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Ciliary abnormalities in senescent human
fibroblasts impair proliferative capacity
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Abbreviations: CP110, centriolar coiled coil protein of 110kDa; DABCO, 1,4-Diazabicyclo[2.2.2]octane; DAPI, 4’,6-diamidino-2-
phenylindole; ECL, enhanced chemiluminescence; FITC, Fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydro-
genase; Hh, Hedgehog; HMEC, human mammary epithelial cell; NHDF, normal human dermal fibroblasts; PLK4, Polo-like kinase

4; SA-B-gal, senescence-associated B-galactosidase; SAHF, senescence-associated heterochromatin foci; Smo, smoothened.

Somatic cells senesce in culture after a finite number of divisions indefinitely arresting their proliferation. DNA
damage and senescence increase the cellular number of centrosomes, the 2 microtubule organizing centers that
ensure bipolar mitotic spindles. Centrosomes also provide the basal body from which primary cilia extend to sense and
transduce various extracellular signals, notably Hedgehog. Primary cilium formation is facilitated by cellular quiescence
a temporary cell cycle exit, but the impact of senescence on cilia is unknown. We found that senescent human
fibroblasts have increased frequency and length of primary cilia. Levels of the negative ciliary regulator CP110 were
reduced in senescent cells, as were levels of key elements of the Hedgehog pathway. Hedgehog inhibition reduced
proliferation in young cells with increased cilium length accompanying cell cycle arrest suggesting a regulatory
function for Hedgehog in primary ciliation. Depletion of CP110 in young cell populations increased ciliation frequencies
and reduced cell proliferation. These data suggest that primary cilia are potentially novel determinants of the reduced

cellular proliferation that initiates senescence.

Introduction

The finite replicative lifespan of somatic cells is a long-estab-
lished phenomenon.1 After an extended culture period, cells
undergo a stable and indefinite exit from the cell cycle and mani-
fest additional physiological alterations that indicate senes-
cence.”” Senescence can arise through persistent DNA damage
signaling, notably at telomeric sequences that can become
exposed after multiple divisions*® or through a response to
strong mitogenic signaling induced by oncogenes.”® Senescence-
induced changes include the increased expression of senescence-
associated f3-galactosidase (SA—B—gal);9 increased levels of the
tumor suppressor pl6™ <4 111 and the formation of senes-
cence-associated heterochromatin foci (SAHF).?

An additional impact of cellular senescence is an increase in the
number of centrosomes per cell, an effect that is also seen when
cells suffer DNA damage through a range of genotoxic insules. !> 14
Mitotic centrosomes contain 2 centrioles embedded in a pericen-
triolar matrix. Centrioles are barrel-shaped assemblies of 9 micro-
tubule triplets that taper to doublets at their distal end. After cell
division, the individual centrioles dissociate to serve as templates
on which new centrioles will form during the next S phase.15 This
means that each centrosome will contain a mature mother centri-
ole and an immature daughter. Primary cilia are microtubule-
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based organelles that extend from the surface of most human cell
types to sense and transduce various extracellular signals.'®!”
They arise from a template provided by the mature centriole
docked to the plasma membrane, the basal body.'*"® The cilium
core, the axoneme, consists of 9 microtubule doublets that extend
from the basal body. The axoneme is bounded by membrane and
a diffusion barrier maintains a cilium-specific distribution of pro-
teins within this membrane subregion.'” In particular, signaling
through the development-regulating Hedgehog (Hh) pathway
requires the controlled access of the Hh effector, Smoothened
(SMO), to the primary cilium.'”2023

Cilium formation is closely regulated and linked to the cell
cycle, as cilia must be resorbed to allow the mitotic functioning of
centrosomes in bipolar spindle formation. Cellular quiescence, a
temporary exit from the cell cycle that can be induced by the

8,

7. . . 1824
removal of growth factors, facilitates ciliogenesis. Here, we

explore the impact on cilia of the more permanent cell cycle arrest
caused by replicative senescence in primary human fibroblasts.

