WT cells
overexpressing C9orf72 or SMCR8 (Fig. 4 A-D and SI Appendix,
Figs. S2 A-D and S5 A and B), and overexpressing the C9orf/72—
SMCRS complex in RAB8A KO cells did not decrease ciliogenesis
(Fig. 4 A-D), suggesting that the C9orf72-SMCR8 complex-RABSA
axis is the major regulatory pathway of primary cilium growth.

To further explore whether the C90rf72-SMCR8 complex inac-
tivates RAB8A in cells, C90rf72-SMCR8/C90rf72-SMCR8" 74
and RAB8A were coexpressed in HEK293T and ARPE-19 cells.
‘The phenotypic change in the primary cilium caused by RABSA
overexpression was counteracted by C9orf72-SMCRS overexpres-
sion but not by C9orf7 2-SMCR8M#74 overexpression, indicating
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that the C9orf72-SMCR8 complex inactivates RAB8A as a GAP
for RAB8SA (SI Appendix, Fig. S5 C-F). We next investigated
whether the C9orf72-SMCR8 complex shows GAP activity for
RABB8A in cells using an in vivo GAP assay (59). In this assay, the
effector proteins of RAB8A, optineurin (OPTN) (60), and EHBP1
(61), which can interact only with active RABA (RABSAS™),
were used as bait to quantify the levels of RAB8AS™ in cells.
Overexpression of RAB8A GAP in cells was expected to decrease
the amount of RABSA®™ recruited by RABSA effector proteins.
In C9KO and S8KO cells, the amount of RAB8A immunoprecip-
itated by OPTN was increased by ~50% compared with that in
WT cells (Fig. 4 £and F). Moreover, the amount of RAB8A immu-
noprecipitated by OPTN was decreased by ~two-fold in cells over-
expressing C9orf72-SMCR8 compared with cells overexpressing
C90rf72-SMCR8"“’ (Fig. 4 G and H). A similar phenotype was
observed when purified EHBP1 was used as bait for RABSAS™"
(SI Appendix, Fig. S5 G-)). Together, these observations suggested
that the C9orf72-SMCR8 complex is a GAP for RAB8A in cells.

Collectively, the results indicated that the C9orf72-SMCRS8
complex is a GAP for RAB8A in cells and that the C9orf72—
SMCRS8 complex suppresses primary ciliogenesis via its RABSA
GAP function.

The C90rf72-SMCR8 Complex Regulates the Localization of
RABSA to the Primary Cilium. The ciliary localization of RABSA
is critical for assembly of the primary cilium (42, 43); hence, we
investigated whether the inactivation of RAB8A mediated by the
C90rf72-SMCR8 complex disrupts RAB8A ciliary localization.
Regardless of whether the cells were cultured with or without
serum, more RAB8A localized to the primary cilium in C9KO
or S8KO cells than in WT cells (Fig. 5 A and B and SI Appendix,
Fig. S6 A and B). In addition, overexpressing C9orf72-SMCRS,
but not C90rf72-SMCR8® A, decreased the localization of
RABSA to the primary cilium in cells cultured with or without
serum (Fig. 5 Cand D and ST Appendix, Fig. S6C). In general, the
increase in cilium-localized RAB8A conferred by C9orf72 KO or
SMCR8 KO promoted the incidence and length of the primary
cilium (Fig. 5 A and B and S/ Appendix, Fig. S6 A and B).

Since RABB8A also participates in trafficking in the Golgi and
during exocytosis (35), we investigated whether the C9orf72—
SMCRS complex regulates the localization of RAB8A to the Golgi
and PM. The results indicated that the localization of RAB8A to
the Golgi and PM was not changed in the CIKO or S8KO cells
compared with the WT cells (87 Appendix, Fig. S7 A-D).

Together, these results suggested that the C9orf72-SMCR8
complex mainly regulates the localization of RAB8A to the pri-
mary cilium via its RAB GAP function.

