





(3-Catenin—Mediated RET/PTC Signaling

the thymidine kinase minimal promoter; FOP-FLASH contains a mutated
TCF/LEF binding site (AAGGCCAAAGGGGGT). Cells were transiently
transfected by one of these reporters together with pRL-TK (encoding the
Renilla luciferase) in triplicate, as instructed by the manufacturer (Promega
Corporation). Luciferase activity was measured 48 h after transfection with
the Dual-luciferase reporter assay system (Promega). TCF/LEF activity was
determined by the TOP-FLASH/FOP-FLASH ratio after normalization for
Renilla luciferase activity. Light emission was quantified with a Berthold
Technologies luminometer (Centro LB 960). Data were represented as
average fold change + SD with respect to the negative control.

RNA silencing. Predesigned duplex small interfering RNA (siRNA)
against rat {-catenin (190086, 190087, and 190088) were provided by

Ambion. The scrambled oligonucleotide was synthesized by Proligo, and
the sequence was 5-AGGAUAGCGUGGAUUUCGGUTT-3". The day before
transfection, cells were plated in six-well dishes at 30% to 40% confluency.
Transfection was done using 5 ug of duplex RNA and 6 pL of Oligofectamine
reagent (Invitrogen). Cells were harvested at 48 h posttransfection or
counted at different time points for evaluating cell growth.

Chromatin immunoprecipitation. Chromatin was extracted from
RET/PTC- or empty vector-transfected HEK293T cells. Chromatin
immunoprecipitation assay was done by using the chromatin immunopre-
cipitation assay kit (Upstate Biotechnology), following the manufacturer’s
instructions. Chromatin was fixed by directly adding formaldehyde (1%, v/v)
to the cell culture medium. Nuclear extracts were isolated and then

Figure 1. RET/PTC stabilizes p-catenin and promotes its nuclear accumulation. A, immunofluorescence for B-catenin in PC cells transiently transfected with
RET/PTC. Note the increase of nuclear staining in transfected cells. Hoechst stain was used to visualize cell nuclei; parallel transfection with green fluorescent protein
showed that ~20% of the cells expressed exogenous DNA (data not shown). B, nuclear translocation of p-catenin on RET/PTC expression. HEK293T cells were
transfected with RET/PTC or the indicated mutants [mock transfected (Control)]. PC-RET/PTC cells or parental PC were also used. Subcellular fractions were obtained
and nuclear extracts (50 pg) probed with anti—p-catenin. The purity of the fractions was assessed by verifying the absence of SP1 in the cytosolic fraction and of
RET/PTC in the nuclear fraction. Total 3-catenin levels were also measured in unfractionated extracts. Columns, mean percentage of nuclear p-catenin with respect to
total levels from five independent determinations; bars, SD. Reported P values were calculated by Student’s t test. C, HEK293T cells transiently expressing RET/PTC
or a control vector were treated with cycloheximide for different time points. Lysates (30 pg) were run on SDS-PAGE, and p-catenin levels were determined by

immunoblot.
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Figure 2. RET/PTC induces the dissociation of the 3-catenin degradation complex. A, HEK293T cells were transfected with a myc-tagged Axin together with RET/PTC
or the indicated mutants. Protein complexes containing Axin were recovered by immunoprecipitation (1 mg) with anti-myc tag and blotted against p-catenin or
S/T-phosphorylated p-catenin (phospho-Ser33/37/Thr41). Myc-Axin and RET/PTC protein levels in total cell lysates are shown for normalization. B and C,
phosphorylation levels of GSK3p, p-catenin (phospho-Ser33/37/Thr41), AKT, ERK, and RET (Y905) were measured by immunoblot of total cell lysates (50 ug)
harvested from HEK293T (B) or PC (C) cells expressing the indicated RET/PTC variants or treated with the indicated compounds. GSK3g antibodies may recognize
both GSK-3a (51 kDa) and GSK3p (46 kDa) proteins; *, GSK3p migration (C). D, nuclear accumulation of p-catenin (measured as in Fig. 1B) in HEK293T cells
transfected with RET/PTC and treated or not with chemical PI3K or MEK inhibitors. Representative data of at least three independent experiments.

fragmented through sonication. Transcription factor-bound chromatin was binding site (data not shown) of the human cyclin D1 promoter:
immunoprecipitated with p-catenin, CREB, or TCF antibodies; cross-linking CRE-forward, 5-AACGTCACACGGACTACAGG-3; CRE-reverse,
was reversed; and the isolated genomic DNA amplified by quantitative 5-TGTTCCATGGCTGGGGCTCTT-3; TCF-forward, 5-GAGCGCATGC-
PCR using primers spanning either the CRE site (Fig. 4D) or the TCF/LEF TAAGCTGAAA-3"; TCF-reverse, 5-GGACAGACGGCCAAAGAATC-3'.
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Fluorescent threshold values (C;) were measured in triplicate for
immunoprecipitated samples as well as for an aliquot of the input DNA.
Results were calculated by the following formula: 27 [ACt/Ct input DNAJ
where AC, is the difference between the C, of the specific antibody-
immunoprecipitated DNA and the C; of mock-immunoprecipitated DNA.
Results are average = SD of triplicate samples.

Statistical analysis. Student’s ¢ test was used for statistical analysis. All
P values were two sided and differences were significant when P < 0.05.

Results

RET/PTC promotes the nuclear accumulation of (3-catenin.
Thyroid follicular PC cells transiently transfected with RET/PTC
accumulated nuclear 3-catenin, a hallmark of B-catenin activation
(Fig. 1A4). By biochemical fractionation, although total p-catenin
levels were increased on RET/PTC expression, nuclear [3-catenin
levels were proportionally increased to a greater extent, thereby
accounting for the increase in the nuclear B-catenin fraction in
HEK293T or PC cells [7-fold (P < 0.001) or 3.6-fold (P < 0.01),
respectively] on transient or stable RET/PTC expression (Fig. 1B).
p-Catenin nuclear accumulation depended on RET/PTC kinase
activity because it was reduced by a kinase-dead mutant (K—). The
residual, albeit not significant, activity of PTC(K—) might depend
on RET kinase rescue operated by other tyrosine kinases, such
as epidermal growth factor receptor, as recently shown (31).
Moreover, R-catenin accumulation depended on RET/PTC auto-
phosphorylation because it was not exerted by a RET/PTC mutant
(PTC-4F) whose major autophosphorylation sites (Y826, Y1015,
Y1029, and Y1062) were mutated to phenylalanine (Fig. 1B). Y1062
was essential because nuclear accumulation of P-catenin was
restored when tyrosine Y1062 was added back to the 4F mutant
(PTC-3F; P < 0.01; Fig. 1B). There was no detectable difference
in the mRNA levels of B-catenin between RET/PTC-positive and
RET/PTC-negative cells, which suggests that the increase in
-catenin occurred at the posttranscriptional level (data not
shown). Accordingly, the half-life of P-catenin increased in RET/
PTC-expressing cells (>24 hours) versus control HEK293T
(~ 12 hours; Fig. 1C).