Results

To obtain cells that had undergone replicative senescence, we
monitored the doubling times of 3 primary human fibroblast
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Figure 1. Increased frequency and length of cilia in senescent human fibroblasts; (A) Doubling time over extended
culture periods of BJ, MRC5 and NHDF cells; (B). Immunofluorescence microscopy of senescent BJ cells stained with
antibodies to Cep135 (green) and y-H2AX (red). DNA was visualised with DAPI (blue). Scale bar, 10 pm; (C) Quanti-
tation of the frequency of centrosomal amplification in senescent BJ cells with y-H2AX staining, scored as >4 cen-
trin2 spots in a cell. Histograms show means + s.d. of 3 separate experiments in which at least 200 cells were
quantitated; (D) Quantitation of the ciliation frequency in the indicated cells, based on imaging of acetylated tubu-
lin. ‘Unt’, untreated. Serum starvation (‘Ser.-stvd’) consisted of 24 h culture with 0.1% newborn calf serum. Histo-
grams show means + s.d. of 3 separate experiments in which at least 200 cells were quantitated; (E)
Immunofluorescence microscopy of the indicated cells stained with antibodies to Cep135 (green) and acetylated
tubulin (red). DNA was visualised with DAPI (blue). Scale bar, 10 wm; (F) Quantitation of cilium length in the indi-
cated cell lines. At least 30 ciliated cells were scored for each. * P < 0.05; ** P < 0.01; *** P < 0.001 compared with
controls of the same cell line by unpaired t-test.

cellular senescence by testing
for senescence-associated
heterochromatin foci and
B-galactosidase activity (Fig.
S1A and B), which serve as
cellular markers of senes-
cence.” Based on these anal-
yses, in the rest of the paper
we define the following as
‘senescent’: BJ: >250 d
in culture;, MRC5: >100
d; NHDEF: >80 d.
‘Proliferating’ cells were BJ:
< 120 d in culture; MRC5:
< 30 d; NHDF: < 20 d.
We observed elevated per-
centages of y-H2AX foci in
senescent BJ cells, consistent
with the DNA damage
response that accompanies
cellular senescence,*® with
an increased number of cen-
trioles in those cells with y-
H2AX foci (Fig. 1B and C).
Senescence-associated  cen-
trosome abnormalities asso-
ciated with aneuploidy have
been reported in other
human fibroblast lines,'* so
that this centrosomal ampli-
fication is a likely conse-
quence of elevated DNA
damage signaling in senesc-
ing human cells.”?

Given the close relation-
ship between centrioles and
basal bodies, we next asked
if primary cilia were altered
in senescent cells. The fre-
quency with which primary
cilia arose was significantly
increased in senescent popu-
lations of BJ, MRC5 and
NHDF cells, with little
additional ciliation occur-
ring when the populations
were induced to quiesce by
24h  serum  starvation
(Fig. 1D). Longer starvation
periods led to higher levels
of ciliation in proliferating
cells, in keeping with previ-

lines, BJ, MRC5 and NHDF, over extended culture periods. As  ously published data on cilium induction through cellular quies-

shown in Figure 1A, their doubling times eventually increased to  cence (Fig. $1C)."*%% When we analyzed these cilia by

an extent where the bulk of the population was no longer prolif- immunofluorescence microscopy, we found that they were con-

erating. We confirmed that this was due to the induction of sistently longer in senescent cells, with the overall mean length
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being 3.2 £ 1.6 pm in senescent cells as against 1.4 £ 0.6 pm in
proliferating controls (Fig. 1E and F). Immunofluorescence
microscopy indicated otherwise normal centriolar/ basal body
and ciliary composition (Fig. S1D).

The presence of a cilium on a given cell was not associated
with the presence of y-H2AX foci (Fig. 2A and B), suggesting
that persistent DNA damage response signaling is not a prereg-
uisite for ciliation. However, extra centrioles, such as those
induced by DNA damage or overexpression of the centriole-reg-
ulatory polo-like kinase 4 (PLK4), can lead to multiple cilia
being formed in a single cell.”>*® We found that 24.8 + 2.7%
of senescent BJ cells had multiple cilia (Fig. 2C; NV = 3 experi-
ments in which 200 cells
were analyzed). No such
structures were seen in the

A

control analysis of prolifer-
ating BJ cells. Together,
these data demonstrate a
markedly increased level of

primary cilium  surface
area in senescent human
fibroblasts.

