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The mechanisms underlyingmany of the human disease phenotypes associated with ciliary dysfunctionand ab-
normal centrosome amplification have yet to be fully elucidated. Here, we present for the first time that SIRT2, a
nicotinamide adenine dinucleotide (NAD)-dependent deacetylase, regulates ciliogenesis and centrosome amp-
lification. Overexpression of SIRT2 in renal epithelial cells appeared to disrupt cilia formation, causing
decreased numbers of cells with cilia and decreased cilia length, while inhibition of SIRT2 activity by nicotina-
mide treatment or knockdown of SIRT2 with siRNA was shown to block cilia disassembly during the cell
cycle. Overexpression of SIRT2 in zebrafish decreased cilia numbers in Kupffer’s vesicle, while morpholino
knock down of SIRT2 increased cilia length. Aberrant centrosome amplification and polyploidy were seen
with overexpression of SIRT2 in mouse inner medullary collecting duct 3 cells, similar to that observed following
Pkd1 knockdown. SIRT2 was up-regulated in both Pkd1 mutant and knockdown cells. Depletion of SIRT2 pre-
vented the abnormal centrosome amplification and polyploidy associated with loss of polycystin-1 (PC1)
alone. Thus, we conclude that the aberrant centrosome amplification and polyploidy in Pkd1 mutant or depleted
cells was mediated through overexpression of SIRT2. Our results suggest a novel function of SIRT2 in cilia
dynamics and centrosome function, and in ciliopathy-associated disease progression.

INTRODUCTION

Defects in cilia structure and their signaling components have
been associated with a variety of human diseases or disorders,
collectively known as ciliopathies. These include renal cystic
diseases, retinal dystrophy, Bardet-Biedl syndrome, neurosen-
sory impairment, diabetes, infertility and hypertension (1–4).
Defects in centrosome number or centrosome function are asso-
ciated with cancer, and developmental disorders correlated with
reduced brain growth (5), as well as polycystic kidney disease (6).

Cilia and centrosomes interact with and share a common
structure known as the centriole, a small organelle (� 200 nm
in diameter and � 400 nm in length) consisting of a cylindrical
array of nine triplet microtubules (7). Centrioles organize the for-
mation of centrosomes and cilia, which are actively involved in

cell division, polarity and motility. The centriole recruits peri-
centriolar material to form the centrosome, and one of the two
centrioles in the centrosome differentiates to function as the
basal body, a structure that organizes microtubule bundles to
form cilia. Cilia can be either motile with a ring of nine
doublet microtubules surrounding a central pair (9 + 2), or im-
motile, missing the central microtubule pair (9 + 0), such as
primary cilia that exist on most cells. The assembly and disas-
sembly of centrosomes and cilia are associated with the phases
of the cell cycle.

The centrosome is duplicated only once to give rise to two cen-
trosomes during a normal cell division cycle, so that centrosome
number remains constant in the daughter cells. Interphase cells
contain a single centrosome that is typically located near the
nucleus. It contains a pair of centrioles that are oriented in a
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characteristic orthogonal arrangement and that function to
anchor the recruitment of pericentriolar material, including the
microtubule nucleating protein g-tubulin (8). As cells pass
through the G1 phase and enter the S phase of the cell cycle,
the centrioles duplicate and lengthen. Centrosome duplication
is completed during late G2/M and each new centrosome (i.e.
mitotic spindle pole) contains one old (mother centriole) and
one new (daughter) centriole. The presence of only two centro-
somes in the cell as it enters the mitotic phase (prophase, meta-
phase, anaphase and telophase) ensures the equal segregation
of sister chromatids to each daughter cell.

The primary cilium is assembled during the interphase and is
disassembled during the mitotic phase. The formation of the
primary cilium begins when the distal end of the mother centriole
(now the basal body) attaches to and becomes enclosed by a
membrane vesicle. The microtubule core (axoneme) of the
cilium then assembles directly onto the microtubules of the cen-
triole. As the axoneme lengthens, the primary ciliary vesicle
enlarges and becomes a sheath. Eventually, the sheath fuses
with the cytoplasmic membrane and the primary cilium pro-
trudes from the cell surface (9). After the centrioles duplicate
and lengthen during the S phase, ciliary shortening occurs
during G2/M and eventually the primary cilium resorbs from
the plasma membrane (10,11).

The stability and function of microtubules, components of
both the centrosome and ciliary axoneme, are regulated by the
status of tubulin acetylation and deacetylation (12). The acetyl-
transferase alphaTAT1, with a highly specific a-tubulin K40
acetyltranferase activity, is required for the acetylation of axo-
nemal microtubules and for the normal assembly dynamics of
primary cilia (13). Histone deacetylase 6 (HDAC6), which has
a specifica-tubulin deacetylase activity, is required for destabil-
ization of the microtubule-based axoneme and for cilia disas-
sembly (14). The human NAD+-dependent protein deacetylase
SIRT2 also mediates deacetylation of a-tubulin, and regulates
mitotic exit by affecting mitotic structures including the centro-
some, mitotic spindle and midbody to regulate chromosomal
segregation during mitosis to ensure normal cell division (15).
Cell cultures overexpressing wild-type SIRT2 exhibit an in-
crease in multinucleated cells. SIRT2 resides predominantly in
the cytoplasm where it functions as a tubulin deacetylase.
However, during the cell cycle, SIRT2 becomes enriched in
the nucleus and is associated with mitotic structures, beginning
with the centrosome during the prophase, the mitotic spindle
during the metaphase and the midbody during cytokinesis
(15). SIRT2 is proposed to partner with HDAC6 in deacetylating
a-tubulin since a-tubulin binds to the SIRT2-HDAC6 complex
in vitro (16,17). Based on these studies, we propose that SIRT2
may be a factor that regulates both centrosome amplification and
ciliogenesis.

