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CF, confluence; FBS, fetal bovine serum; HK2, human kidney proximal tubular cells; IFT, intraflagellar transport; Kp, knockdown;

KAP3, kinesin family-associated protein 3; KIF3A/3B, kinesin family member 3A/3B; KO, knockout; MAP1LC3B/LC3B,
microtubule-associated protein 1 light chain 3 3; LTA, lotus tetragonolobus agglutinin; MEF, mouse embryonic fibroblast;
MTOR, mechanistic target of rapamycin; OFD1, oral-ficial-digital syndrome 1; PBS, phosphate-buffered saline;
PKD, polycystic kidney disease; Rapa, rapamycin; RKRB, Krebs-Henseleit saline containing 25 mM NaHCO3;
RPS6KBI, ribosomal protein S6 kinase; 70kDa, polypeptide 15 SD, standard deviation.

Primary cilium is an organelle that plays significant roles in a number of cellular functions ranging from cell
mechanosensation, proliferation, and differentiation to apoptosis. Autophagy is an evolutionarily conserved cellular
function in biology and indispensable for cellular homeostasis. Both cilia and autophagy have been linked to different
types of genetic and acquired human diseases. Their interaction has been suggested very recently, but the underlying
mechanisms are still not fully understood. We examined autophagy in cells with suppressed cilia and measured cilium
length in autophagy-activated or -suppressed cells. It was found that autophagy was repressed in cells with short cilia.
Further investigation showed that MTOR activation was enhanced in cilia-suppressed cells and the MTOR inhibitor
rapamycin could largely reverse autophagy suppression. In human kidney proximal tubular cells (HK2), autophagy
induction was associated with cilium elongation. Conversely, autophagy inhibition by 3-methyladenine (3-MA) and
chloroquine (CQ) as well as bafilomycin A; (Baf) led to short cilia. Cilia were also shorter in cultured atg5-knockout (KO)
cells and in atg7-KO kidney proximal tubular cells in mice. MG132, an inhibitor of the proteasome, could significantly
restore cilium length in atg5-KO cells, being concomitant with the proteasome activity. Together, the results suggest
that cilia and autophagy regulate reciprocally through the MTOR signaling pathway and ubiquitin-proteasome system.

Introduction

Primary cilia are dynamic organelles protruding from one of
the 2 centrioles (mother centriole) in the majority of cells. Struc-
turally, primary cilia are mainly composed of the microtubule-
based axonemes, accessorized by motor proteins and intraflagellar
transport (IFT) particles." TFT is a parallel process of the antero-
grade transport toward the tip assisted by the kinesin-2 complex
(KIF3A, KIF3B, KAP3), and the retrograde transport toward the
ciliary base aided by the cytoplasmic motor protein dynein. IFT
particles contain at least 20 polypeptides, classified as the com-
plex A and B.*” The functions of primary cilia were largely
unknown until the landmark research of lov-1 in C. elegans and
1£#88 in mice.®” Tt is now recognized that primary cilia not only
contribute to cellular sensing but are involved in cell prolifera-
tion, differentiation, apoptosis, endocytosis/exocytosis, and
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planar cell polarity.*'? Cilium may be a hub for cellular signaling
integration, on which certain key molecules from the WNT,
notch, and hedgehog pathways have been localized.'* Dysfunc-
tion of primary cilia contributes to a large spectrum of human
genetic diseases collectively termed ciliopathies, notably includ-
ing polycystic kidney disease (PKD)."

Autophagy is a fundamental catabolic process whereby many
excessive or damaged cytoplasmic components are degraded
through lysosomes for the maintenance of cellular homeostasis.'®
Three major types of autophagy, i.e, macroautophagy, microau-
tophagy,
described. Macroautophagy (hereafter called autophagy) involves

and chaperone-mediated autophagy, have been
a series of complex steps from the phagophore formation, auto-
phagosome, to autolysosomes. Autolysosomes can move toward
the microtubule organizing center with the aid of kinesins and

cytoplasmic dyneins that are also the key proteins for
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ciliogenesis."”'® Autophagy is evolutionarily essential in many
aspects of cellular functions and dysregulation of autophagy is
associated with many types of human disorders."”