The role of the centro-
some in formation of the
bipolar spindle necessitates
that the cilium be lost dur-
ing mitosis, so that a more
limited time for ciliary
elongation is available to
proliferating cells than to
cells which are no longer
cycling. To understand
how senescent cells acquire

their elongated cilia, we B
tested if an extended 90
period without cycling was 80
required for such ciliation. 70
We used chloral hydrate to L 60
deciliate proliferating and O 60
27 = 40

senescent BJ] fibroblasts.
72 h after chloral hydrate
treatment, the ciliation fre-

quency was reduced from

nada

(Fig. 2D). As this is shorter than the cell cycle period in B]J cells,
this observation suggests a cell-intrinsic cilium length setting that
is independent of the time spent outside cycle. As a candidate for
controlling this length setting, we tested whether the levels of

28,29 .
? that also localizes

CP110, a negative regulator of ciliogenesis
to centrosomes,”’ were altered. Quantitative RT-PCR analysis
revealed that senescent cells expressed 0.26 £ 0.10
(N = 3) of the levels of CP110 that were expressed in proliferat-

ing controls and, as shown in Figure 2E, CP110 protein levels

were greatly reduced in aged cells.

The primary cilium is established as the key organelle at which
21,31

Hh signaling takes place. Given the pro-mitogenic role
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Figure 2. Cell-intrinsic control of extended cilium length in senescent cells; (A) Immunofluorescence microscopy of
senescent BJ cells stained with antibodies to Arl13b (green) and y-H2AX (red). DNA was visualised with DAPI (blue).
Scale bar, 10 pwm; (B) Quantitation of ciliation frequency in senescent BJ cells with y-H2AX staining. Histograms show
means =+ s.d. of 3 separate experiments in which at least 200 cells were quantitated; (C) Immunofluorescence micros-
copy of senescent BJ cells stained with antibodies to centrin3 (red) and Arl13b (green) or Cep135 (red) and acetylated
tubulin (green), as indicated. DNA was visualised with DAPI (blue). Scale bar, 10 wm; (D) Quantitation of cilium length
in BJ cells, before or 24 h after the washout of 72 h 4 mM chloral hydrate treatment. This chloral hydrate treatment
caused the removal of 90% of cilia from both proliferating and senescent cells. At least 30 ciliated cells were scored
for each condition. **, P < 0.01; *** P < 0.001 in comparison to the indicated controls by unpaired t-test; (E) Immuno-
blot analysis of CP110 expression in BJ cells. Size markers are indicated in kDa.
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Figure 3. Hedgehog inhibition blocks proliferation and increases cilium
length; (A) Immunofluorescence microscopy of BJ cells stained with anti-
bodies to Ki67 (green). DNA was visualised with DAPI (blue). Scale bar,
10 wm; (B) Quantitation of the proliferative index of BJ cells after the
indicated treatment, as determined by microscopy analysis of Ki67 sig-
nal. Histograms show means =+ s.d. of 3 separate experiments in which
at least 100 cells were quantitated; (C) Quantitation of cilium length in
the indicated cells. At least 30 ciliated cells were scored for each condi-
tion, even when there were very few such cells. *** P < 0.001 in compar-
ison to untreated or indicated controls by unpaired t-test. ‘ns’, not
significant; (D) Immunoblot analysis of the indicated protein expression
in BJ cells. Size markers are indicated in kDa.
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established for Hh,?*%? we therefore tested whether inhibition of
Hh through the small molecule inhibitor, cyclopamine,3 4
affected fibroblast proliferation, as determined by Ki67 staining,.
As shown in Figure 3A and B, cyclopamine caused a decline in
the proliferative index in both young and senescent B] popula-
tions. The few Ki67" cells in the senescent populations had
shorter cilia than those no longer in cycle (Fig. 3C). Notably, the
mean cilium length in those young fibroblasts that were no lon-
ger proliferating after cyclopamine treatment became as long as it
was in senescent cells, while cilia in untreated cells were the same
length in Ki671 and Ki67 ™ cells (Fig. 3C). Strikingly, when we
explored if any other ciliary regulators were differentially
expressed as cells became senescent by testing a panel of 84 cil-
ium-specific genes by quantitative RT-PCR (Fig. S2), the most
significant downregulation occurred in the expression of the
GLI2 gene, which encodes a downstream component of the Hh
signaling pathway. Immunoblot analysis of GL/I, GLI2 and
SMO expression confirmed the general loss of Hh components in
senescent cells (Fig. 3D), with the increase in expression of
Vangl2 protein confirming our RT-PCR analysis with respect to
the Wnt signaling pathway. Together, these data suggest that the
loss of Hh signaling leads to reduced proliferation in human
fibroblasts. The increased ciliary surface area provided by both
the extended length and the higher number of cilia in senescent
cells may impede mitogenic Hh signaling by diluting out compo-
nents of the receptor pathway.*®