In this study, we found that overexpression of SIRT2
decreased the percentage of renal epithelial cells with cilia
while inhibition of SIRT2 by nicotinamide (NIC) treatment or
knockdown of SIRT2 with siRNA increased the percentage
of cells with cilia by blocking the disassembly of cilia. Our
in vivo data in zebrafish also support a role for SIRT2 regulating
ciliogenesis in Kupffer’s vesicle (KV). In addition, we found that
overexpression of SIRT2 in mouse inner medullary collecting
duct 3 (IMCD3) cells induced aberrant centrosome amplification
and polyploidy, which was similar to that seen with loss of

polycystin-1 (PC1) in these cells. We found that SIRT2 was
up-regulated in Pkd1 knockdown mouse IMCD3 cells and
Pkd1 knockout mouse kidney cells. Double knockdown of
Pkd1 and SIRT2 with shRNA in mouse IMCD3 cells significant-
ly decreased the number of cells with centrosome defects com-
pared with those transduced with Pkd1 shRNA alone. These
results suggest that SIRT2 is one of the factors responsible for ab-
errant centrosome amplification and polyploidy in polycystic
kidney disease. Our results suggest a novel mechanism for
SIRT2 in regulating cilia formation and disassembly, and in
centrosome amplification and polyploidy.

RESULTS

Knockdown SIRT2 with siRNA or inhibition of SIRT2
with NIC blocks cilia disassembly

Although there is clear evidence demonstrating that cilia are
assembled and disassembled dynamically as cells progress
through the cell cycle, the mechanisms by which this is con-
trolled remain poorly understood. HDAC6 has been suggested
to play a key regulatory role in the dynamic stability of
microtubules through deacetylation of a-tubulin (12). HDAC6-
mediated deacetylation of a-tubulin has also been found to
regulate cilia disassembly during the normal cell cycle (14).
We hypothesized that SIRT2, the only a-tubulin deacetylase
of the sirtuin family proteins and a binding partner of HDAC6,
may also regulate cilia disassembly. We found that SIRT2 co-
localized with a-tubulin and formed a complex with a-tubulin
in mouse IMCD3 cells as examined by immunostaining (Fig. 1A)
or by immunoprecipitation (Fig. 1B), respectively. Knockdown
of SIRT2 with siRNA increased the acetylation level of
a-tubulin (Fig. 1C). In addition, treatment with NIC, a general
sirtuin activity inhibitor, also increased the acetylation level of
a-tubulin (Fig. 1D). These results suggested that SIRT2 deace-
tylated a-tubulin in mouse IMCD3 cells, and that this process
could be inhibited by NIC.

It has been reported that serum starvation promotes cilia for-
mation while re-feeding the starved cells with serum induces
the process of ciliary disassembly (14). First, to determine the
role of SIRT2 in this process, we induced cilia formation in
mouse IMCD3 cells by serum starvation for 48 h, together
with or without NIC and examined the cilia by anti-acetyl-
a-tubulin antibody staining. We found that serum starvation
alone for 48 h induced cilia formation in 79% of these mouse
IMCD3 cells. Serum starvation together with NIC co-treatment
further increased cilia formation in these cells to �94%
(Fig. 2A). Serum starvation together with NIC co-treatment
also increased cilia length in mouse IMCD3 cells (Fig. 2A). Al-
though acetylated tubulin is a widely used marker for cilia, its use
in this study may be challenged because SIRT2 is a tubulin dea-
cetylase. Thus, we repeated the above experiments with another
cilia marker, ARL13B (18), to score the percentage and length of
cilia. We obtained similar results with these two cilia markers
(Fig. 2A and B) and found that cilia stained with ARL13B
exactly overlapped with cilia stained with acetyl-a-tubulin in
mouse IMCD3 cells treated with or without NIC (Supplementary
Material, Fig. S1A). These results suggested that either
acetyl-a-tubulin or ARL13B could be used as a cilia marker
despite the fact that inhibition of SIRT2 with NIC increased
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the levels of acetyl-a-tubulin (Fig. 1D). We further found that
knockdown of SIRT2 with siRNA increased the percentage of
cells with cilia and cilia length as scored with the above two
cilia markers (Fig. 2C–E). In addition, we found that SIRT2
localized to the basal body of cilia in mouse IMCD3 cells
without NIC treatment, following serum starvation for 48 h
(Fig. 2F and G) and that treatment with NIC did not affect the
basal body localization of SIRT2 in mouse IMCD3 cells, follow-
ing serum starvation for 48 h (Supplementary Material, Fig. S2).
However, knockdown of SIRT2 with siRNA completely abol-
ished the appearance of SIRT2 in the cytosol and at the basal
body, confirming the specificity of the anti-SIRT2 antibody for
immunostaining (Fig. 2G). These results suggested that SIRT2-
mediated deacetylation of a-tubulin might regulate the ciliary
assembly/disassembly process.

Next, to determine the role of SIRT2 in cilia disassembly, we
induced cilia disassembly in serum-starved mouse IMCD3 cells
by re-feeding with serum. Two hours before being re-fed with
serum, cells were treated with or without NIC. We found that
after 48 h of serum starvation followed by re-feeding with
serum in the absence of NIC, the cilia gradually resorbed over
a period of 12 h. (Fig. 3A, black bars in top panel). However,
this ciliary disassembly was completely blocked in these cells

after re-feeding with serum and NIC as analyzed by anti-
acetyl-a-tubulin antibody staining (Fig. 3A, gray bars in
bottom panel) or by anti-ARL13B antibody staining (Fig. 3B,
gray bars in right panel). We further found that depletion of
SIRT2 by shRNA blocked cilia resorption in cells, following
re-feeding with serum (Fig. 3C).