In 2011, Belibi et al. reported that autophagy is suppressed in
Han:SPRD rats and cpk mice, 2 animal models of PKD with cili-
ary dysfunction.”® Based on this study and our pilot observations,
we hypothesized that there may be a regulatory connection
between autophagy and ciliogenesis. Very recently, 2 studies have
demonstrated the direct interaction between autophagy and cili-
ary regulation. Tang et al. have discovered that OFD1 at centrio-
lar satellites functions as a general suppressor for ciliogenesis.’
Pampliega et al. further suggest a reciprocal interaction between
autophagy and ciliogenesis, whereby ciliary signaling, such as the
hedgehog pathway, induces autophagy.”> Our present study has
further confirmed the reciprocal interaction between autophagy
and cilia. Moreover, we demonstrate the involvement of MTOR
signaling and ubiquitin-proteasome system in the reciprocal
regulation.

Results

Association of cilium length and autophagy from cell growth
to differentiation

In our initial study, we observed ciliogenesis from cell growth
to differentiation in culture dishes. When cells became confluent
and entered postconfluence differentiation stage, their cilia grew
longer (Fig. 1A, B) and notably, this was accompanied by the
accumulation of ciliary IFT proteins, including KIF3A and
IFT88 (Fig. 1C). To examine the association between cilia and
autophagy, we analyzed LC3B-II/-I and LC3B-II/ACTB ratios
in stages of subconfluence, confluence, and postconfluence cells.
Cilium length in these cells showed an appreciable correlation
with LC3B-1I/-1 and LC3B-II/ACTB
(Fig. 1D).

ratios, respectively

Shortening of cilia inhibits autophagy through MTOR
signaling

To further study the role of cilia in autophagy regulation, we
used 2 cilia-suppressed lines of cells. IFT88 knockdown (IFT88-
KD2) cells had short cilia due to knockdown of IFT88, while the
C13 cells were selected from heterogeneous kidney epithelial cells
for short cilia.*> Immunoblot analysis of LC3B-II/ACTB ratio
showed that the basal level of autophagy was suppressed in both
IFT88-KD2 and C13 cells, which was also indicated by the accu-
mulation of SQSTM1/p62 (Fig. 2A and B). To further monitor
the autophagic flux in these cells, chloroquine was added into the
RKRB medium. As shown in Fig. 2A and 2B, chloroquine-
induced accumulation of LC3B-II was also partially inhibited in
IFT88-KD2 and C13 cells. Moreover, following transfection of
GFP-LC3 fewer puncta per cell were detected in IFT88-KD2
and Cl13 cells in comparison to their respective controls
(Fig. 2D). These results together indicate that suppression of
cilia leads to autophagy blockade. To determine if MTOR, the
major negative regulator, contributed to autophagy inhibition in
cilia-suppressed cells, we examined MTOR activity by detecting
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the phosphorylation of MTOR and its substrate RPS6KBI.
Compared with control cells, both IFT88-KD2 and C13 cells
showed higher phosphorylation of MTOR at serine 2448 (p-
MTOR, Ser2448) and RPS6KB1 at threonine 389 (p-RPS6KB1,
Thr389), which were further complicated by activation of
MTORC2 indicated by phosphorylation of AKT1 at serine 473
(p-AKT1, Serd73) (Fig. 2C). To further determine whether
MTOR activation was responsible for the suppression of autoph-
agy, we tested the effect of rapamycin. As shown in Fig. 2D,
rapamycin restored GFP-LC3-puncta in IFT88-KD2 and C13

cells.