The Structural and Biochemical Basis for the RAB8A GAP
Function of the C90rf72-SMCR8 Complex. To elucidate the
mechanism by which the C9orf72-SMCRS8 complex interacts
with RAB8A and stimulates RAB8A GTPase activity, we tried
to solve the structure of the C9orf72-SMCR8-RABSA complex;
however, the interaction of the C9orf72-SMCR8 complex with
RABSA was transient, and we could not obtain a stable C9orf72—
SMCR8-RABSA complex. Alternatively, a structural model of the
C90rf72-SMCR8-RAB8A complex was generated on the basis
of the C90rf72-SMCR8 complex structure (18) and C9orf72—
SMCRB8-Arf complex structure (Fig. 6A4) (28). In the structural
model, the tip of the C90rf72 p2—3 loop (C9"*) is inserted into a
conserved hydrophobic pocket on RAB8A, which consists of F45,
W62, and Y77 (Fig. 6B) and is referred to as the hydrophobic triad
(62). Moreover, the p1-p2 loop (8", x1-B3 loop (S8"°°P%), and
arginine finger loop in SMCRS extend toward switch 2, switch 1,
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Fig. 2. The C90rf72-SMCR8 complex suppresses primary ciliogenesis. Representative immunofluorescence images and statistics analysis of cilia from WT and
C9KO HEK293T cells (A and B) or ARPE-19 cells (C and D) transfected with GFP or GFP-SMCR8 plasmids and then incubated with or without serum for 16 h (A) or
24 h (C). The percentage of ciliated cells (Left) and the cilium length (Right) of HEK293T cells (B) or ARPE-19 cells (D) based on the data presented in (A) or (C). WT
and S8KO HEK293T cells (E and F) or ARPE-19 cells (G and H) were transfected with GFP and GFP-C90rf72 plasmids and then incubated with or without serum
for 16 h (E) or 24 h (G). The percentage of ciliated cells (Left) and the cilium length (Right) of HEK293T cells (F) or ARPE-19 cells (H) based on the data presented
in (E) or (G). Scale bars, 10 pm. Data from three experiments with >200 cells were presented as the mean with SD for incidence and median with interquartile
range for length. Significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test for incidence and Dunn’s nonparametric test
for length (*P < 0.05; **P < 0.01; ****P < 0.0001; n.s. = not significant).

and the y-phosphate group of the GTP of RAB8A, re Bectlvely C90rf72%%, C90rf72"3*, C0rf727'%, SMCRS **! (in which

(Fig. 6C). To assess the effect of the C9"° and 58100pl on the residues 61-80 of SMCRS were replaced with 2 pairs of GS), and
GAP function of the C90rf72-SMCRS8 complex, five mutants, ~ SMCR8"? (in which residues 105-15 of SMCR8 were replaced
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with 5 pairs of GS), were generated. Notably, C9orf72 point
mutants were generated according to a previous study (28). All
five mutants almost lost the RAB8A GAP activity observed for
the WT C9orf72-SMCRS8 complex (Fig. 6D).

Next, using a pulldown assay, we further explored whether the
five mutants would disturb the ability of the C9orf72-SMCRS8
complex to bind RAB8A or its GAP activity for RAB8A. Interestingly,
unlike the WT complex, the C9orf72%**-SMCR8 and
C90rf72"***_SMCRS8 complexes showed negligible interactions
with RAB8A, while the C9orf72"7"*-SMCR8 complex showed a
~50% lower binding affinity for RABSA (Fi%. 6 Eand F); however,
SMCR8"', SMCR8"**, and SMCR8"""* did not affect the
binding of the C9orf72-SMCRS8 complex with RAB8A (Fig. 6 £
and F). These observations indicated that the C9"° is critical for
binding of the C90rf72-SMCR8 complex with RAB8A and that
the $8°P' and $8'°°P? are necessary for its GAP activity for RABSA.

We then corroborated these findings in HEK293T cells. The
phenotype of the primary cilium acquired after overexpressing
RAB8A could not be counteracted by overexpressing the
C90rf72¥*_SMCR8 complex, the C9orf72***~SMCRS com-
plex, the C9orf72"'*-SMCR8 complex, or the C9orf72—
SMCR8"*"* complex (SI Appendix, Fig. S8A), confirming the
biochemical observations in vitro.

Collectively, these data showed that the C9"* plays a key role
in the binding of the C9orf72-SMCR8 comflex with RABSA,
and that the arginine finger loop and $8°°*""* contribute to the
GAP activity of the C9orf72-SMCR8 complex.