RET/PTC targets the Axin-GSK3(3-3-catenin complex. The
pathway leading to -catenin activation involves a series of events
that result in the dissociation of B-catenin from Axin, a scaffold
protein that forms a large molecular complex with APC, Dsh, and
GSK3p (17, 18). Transient RET/PTC expression in HEK293T cells
decreased the amount of P-catenin coprecipitating with myc-
tagged Axin; this effect depended on Y1062, as shown when we
used the PTC-4F mutant (Fig. 24). Secondary to the assembly of
the Axin-GSK3p-p-catenin complex, phosphorylation of p-catenin
by GSK3pB in NH,-terminal Ser33, Ser37, and Thr4l promotes its
ubiquitin-dependent proteolytic degradation (19-22). RET/PTC
expression in HEK293T reduced amounts of S/T-phosphorylated
-catenin coprecipitating with Axin (Fig. 24). Moreover, transient
RET/PTC expression in HEK293T (Fig. 24 and B) and stable
expression in PC (Fig. 2C) reduced overall S/T PR-catenin
phosphorylation by immunoblot, an effect that depended on
RET/PTC kinase and Y1062 (Fig. 2B). p-Catenin phosphorylation is
affected by GSK3p. In turn, the activity of GSK3p can be blocked
by both AKT- (19) and ERK pathway-mediated phosphorylation
at Ser9 (22). RET/PTC stimulates both the PI3K/AKT and the
ERK pathways by recruiting several adaptors to phosphorylated
Y1062 (2). RET/PTC-triggered phosphorylation of AKT and
ERK paralleled the phosphorylation of GSK3p-Ser9 and the
consequent reduction of phospho-S/T p-catenin (Fig. 2B and C).
PTC-4F had a significantly reduced activity with respect to wild-
type RET/PTC (Fig. 2B). In addition, PTC-3F (although expressed
at lower levels) had a reduced effect on GSK3p phosphorylation,
suggesting that COOH-terminal tyrosines other than Y1062 may
participate to this pathway. LY294002, a PI3K inhibitor, partially
impaired GSK3P phosphorylation and increased PR-catenin S/T
phosphorylation; these effects were associated with a reduction in
AKT phosphorylation (Fig. 2B). In addition, treatment with U0126,
a MEK inhibitor, reduced phosphorylation of GSK-3p and partially
rescued phospho-S/T P-catenin (Fig. 2B). Finally, treatment with
LY294002 or U0126 reduced nuclear accumulation of B-catenin
(Fig. 2D).

RET/PTC increases (3-catenin phosphotyrosine content. (-
Catenin interacts directly with the oncogenic tyrosine kinases c-src
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(32), ¢-MET (33), RON (34), c-erbB-2 (35), and BCR-ABL (36),
thereby resulting in p-catenin phosphorylation on tyrosine
residues. More importantly, Gujral and colleagues (25) recently
reported that MEN2-associated RET point mutants bind to
p-catenin and phosphorylate it on tyrosine 654. We tested
whether this mechanism was also used by RET/PTC. In HEK293T
cells, RET/PTC coimmunoprecipitated with R-catenin (Fig. 34),
and on RET/PTC expression, tyrosine-phosphorylated (-catenin
(pY654) increased; overall increased p-catenin levels may partially
account for these effects (Fig. 34). The binding of p-catenin to
RET/PTC paralleled its dissociation from E-cadherin (Fig. 3A4).
Moreover, recombinant GST-RET/PTC3 and GST-RET/TK proteins
were able to pull down PB-catenin from HEK293T cell lysates,
showing an interaction, either direct or mediated by intermediate
protein(s), between the RET component of RET/PTC and B-catenin
(Fig. 3B).

RET/PTC stimulates TCF/LEF- and CREB-mediated cyclin
D1 transcription. Nuclear PB-catenin forms complexes with
members of the TCF and LEF family of DNA-binding proteins,
and this process results in activation of target gene promoters.
RET/PTC stimulated the activity of a luciferase TCF/LEF-
dependent reporter gene system (TOPflash) in both HEK293T
and PC cells (P < 0.01; Fig. 44). The mutant TOPflash reporter
(FOPflash), bearing a mutated TCF/LEF site, was used to subtract
background. This activity depended on the integrity of the RET/
PTC kinase and of the Y1062 multidocking site (P < 0.05; Fig. 44,
left). Again, other tyrosines besides Y1062 likely played a role
because the PTC-3F mutant was impaired with respect to wild-
type RET/PTC (Fig. 44, left). TOPflash expression was partially
reduced by treatment with LY294002 and U0126 and by the
coexpression of dominant negative mutants for Ras (N17), MEK
(MEKDN), and AKT (AKTDN; P < 0.05). Constitutively active BRAF
(V600E) and Ras (V12) stimulated the TCF/LEF reporter in
HEK293T cells, although to a lesser extent than RET/PTC. A
transcriptionally active form of B-catenin (S374A) served as a
positive control (Fig. 44).

Besides TCF/LEF, B-catenin recruits the activated form (serine
133 phosphorylated) of CREB, thereby resulting in a transcrip-
tionally active complex, which in turn binds CBP/p300 (37-40).
TCF/LEF and CREB collaborate in regulating the transcription of
TCRa (41) and WISP-1 (42). Finally, RET signaling through Y1062
and Ras/ERK increases S133 phospho-CREB levels (2). To
determine whether RET/PTC affected the binding of CREB to
-catenin, we immunoprecipitated B-catenin from PC cells in the
presence or absence of RET/PTC and probed the immunocom-
plexes with anti-CREB and anti-CBP/p300 antibodies. Expression
of RET/PTC significantly increased the amounts of [B-catenin
bound to CREB and CBP/p300 (Fig. 4B). Chemical blockade of
MEK by U0126 reduced this association, and this effect was
paralleled by a reduction in CREB phosphorylation on Ser133 and
ERK phosphorylation (Fig. 4B). In a mirror experiment, RET/PTC
expression increased not only TCF/LEF-p-catenin (Fig. 4C,
bottom) but also CREB-P-catenin protein complexes (Fig. 4C,
top). In HEK293T cells, formation of both complexes was reduced
when kinase-dead and 4F mutants were used (Fig. 4C, right).
Instead, by immunoprecipitating CREB and staining with TCF/
LEF, we did not detect TCF/LEF-CREB interaction, suggesting that
B-catenin—containing TCF/LEF and CREB complexes are distinct
(Fig. 4C, middle).