Autophagy activation promotes cilium elongation

To investigate the effect of autophagy on cilium length, we
treated HK2 cells with 3 different approaches respectively. Incu-
bation of cells in a plain buffer (RKRB without serum and glu-
cose) induces autophalgy.24 After 3 h of incubation in RKRB
medium, cilium length was increased significantly, accompanied
by the increment of IFT88 expression. However, the change of
KIF3A expression level was minimal (Fig. 3A). After 24 h of
incubation with trehalose,”” cilia were significantly elongated.
Under this condition, KIF3A (but not IFT88) was accumulated
(Fig. 3B). Finally, BECN1/Beclin 1 peptide was used as the third
approach to activate autophagy.”® BECN1 peptide lengthened
primary cilia after 4 h of treatment, compared to the scrambled
peptide-treated controls. Surprisingly, IFT88 was downregulated
by BECNI1 peptide (Fig. 3C), suggesting that ciliary factor(s)
other than IFT88 may be responsible for the observed ciliary
lengthening. Obviously, all 3 methods increased LC3B-II levels.
SQSTMI was degraded in RKRB and BECN1 peptide-treated

cells.

Autophagy inhibition decreases cilium length in cultured
cells and animal tissues

To explore the effect of autophagy inhibition on cilia, we first
used 3-MA, an inhibitor at the early stage of autophagy, which
inhibits the class III PtdIns3K. After 2 h of incubation of 3-MA,
cilia were shortened, accompanied by the decrement of IFT88
and KIF3A expression (Fig. 4A). We then tested the effect of
CQ, an inhibitor at the late stage of autophagy. Clearly, CQ
shortened cilia after 3 h. CQ inhibition also led to the decrease
of IFT88 expression (Fig. 4B). Similarly, bafilomycin A; (Baf),
another inhibitor at a late stage of autophagy, gave results similar
to CQ in a time course (Fig. 4C). Not surprisingly, SQSTM1
was accumulated in all 3 conditions of autophagy inhibition. We
further examined primary cilia in kidney proximal tubule-specific
atg7-KO mice. Cilium length and frequency in kidney proximal
tubular cells were significantly reduced compared to those of
wild-type tissues (Fig. 5). These data suggest that autophagy
inhibition resulted in blockade of ciliogenesis in both cultured
cells and tissues.

Restoration of cilium length by MG132 in autophagy-
defective cells

To understand the mechanism whereby autophagy inhibition
blocks ciliogenesis, we hypothesized the involvement of
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proteasomal degradation of ciliary pro-
teins. Autophagy and the proteasome
interact functionally in protein degra-
dation.”” In our study, autophagy
inhibition by 3-MA suppressed cilia in
HK2 cells, and notably, the proteaso-
mal inhibitor MGI132 markedly
reversed cilium length caused by 3-
MA treatment (Fig. 6A). Similarly,
atg5-deficient (atg57/7) cells exhibited
shorter cilia (Fig. 6B). MGI132
increased cilium length in wild-type
and atg57/7 cells, but it appeared
more effective in azg5~'~ cells. Conse-
quently, the cilium length difference
between wild-type and arg5-deficient
cells was reduced significantly after
MG132 treatment (Fig. 6B). Interest-
ingly, MG132 induced KIF3A accu-
mulation in wild-type and azg5 '~
cells, with noticeably more induction
in the latter. To further substantiate
the findings, we determined protea-
some activity. Clearly, proteasome
activity in arg5 '~ cells was higher
than that in Atg5+/+ cells, both of
which were significantly suppressed by
MG132 (Fig. 6C). MG132 had a like-
wise effect in HK2 cells. However, 3-
MA did not significantly affect protea-
some activity, probably due to its
autophagy-independent effects. Com-
pared to cell culture media, RKRB
medium activated autophagy and sig-
nificantly reduced the proteasome
activity. These data, in general, suggest
that autophagy suppression is associ-
ated with an increase of proteasome
activity, which may lead to proteoso-
mal degradation of ciliary proteins to
attenuate ciliogenesis. Under this con-
dition, MG132, by inhibiting protea-
some, can prevent ciliary protein
degradation leading to the preservation
of cilia.