To exclude the possibility that NIC treatment or knockdown
of SIRT2 blocked cilia disassembly by inhibiting cell cycle
re-entry, we performed BrdU incorporation assays. We found
that the percentage of BrdU-positive cells, which represents
the proliferating cells, was subtly increased at 6 h after serum
re-feeding and strikingly increased at 12 h after serum re-feeding
in cells treated with NIC or transfected with SIRT2 shRNA,
similar to control untreated or control vector transfected cells
(Supplementary Material, Fig. S3A and B). The BrdU incorpor-
ation assay results indicated that neither NIC treatment nor
knockdown SIRT2 with shRNA influenced S phase entry
during this 12-h serum re-feeding period. It has been reported
that treatment with a general HDAC inhibitor, Trichostatin A
(TSA), or a specific HDAC6 inhibitor, tubacin, blocks serum-
induced ciliary disassembly (14). We also found that TSA and
tubacin-blocked ciliary disassembly in mouse IMCD3 cells
under conditions of serum re-feeding (data not shown). These

Figure 1. SIRT2 interacts with and deacetylates a-tubulin in mouse IMCD3 cells. (A) SIRT2 colocalized with a-tubulin in mouse IMCD3 cells as shown by
co-staining with anti-SIRT2 and anti-a-tubulin antibodies. Scale bar, 10 mm. (B) SIRT2 interacts witha-tubulin in mouse IMCD3 cells as shown by immunoprecipita-
tion with anti-a-tubulin antibody and anti-SIRT2 antibody, respectively. (C) Knockdown of SIRT2 with siRNA increased the level of acetyl-a-tubulin in mouse
IMCD3 cells as shown by western blotting analysis. (D) NIC treatment increased the level of acetyl-a-tubulin in mouse IMCD3 cells as shown by western blotting
analysis. The expression of acetyl-a-tubulin was quantified from three independent immunoblots and is presented as the relative acetyl-a-tubulin level standardized to
actin. ∗∗P , 0.01.
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Figure 2. Inhibition of SIRT2 with NIC or knockdown of SIRT2 with siRNA increases cells with cilia and cilia length. (A) Mouse IMCD3 cells were starved for 48 h
with or without 10 mM NIC and then stained with two cilia markers, anti-acetyl-a-tubulin antibody or anti-ARL13B antibody, respectively. The percentage of cells
with cilia was counted, and the lengths of the cilia were measured. The assay was performed three times, with an average of 200 cells counted. ∗P , 0.05. ∗∗P , 0.01.
(B) The cilia on serum-starved mouse IMCD3 cells with or without NIC treatment were stained by anti-ARL13B antibody (red) and nuclei were stained with DAPI
(blue). (C and D) Mouse IMCD3 cells transfected with SIRT2 siRNA and starved for 48 h were stained with anti-acetyl-a-tubulin antibody and anti-ARL13B anti-
body, to score the percentage of cells with cilia (C) and the lengths of the cilia (D). ∗P , 0.05. ∗∗P , 0.01. (E) The cilia in the serum-starved mouse IMCD3 cells
transfected with SIRT2 siRNA were stained with anti-ARL13B antibody. (F) SIRT2 localized at the basal body of cilia. Mouse IMCD3 cells were starved for
48 h and were immunostained with anti-SIRT2 antibody (green), anti-acetyl-a-tubulin antibody (red) and counterstained with DAPI (blue). Scale bar, 10 mm.
(G) The mouse IMCD3 cells transfected with SIRT2 siRNA were stained with anti-SIRT2 antibody (green) and anti-acetyl-a-tubulin antibody (red) and counter-
stained with DAPI (blue). Arrows point basal body. Scale bar, 10 mm.
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results suggested that SIRT2 regulates cilia disassembly during
the cell cycle and thus functionally overlaps with HDAC6.

Overexpression of SIRT2 decreases cilia number
and length in mouse IMCD3 cells

To further investigate whether SIRT2 regulation of a-tubulin
acetylation affects cilia formation, we transiently transfected
(green fluorescent protein) GFP-SIRT2 into mouse IMCD3
cells for 24 h and then counted the percentage of cells with cilia
after another 48 h of serum starvation. Compared with GFP
vector-transfected cells, overexpressing SIRT2 significantly
reduced the percentage of cells with cilia (Fig. 4A). In contrast,
transfection of the SIRT2 deacetylase-inactive mutant (H187Y)
did not decrease the percentage of cells with cilia (Fig. 4A).
GFP-SIRT2 stably transfected mouse IMCD3 cells also showed
a decreased percentage of cells with cilia (Fig. 4B and 4D). Fur-
thermore, we found that the lengths of cilia on the GFP-SIRT2
stably transfected cells were strikingly reduced (Fig. 4C and D),
together with decreased levels of acetylated a-tubulin (Fig. 4E).
These results suggest that overexpression of SIRT2 disrupts
cilia formation and that this process may be regulated through
SIRT2-mediated deacetylation of a-tubulin.

SIRT2 regulates cilia number and length in KV
of zebrafish embryos

To examine the functional role of SIRT2 in ciliogenesis in vivo,
we determined the effects of overexpression or knockdown of

SIRT2 on ciliogenesis in the KV of zebrafish. The KV is a fluid-
filled organ with ciliated epithelium, which regulates left-right
asymmetry by establishing a directional fluid flow during
development (19). The KV is formed from dorsal forerunner
cells at the 4- to 5-somite stage (SS) and is present during most
of the segmentation period (19). First, we injected zebrafish
embryos with mouse wild-type or deacetylase-inactive mutant
SIRT2 mRNA, and performed immunostaining with anti-
acetyl-a-tubulin antibody at the 10-SS. We found that the cilia
in KVs were significantly reduced in wild-type SIRT2 overex-
pressing embryos (n ¼ 31) compared with that in control
embryos (n ¼ 22) (Fig. 5A and B). In contrast, the SIRT2
deacetylase-inactive mutant H187Y was unable to decrease
cilia number (n ¼ 11) (Fig. 5A and B). Second, we found that
knockdown of zebrafish SIRT2 by injecting zebrafish embryos
with a SIRT2 morpholino, which was confirmed by reverse tran-
scription PCR (Fig. 5C), resulted in longer cilia at the 10-SS
compared with that in age-matched control injected embryos
(Fig. 5D and E). The elongated cilia phenotype could not be
rescued by co-injecting mouse wild-type SIRT2 (data not
shown). Morpholino knockdown of SIRT2 through targeting
two different regions of SIRT2 mRNA increased cilia length
in KVs (Fig. 5E and Supplementary Material, Fig. S4C),
which suggested that the observed phenotype was not due to off-
target effects, and had no significant effect on cilia number in KV
(n ¼ 10) (Fig. 5F and Supplementary Material, Fig. S4D), These
results suggest that there is a critical role for SIRT2 in the forma-
tion of cilia in vivo.