Cyclin D1 promoter contains adjacent TCF/LEF (at —81 bp) and
CREB (at —58 bp) binding sites (40). We used chromatin

immunoprecipitation to measure B-catenin, TCF/LEF, and CREB
binding to the region of the cyclin D1 promoter that contains CREB
and TCF/LEF binding sites. For PCR, we used two primer pairs
spanning the CRE (Fig. 4D) and TCF (data not shown) sites,
respectively. With both primer sets, binding of 3-catenin, TCF/LEF,
and CREB to the cyclin D1 promoter was greatly increased on
RET/PTC expression (P < 0.05; Fig. 4D). Because the binding sites
for CREB and TCF/LEF are just a few nucleotides apart on the
cyclin D1 promoter, this experiment left open possibilities that
the two B-catenin-containing (CREB and TCF/LEF) complexes can
be either identical or distinct; however, the lack of coimmunopre-
cipitation in Fig. 4C favors the possibility that the two complexes
are distinct.

RET/PTC-mediated mitogenic signaling depends on (3-
catenin. In PC cells, RET/PTC-mediated increase in P-catenin
activity was paralleled by accumulation of the TCF/LEF and CREB
target protein cyclin D1 and, more weakly, c-Myc (Fig. 54). We
knocked down B-catenin by RNA interference in parental and
RET/PTC-expressing PC cells. As shown in Fig. 54, p-catenin—
specific siRNA, but not the scrambled control, reduced the
expression of B-catenin by >50% in both PC and PC-PTC cells.
Moreover, B-catenin siRNA reduced cyclin D1 and, more weakly,
c-Myc levels in RET/PTC-expressing cells. p-Catenin RNA
interference reduced hormone-independent proliferation of PC-
PTC cells (Fig. 5B, bottom), whereas a constitutively active form of
B-catenin (S374A) stimulated hormone-independent growth of PC
cells (Fig. 5B, top). We generated mass populations of PTC-4F- and
PTC-3F-expressing PC cells. On hormone deprivation, we counted
S-phase cells on a 1-hour BrdUrd pulse after transient transfection
with scrambled or B-catenin specific siRNA. Similarly to wild-type
PTC, PTC-3F-expressing, but not PTC-4F-expressing, cells incor-
porated BrdUrd in the absence of hormones in a P-catenin-
dependent manner (P < 0.01). Taken together, these findings show
that p-catenin is a mediator of the RET/PTC mitogenic signaling
in thyrocytes.

Finally, to study the B-catenin pathway in human PTC samples,
we measured levels of GSK3B-Ser9 and S/T P-catenin phosphor-
ylation compared with normal thyroid samples (z = 2) in a small
set of PTC (n = 12) samples (three RET/PTC positive, six BRAF
V600E positive, and the remainder RET/PTC and BRAF negative).
Reduced levels of p-catenin S/T phosphorylation was visible in
virtually all the tumor samples; increased levels of GSK3p-Ser9
phosphorylation and total B-catenin were detectable in ~ 75% and
50% of them, respectively (Fig. 5D, left). Similarly, thyroid
carcinoma cell lines positive either for RET/PTC1 (TPC-1) or for
BRAF V600E (BCPAP, 8505C, and OCUT-1) showed reduced levels
of S/T P-catenin and increased GSK3p-Ser9 phosphorylation
when compared with a primary culture of normal thyrocytes
(Fig. 5D, right).

Discussion

Here we describe the functional interaction between the RET/
PTC and the B-catenin signaling pathways. B-Catenin activation
by RET/PTC occurred through several coordinated mechanisms
(Fig. 6). As previously reported by Gujral and colleagues (25) for
point mutant RET, RET/PTC induced the tyrosine phosphorylation
of P-catenin, thereby mobilizing the fraction of P-catenin
associated to E-cadherin and increasing its free cytosolic pool.
RET/PTC-mediated activation of PI3K/AKT and Ras/ERK contrib-
uted to promote P-catenin stabilization through inactivation of
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Figure 4. RET/PTC—mediated activation of TCF/LEF and CREB transcription factors. A, HEK293T (left) and PC-PTC cells (right) were transfected with the indicated
plasmids together with the TOPflash reporter and, when indicated, treated with the chemical inhibitors. Luciferase activity was expressed as fold increase with respect to
mock-transfected cells. Columns, average results of three independent assays; bars, SD. Reported P values were calculated by Student’s t test. B, cellular lysates
(1 mg) from PC and PC-PTC cells, treated or not with U0126, were immunoprecipitated with anti—B-catenin and probed with CREB and CBP/p300 antibodies. The
CREB antibody may also recognize, besides CREB (43 kDa), CREM (30 kDa) and activating transcription factor-1 (38 kDa); *, CREB migration. Phosphorylation of
CREB (S133) and ERK (MAPK) was measured in total cell lysates by immunoblot. Tubulin was used for normalization. C, lysates from PC or PC-PTC cells (/eft) and
HEK293T cells transiently expressing the indicated RET/PTC constructs (right) were immunoprecipitated with CREB and TCF antibodies and probed for p-catenin
or TCF antibodies, as reported. D, chromatin immunoprecipitation (Ch/P) was done in HEK293T cells transfected with RET/PTC or the empty vector (control).
Processed DNA was immunoprecipitated with TCF, p-catenin, or CREB antibodies and subjected to real-time PCR (bar graphs) with amplimers spanning the CRE site
of the cyclin D1 promoter. Columns, mean of triplicate samples; bars, SD. Fluorescent threshold values (C;) were measured for immunoprecipitated samples as well
as for an aliquot of the input DNA. Reported P values were calculated by Student’s t test. Semiquantitative PCR (ethidium bromide stain) was also done with the
same primers by using 1 uL of the DNA and 25 cycles of amplification. Amplification of the expected fragments in the input samples indicated equal input; mock PCR
was done without template.

www.aacrjournals.org 1873 Cancer Res 2009; 69: (5). March 1, 2009



Cancer Research

A PC B
P —)
2 £ 8 ¢ o 6007 Fe
25 %3 g s Al
=3 £ 3 % 4001
] E=h w ==X e 300
h B BB é
B s e e -5 catenin 5 2001
83 kDa - £ 1001 -=-control
: @ -catenin
@ # a-cyclin D1 S o -*-f-ca
31 kDa- -+-sj }-catenin
-.. W o-c-myc __ 600+ -~si scrambled
(=]
S 500-
i o g 0.
aes-essams o -tubulin g 3004
m——— E 200
Control PTC = J
= 100 ¥ P<005 , pogoq :
o u T T T
24h 48 h 72h
C P < 0.001 P<0.01
| — | ——— |
35+
B"? 30 1
E 25 -
et
S 201
pa
S 151
13
- 101
S
S
P 54
o
0= ¢ = B = = B = © C
0O g = o g = O g = O o =
£ 3 g £ 35 § £ 5 § £ 35 &
o E @ o E & o E o E &
6 s 3 © § 3§ © § 3§ © s §
(] =1 Q =8 Q == (5] o
2 2 3 2 B 2 %
L m J L m J m ' m
PC PC-PTC PC-PTC-3F PC-PTC-4F
-
D T < EQ
o o 2 g =
N1 N2 T1 T2 T3 T4 T5T6 T7 T8 T9 T10 T11 T12 = o QO Q 5 =
2 0 0 © 2
R e BRI s - - = - e @ — oP-GSK
——— L e i —— ———  — a-pSIT B-catenin
HEeegeer Rl RN S oo GSK
h————-———-———-- A C-}-catenin
— —— — — e . ——— — —— ‘o s s 5 o s 1-401bUNIT