Discussion

In this study, we show that cilia and
autophagy reciprocally affect each
other, which is consistent with the lat-

21,22
est reports. Moreover, our results
suggest that the MTOR pathway and
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Figure 1. Association of cilium length and autophagy from cell growth to differentiation. To determine
the association of cilium length and autophagy, HK2 cells were cultured in DMEM-F12 medium contain-
ing 10% FBS at subconfluence (Sub-CF), confluence (CF), or for one or 3 d after reaching confluence
(Post-CF d 1, 3). (A) Cells were assayed by immunofluorescence staining with the antibody to Ac-TUBA
(red) and DAPI (blue) and cell lysates examined by immunoblot analysis of LC3B and ACTB. Scale bar:
55 w. (B) Cilium length was averaged out of over 50 cilia in each group (Sub-CF, n=52; CF, =56; Post-
CF d 1, =51; Post-CF d 3, =60). Cilium length: Post-CF d 3>Post-CF d 1>CF>Sub-CF, * P < 0.05.
(C) Expression level of KIF3A and IFT88 from cell growth to differentiation. Please note, as previously
reported,” 2 forms of IFT88 were detected. (D) Positive correlation of cilium length with LC3B-II/-l or
LC3B-II/ACTB ratio.
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Figure 2. Shortening of cilia suppresses autophagy through the MTOR pathway. (A, B) Inhibition of autophagy in both IFT88-KD2 and C13 cilia-short
cells. To assess the effect of cilium length on autophagy, cilia-suppressed cells and their controls (Control, C4) were incubated with FBS-containing cul-
ture medium or serum-free RKRB medium without IFT88 or with 25 M chloroquine (CQ) for 3 h. Cell lysates were collected for immunoblot analysis of
LC3B and ACTB. Protein bands were quantified by densitometry. (C) MTOR hyperphosphorylation in IFT88-KD2 and C13 cells. To define MTOR activity,
cilia-short cells were cultured in serum-free DMEM-F12 medium. Cell lysates were collected for immunoblot analysis of p-MTOR, Ser2448; p-RPS6KB1,
Thr389; p-AKT1, Ser473, and ACTB. Densitometry was conducted to determine the p-RPS6KB1, Thr389/ACTB ratio. (D) Restoration of autophagy by rapa-
mycin (Rapa) in cilia-suppressed cells. GFP-LC3 was transfected into IFT88-KD2 and C13 cilia-short, and their control cells for the analysis of autophago-
some puncta. Fewer puncta per cell were seen in IFT88-KD2 cells (n=36) than control cells (n=33). After 24 h treatment of rapamycin (50 nM), the
number of puncta per cell increased in both control (n=55) and IFT88-KD2 cells (n=>53), and no difference was detected between them. Similar results
were shown for cilia-short C13 cells and their control C4 cells. Fifty-two and 53 positive cells, without rapamycin treatment, were counted from C4 and
C13 cells; 52 and 54 positive cells, with rapamycin treatment, were counted from C4 and C13 cells. All the experiments were performed 3 times.
P*<0.05, **<0.01, ***<0.001 IFT88-KD2 and C13 vs Control and C4 cells; #<0.05, ##<0.01 -+rapamycin vs -rapamycin. Scale bar: 10 pm.