Figure 3. Inhibition of SIRT2 with NIC or knockdown of SIRT2 with shRNA inhibits cilia disassembly. (A and B) Treatment of mouse IMCD3 cells with NIC
prevents ciliary resorption. Cells were plated at 30% confluence in medium without serum for 48 h, and were stained after serum addition at 0–12 h. Cells were incu-
bated with 10 mM NIC for 2 h prior to induction of ciliary disassembly. The percentage of cells with cilia was counted at the indicated time points stained with either
anti-acetyl-a-tubulin antibody (A) or anti-ARL13B antibody (B). The assay was performed three times, with an average of 200 cells counted/time point. (C) Depletion
of SIRT2 with shRNA prevents ciliary resorption in mouse IMCD3 cells. Mouse IMCD3 cells transduced with SIRT2 shRNA or control vector were plated at 30%
confluence in medium without serum for 48 h, and were stained after serum addition at 0–12 h. The percentage of cells with cilia was counted at the indicated time
points stained with anti-ARL13B antibody.
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Chromosome segregation defects and polyploidy caused by
loss of PC-1 are mediated through SIRT2 up-regulation

It has been reported that knockdown of Pkd1 in mouse IMCD3
cells and in endothelial cells results in abnormal centrosome
amplification and multipolar spindle formation, which leads
to genomic instability characterized by polyploidy and mitotic
catastrophe (6,20). However, the molecular mechanisms leading
to this abnormal centrosome amplification downstream of Pkd1
loss is unknown. We confirmed that the loss of PC1, mediated
by lentiviral shRNA knockdown in mouse IMCD3 cells
(pGIPZ-shPkd1), leads to abnormal centrosome amplification
(SupplementaryMaterial,Fig.S5A)andmultinucleation(Supple-
mentary Material, Fig. S5B). Abnormal centrosome amplification
was also detected in kidney tissues from Pkd1flox/flox:Ksp-Cre
mice (Supplementary Material, Fig. S5C) and ADPKD patients
(Supplementary Material, Fig. S5D), respectively. Knockdown
of Pkd1 in mouse IMCD3 cells with lentiviral vector-mediated
shRNAs (pGIPZ-shPkd1) increased the expression of SIRT2
compared with control cells transduced with the pGIPZ-NS
vector (Fig. 6A). We further found that SIRT2 was up-regulated
in Pkd1 mutant mouse embryonic kidney (MEK) cells (null) com-
pared with Pkd1 wild-type MEK cells (Fig. 6B). In addition, we
found that SIRT2 was enriched in the centrosome, as determined

by its colocalization with the centrosome marker, g-tubulin, in
mouse IMCD3 cells at the interphase (Fig. 6C, top panel) and
during mitosis (Fig. 6C, bottom panel), as well as in Pkd1
mutant MEK cells (Supplementary Material, Fig. S6). These
results suggest that mutation or knockdown of Pkd1 can induce
abnormal centrosome amplification and multipolar spindle for-
mation, and that this process may be regulated by increased
SIRT2.

To evaluate whether SIRT2 affects centrosome amplification
and polyploidy, we overexpressed SIRT2 in mouse IMCD3
cells and stained the cells using anti-pericentrin antibody to
mark the centrosome. We found that in GFP-SIRT2 transiently
transfected cells, GFP-SIRT2 co-localized with centrosome
pericentrin staining (Fig. 7A). Overexpression of wild-type
GFP-SIRT2 (WT) in mouse IMCD3 cells resulted in the forma-
tion of multiple centrosomes (Fig. 7A) and multinucleation
(Fig. 7B and C, P , 0.01). In contrast, the inactive SIRT2
(H187Y) mutant did not induce multinucleation in transient
transfected mouse IMCD3 cells (Fig. 7B and C). Inhibition of
SIRT2 activity by NIC could decrease multinucleation in
SIRT2 overexpressing mouse IMCD3 cells in a dose-dependent
manner (Fig. 7D, P , 0.01).

To examine whether abnormal centrosome amplification
induced by loss of PC1 is mediated through overexpression of