Figure 5. -Catenin contributes to autonomous growth of RET/PTC—expressing thyroid cells. A, p-catenin was knocked down by transient transfection with specific
siRNA (si f-catenin) in parental or RET/PTC—expressing PC cells. As a control, cells were treated with scrambled siRNA (si scrambled). Protein levels were measured
by immunoblot with the indicated antibodies. B, proliferation in the absence of hormones of parental, constitutively active p-catenin (S374A) or p-catenin siRNA
transiently transfected PC or PC-PTC cells was measured by cell counts. Points, mean of triplicate samples; bars, SD. Reported P values were calculated by Student’s
t test. C, mass populations of PTC-4F— and PTC-3F-expressing PC cells were generated by stable transfection and marker selection. On hormone deprivation
and transfection with scrambled or p-catenin—specific siRNA (as in A), cells were pulsed (1 h) with BrdUrd, and BrdUrd-positive cells were analyzed by
immunofluorescence. At least 100 cells were counted in five different microscopic fields. Columns, mean fractions of BrdUrd-positive cells; bars, SD. Reported P values
were calculated by Student’s t test. D, phosphorylation levels of GSK3p and p-catenin (phospho-Ser33/37/Thr41) were measured by immunoblot of total cell
lysates (50 pg) harvested from PTC (T71-T12) and normal thyroid (N71-N2) tissue samples (left) or thyroid carcinoma and normal human primary cells (NT; right).
GSK3p antibodies may recognize both GSK-3a (51 kDa) and GSK3p (46 kDa) proteins; *, GSK3p migration.
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Figure 6. A summary of the pathways o
leading to p-catenin induction by RET/PTC. l

1 and 2, RET/PTC activates PI3K/AKT and
Ras/MEK/ERK. This leads to GSK3p
phosphorylation, thereby relieving its
negative control on p-catenin, and to an
increase of the free p-catenin protein pool.
2, through ERK activation, RET/PTC
induces S133 phosphorylation of CREB,
which associates in a complex with
p-catenin and CBP/p300 to stimulate
transcription of cyclin-D1. 3, RET/PTC
directly binds p-catenin and increases its
phosphotyrosine content, thereby
decreasing the E-cadherin—bound pool and
increasing the free p-catenin pool. Free
p-catenin enters the nucleus and
participates in at least two different
transcription complexes with CREB/p300
and with TCF/LEF, both ultimately involved
in the regulation of cyclin D1.
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GSK3pR. However, neither pathway was probably sufficient because
chemical blockade of either one reduced but did not abrogate
B-catenin accumulation. Finally, RET/PTC signaling favored the
formation of transcriptional complexes containing R-catenin by
triggering ERK-mediated CREB phosphorylation. Ser133-phosphor-
ylated CREB formed a protein complex with CBP and B-catenin,
which participated in the transcription of cyclin D1. TCF/LEF and
CREB binding sites coexist in the promoters of some [-catenin
target genes, such as cyclin DI (40), TCRo. (41), and WISP-1 (42),
and collaborate in their firing. Accordingly, our findings suggest
that downstream of RET/PTC, PB-catenin participates in two
distinct transcriptional complexes, one with TCF/LEF and another
one with CREB, and that both are recruited to cyclin D1 promoter.
The particularly important role played by Y1062 in signaling to
B-catenin in the case of RET/PTC with respect to full-length
RET mutants (25) may be explained by differential signaling
mechanisms between the distinct RET oncogenic forms and the
cytosolic localization of RET/PTC that relies on Y1062 to be
recruited to the cell membrane (2-4). Finally, 3-catenin expression
is required for RET/PTC-mediated autonomous proliferation of
PC thyrocytes.

It is possible that P-catenin activity cooperates with other
signaling cascades activated by RET/PTC to mediate mitogenic
activity. Cytosolic B-catenin is recruited to a “destruction” complex
that includes APC and GSK3p. Loss of APC tumor suppressor
reduces the activity of the B-catenin destruction complex (17, 21).
Of direct relevance to thyroid tumorigenesis, patients affected
by familial APC [familial adenomatous polyposis (FAP)] and
harboring APC mutations are predisposed to thyroid carcinoma
(43). Furthermore, the RET/PTC oncogene is activated in some
FAP-associated thyroid carcinomas (44). Therefore, our data
support a model whereby two different lesions concomitantly
present in FAP-associated thyroid carcinoma (ie., RET/PTC

activation and APC loss of function) may converge to enhance
the activity of the p-catenin signaling cascade. On the other hand,
direct P-catenin mutations are restricted to aggressive and
undifferentiated types of thyroid carcinomas (23).

p-Catenin targeting approaches for cancer therapy are currently
being explored. For example, a conditionally replicative adenovirus,
which kills only cells with a hyperactive P-catenin pathway,
significantly inhibited the growth of undifferentiated (anaplastic)
thyroid cancers (45). ICG-001, an inhibitor of the p-catenin/CBP
transcriptional complex, efficiently induced apoptosis of colon
cancer cells (46). Prostaglandin E, (PGE,) also promotes -catenin
signaling (28), and PGE, synthesis inhibitors, nonsteroidal anti-
inflammatory drugs, in an adjuvant or preventive setting are being
tested already in cancer. Our data, together with those reported by
Gujral and colleagues (25), suggest that P-catenin targeting
approaches could have therapeutic potential in thyroid cancer.
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A set of miRNASs participates in the cellular senescence
program in human diploid fibroblasts

R Faraonio'?, P Salerno®, F Passaro'*2, C Sedia', A laccio®, R Bellelli®, TC Nappi®, M Comegna'?, S Romano', G Salvatore®,
M Santoro® and F Cimino*'*

Here we show that replicative senescence in normal human diploid IMR90 fibroblasts is accompanied by altered expression
of a set of microRNAs (miRNAs) (senescence-associated miRNAs), with 14 and 10 miRNAs being either up or downregulated
(> 2-fold), respectively, in senescent with respect to young cells. The expression of most of these miRNAs was also deregulated
upon senescence induced by DNA damage (etoposide) or mild oxidative stress (diethylmaleate). Four downregulated miRNAs
were part of miRNA family-17, recently associated to human cell and tissue aging. Moreover, eight upregulated and six
downregulated miRNAs mapped in specific chromosomal clusters, suggesting common transcriptional regulation. Upon
adoptive overexpression, seven upregulated miRNAs induced the formation of senescence-associated heterochromatin foci and
senescence-associated f-galactosidase staining (P < 0.05), which was accompanied, in the case of five of them, by reduced cell
proliferation. Finally, miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-5p induced double-strand DNA breaks and reactive
oxygen species accumulation in transfected cells. In conclusion, we have identified a set of human miRNAs induced during
replicative and chemically induced senescence that are able to foster the senescent phenotype by prompting DNA damage.