the proteasome system are involved in these 2 processes respec-
tively. These findings suggest that 2 aspects of cell metabolism,
i.e. anabolism (MTOR) and catabolism (proteasome), play dis-
tinct roles in the reciprocal regulation of cilia and autophagy.
Thus far, there has been limited knowledge about the effect of
cilium length alteration on autophagy, although functional KO
of ciliary proteins ANKS6/SamCystin or CYS1/cystin 1 leads to
the suppression of autophagy in 2 different animal models.**®
Pampliega et al. very recently reported that blockage of IFT20
and IFT88 compromises autophagy through the hedgehog
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signaling pathway, consistent with an early report,”**” while KO
of Ifi20 and Ifi88 in mice diminishes primary cilia.”*° In our
study, we confirmed that K5 of IFT88 shortened primary cilia in
kidney tubular epithelial cells; more importantly, the MTOR sig-
naling pathway was activated as previously reported in /f88-
mutated mice.”’ Further experiments with rapamycin support
that heightened MTOR activity may be responsible for inhibi-
tion of autophagy. The recent study by Jimenez-Sanchez et al.
shows that cilia-regulated hedgehog signaling modulates autoph-
agy through patched 1 and patched 2 in a GLI2-dependent but
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MTOR-independent pathway.?’ Inter-
estingly, crosstalk between the hedge-
hog and MTOR pathways has been
rr:ported.32 Thus, cilia-regulated
autophagy may result from the MTOR
and hedgehog pathways independently
or combined. On the other hand, some
members of the hedgehog pathway are
localized in the primary cilia and dis-
ruption of cilia leads to the dysfunction
of hedgehog signaling.l‘%’%‘35 Thus, it is
also possible that dysfunction of pri-
mary cilia  suppresses autophagy
through the cilium-hedgehog-autoph-
agy axis. However, further in-depth
investigation is needed to delineate how
interactions among primary cilia, the
hedgehog, and the MTOR signaling
pathways are coordinated to regulate
autophagy. The research has significant
implications for human diseases. For
instance, MTOR is also activated in the
autosomal dominant and recessive PKD
involving the ciliary proteins PKD1/2%¢
and PKHD1,>”® and rapamycin slows
the progression of cystogenesis in ani-
mal models.***° Hence, shortening of
primary cilia may lead to cystogenesis
through the inhibition of autophagy. It
would be interesting to analyze in detail
how autophagy suppression contributes
to cystogenesis and progression. Based
on the current knowledge about PKD,
it seems that no ATG proteins have
direct interactions with PKD1/2 or
PKHDI1. It is tempting to study
whether there are individual protein-
protein interactions among PKD pro-
teins and ATG proteins and how dys-
function of PKD proteins affects ATG
proteins and autophagy regulatory fac-
tors. More likely, autophagy suppres-
sion is caused by multiple dysfunctional
signaling pathways such as MTOR,
hedgehog, STAT, and AMPK, which
were found abnormal in PKD.**#!
Autophagy abnormality may be a key
mechanism for cystogenesis. However,
it is noteworthy that proximal tubule-
atg7-KO mice do not develop renal
cysts during the observation period of 9
mo (unpublished data), suggesting that
autophagy defects may need to combine

with other signaling abnormalities to promote cystic diseases.
With regard to the effect of autophagy on cilia, our results
demonstrate a positive correlation. Cilium length is mainly
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Figure 3. Autophagy activation increases cilium length. To determine the effect of autophagy activa-
tion on cilium length, 3 different approaches for autophagy induction were used. (A) Increase in cilium
length during incubation in serum/glucose-free RKRB medium. HK2 cells were incubated for 3 h in full
culture medium (medium) or plain RKRB medium, and then subjected to immunofluorescence analysis
of Ac-TUBA or immunoblot analysis of the indicated proteins. Forty-five and 52 cilia were measured,
respectively, in culture medium and RKRB-incubated HK2 cells. Densitometry was conducted to deter-
mine the IFT88/ACTB ratio. (B) Increase in cilium length induced by trehalose. HK2 cells were incu-
bated in the absence (N/A: no addition) or presence of 100 mM trehalose for 24 h, followed by
immunofluorescence analysis of Ac-TUBA or immunoblot analysis of the indicated proteins. Seventy-
four and 82 cilia were counted for N/A and trehalose-treated cells. Densitometry was conducted to
determine the KIF3A/ACTB ratio. (C) Increase in cilium length induced by BECN1 peptide. HK2 cells
were incubated with a scrambled sequence or the BECN1 peptide for 4 h, followed by immunofluores-
cence analysis of Ac-TUBA or immunoblot analysis of the indicated proteins. Fifty one and 66 cilia were
counted for control and BECN1 peptide-treated cells. Densitometry was conducted to determine the
IFT88/ACTB ratio. In (A, B, and C), autophagy was confirmed by immunoblotting of LC3B and SQSTM1.
The results were the summary of 3 separate experiments. P*<0.05, **<0.01, ***<0.001. Scale bar: 5,.m
((A)and B) and 10 pm (C).