With this idea in mind, we used siRNA to deplete CP110
from B] fibroblasts to test the impact of increased ciliation on
proliferation (Fig. 4A). Knockdown of CPII0 caused an
increased level of ciliation in proliferating, but not in senescent
populations (Fig. 4B). We also observed small but statistically
significant increases in the mean cilium length after CP110 deple-
tion, from 1.2 4 0.06 pm (N = 37; GAPDH siRNA) to 1.6 £
0.07 pwm (N = 30; CP110 siRNA #1; P < 0.001) and 1.4 £
0.09 pm (IV = 30; CPI110 siRNA #2; P < 0.05). Strikingly,
CP110 knockdown caused a marked decline in the number of
proliferating cells (Fig. 4C, D). These data suggest that increased
ciliation, resulting from the loss of CP110, leads to a decline in
proliferative index that may potentiate cellular senescence. Over-
expression of CP110 caused a decline in the fraction of ciliated
cells, but did not affect either mean cilium length or the number
of proliferating cells in either young or old populations (Fig. S3),
indicating that senescence, once established, cannot simply be
reversed through cilium manipulation.

Discussion

The centrosomal abnormalities seen here and in previous
work that analyzed senescent human fibroblasts'* are similar to
those seen in cells that have been subjected to genotoxic stress.”
As senescent populations also show DNA damage responses,4’8 a
DNA damage-induced cell cycle arrest permissive for centrosome
reduplication as an early event in senescence induction is consis-
tent with these observations. Primary cilia arise while cells are no

longer cycling and the frequent aberrant cilia seen in senescent
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cells may be attributable, at
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least in part, to these cen-
trosomal abnormalities, as
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we have seen previously in
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irradiation experiments.
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lations. Hh signaling has
been ascribed a mitogenic
role through activated GLI2 c
blockade of the 4growth—

inhibitory plGlNK * pro-
moter.”* The involvement
of Hh in a range of cell
renewal activities through-
out the lifespan of an organ-
ism has led to its being
invoked as an antagonist of
aging.>® While our data
indicating the involvement
of Hh signaling in contin-
ued proliferation are consis-
tent with this model, we did
not observe the loss of pri-
mary cilia in senescent cells
that  was described in
human mammary epithelial
cell (HMECQC) cultures.*?
Senescing  HMEC:s
fibroblasts have distinct pro-

and

grammes of gene expres-
sion, so the impact of ciliary
signaling differ
depending on the cell type.”” Although some primary cilia, such as
those carried by HMECs and embryonic stem cells, drive pro-mito-
genic Hh signaling,”® current evidence suggests that ciliation may

may

be associated more generally with reduced proliferation.”” Tumor
cells frequently lack cilia.** The mitotic kinase Aurora A causes dis-
assembly of the primary cilium *' and cilium-dependent cell cycle
exit through Aurora A inhibition has been described as a means of
inducing quiescence in human cells.** Clearly, in the senescent cells
we analyzed here, the Hh pathway is markedly downregulated,
despite the presence of primary cilia.

While the acquisition of a primary cilium may be a transient
event in a proliferating cell population,** extending cilium length
may be a novel mechanism to establish senescence. If a threshold
length of cilium is still responsive to a mitogen such as Hh, a
lengthening of the structure may contribute to an effective dilu-
tion of this signaling capacity *° and a blunting of the signal. A
cooperative model in which this downregulation of Hh inhibits
transcriptional activation of Gli to further inhibit mitogenic Hh