Figure 4. Overexpression of SIRT2 decreases cilia number and length. (A) Mouse IMCD3 cells were transiently transfected with green fluorescent protein (GFP),
GFP-SIRT2 (WT) and GFP-SIRT2 (H187Y), respectively; 24 h after transfection, the cells were cultured in medium without serum for 48 h. The cilia in GFP-positive
cells were visualized with acetyl-a-tubulin antibody. An average of 200 cells was counted in each of three experiments. ∗∗P , 0.01. (B and C) The percentage of
cells with cilia was counted (B), and the lengths of the cilia on ciliated cells were measured and presented as the average cilia length (C) in mouse IMCD3 cells
stably transfected with GFP or GFP-SIRT2 stained with anti-acetyl-a-tubulin antibody and anti-ARL13B antibody, respectively. ∗∗P , 0.01. (D) Mouse IMCD3
cells stably transfected with GFP or GFP-SIRT2 (WT) were cultured in medium without serum for 48 h, then cells were stained with anti-acetyl-a-tubulin antibody
(red) and counterstained by DAPI (blue). (E) The level of acetyl-a-tubulin was increased in mouse IMCD3 cells with stable expression of GFP-SIRT2. Western blots
were performed on mouse IMCD3 cell lysates stably expressing GFP or GFP-SIRT2 (WT), and were probed with acetyl-a-tubulin, a-tubulin and GFP antibodies.
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SIRT2, we knocked down both Pkd1 and SIRT2 with shRNA in
mouse IMCD3 cells. We found that depletion of both SIRT2 and
Pkd1 prevented abnormal centrosome amplification induced by
loss of PC1 alone (Fig. 8A, P , 0.01). Depletion of SIRT2 alone
did not induce abnormal centrosome amplification (Fig. 8A).
Knockdown of Pkd1 increased the levels of SIRT2 and
decreased the levels of acetylated a-tubulin, while knockdown
SIRT2 alone or double knockdown of Pkd1 and SIRT2
decreased the levels of SIRT2 and increased the levels of acety-
lated a-tubulin (Fig. 8B). We further found that inhibition of
SIRT2 with NIC decreased the percentage of cells with abnormal
centrosome amplification caused by Pkd1 shRNA knockdown
(Fig. 8C, P , 0.01). Although the level of SIRT2 was
up-regulated, the level of acetylated a-tubulin was also
increased in Pkd1 shRNA knockdown cells treated with NIC
(Fig. 8D). On the basis of these data, we conclude that abnormal
centrosome amplification and polyploidy induced by loss of PC1
is mediated through up-regulated SIRT2.

DISCUSSION

Centrosomes and cilia share a commonality in structure, com-
position and function. While a variety of factors associated
with either ciliogenesis or centrosome amplification have been
reported, no single factor regulating both processes was previ-
ously identified. In this study, we present evidence that SIRT2
regulates both ciliogenesis and centrosome amplification, and
thus may be a factor in ciliopathies, including polycystic

kidney disease and cancer. We demonstrate that overexpression
of SIRT2 causes (i) decreased numbers of mouse IMCD3 cells
with cilia; (ii) decreased cilia number in KV in zebrafish and
(iii) aberrant centrosome amplification and polyploidy in
mouse IMCD3 cells. We also show that inhibition of SIRT2
with NIC or siRNA blocks cilia disassembly, and that morpho-
lino knockdown of SIRT2 increases cilia length in KV. In add-
ition, we found that SIRT2 was up-regulated in Pkd1
knockdown mouse IMCD3 cells and Pkd1 knockout mouse
kidney cells, and that the aberrant centrosome amplification and
polyploidy induced by loss of PC1 is mediated through SIRT2
up-regulation.

Cilia have been known to be dynamically resorbed and
resynthesized during the cell cycle (21). Primary cilia are disas-
sembled as cells re-enter the cell cycle prior to mitosis and, in
some cases, prior to the S phase. It has been suggested that
cilia disassembly can be initiated by aurora A, a centrosomal
kinase whose activity regulates entry into mitosis through the ac-
tivation of cyclin-dependent kinase 1 (CDK1)-cyclin B, and
mediates phosphorylation of HDAC6, which then acts on
a-tubulin (14). Depletion of aurora A or its activator, human en-
hancer of filamentation 1 (HEF1) or administration of aurora A
inhibitors or HDAC6 inhibitors prevent cilia disassembly (14).
A model of cilia disassembly has been proposed in which
aurora A activates ciliary HDAC6, which in turn deacetylates
axonemal microtubules, leading to the rapid collapse of the
primary cilium (14). However, this model is challenged by the
finding that knocking out the Hdac6 gene in mice produces

Figure 5. SIRT2 regulates cilia number and length in KV of zebrafish embryos. (A) Whole-mount immunofluorescence microscopy of cilia at the KV of embryos
injected with SIRT2 wild-type mRNA or SIRT2 (H187Y) mRNA at the one-cell stage, then examined at the 10-SS using antibody against acetyl-a-tubulin
(green). Scale bar, 5 mm. (B) Cilia numbers in KV in indicated embryos at the 10 SS. Error bar shows SD. ∗∗P , 0.01. (C) The knockdown efficiency of SIRT2 mor-
pholino (Mor) targeting exon 3 and intron 3 splice site was analyzed by reverse transcription PCR. (D) Whole-mount immunofluorescence microscopy of cilia at the
KV in embryos at the 10 SS, injected with control or SIRT2 morpholino. Scale bar, 5 mm. (E) Cilia lengths in KV were measured at the 10 SS embryos injected
with control or SIRT2 morpholino respectively. n represents total cilia numbers that were measured for cilia length from 6 embryos per group. ∗∗p , 0.01. (F)
Cilia numbers in KV (n ¼ 10) at the 10 SS embryos injected with control or SIRT2 morpholino, respectively.
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only subtle phenotypes affecting the immune response and bone
density rather than gross abnormalities and embryonic lethality
(22), which would be expected if a lack of this protein caused
hyperstable microtubules or persistent cilia. Our finding that
SIRT2 regulates cilia disassembly and the fact that SIRT2 is
able to form a complex with HDAC6 suggest that SIRT2 regu-
lates cilia size together with HDAC6 (Figs 2 and 3) (16).
However, our results that inhibition of either SIRT2 or
HDAC6 alone is sufficient to induce hyperacetylation of
a-tubulin and that inhibition blocks cilia disassembly (Fig. 3)
(16) suggest that the function of SIRT2 to regulate ciliogenesis
is independent of HDAC6. These results may explain the
result that knockout of HDAC6 does not cause hyperstable
microtubules or persistent cilia since SIRT2 may compensate
for the loss of HDAC6 in knockout cells and organs. The obser-
vation that SIRT2 is localized in centrosomes together with
aurora A (14,15) and that SIRT2 immunoprecipitates with
aurora A (23) further supports this idea. Whether the effect of
SIRT2 on cilia disassembly is regulated by aurora A-mediated
phosphorylation during the normal cell cycle and what role, if
any, a-tubulin acetylation has in antagonizing this process
needs to be further investigated.