Cell Death and Differentiation advance online publication, 4 November 2011; doi:10.1038/cdd.2011.143

Replicative or cellular senescence, a state of irreversible
arrest of cell division, was first described in cultures of human
fibroblasts.! Since then, replicative senescence has been
described in various mammalian cells.> The mechanisms
underlying senescence include telomere shortening, upregu-
lation of the CDKN1A (p21WAF1) and CDKN2A (p16INK4a
and p14ARF) loci, and accumulation of DNA damage.®
Telomeres become progressively shorter at every round
of cell division and this leads to critically short telomere length
sensed as double-strand DNA breaks.* DNA damage
and DNA-damage response (DDR) could be common events
to cellular senescence programs initiated by telomere
dysfunction and aberrant oncogene activation.®

Senescent cells are marked by lack of DNA replication;
expression of senescence-associated f-galactosidase
(SA-f-gal); accumulation of discrete nuclear foci that are
termed senescence-associated heterochromatin  foci
(SAHFs); and senescence-associated DNA-damage foci
(SDFs). SAHFs are detected by preferential binding of DNA
dyes, such as 4',6-diamidino-2-phenylindole (DAPI), and the
presence of certain heterochromatin-associated histone
modifications (trimethyl-Lys9 Histone H3). SDFs are nuclear
foci containing proteins that are associated to DNA damage

(Ser139-phosphorylated histone H2AX -y-H2AX- and p53-
binding protein-1-53BP1).°

Senescent cells show striking changes in gene expression,
including upregulation of cell-cycle inhibitors (p21WAF1 and
p16INK4a) and secreted proteins involved in microenviron-
ment remodeling (IL-6),” and downregulation of genes that
facilitate cell-cycle progression (c-FOS, cyclin-A, cyclin-B,
PCNA)® or that are involved in cell-cycle execution (FOXM1,
UBE2C, TYMS).® Mechanisms underlying the gene express-
ion program that is associated to senescence are still poorly
understood.

MicroRNAs (miRNAs) are short (20—24nt) non-coding
RNAs that are involved in post-transcriptional regulation of
gene expression. miRNAs are transcribed as part of primary
transcripts (pri-miRNAs). The pri-miRNA is cleaved by the
Drosha ribonuclease-Ill to produce an approximately 70-nt
stem—loop precursor miRNA (pre-miRNA), which is further
cleaved by the cytoplasmic Dicer ribonuclease to generate
mature miRNA and antisense miRNA star (miRNA*) products.
The mature miRNA is incorporated into an RNA-induced
silencing complex (RISC), which recognizes target mRNAs
and most commonly results in translational inhibition or
destabilization of the target mRNA.™°
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Being potent regulators of gene expression, we hypothe-
sized that miRNAs were involved in the gene expression
program associated to cellular senescence. This hypothesis
was supported by recent results obtained by Hackl et al.'
showing that miRNAs of family 17 were downregulated in
aged tissues and cells. Moreover, senescence in human
lung (WI-38) fibroblasts was accompanied by upregulation
of miR-152, miR-410, miR-431, and miR-493, and down-
regulation of miR-155, miR-20a, miR-25, and miR-153;
knockdown of miR-155 or miR-20a enhanced IR-induced
senescence. '3

In this study, we profiled miRNA expression in human
senescent fibroblasts (IMR90). We identified 24 miRNAs that
were either up- or downregulated in senescent cells. Upon
adoptive overexpression, most of the upregulated miRNAs
reduced DNA synthesis rate, and induced SA-f-gal staining
and SAHFs. Five of them induced a robust DNA damage that
likely sustains the senescent phenotype.

Results

Altered expression of a set of miRNAs accompanies
replicative senescence in IMR90 fibroblasts. At PDL58,
more than 70% IMR9O0 cells stained positively for SA-f-gal,
whereas less than 1% of PDL33 cells stained positively
(Supplementary Figure 1). Moreover, PDL58 cells had an
expression profile consistent with a senescent phenotype,
expressing about three-fold higher levels of p21WAF1 and
p16INK4a proteins; higher levels of IL6 mRNA; and reduced
levels of cell-cycle-related mRNAs such as cyclin-A,

carrier protein (UBE2C), and forkhead box-M1 (FOXM1)
with respect to PDL33 cells (Supplementary Figure 1). We
profiled miRNA expression in senescent PDL58 with respect
to PDL33 IMR90 cells by gRT-PCR. A total of 148 miRNAs
were detected (C;<39 cycles) in at least one of the two
samples; 18 miRNAs were upregulated and 51 were
downregulated (>2-fold) in senescent versus young cells
(Supplementary Table 1).

To validate these results, independent preparations of
PDL58 and PDL33 IMR90 cells were obtained and the
expression of all the highest ranked 18 up- and 14 down-
regulated miRNAs was investigated in triplicate by qRT-PCR.
Results are reported in Table 1. Fourteen (fold changes:
2.7-8.9) and 10 (fold changes: 0.42-0.13) miRNAs were
significantly (P<0.001) up- or downregulated in PDL58
versus PDL33 cells, respectively (Table 1).

These findings indicate that senescence of IMR9O0 is
associated to altered expression of a set of miRNAs (hereafter
referred to as ‘senescence-associated miRNAS’).