determined by IFT particles, coordinated by kinesin-2 complex
and dynein proteins, although in mammalian cells nonlFT regu-
lators of cilia have been identified.'” KIF3A plays a major part in
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Figure 4. Autophagy suppression decreases cilium length. To study the effect of autophagy suppres-
sion on cilium length, we used 3 different inhibitors of autophagy. (A) Suppression of cilia by 3-MA.
HK2 cells were treated for 2 h with 3-MA and then subjected to immunofluorescence analysis of Ac-
TUBA or immunoblot analysis of the indicated proteins. Sixty and 52 cilia were measured for control
and 3-MA-treated cells. Densitometry was conducted to determine the KIF3A/ACTB and IFT88/ACTB
ratios. (B) Suppression of cilia by chloroquine (CQ). HK2 cells were treated for 2 h with CQ and then
subjected to immunofluorescence analysis of Ac-TUBA or immunoblot analysis of the indicated pro-
teins. Fifty-four and 45 cilia were counted for control and CQ-treated cells. Densitometry was con-
ducted to determine the IFT88/ACTB ratio. (C) Suppression of cilia by bafilomycin A; (Baf) in a time
course. HK2 cells were treated with Baf for up to 24 h in a full culture medium and then subjected to
immunofluorescence analysis of Ac-TUBA. Autophagy inhibition by 3-MA and CQ and Baf was con-
firmed by immunoblotting of LC3B and SQSTM1. The results are the summary of 3 separate experi-
ments. P*<0.05, ***<0.001 vs Control. Scale bar: 5 wm ((A) and B) and 10 pm (C).

cilia in autophagy-suppressive cells adds
another piece to this complex puzzle of
cilia and autophagy interaction. Our
data indicate that KIF3A was degraded
partially through the ubiquitin-protea-
some pathway, which was activated in
autophagy-deficient cells. Thus, the cil-
jum length is determined probably by
not only the autophagic system but the
ubiquitin-proteasome system.”"** As a
matter of fact, the ubiquitin-proteasome
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Figure 5. Decrease in cilium length and frequency in proximal tubule-
atg7-KO cells. To confirm our in vitro findings, we determined to evaluate
cilium length and frequency in proximal tubule-atg7-KO mice. Kidney tis-
sue sections from proximal tubule-atg7-KO mice and wild-type littermate
mice were stained for Ac-TUBA and LTA, a proximal tubule marker. One
hundred forty seven and 101 cilia were counted for LTA-positive wild-
type and atg7-KO cells, respectively. Five different microscope fields of
view were used for cilium frequency calculation (cilium number/nucleus
number). P*<0.05. Scale bar: 5 pm.
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system was found around the primary

cilia.*? It would be tempting to study
whether centrosome-associated proteasomes play a significant
role. We are presently not clear about the significance of cilia
shortening in cells with autophagy deficiency. It is generally
believed that primary cilia act as cellular mechanosensors.'®'*%
For instance, deflection of the primary cilia by fluid shear stress
can shorten its length and consequently ameliorate mechanosen-
sitivity.'>***5 We speculate that shortening of cilia induced by
autophagy suppression changes the cilia-sensing ability, and sub-
sequently sensitizes cells to injury and apoptosis as found
recently.”?

Based upon the fact that some proteins such as IFT20 are
found in both secretory vesicles and the primary cilia®® as
well as in the urine exosomes,”” it has been suggested that a
large number of substances may be excreted from the ciliary
membrane through exocytosis or bud-off at the tip.'" A few
autophagy proteins are localized in cilia,” the tiny organelles
with diameter of 0.25 pwm (lysosomes 0.3 to 0.6 wm), sug-
gesting that primary cilia may have a remarkable plasticity.
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Figure 6. Proteasome in cilia A
shortening in autophagy-sup-
pressed cells. (A) Restoration of
cilium length by MG132 in 3-
MA-treated cells. HK2 cells
were treated for 2 h with 3-MA
in the absence or presence of
5 .M MG132, followed by
immunofluo-rescence analysis
of cilia by Ac-TUBA. Thirty six,
35, and 38 cilia were measured
for the control, 3-MA-treated, 3-
MA+MG132-treated cells
respectively. (B) Effect of
MG132 on cilium length in
atg5-KO cells and induction of
KIF3A by MG132. Atg5t* and
atg5~'~ cells were incubated
without or with MG132 for 2 h,
followed by immunofluores-
cence analysis of Ac-TUBA.
Thirty three, 48, 46, and 50 cilia
were measured for the wild-
type and KO cells at the basal
condition or with MG132 treat-
ment. atg5-KO cells had shorter
cilia at the basal condition. Cell
lysates were collected in (B) for
immunoblot analysis. Densi-
tometry was conducted to
determine the KIF3A/ACTB
ratio. The results are the sum-
mary of 3 separate experi-
ments. (C) Proteasome activity
increment in autophagy-sup-
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bar (Aand B):5 pm.
However, other possibilities can-