www.landesbioscience.com

CP110 siRNA#2

Cell Cycle

Proliferating Senescent

D [] untreated [ CP110 siRNA#1
100 o ] GAPDH siRNA [Hll CP110 siRNA#2

80

60 4

40 4

% Ki67* cells

20 -

Proliferating Senescent

Figure 4. CP110 depletion causes increased ciliation and reduced cellular proliferation; (A) Quantitation of CP110
depletion in BJ cells by siRNA as determined by quantitative RT-PCR. Knockdowns are compared to the effect of
GAPDH siRNA normalized to housekeeping gene expression. Data show the mean—s.d. of 3 separate experiments;
(B) Quantitation of the ciliation frequency in BJ cells after the indicated treatments. Histograms show means + s.d. of
3 separate experiments in which at least 100 cells were quantitated; (C) Microscopy of CP110 siRNA-transfected cells
stained with antibodies to Ki67 (red in merge). Fluorescent RNA (FAM; green) was cotransfected at a ratio of 1:5 with
the siRNA as a transfection control. DNA was visualised with DAPI (blue). Scale bar, 10 wm; (D) Quantitation of the
proliferative index of BJ cells after the indicated treatment, as determined by microscopy analysis of Ki67 signal.
Histograms show means =+ s.d. of 3 separate experiments in which at least 100 transfected cells were quantitated; *,
P < 0.05; ** P < 0.01 in comparison with GAPDH siRNA controls by unpaired t-test.

signaling, may establish a permanent cell cycle exit. Such a model
implicates the regulation of primary ciliation in the control of
cellular senescence.

Materials and Methods

Cloning

For CP110 cDNA cloning, RNA was extracted from BJ cells
using TRIzol reagent (Invitrogen). Reverse transcription was per-
formed using High Capacity RNA to cDNA Kit (Applied Biosys-
tems) and PCR with KOD Hot Start polymerase. The cDNA
was cloned into pEGFP-C1 (Clontech) and verified by sequenc-
ing. The primers used to amplify cDNA were: CP110; 5
CCGTCGACATGGAGGAGTATGAGAAG 3’ and 9
CCGGATCCAATTGTCGCAACATTGG 3']. For transient
transfection, 2 pg of plasmid DNA were complexed with lipo-
fectamine in serum-free Optimem (Invitrogen) and added to cells
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at 70-80% confluency. Fresh media was added 6 h after transfec-
tion. Cells were analyzed 48 h after transfection.

Cells and cell culture

Primary human BJ, MRC5 and NHDF fibroblasts were
obtained from ATCC. Cells were grown in DMEM medium
supplemented with 10% fetal bovine serum (Lonza) and 1% pen-
icillin/streptomycin (Sigma-Aldrich). Cells were grown in a 5%
CO,, 37°C incubator. To deplete cells of serum, cells were
washed 3 times in warm PBS before adding DMEM medium
with 0.1% newborn calf serum (NCS). SA-B-gal positive cells
were stained as described.’ Cyclopamine (Santa Cruz) was dis-
solved in 100% ethanol and used at 20 uM for 48 h. Chloral
hydrate (Fisher Scientific) was dissolved in Millipore water and
used at 4 mM for 72 h, with fresh chloral hydrate being replaced
every 12 h. For washout experiments, cells were washed 3 times

in warm PBS before adding fresh DMEM medium for 24 h.

Immunoblotting

Whole-cell extracts were prepared with radioimmunoprecipi-
tation assay buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA,
and protease inhibitor cocktail). Extracts were boiled in loading
buffer for 5 mins. Proteins were separated on 7.5% SDS PAGE
gels and transferred to nitrocellulose membranes (GE Health-
care) for analysis. Blots were detected by ECL (GE Healthcare).
Monoclonal primary antibodies used were: mouse anti- «-
tubulin (B512, Sigma-Aldrich, 1:10000) and rabbit anti-CP110
(Q-12, Santa Cruz, 1:100).

RNA-mediated interference

BJ cells were co-transfected with Silencer Select siRNAs
(Ambion) inhibitory to CPI110; #1 Sense 5 GCAAAACCA-
GAAUACGAGATT 3'; Antisense 5 UCUCGUAUUCUG-
GUUUUGCAT 3’ and #2 Sense 5 CAAGCGGACUCAC
UCCAUATT 3'; Antisense 5 UAUGGAGUGAGUCCGCUU-
GAG 3] or GAPDH as an experimental control; Sense 5’
UGGUUUACAUGUUCCAAUATT 3'; Antisense 5 UAUUG-
GAACAUGUAAACCATG 3'] and a FAM (carboxyfluorescein)
labeled transfection control using lipofectamine (Invitrogen).
50 nmol of siRNA were complexed with lipofectamine in serum-
free Optimem (Invitrogen) and added to cells at 70-80% conflu-
ency. Fresh media was added 6 h after transfection. Cells were
analyzed by microscopy or qPCR 48 h after transfection.