The C90rf72-SMCR8 Complex Suppresses Primary Ciliogenesis
In Vivo. To confirm that the C90rf72-SMCRS8 complex suppresses
primary ciliogenesis in vivo, we generated a COKO mouse model
(SI Appendix, Fig. S9A). Western blot analysis of multitissue

PNAS 2023 Vol.120 No.50 e2220496120

samples taken from the COKO mice suggested that C9orf72
was undetectable (87 Appendix, Fig. S9B). Since C9orf72 is
highly expressed in the brain, spleen, kidney, and so on (63),
we investigated whether the tissues from CIKO mice showed
enhanced primary ciliogenesis. Analysis of mouse organ sections
revealed that the incidence of primary ciliogenesis in the brain
(neurons from the hippocampus, astrocytes from the cortex),
kidney, and spleen was higher in the C9KO mice than in the WT
mice (Fig. 7 A-H and SI Appendix, Fig. S9 C and D). Moreover,
the measurable primary cilia in the organ sections obtained from
the C9KO mice were obviously longer than those obtained from
the WT mice (Fig. 7 A~H and SI Appendix, Fig. S9 C and D).

To confirm the observations in tissue sections, we also evaluated
whether the cultured primary cells from CIKO mice showed
enhanced primary ciliogenesis. Consistently, the primary astro-
cytes, neurons, primary kidney cells, and primary spleen cells
isolated from the C9KO mice also showed a higher incidence of
primary ciliogenesis and longer primary cilia than the respective
data in WT mice; these differences were particularly salient under
serum starvation conditions (S/ Appendix, Fig. S10 A-H).

In summary, these results confirmed the phenotype of the pri-
mary cilium in CIKO cells, supporting the conclusion that the
C90rf72-SMCR8 complex suppresses primary ciliogenesis.

Knocking Out C9orf72 or SMCR8 Increases Hh Signaling in
NIH3T3 Cells. The formation of the primary cilium plays a crucial
role in the activation of Hh signaling in vertebrates (47, 48).
Hence, we evaluated the effect of knocking out of C9orf72 or
SMCR8 on the Hh signaling. G/iI and Prch 1 are the target genes
of Hh signaling and thus are widely used to evaluate whether Hh
signaling is activated (64, 65). NIH3T3 cells, a well-established
tool for Hh signaling, with C9orf72 or SMCR8 knockout also

https://doi.org/10.1073/pnas.2220496120
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Fig. 4. The C90rf72-SMCR8 complex suppresses primary ciliogenesis via its RAB8A GAP function. Representative immunofluorescence images and statistics
analysis of cilia from WT and RAB8A KO HEK293T cells (A and B) or ARPE-19 cells (C and D) transfected with GFP or cotransfected with GFP-C90rf72 and GFP-SMCR8
and then incubated with or without serum for 16 h (A) or 24 h (C). The percentage of ciliated cells (Left) and the cilium length (Right) of HEK293T cells (B) or ARPE-19
cells (D) based on the data presented in (A) or (C). Scale bars, 10 pm. Data from three experiments with >200 cells were presented as the mean with SD for
incidence and median with interquartile range for length. Significance was determined by one-way ANOVA followed by Tukey’'s multiple comparisons test
for incidence and Dunn’s nonparametric test for length (**P < 0.01; ****P < 0.0001; n.s. = not significant). Western blot analysis of active form of RAB8A
(RAB8A®™) bound to effector protein GFP-OPTN in WT, C9KO, and S8KO HEK293T cells cotransfected with GFP-OPTN and Flag-RAB8A (E and F) or WT HEK293T
cells cotransfected with GFP-OPTN and Flag-RAB8A together with or without Flag-C9orf72 and Flag-SMCR8 or with the indicated mutant (G and H). Relative
quantification of the data presented in (£) and (G) performed using Image) were shown in (F) and (H), respectively. The level of active RAB8A was normalized
against OPTN. Error bars represented SD. Significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test (n = 3, *P < 0.05;
*¥%p < 0,001). Flag-CS: Flag-C9orf72+Flag-SMCR8 complex. Flag-CS}'#7A: Flag-C9orf72+Flag-SMCR8®'** complex.