DNA damage and oxidative stress deregulate
the expression of senescence-associated miRNAs.
Treatment with etoposide,’ a topoisomerase inhibitor used
to induce DNA damage, or DEM,? a glutathione depletor
able to cause a mild oxidative stress, were applied to
chemically induce cellular senescence. When IMR90 cells
were exposed to DEM (100 uM) for 10 days or treated with
etoposide (20 uM) for 24 h and further cultured for 11 days,
62 and 80% SA-f-gal-positive IMR90 cells, respectively,
were detected. This was accompanied by gene expression

thymidylate synthase (TYMS), cyclin-selective ubiquitin changes consistent with a senescent phenotype
Table 1 Expression change of senescence-associated miRNAs in IMR90 cells
Chromosomal Fold changes

miRNA location?® Family® (PDL58/PDL33) S.D. P-value

Upregulated
miR-486-5p 8p11.21 486 8.9 0.009 <0.0001
miR-210 11p15.5 210 7.9 0.9 <0.0001
miR-30e-5p 1p34.2 30 6.5 0.9 <0.0001
miR-376a* 14932.31 368 5.9 0.7 0.0001
miR-126* 9qg34.3 126 5.3 1.4 <0.0001
miR-494 1432.31 154 4.5 1.6 <0.0001
miR-379 14932.31 379 4.4 1.1 <0.0001
miR-654 1432.31 654 4.3 1.4 <0.0001
miR-542-5p Xqg26.3 542 3.8 1 <0.0001
miR-23b 9qg22.32 23 3.7 0.6 0.0022
miR-134 14932.31 134 3.4 1 <0.0001
miR-369-3p 14932.31 154 3.3 0.4 <0.0001
miR-656 14932.31 154 3.3 1 <0.0001
miR-485-5p 14932.31 485 2.7 0.5 <0.0001

Downregulated
miR-20a 13qg31.3 17 0.13 0.01 0.0002
miR-155 21g21.3 155 0.14 0.04 0.0034
miR-17-5p 13g31.3 17 0.15 0.02 0.0060
miR-199b-5p 9934.11 199 0.21 0.09 0.0002
miR-15b 3025.33 15 0.23 0.16 0.0008
miR-92° 13q31.3; Xq26.2 25 0.27 0.04 0.0001
miR-296-5p 20g13.32 296 0.27 0.2 0.0061
miR-19b° 139 31.3; Xq26.2 19 0.28 0.1 0.0016
miR-93 79221 17 0.35 0.04 <0.0001
miR-106b 7922.1 17 0.42 0.17 0.01

&The information were obtained from miRBase (http://www.mirbase.org/). ®miR-92 includes two identical sequences (miR-92a-1 and miR-92a-2) encoded by two
different loci. °miR-19 includes two identical sequences (miR-19b-1 and miR-19b-2) encoded by two different loci.
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Table 2 Expression change of senescence-associated miRNAs in IMR90 cells treated with DEM or etoposide

w

DEM Etoposide
miRNA Fold variation® S.D. P-value Fold variation® S.D. P-value
miR-486-5p 1.55 0.118 0.0018 3.22 0.07 <0.0001
miR-210 1.69 0.12 <0.0001 15 0.2 0.0001
miR-30e-5p 3.25 0.57 0.0008 1.82 0.03 <0.0001
miR-376a* 2.87 0.89 <0.0001 1.7 0.27 0.0023
miR-126* 2.35 0.28 0.0004 2.05 0.15 0.0001
miR-494 2.14 0.2 0.0011 0.93 0.04 0.2652
miR-379 1.52 0.06 0.0001 1.39 0.08 0.0070
miR-654 2.29 0.53 0.0046 1.16 0.8 0.5177
miR-542-5p 1.128 0.14 0.5818 1.22 0.04 0.0224
miR-23b 1.94 0.12 0.0002 1.42 0.18 0.0105
miR-134 1.52 0.12 0.0032 1.67 0.002 <0.0001
miR-369-3p 1.44 0.13 0.0036 1.61 0.03 <0.0001
miR-656 1.26 0.06 0.0181 1.21 0.04 0.0137
miR-485-5p 2.33 0.08 0.0001 1.36 0.11 0.0420
miR-20a 0.419 0.002 <0.0001 0.29 0.03 <0.0001
miR-155 0.2 0.002 <0.0001 0.32 0.014 <0.0001
miR-17-5p 0.51 0.01 <0.0001 0.43 0.04 0.0086
miR-199b-5p 0.55 0.06 0.069 0.37 0.02 <0.0001
miR-15b 0.33 0.016 <0.0001 0.33 0.02 0.0013
miR-92 0.43 0.08 0.0018 0.37 0.01 0.0003
miR-296-5p 0.72 0.005 0.0007 0.7 0.02 0.0059
miR-19b 0.39 0.14 0.0125 0.33 0.04 0.0002
miR-93 0.45 0.02 0.0006 0.46 0.06 0.0009
miR-106b 0.84 0.01 <0.0001 0.65 0.07 0.0396

2With respect to untreated cells.

(Supplementary Figure 2). RNA was extracted from DEM-
and etoposide-treated IMR90 cells, and the expression of the
24 senescence-associated miRNAs was studied in triplicate
by gRT-PCR. Results are reported in Table 2. About 90% of
the senescence-associated miRNAs were de-regulated
(albeit with smaller fold changes than during replicative
senescence) upon chemically induced senescence
(P<0.05). In detail, DEM-mediated senescence was
associated with the upregulation (range: 1.26-3.25) of 13
of the 14 (with the exception of miR-542-5p) upregulated
senescence-associated mMiRNAs (P<0.05) (Table 2),
whereas etoposide-mediated senescence was associated
with the upregulation (range: 1.21-3.22) of 12 (with the
exception of miR-654 and miR-494) of them (P<0.05)
(Table 2). Moreover, both DEM-treated (range: 0.84-0.2)
as well as etoposide-treated (range: 0.7-0.29) cells showed
downregulation of all the 10 downregulated senescence-
associated miRNAs (P<0.05) (Table 2).

These findings indicate that DNA damage and oxidative
stress alter the expression of senescence-associated
miRNAs in IMR9O0 cells, thereby suggesting that DNA damage
and oxidative stress, occurring during replicative senescence,
may contribute to the altered expression of senescence-
associated miRNAs.

A set of miRNAs promotes a senescent phenotype in
IMR90 cells. We sought to establish whether upregulation of
senescence-associated miRNAs was causally related to
senescence. Thus, the nine highest ranked upregulated
miRNAs (Table 1) were adoptively upregulated (in the form of
synthetic pre-miRNAs) by electroporation in young PDL33
IMR90 cells and their capability of inducing senescence-
associated markers was assessed. Negative control was
represented by scrambled pre-miRNA-transfected PDL33
IMR90 cells. Positive control was represented by PDL55

(or 58) IMR9O0 cells. Seven out of the nine miRNAs induced a
significant (P<0.05) increase of SAHF-positive nuclei
(range: 10-24% of the cells) detected by both DAPI
staining and 3meH3K9 immunofluorescence with respect
to the scrambled control (Figures 1a and b). This was
accompanied by a 4- to 18-fold increase of SA-f-gal-positive
cells (P<0.05) (Figure 1c). miR-654 did not cause any
significant increase of SAHF-positive and SA-f-gal-positive
cells; instead, we noted a robust cytotoxic effect exerted by
this miRNA, assessed as percentage of dead cells upon
transfection (data not shown). miR-654 was not studied
further.