not be completely ruled out. For
instance, ATG proteins may reside in the primary cilia as
vesicles,”> or ATG proteins are localized in the primary cilia
as noncomponents of autophagosomes and autolysosomes.
Lin et al. have recently provided evidence that molecules with
650 kDa can enter primary cilia, indicating that at least 90%
of mammalian proteins can do s0.*® Of note, although we
showed a general association of cilium length and individual
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IFT proteins in the context of autophagy change, IFT pro-
teins were not always consistent with the cilium length, prob-
ably because IFT proteins are regulated transcriptionally and
post-translationally. In addition, ciliary length may also
depend on the turnover rate and/or recruitment of IFT.

In summary, together with recent reports,”"** we have dem-
onstrated the reciprocal positive interaction between cilia and
autophagy. Mechanistically, our results suggest that on the one

hand, ciliogenesis is associated with the suppression of MTOR
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Figure 7. Our working model. Reciprocal interaction between cilia and
autophagy. (A) Shortening of cilia activates MTOR, which subsequently
inhibits autophagy. (B) Autophagy inhibition or stimulation increases or
decreases the proteasome activity, which subsequently affects cilium
length regulators. At certain conditions, autophagy may directly regulate
cilium- length regulators such as IFT88 in BECN1 peptide-induced cilium
elongation. The integrative balance of cilia-suppressing and -elongating
factors determines the cilium length.

and consequent activation of autophagy; on the other hand,
autophagy suppresses the proteasome and prevents the degrada-
tion of ciliary proteins resulting in ciliogenesis (Fig. 7). Further
research should delineate the role and regulation of the crosstalk
between cilia and autophagy in physiological and pathophysio-
logical conditions.

Materials and Methods

Reagents and antibodies

ACTB (A2228) and acetylated (Ac)-a tubulin/TUBA
(T7451) antibodies were purchased from Sigma. IFT88 antibody
(13967-1-AP) was acquired from the Proteintech Group. KIF3A
monoclonal antibody (611508) was obtained from the BD
Transduction Laboratory. Phospho-RPS6KB1 (p-RPS6KBI,
Thr389; 9205), phospho-AKT1 (p-AKT1, Ser473; 9271), total
MTOR (T-MTOR; 2972) and phospho-MTOR (p-MTOR,
Ser2448; 2927) antibodies were purchased from Cell Signaling
Technology. LC3B antibody (NB100-2220) was bought from
Novus Biologicals. SQSTMI1 antibody (PM045) was obtained
from MBL. PPIB antibody (ab16045) was purchased from
Abcam. Secondary antibodies for immunoblotting were from
Pierce (goat antimouse 31430, goat antirabbit 31460) and for
immunofluorescence staining from Jackson ImmunoResearch
(115-165-0062), respectively. Fluorescein-labeled lotus tetrago-
nolobus agglutinin (LTA) was bought from Vector Labs (FL-
1321). Three-MA (M9281), rapamycin (R0395), MG132
(M7449), trehalose (T9531), and CQ (C6628) were all obtained
from Sigma. BECN1 peptide was commercially synthesized
according to the published protocol.*® Other reagents were from
Sigma unless specifically indicated.
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Cell culture and treatment

HK2 cells obtained from the ATCC (CRL-2190) were rou-
tinely cultured in DMEM-F12 medium containing 10% fetal
bovine serum (FBS). Isolation of cilia-long and -short HK2 cells
was described elsewhere.”> IFT88-KD2 cells were made by trans-
duction of virion particles containing specific /F788 shRNA:s.
Control cells were transduced with the Mission Non-Target
shRNA Particles (SHC002V, Sigma).23 For the treatment of
HK2 cells, 3-MA (5 mM) or CQ (25 pM) was added into
RKRB medium (115 mM NaCl, 1 mM KH,PO,, 4 mM KClI,
1 mM MgSO,47H,0, 1.25 mM CaCl,, 25 mM NaHCO3;, pH
7.4) while Baf (25 nM) was added into culture media for a speci-
fied period. Trehalose (100 mM) was added into the cell culture
media for 24 h. Six N HCl-treated OPTI-MEM medium
(GIBCO, 31985070) containing BECN1 peptide (25 wM) were
incubated with HK2 cells for 4 h. MG 132 was used at a concen-
tration of 5 WM for 2 h in HK2 and Atg5+/+ and atg5_/_ MEF
cells.