Phosphorylation and dephosphorylation of SIRT2 is regulated
by Cdk1 and the phosphatase CDC14B, respectively (24,25).
Knockdown of CDC14B in zebrafish has been reported to
inhibit ciliogenesis, as shown by the presence of shorter cilia
in CDC14B-deficient embryos (26). Our results that overexpres-
sion of SIRT2 decreased cilia numbers in KV in zebrafish (Fig. 5)
suggested that SIRT2 may be one of the downstream targets of
CDC14B-mediated ciliogenesis. If so, knockdown of CDC14B
might cause short cilia by increasing the levels of phosphory-
lated SIRT2, thus increasing its a-tubulin deacetylase activity.

Ciliogenesis and cell cycle progression are mutually exclusive
processes (27). However, recent findings support a network con-
nection between these events. It has been reported that the cen-
trosomal protein nuclear distribution E homologue 1 (Nde1)
negatively regulates ciliary length and cell cycle re-entry (28).
Nde1 was detected at high levels in the mitotic phase but
decreased to low levels in quiescent cells. Nde1 localized at
the mother centriole, which organizes microtubule bundles to
form the primary cilia. Depletion of Nde1 results in longer
cilia and a delay in cell cycle re-entry, which suggests a correl-
ation between ciliary length and cell cycle progression.
Tctex-1 (or DYNLT), a light chain subunit of cytoplasmic

Figure 6. SIRT2 is up-regulated in Pkd1 knockdown or Pkd1 knockout renal epithelial cells. (A) SIRT2 was up-regulated and acetylated a-tubulin was decreased in
Lentivector-mediated Pkd1 knockdown mouse IMCD3 cells. Mouse IMCD3 cells were transduced with Lentivector-mediated Pkd1 shRNAs, pGIPZ–shPkd1, and
the control vector, pGIPZ-NS, respectively. The expression of SIRT2 in these cells was analyzed by western blot (left panel). The Pkd1 knockdown efficiency was
evaluated with qRT–PCR, which indicated that Pkd1 expression was reduced by .85% in pGIPZ–shPkd1 transduced IMCD3 cells compared with that in control
pGIPZ-NS transduced cells (right panel). (B) Western blot analysis of the expression of SIRT2 and acetylateda-tubulin from whole cell lysates of Pkd1 wild-type (wt)
and Pkd1null/null (null) MEK cells. SIRT2 was up-regulated and acetylateda-tubulin was decreased in Pkd1 null MEK cells compared with Pkd1 wild-type cells. The
expression of SIRT2 was quantified from three independent immunoblots and was presented as the relative SIRT2 expression level standardized to actin in the right
panel. ∗∗P , 0.01. (C) SIRT2 localized at centrosome in both interphase (upper panel) and mitotic (lower panel) mouse IMCD3 cells. Mouse IMCD3 cells were
immunostained with anti-SIRT2 (green) antibody and anti-g-tubulin (red) antibody, a centrosome marker. Scale bar, 10 mm.
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dynein, which can perform dynein-dependent or dynein-
independent (uncoupled from the dynein complex) functions
(29), also has a key role in cilia-dependent S-phase entry (30).
In addition, cilia assembly associated proteins, including
IFT88 (intraflagellar transport protein 88) and IFT27 (intrafla-
gellar transport protein 27), are also able to affect the cell
cycle (31,32). These studies suggest that cilia may act as a
brake to regulate the cell cycle (33).

SIRT2 was up-regulated in Pkd1 mutant MEK cells when
compared with wild-type cells (Fig. 5), suggesting that SIRT2
might affect ciliogenesis in Pkd1 mutant kidney tissues. We
found that cilia were present on cystic epithelial cells in Pkd1
mutant kidneys (data not shown). Most common were short,
bar-like cilia; however, abnormally long cilia were also
observed. While there are observations to the contrary (34), ab-
normally long cilia have been seen in the cystic kidneys of a Pkd1
mutant mouse (35). Thus, it is possible that up-regulation of
SIRT2 induced by PC1 loss leads to a structural ciliogenesis
defect in Pkd1 mutant renal tissues.

Loss of PC1 in renal epithelial cells and in endothelial cells has
been reported to induce centrosome amplification and multipolar
spindle formation, leading to genomic instability (6,20).
However, the mechanism underlying loss of PC1-mediated
centrosome amplification and polyploidy is unknown. Our
observations that knockdown of Pkd1 in mouse IMCD3 cells
causes up-regulation of SIRT2 (Fig. 6A), that overexpression
of SIRT2 causes aberrant centrosome amplification and poly-
ploidy (Fig. 7), and that depletion of SIRT2 prevents loss of

PC1-induced aberrant centrosome amplification and polyploidy
(Fig. 8), suggests that aberrant centrosome amplification and
polyploidy caused by loss of PC1 is mediated through abnormal
up-regulation of SIRT2. This conclusion is also supported by
findings that cells exogenously expressing SIRT2 exhibit a
marked prolongation of the mitotic phase of the cell cycle
(24). Thus, a possible mechanism for the polyploidy induced
in Pkd1 knockdown cells is that up-regulated SIRT2 disrupts
chromosome segregation through an alteration of the a-tubulin
acetylation status (Fig. 8B), which results in insufficient separ-
ation of centriole pairs and aberrant centrosome amplification.
However, interpretation of these data is complicated by
another study in which knockdown SIRT2 in mouse embryonic
fibroblast (MEF) cells induced centrosome amplification asso-
ciated with increased expression of aurora A (23). A possible in-
terpretation for these apparent gain- and loss-of-function actions
of SIRT2 in centrosome amplification is that overexpression of
SIRT2 in renal epithelial cells may activate specific pathway(s)
or the ectopic activity of protein(s), such as a-tubulin, while
knockdown SIRT2 in MEF cells may impair specific pathway(s),
such as APC/C signaling (23), leading to increased levels of
aurora A which is required for centrosome maturation and separ-
ation (36,37), with abnormal centrosome amplification conse-
quences. Centrosome overduplication generally induces
uneven chromosomal segregation and greater cellular DNA
content, multipolar spindles, misalignment of chromosomes
and incomplete cytokinesis. The association of cytokinesis
defects with aberrant centrosome amplification and defects of