showed enhanced primary ciliogenesis(S/ Appendix, Fig. S11 A-C).
We then stimulated the NIH3T3 cells using Shh and found
that C9KO or S8KO significantly increased the Shh-induced
expression of G/il and Pichl at both the mRNA and protein
levels (Fig. 8 A-C). We also recovered C9orf72 or SMCRS8 in
CIKO or S8KO cells. As expected, wildtype C9orf72 or SMCRS
but not the loss-of-function mutants of C9orf72 (W33A, D34A)

the GAP activity of the C9orf72-SMCR8 complex for RAB8A
(SI Appendix, Fig. S12).
Discussion

To date, meaningful progress has been made in understanding the
function of C9orf72, and C9orf72 has been suggested to be critical

6 of 12

or SMCR8 (R147A) could rescue the Shh-induced expression of
Glil and Prch1 (Fig. 8 D-G). The results indicated that knocking
out C9orf72 or SMCRS enhances the primary ciliogenesis and
thus increases the Hh signaling upon Shh induction.

The data obtained via biochemistry and cell biology experi-
ments indicated that the C9orf72-SMCR8 complex is a negative
regulator of the primary cilium and that this function depends on

https://doi.org/10.1073/pnas.2220496120

for many important biological processes. In this study, with multi-
disciplinary methods, we identified the primary cilium as a new
organelle regulated by the C90rf72-SMCR8 complex and inves-
tigated the mechanism by which the C9orf72-SMCR8 complex
mediates primary ciliogenesis.

Compared with WT cells, C9KO and S8KO cells showed longer

primary cilia and a higher incidence of ciliogenesis, especially under
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Fig. 5. The localization of RAB8A to the primary cilium is regulated by the C9orf72-SMCR8 complex. Representative confocal images and statistics analysis
of cilia from WT, C9KO, and S8KO HEK293T cells transfected with GFP or GFP-RAB8A (A and B) or WT HEK293T cells cotransfected with GFP or GFP-RAB8A and
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boxes indicate the colocalization of GFP-RAB8A with the primary cilium. The percentage of ciliary localization of GFP-RAB8A presented in (A

) and (C) were shown

in (B) and (D), respectively. Data from three experiments with >200 cells were presented as the mean with SD. Significance was determined by one-way ANOVA

followed by Tukey’s multiple comparisons test (**P < 0.01; ***P < 0.001).

serum-starvation conditions. This ciliary phenotype was similar to
that observed in RAB8A-overexpressing cells. This observation
indicates that the C9orf72-SMCR8 complex inhibits primary
ciliogenesis and explains the in vitro results showing that RABSA
is a substrate of the C90rf72-SMCR8 GAP complex (18, 27).
Mutagenesis and functional recovery experiments further suggested
that the C9orf72-SMCR8 complex suppresses primary ciliogenesis
in a manner dependent on RAB GAP activity.

We also confirmed that the C90rf72-SMCR8 complex inacti-
vated RABSA in cells. The level of RABSA recrulted by OPTN
and EHBP1, which bind only with RAB8A'", was increased by
~50% in C9KO or S8KO cells. Consistently, overexpressing
C90rf72-SMCRS, but not C90rf72-SMCR8""*, decreased the
level of RABS8A recruited by OPTN and EHBP1. These results

PNAS 2023 Vol.120 No.50 e2220496120

have settled the disputed issue of whether RAB8A is a substrate
of the C90rf72-SMCR8 GAP complex. The inability to recon-
stitute the C90rf72-SMCR8-RAB8A complex in vitro is proba-
bly due to the transient nature of the interactions between RABSA
and its GAPs; therefore, RAB8A-GAP complexes are unstable.
This hypothesis is supported by the fact that no structure of
RAB8A—GAP has been reported to date.

We have provided a detailed mechanism by which the C9orf72—
SMCRS complex stimulates GTP hydrolysis mediated by RAB8A.
Consistent with a previous report (28), our study showed that the
interaction of the C9orf72-SMCR8 complex with RABSA
required the C9'°P. Mutagenesis analysis revealed that W33 and
D34 of CYorf72 are critical for the binding of the C9orf72—
SMCRS8 complex with RAB8A. The results presented here in

https://doi.org/10.1073/pnas.2220496120 7 of 12
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combination with previous findings reported by the Hurley labo-
ratory (28) suggest a conserved mechanism by which the C9"°°?
plays a key role in substrate recognition by the C90rf72-SMCR8
GAP complex. Notably, we also found that the $8"°°""/ was impor-
tant for the RAB8A GAP activity of the C9orf72-SMCR8 com-
plex but had little effect on the binding of C90rf72-SMCRS to
RABSA. Most likely, the $8°°P"? facilitates stabilization of the
switch 1/2 conformation in RAB8A (Fig. 6C). These observations