Senescent cells are arrested in the G4 phase of the cell
cycle. Therefore, we tested whether expression of the highest
ranked upregulated miRNAs was also able to reduce BrdU
incorporation into newly synthesized DNA. Electroporation of
five of them (miR-210, miR-376a*, miR-486-5p, miR-494, and
miR-542-5p) in PDL33 IMR90 cells caused a significant
(P<0.001) reduction (2- to 3-fold) of BrdU incorporation
(Figure 2a). Moreover, these five miRNAs also caused a
parallel reduction (approximately 30-60%) in cell number
(P>0.05) (Figure 2b). miR-126* did not exert any detectable
effect, and miR-379 and miR-30e-5p caused only negligible
reduction of BrdU incorporation and cell proliferation
(P<0.05) (Figures 2a and b). Negative control was
represented by scrambled miRNA-transfected cells (Figures
2a and b).

Altogether, these findings show that seven senescence-
induced miRNAs are able to induce SAHF/SA--gal positivity,
with five of them (miR-210, miR-376a*, miR-486-5p, miR-494,
and miR-542-5p) causing a robust reduction of cell prolifera-
tion and DNA synthesis rate.

miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-
5p enhance DNA damage. DNA damage and DDR are
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Figure 1 Senescence-associated miRNAs induce SAHFs and SA-f-gal. The nine highest ranked upregulated pre-miRNAs were electroporated in triplicate in PDL33
IMR90 cells. After 7 days cells were fixed and examined by immunofluorescence for a-trimethyl-Lys9 Histone (SAHF) or counterstained with DAPI (a and b), and stained for
SA-f-gal (c). (a and b) Counts of at least 300 cells were averaged and expressed as percent of cells + S.D. with SAHF foci. Representative pictures are shown in panel b. (c)
Cells were stained for SA-f3-gal. Counts of at least 300 cells were averaged and expressed as fold change + S.D. with respect to the scrambled control. Experimental points

with *P<0.05, **P<0.01, or ***P<0.001 respectively

involved in senescence.® Therefore, we asked whether
the five senescence-associated miRNAs, that were able to
reduce proliferation rate and promote a senescent
phenotype, were able to induce DNA damage. To this aim,
we used neutral COMET assay to monitor double-strand
DNA breaks. Etoposide-treated and scrambled miRNA-
transfected cells were used as positive or negative
controls, respectively. Tail moments were calculated and
percentages of nuclei showing different tail moments were
determined. The results shown in Figure 3 demonstrate that
all the five miRNAs, but not the scrambled control, caused
significant (P<0.05) increase in the percentage of cells with
tail moment >4, consistent with induction of double-strand
DNA breaks (Figure 3).

Finally, we evaluated whether adoptive miRNA expression
induced the formation of YH2AX foci in cell nuclei. Senescent
cells and etoposide-treated cells were used as positive
controls, whereas scrambled miRNA-transfected cells were
used as negative controls. Figure 4 shows that miR-210 and
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miR-494, but not the scrambled control, induced the formation
of yH2AX foci in more than 25% of cell nuclei (P<0.01). miR-
376a*, miR-486-5p, and miR-542-5p increased the number of
vH2AX foci-positive nuclei only modestly (P<0.05) (Figure 4).

These findings suggest that senescence-associated
miRNAs facilitate the establishment of a senescent state by
promoting DNA damage and in some cases through increase
of a DDR marker.

Role of oxidative stress and the mTOR-signaling
pathway in miRNA-induced cellular senescence.
Increased intracellular oxygen radicals can elicit DDR
and senescence.® Therefore, we investigated whether over-
expression of senescence-associated miRNAs was able to
cause intracellular accumulation of superoxide anion, by flow
cytometry upon cell staining using the oxidation-sensitive DHE
fluorescent probe. The results reported in Figure 5 demonstrate
that overexpression of all five miRNAs (miR-210, miR-376a*,
miR-486-5p, miR-494, and miR-542-5p) caused a significant
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Figure 2 Senescence-associated miRNAs reduce cell proliferation. The nine
highest ranked upregulated pre-miRNAs were electroporated in triplicate in PDL33
IMR90 cells. (a) After 48h cells were incubated with BrdU for 24 h and fixed.
Coverslips were incubated with an anti-BrdU and secondary fluorescein-conjugated
antibody, counterstained with Hoechst-33258, and counted by immunofluores-
cence. Counts of at least 300 cells were averaged and expressed as fold
change = S.D. with respect to the scrambled control. (b) After 96 h cell numbers
were counted and expressed as fold change £ S.D. with respect to the scrambled
control. Experimental points with *P<0.05, **P<0.01, or **P<0.001 respectively
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(P<0.05) increase in DHE-positive cells with respect to the
scrambled control. Of note, miR-210 was previously reported to
induce the generation of ROS.®'® Furthermore, it appears of
interest that miR-494, which caused the highest levels of ROS
generation, also caused the highest level of DNA damage as
shown by the COMET assay (Figure 3).

The mammalian target of rapamycin (mTOR) pathway
was demonstrated to drive senescence in cells treated with
several factors, including oxidative agents.2°22 Thus, initially,
we asked whether miRNA transfection caused any change in
mTOR pathway activation, by measuring the phosphorylation
of the ribosomal S6 protein (S6); S6 is phosphorylated by
p70-S6 kinase (p70S6K), which, in turn, is activated by
mTOR.2% IMRQO cells featured high levels of S6 phosphoryla-
tion, and adoptive overexpression of any of the five miRNAs
(miR-210, miR-376a*, miR-486-5p, miR-494, and miR-542-
5p) did not cause detectable change in the levels of phospho-
S6 (Supplementary Figure 3). Then, we tested whether
inhibition of mMTOR by the macrolide antibiotic rapamycin
affected cell senescence (SA-f-gal) induced by miRNA
transfection. Treatment with rapamycin caused a detectable
reduction of SA-3-gal-positive cells upon transfection with the
five miRNAs, a reduction that was statistically significant
(P<0.05) in the case of four of them (Table 3). Rapamycin’s
effects on SA-f-gal stain were not accompanied by significant
reduction of y-H2AX foci (Table 3).

Altogether, these findings suggest that the senescent
phenotype induced by miR-210, miR-376a*, miR-494, and
miR-542-5p depends on the activity of the mTOR pathway.