Figure 7. Overexpression SIRT2 leads to aberrant centrosome amplification and polyploidy. (A) Overexpression SIRT2 in mouse IMCD3 cells leads to aberrant
centrosome amplification. Mouse IMCD3 cells transfected with (green fluorescent protein) GFP-SIRT2 (WT) or GFP were immunostained for pericentrin (red) to
visualize the centrosomes and were counterstained with DAPI (blue). Scale bar, 10 mm. (B and C) Overexpression SIRT2 in mouse IMCD3 cells results in multi-
nucleation. Mouse IMCD3 cells were transfected with GFP, GFP-SIRT2 (WT) or GFP-SIRT2 (H187Y), respectively; 48 h after transfection, cells were scored
for the presence of multiple nuclei (C). An average of 200 cells was counted. Error bars show the SD. ∗∗P , 0.01. Scale bar, 10 mm. (D) NIC inhibits SIRT2-induced
polyploidy in mouse IMCD3 cells. Mouse IMCD3 cells were transfected with GFP-SIRT2 (WT) together with 5 or 10 mM NIC; 48 h after transfection, cells were
scored for the presence of multiple nuclei. An average of 200 cells was counted. ∗∗P , 0.01; one-way ANOVA.
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primary cilia in polycystic kidney disease (6,20) suggest that
primary cilia and centrosomes are important in the process of
cyst formation in PKD.

MATERIALS AND METHODS

Cell culture and reagents

Mouse IMCD3 cells and HEK293T cells were maintained at
378C in 5% CO2 in DMEM (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS). Dolichos
biflorus agglutinin positive Pkd1 wild-type and Pkd1null/null

MEK cells were maintained as previously described (38). NIC
was purchased from Sigma.

For analysis of ciliary assembly, cells were plated at 70% con-
fluency in plates containing glass coverslips, and starved for 48 h
(regular DMEM or DMEM F12 without serum) to induce cilia
formation, followed by immunostaining. For analysis of ciliary
disassembly, cells were plated at 30% confluency and starved
for 48 h, followed by serum re-feeding.

Plasmids and mutagenesis

Mouse full-length SIRT2 was cloned into the pAcGFP-C1
vector (Clontech). Site-directed mutagenesis for SIRT2

constructs was performed with the QuickChange Kit Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) as
recommended.

Western blotting and immunofluorescence

Western blotting was performed on whole-cell lysates as
described by the manufacturer (Upstate Biotechnology, Lake
Placid, NY, USA). The antibodies used for western blotting
included anti-SIRT2 (Cell Signaling Technologies, Danvers,
MA, USA 1:1000 dilution); anti-acetyl-a-tubulin, anti-a-
tubulin and anti-actin antibodies (Sigma, St Louis, MO, USA,
1:5000 dilution). Donkey-anti-rabbit IgG-horseradish peroxid-
ase and Donkey-anti-mouse IgG-horseradish peroxidase
(Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:8000 dilu-
tion) were used as secondary antibodies for western blotting.

For immunofluorescence, confluent cells were grown on glass
coverslips, rinsed with 1× phosphate-buffered saline (PBS),
fixed with 4% paraformaldehyde containing 2% sucrose or
methanol for 10 min and permeabilized with 1% Triton X-100
in PBS for 5 min. Anti-acetyl-a-tubulin (Sigma, St Louis, MO,
USA, 1:10000 dilution), anti-pericentrin (Covance, Princeton,
NJ, USA, 1:500 dilution), anti-SIRT2 (Sigma, St Louis, MO,
USA, 1:500 dilution), anti-ARL13B (Proteintech, Chicago, IL,

Figure 8. Aberrant centrosome amplification induced by loss of PC1 is mediated by SIRT2. (A) Mouse IMCD3 cells were transduced by Lentivector pGIPZ-NS,
pGIPZ-shPkd1, pGIPZ-shSIRT2 or pGIPZ-shPkd1 plus pGIPZ-shSIRT2, respectively. The cells were stained with anti-g-tubulin antibody, the centrosome
marker. The percentage of cells with more than two centrosomes was counted. Error bars show the SD. ∗∗ p , 0.01. (B) Western blot analysis of the expression
of acetylated a-tubulin, a-tubulin and SIRT2 in mouse IMCD3 cells transduced by Lentivector pGIPZ-NS, pGIPZ-shPkd1, pGIPZ-shSIRT2 or pGIPZ-shPkd1
plus pGIPZ-shSIRT2. Actin was used as a loading control. (C) Mouse IMCD3 cell transduced by Lentivector pGIPZ-NS or pGIPZ-shPkd1 were treated with
10 mM NIC for 48 h. The cells were stained with anti-g-tubulin antibody, the centrosome marker. The percentage of cells with more than two centrosomes was
counted. Error bars show the SD. ∗∗P , 0.01. (D) Western blot analysis of the expression of acetylated a-tubulin, a-tubulin and SIRT2 in NIC-treated mouse
IMCD3 cells transduced by Lentivector pGIPZ-NS or pGIPZ-shPkd1, Actin was used as a loading control.
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USA, 1:1000 dilution), anti-BrdU (Sigma, St Louis, MO, USA,
1:1000 dilution) and anti-g-tubulin (Sigma, St Louis, MO, USA,
1:500 dilution) were used for cell staining, respectively. The
rabbit anti-pericentrin antibody (Covance, Princeton, NJ,
USA, 1:1000 dilution) was also used for staining of the kidney
tissues which were fixed with 4% paraformaldehyde (pH 7.4)
from Pkd1flox/flox:Ksp-Cre (39) mice, which was generated as
previously described (40), and human ADPKD. Fluro
488-conjugated anti-mouse IgG antibody and Fluro 555 anti-
rabbit IgG antibody (Invitrogen, Carlsbad, CA, USA) were
used at a dilution of 1:10 000. Prolong anti-fade reagent (Invitro-
gen, Carlsbad, CA, USA) was used with DAPI. Immunofluores-
cence images were obtained with a NIKON ECLIPSE 80i
Microscope.