80f 12 https://doi.org/10.1073/pnas.2220496120

advance our understanding of the catalytic mechanism through
which the C9orf72-SMCR8 complex functions as a small GTPase
GAP. Based on our data and those in previous reports, a functional
model is proposed: C9orf72 is the substrate-binding subunit of
the C90rf72-SMCR8 GAP complex (37, 38), while SMCRS is
the catalytic subunit of the C9orf72-SMCR8 GAP complex. Both
subunits are necessary for the integral GAP activity of the C9orf72—
SMCRS complex.
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RABS8A can promote the elongation of the primary cilium by
targeting vesicles to the primary cilium (42). In addition, many
studies have suggested that RAB“™, but not RAB®P”, localizes
to primary cilia, promoting their elongation (40, 42, 43). Our
data revealed that the localization of RAB8A to the primary cilium
was increased in C9KO and S8KO cells (Fig. 5). Furthermore,
overexpression of C9orf72-SMCR8 but not C9orf72-
SMCRS8®¥7* decreased the localization of RAB8A to the primary
cilium, indicating that the C9orf72 SMCRS complex drives a
change from RABSA®"" to RABSA“"” via its GAP activity.

The C90rf72-SMCR8 complex forms a stable complex with
WDR41, and mediated by PQLC2, the C9orf72-SMCR8-
WDR41 complex is recruited to the lysosome, to which it binds

PNAS 2023 Vol.120 No.50 e2220496120

under starvation conditions (12, 27, 28). Moreover, the primary
cilium is actively extended under serum-starvation condition (40,
42, 45, 51). Hence, it is tempting to speculate that under
serum-starvation conditions, the C9orf/2-SMCR8-WDR41
complex is recruited to lysosomes through the interaction between
WDR41 and PQLC2. In this scenario, the amount of the
C9orf72-SMCRS complex in the cytoplasm decreases, and the
amount of RABSA“™ increases, promoting primary ciliogenesis.

The inhibitory effect of the C90rf72-SMCRS8 complex on pri-
mary ciliogenesis was confirmed using a C9KO mouse model. In
the brain, spleen, and kidney, there were far more ciliated cells in
the C9KO mice than in the WT mice, and the average lengths of
the primary cilia on primary astrocytes/neurons/spleen/kidney

https://doi.org/10.1073/pnas.2220496120 9 of 12
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Fig. 8. Hh signaling is increased in C9orf72 KO and SMCR8 KO NIH3T3 cells. RT-qPCR analysis of mRNA levels of Gli1 and Ptch1 (A) or western blot analysis of
protein levels of Gli1 and Ptch1 (B and C) in WT, C9KO, and S8KO cells with or without Shh treatment. Relative quantification (C) of the data presented in (B).
The protein levels of Gli1 and Ptch1 in C9KO cells overexpressed GFP, GFP-C9orf72, GFP-C90orf72"*** or GFP-C90rf72°%** (D and E) or S8KO cells overexpressed
GFP, GFP-SMCRS, or GFP- SMCR8R147A (F and G) in the presence of 1 pg/ml Shh for 24 h. Relative quantification of the data presented in (D) and (F) were shown
in (F) and (G), respectively. Error bars represented SD. Significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test (n = 3,

**P <0.01; ***P < 0.001; ****P < 0.0001; n.s. = not significant).

cells from C9KO mice without serum starvation were similar to
those of WT mice with serum starvation, indicating that the loss
of CYorf72 function is associated with abnormal primary
ciliogenesis.

C9orf72 is highly expressed in the brain, spleen, and kidney
(63). Of note, C9KO mice showed abnormal enlargement of the
spleen (8, 54). Moreover, in C9KO mice, inflammation in the
intestine and kidney has been observed (14, 20). The primary
cilium has been suggested to regulate the immune response (66),
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and a longer primary cilium has been observed in cells exposed to
inflammatory cytokines (67). This evidence indicates that the
spectrum of diseases caused by the loss of C9orf72 function might
involve multiple systems or multiple organs and could be associ-
ated with abnormal primary cilia.