Immunostaining and confocal microscopy

Tissue and cell treatment as well as staining procedures have
been described previously.23 For immunostaining, tissue sections
and fixed cells were blocked by bovine serum albumin (Sigma,
A9647). After incubation with primary antibodies, samples were
washed with phosphate-buffered saline (PBS; 136.89 mM NaCl,
2.68 mM KCl, 8.10 mM Na,HPO,, 1.47 mM KH,POy, pH
7.4), and then incubated with secondary antibodies. Slides were
mounted with the Prolong Gold antifade reagent containing
DAPI (4'-6-diamidino-2-phenylindole) (P36931, Sigma). All
procedures were performed at room temperature. For the image
analysis, Zeiss Axio fluorescence and confocal microscopes (Carl
Zeiss Inc.. (Thornwood, NY 10594) were used. The confocal
microscope was equipped with an LSM Image analysis system
and used for measurement of the cilium length.

Immunoblotting

Proteins from cells were extracted with SDS lysis buffer as pre-
viously reported.”>*” In brief, protein lysis buffer was added into
PBS-washed cells for 5 min at room temperature. Samples were
centrifuged at 15000 rcf for 10 min and supernatant fractions
were used for protein analysis. Protein samples were electrophor-
esed in a mini-PROTEAN TGX gel and transferred to PVDF
nylon membranes (Bio-Rad, 162-0177). After blocking with 5%
nonfat dry milk (Lab Scientific, M0841) in PBS, the membrane
was incubated with the primary antibody and washed with PBS
containing 0.1% Tween 20 (MP Biomedicals, 11TWEEN201),
followed by incubation with the secondary immunoglobulins
conjugated with horseradish peroxidase. The bound secondary
antibodies were detected with the SuperSignal™ West Pico
Chemiluminescent Substrate (Pierce, 34080).

GFP-LC3 transfection

HK2 cells were placed into 6-well plates containing sterile
coverslips. On the second d, cells were transfected with GFP-
LC3 constructs by the Lipofectomine 2000 reagent (Invitrogen,
11668-019). After 24 h with or without rapamycin incubation
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(50 nM), immunostaining was performed. The number of
puncta was quantified under confocal microscopy.

Kidney proximal tubule-specific atg7-KO mice

The mouse model of kidney proximal tubule-specific azg7-KO
was generated in our recent work.”® Kidneys were harvested after
sacrifice of the mice for immunostaining. Animal experiments
were conducted according to the guidelines approved by the
Institutional Animal Care and Use Committee of the Charlie
Norwood VA Medical Center and Medical College of Georgia.

Proteasome activity assay

Five micrograms of cell lysates were used for the in vitro 20S
proteasome activity assay according to the manufacturer’s
instructions (Millipore, APT280) using a TECAN GENios fluo-
rescence microplate reader (Research Triangle Park, NC 27709).
HK2 and Azg5™"* and azg5'~ cells were cultured in the pres-
ence of 3-MA and/or MG132 for 2 h. Proteins were extracted
with 1x assay buffer containing 0.05% NP-40 (USBiological,
N3500) and 0.001% SDS (Fisher, S529). Relative fluorescent
units (RFU) were measured after 1-h incubation at 60°C with

the substrate (Suc-LLVY-AMC; Millipore, APT280) using a
380/460 nm filter set.

Statistics

Values were expressed as mean =+ standard deviation (SD).
The Student # test was used for comparison. Statistical signifi-
cance for the Pearson correlation coefficient was calculated based
on the 4 pairs of parameters. P < 0.05 was considered statistically
significant.
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