RNA interference

The RNA oligonucleotides that specifically targeted mouse
SIRT2 were purchased from Thermo Dharmacon. The RNA oli-
gonucleotides were transfected with the DharmaFECT siRNA
transfection reagent (Dharmacon). Forty-eight hours after trans-
fection, cells were harvested and analyzed by western blotting.

Pkd1 and SIRT2 knockdown by lentivirus carrying
Pkd1 and SIRT2 shRNA

HEK293T cells were cotransfected with lentiviral plasmid
pGIPZ-shPKD1 (Open Biosystems, Huntsville, AL, USA) car-
rying Pkd1 shRNA, pGIPZ-shSIRT2 carrying SIRT2 shRNA
or control empty vector pGIPZ-NS, psPAX2 packaging
plasmid, and pMD2.G envelope plasmid, using calcium phos-
phate. Twelve hours later, medium containing the transfection
reagent was removed and replaced with fresh complete
DMEM medium plus 10% FBS and penicillin/streptomycin.
Forty-eight hours later, cultures containing lentiviral particles
were harvested from HEK293T cells. IMCD3 cells were then
infected with appropriate amounts of lentiviral particles together
with 5 mg/ml polybrene (Sigma, St Louis, MO). Twenty-four
hours later, virus-containing medium was removed and replaced
with fresh medium plus 10 mg/ml puromycin. Two days after se-
lection, all the cells were GFP positive, which indicated the very
high efficiency of transduction. Five days after infection,
IMCD3 cells were harvested and analyzed by RT–PCR to
examine the efficiency of Pkd1 knockdown.

Quantitative reverse-transcription polymerase chain
reaction

Total RNA was extracted using the RNeasy Plus Mini Kit
(Qiagen, Germantown, MD, USA). One microgram of total
RNA was used for reverse transcription reactions in a 20 ml re-
action volume to synthesize cDNA using the iScript cDNA Syn-
thesis Kit (Bio-Rad, Hercules, CA, USA). RNA expression
profiles were analyzed by real-time PCR using iTaq SYBER
Green Supermix with ROX (Bio-Rad) in an iCycler iQ Real-
Time PCR Detection System. Genes were amplified using the
following primers. Pkd1-F: 5′-TCAATTGCTCCGGCCGCTG-3′;
Pkd1-R, 5′-CCAGCGTCTGAAGTAGGTTGTGGG-3′; Actin-F:
5′-AAGAGCTATGAGCTGCCTGA-3′; Actin-R: 5′-TACGGAT
GTCAACGTCACAC-3′. The complete reactions were subjected

to the following program of thermal cycling: 40 cycles of 10 s at
958C and 20 s at 638C; a melting curve was run after the PCR
cycles, followedbyacoolingstep.Eachsamplewas run in triplicate
ineveryexperiment, andeachexperimentwas repeated three times.
The expression level of Pkd1 was normalized to the expression
level of actin.

Zebrafish experiments

Full-length mouse wild-type SIRT2 or SIRT2 mutation H187Y
cDNA was cloned into pcDNA 3.0+ for in vitro transcription
using the mMessage mMachine T7 Kit (Invitrogen, Carlsbad,
CA, USA). The SIRT2 morpholino targeting either intron
1 and exon 2 splice site (5′-ACCTCTAAAGGACACAAAA
AAGGCT-3′, 7.5 ng) or exon 3 and intron 3 splice site (5′-
GTACGTGTTTGTCACATACTCTCA-3′, 7.5 ng) or standard
control morpholino (5′-CCTCTTACCTCAGTTACAATTTA
TA-3′, 7.5 ng) provided by Gene Tools, or mRNA (50 pg) was
injected into one-cell stage embryos using a Nanoliter 2000
microinjector (World Precision Instruments, Sarasota, FL,
USA). The primers flanking exon 1 and exon 4 (forward:
5′-GCTGGCTTATAGTTTTAAAGAGGGTA-3′; reverse: 5′-AG
TATGTAGCGAGCAACTGAGTC-3′) and the primers flank-
ing exon 1 and exon 5 (forward: 5′-GCTGGCTTATAGTTT
TAAAGAGGGTA-3′; reverse: 5′-GCTCCAACCATACAGAT
AATGTTC-3′) were employed in the subsequent RT–PCR to
verify the splice blockage of the morpholino. For whole mount
immunofluorescence, the embryos at 10-SS were fixed with
4% formaldehyde in PBS at 48C overnight and transferred to
100% methanol for 2 h at 2208C followed by an overnight at
48C. After rehydrating the embryos, they were washed in PBS
with 0.1% Tween-20 and blocked in PBS-DBT (1 × PBS, 1%
BSA, 10% normal goat serum and 0.1% Tween-20) at room tem-
perature for 2 h, followed by antibody staining for acetylated
a-tubulin (1:1000) at 48Covernight. After 4× per 30 min
washes in PBTw (1 × PBS/0.1 Tween-20), the embryos were
incubated with Alexa Fluor 488-labeled goat anti-mouse IgG anti-
body (Invitrogen, Carlsbad, CA, USA, 1:10000 dilution) for 2 h at
room temperature. After washing, the tail region of the embryos
was removed and mounted. Embryos were imaged using a
NIKON ECLIPSE 80i Microscope with a ×60 objective.

Data analysis

All quantifiable data are reported as means+SEM. Comparison
between two groups was carried out using an unpaired two-tailed
Student’s t test. The difference between two groups was statistic-
ally significant at P-values ,0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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