The primary cilium is necessary for Hh signaling in vertebrates,
and the major players in Hh signaling, including Smo, Ptch, PKA,
and Gli, are dynamically present in the primary cilium (47, 48).
Importantly, Hh signaling is pivotal to embryonic development and
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adult tissue homeostasis (47, 48). We found that cells with COKO
or S8KO showed enhanced primary ciliogenesis. Moreover, when
C9orf72 or SMCR8 was knocked out, NIH3T3 cells were more
sensitive to Shh signaling. Noteworthily, both the primary cilium
and Hh signaling are highly related to the age-related brain disorders
and neurodegenerative diseases (55, 64, 65, 68). Hence, the altera-
tion caused by loss of C9orf72 function might be attributed to neu-
rodegenerative diseases via primary ciliogenesis and Hh signaling.
Collectively, our data not only provide details regarding how the
C90rf72-SMCRS8 complex suppresses primary ciliogenesis through
its RAB8A GAP function but also suggests a pathophysiologic
mechanism underlying C9orf72-linked diseases. In the future,
more effort should be made to investigate the relationship between
primary ciliogenesis and C9orf72-related signaling pathways.

Materials and Methods

Generation of C90rf72-KO Mice and Cell Lines. For mice, Cas9 mRNA and
sgRNA were generated by using in vitro transcript kits. All components were mixed
well and injected into the cytoplasm of fertilized WT C57BL6 (B6) eggs. For cell
lines, CRISPR/Cas9 method was performed as previously described (69).

Cell Culture and Primary Cilium Induction. Cell lines were cultured as recom-
mended by the American Tissue Culture Collection. Primary cells were performed
as described previously (70, 71). All cells were ciliated by serum starvation for
different period of time.

Plasmids and Transfection. Genes were subcloned into indicated vectors using
ClonExpress Il One Step Cloning kit (Vazyme). The primers were designed using
sdm-primer-v1.1 Python program (72). Transfection of plasmids was performed
with Lipofectamine 2000 (Invitrogen).

Protein Expression and Purification. The EHBP1, RAB8A, and Shh were
expressed in £. coli cells and purified by fast protein liquid chromatography. The
(C90rf72-SMCR8 complex was expressed and purified as previously described (18).

GTPase Activity Assay. GTPase activity assays were carried out using a GTPase-
Glo assay kit (Promega, V7681) as previously described (18).

Immunoprecipitation and Pulldown Assays. For immunoprecipitation, cell
lysates were incubated with GFP-Trap beads at 4 °C for 2 h. For pulldown assays,
purified Strep-C9orf72-SMCR8 and RABBA were incubated with Strep-Tactin
beads at 4 °Cfor 1 h.The beads were eluted for western blot analysis.

Measuring Rab GAP Activity in Live Cells. The cleared lysates of cells
cotransfected with Flag-RABBA and GAP proteins were incubated with Strep-
EHBP1'%2'2 immobilized Strep-Tactin beads. The beads were eluted for sub-
sequent western blotting.

Western Blotting. After being separated by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE), transferred to the polyvinylidene difluoride
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(PVDF) membranes, blocking, stained with indicated primary antibodies, and incu-
bated with appropriate secondary antibodies, target protein bands were detected
by ChemiDoc MP Imaging System (Bio-Rad).

Immunofluorescence Assays. Fixed organs and cells incubated with the first
antibodies and the Alexa 488- or Alexa 594-conjugated secondary antibodies
were subjected to microscopes (ZEISS LSM 880 or N-STORM Super Resolution
Microscopy System from Nikon) for imaging.

Flow Cytometric Analysis of the Cell Cycle. HEK29T cells were fixed and then
suspended in PBS for flow cytometry analysis with ACEA NovoCyte Flow Cytometer
(ACEA Biosciences, US).

Statistical Analysis. Data are reported as the means with SD/SEM or median
with interquartile range. One-way ANOVA test and wo-tailed Student's t test in
GraphPad Prism software (version 8.0) were used for multiple groups compari-
sons and two groups comparisons, respectively.

(Details of the materials and methods are included in S/ Appendix).

Data, Materials, and Software Availability. All study data are included in the
manuscript and S/ Appendix.
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