Microscopy

BJ cells were grown on glass coverslips for 24 h prior to fixation
in methanol/5 mM EGTA at —20°C for 10 min. Alternatively,
cells were fixed in 4% PFA for 10 min and permeabilized in
0.15% Triton X-100 in PBS for 2 min. Prior to fixation and stain-
ing with acetylated tubulin, cells were incubated on ice for 30 min
to depolymerize microtubules. The cells were blocked in 1% BSA
in PBS and incubated with primary antibodies for 1 h at 37°C fol-
lowed by a 45-min incubation at 37°C with secondary antibodies.
Secondary antibodies were labeled with FITC and Alexa 594
Slides  were

(Jackson ImmunoResearch Laboratories, Inc.).
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mounted with DABCO (2.5% DABCO (Sigma-Aldrich), 50 mM
Tris-HCI, pH 8, and 90% glycerol) and supplemented with 1 pg/
ml DAPI. Cells were imaged on an integrated microscope system
(DeltaVision) controlled by SoftWorx software (Applied Precision)
mounted on a microscope (IX71; Olympus) with a PlanApo
N100x oil objective (NA 1.40). Images were taken using a camera
(CoolSnap HQ2; Photometrics), deconvolved in SoftWorx using
the ratio method and maximal intensity projections were converted
to TIFFs using Volocity (Perkin Elmer). Cell counting was per-
formed on an Olympus BX51 microscope using a 100x oil (NA
1.35) objective. Cilium length was manually measured from the
tip to the basal body using the “Line Tool” in Volocity. Monoclo-
nal antibodies used were as follows: Centrin3 (3E6, Abnova,
1:1000), acetylated tubulin (T6793, Sigma-Aldrich, 1:2000),
v-H2AX (JBW301; Millipore, 1:1000) and Ki67 (SP6, Abcam,
1:50). Polyclonal antibodies used were against y-tubulin (T3559;
Sigma, 1:1000), centrin2 (N-17, Santa Cruz, 1:500), Cepl135
(ab75005, Abcam, 1:1000), Arl13b (17711-1-AP, Proteintech,
1:500), IFT88 (13967—-1-AP, 1:800, Proteintech), Pericentrin
(ab4448, Abcam, 1:1000), GFP (ab6556, Abcam, 1:500) and Tri-
MethyL-Histone H3 Lys9 (#9754, Cell Signaling, 1:800).

Real-Time PCR

RNA was extracted by direct addition of lysis buffer to cul-
tured cells using an RNeasy mini kit (Qiagen, Crawley, UK).
cDNA was generated using a Qiagen/SABiosciences RT? First
Strand Kit in a 20 pl reaction using 1 pg of the total RNA. One
wl of the cDNA synthesis reaction was added to 12.5 pl RT?
SYBR Green Mastermix with 1 pl of the 10 wM primer pair in
a 25 wl reaction. Primers for CP110 were obtained from Primer-
design  (Southampton, UK): Sense Primer; 5 GGAC-
CAAGTGCTCTCAAAGG  3']; Antisense  primer; 5
TCTGAAAGCTGCCGTTTAGTT 3']. The amplification con-
ditions used were 15 s at 95°C and 1 min at 60°C for 40 cycles.
Relative gene expression was analyzed using the 2742Cr method.
Cr values for housekeeping genes and for the genes of interest
were measured in proliferating and senescent samples. The Cr:
values for each gene of interest were normalized to the house-
keeping genes (ACr) and then compared to that of the control
proliferating sample (AACr). The fold change in gene expression
was calculated using 27ARED Where the fold change is greater
than 1, the result represents a fold up-regulation in gene expres-
sion. Where the fold change is less than 1, the negative inverse of
the result represents a fold down-regulation. The standard devia-
tions were also calculated in the same way.
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