Discussion

Here we have identified a set of 24 miRNAs either up- or
downregulated in senescent human diploid fibroblasts.
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Of note, 8 (chromosome 14g32.31) upregulated and 6
(4 on chromosome 13g31.3 and 2 on chromosome 7qg22.1)
downregulated miRNAs mapped in specific chromosomal
clusters, suggesting that their expression might be co-
regulated. We have also shown that the expression of most
of the senescence-associated miRNAs was modified in DEM-
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Figure 5 Senescence-associated miRNAs lead to oxidative stress. IMR90 cells
(PDL33) were electroporated with the indicated pre-miRNAs. After 72 h cells were
incubated with 0.1 uM DHE at 37 °C for 30 min. Intracellular fluorescence was
examined by flow cytometry. Fluorescence intensity of 10 000 cells was analyzed in
triplicate and expressed as percentage of stained cells + S.D. As positive controls,
PDL33 cells treated with the mitochondrial inhibitor rotenone (5 M for 2h) and
senescent PDL55 cells were used. Experimental points with *P<0.05, **P<0.01,
or **P<0.001 respectively

Table 3 Effects of mTOR inhibition by rapamycin on miRNA-induced
senescence and DDR

SA-p-gal yH2AX
staining staining
upon upon
rapamycin rapamycin

Pre-miRNA (% change)® P-value (% change)® P-value
Pre-miR-control -16.2 0.4711 +2.56 0.8520
Pre-miR-210 —43 0.0498 —2.34 0.0808
Pre-miR-376a* —37.6 0.0052 —2.75 0.2354
Pre-miR-486-5p -15.3 0.2526 +7.69 0.5734
Pre-miR-494 —46.2 0.0050 —6.59 >0.999
Pre-miR-542-5p -38.9 0.0262 +6.38 0.9360

@Starting 24 h after transfection with the indicated miRNAs, cells were treated
for 3 days with 10nM rapamycin or vehicle, and then stained for SA-f-gal.
Counts of at least 300 cells were averaged and expressed as percentage of
SA-f-gal-stained cells. Reduction in the percentage of positive cells upon
rapamycin treatment is reported. PStarting 24 h after transfection with the
indicated miRNAs, cells were treated for 3 days with 10nM rapamycin or
vehicle, and then examined by immunofluorescence for yH2AX. Counts of at
least 300 cells were averaged and expressed as percent of cells with YH2AX
foci. Change in the percentage of positive cells upon rapamycin treatment
is reported.

or etoposide-induced senescence, in the same direction
as in replicative senescence. This suggests that oxidative
stress and DNA damage are among the factors that mediate
senescence-associated mIiRNA  expression changes.
However, the effects of DEM and etoposide were smaller
than those measured upon replicative senescence, suggest-



ing that either the contribution of other factors or the conditions
of chemical treatments were not sufficient to achieve a robust
change of miRNA expression.

We have also shown that adoptive expression of five
upregulated miRNAs (miR-210, miR-376a*, miR-486-5p,
miR-494, and miR-542-5p) induced a senescent phenotype
(with SAHFs, SA-f-gal staining, and reduced cell proli-
feration). Overexpression of these five miRNAs was also
associated with double-strand DNA breaks in a neutral
COMET assay and, for two of them (miR-210 and miR-494),
appearance of a DDR marker (yH2AX foci). Thus, over-
expression of the five miRNAs favored DNA damage, and not
solely DDR (yH2AX), which can also occur in the absence of
DNA damage (pseudo-DDR).?* Finally, we showed that the
mTOR pathway was an essential driver of senescence
induced by senescence-associated miRNAs as SA-f-gal
staining was significantly reduced by treatment with rapa-
mycin.2%-22 Of note, our preliminary observations, by studying
the expression levels of the senescence-inducing miRNAs
in human skin broblasts from young (age 17-25) or old
(age 89-94) donors, show that the highest expression levels
of miR-376a* and miR-494 were found in one old donor cell
line, and expression of miR-486-5p was on average two-fold
higher in old with respect to young cells.

Overall, these findings suggest a model whereby DNA
damage and oxidative stress, which occur during replicative
senescence, stimulate the expression of a set of miRNAs,
which, in turn, feedback positively to DNA damage and
oxidative stress, thereby sustaining the senescent phenotype
(Supplementary Figure 4). The mechanisms through which
the upregulated miRNAs provoke these effects will deserve
further investigation. However, the model is supported by the
observation that overexpression of the senescence-asso-
ciated miRNAs caused an accumulation of superoxide anion
and by the fact that some known targets of senescence-
associated miRNAs are involved in DNA damage, oxidative
stress, cell-cycle control, and apoptosis. For instance,
miR-210 was found to activate the generation of ROS by
targeting subunits of the electron transport chain (ETC)
complexes | and I1."® Other potential targets of miR-210 in
the same pathway included ISCU (iron—sulfur cluster scaffold
homolog) and COX10 (cytochrome-c oxidase assembly
protein), two factors of the mitochondrial electron transport
chain and the tricarboxylic acid cycle."® In addition,
forced expression of miR-210 decreased endogenous levels
of RAD52, a key factor in homology-dependent DNA repair
(HR).2® Similarly, miRNA-494 was recently found to be
localized to mitochondria, where it may target genes involved
in ATP synthesis-coupled electron transport.?® Of note,
miR-210 also suppresses cell-cycle progression by targeting
E2F3%” and fibroblast growth factor receptor-like-1
(FGFRL1).22 miR-376a* was reported to repress phosphor-
ibosyl pyrophosphate synthetase-1 (PRPS1) involved in DNA/
RNA synthesis as well as threonine and tyrosine kinase (TTK)
essential for mitosis checkpoint.?® miR-494 was upregulated
in cells exposed to the DNA-damaging agent benzo[a]pyrene
(B[a]P) and was found to restrain cell cycle through CDK6
downregulation.®® Finally, miR-542-5p was upregulated in
senescent BJ cells®’ and downregulated in neuroblastoma
and other solid tumors.®2
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Though not investigated in our study, it is tempting
to speculate that also senescence-downregulated miRNAs
contribute to the execution of the senescence program
(Supplementary Figure 4). In our study, several miRNAs
of the miR-17 family (miR-17-5p, miR-20a, miR-106b, and
miR-93) and miR-155 were downregulated both in replicative
and chemically induced senescence. Noteworthy, the miR-17
family®® and miR-155'2 have already been involved in cellular
senescence. Hackl et al.'" reported that miRNAs of the miR-
17 family were downregulated in replicative senescence and
in organismal aging models, their decrease correlating with
increased levels of p21WAF1. miRNAs of the miR-17 family
(miR-17-92 cluster) were also upregulated in cancer**” and,
by targeting p21WAF1, they were able to confer resistance to
RAS-induced senescence.® On the other hand, miR-155 was
downregulated in senescent WI-38 cells, causing increased
levels of TP53INP1, a protein acting in the TP53 growth arrest
pathway.'? Another link between miR-155 and cell prolifera-
tion comes from recent data showing that WEE1 (WEE1
homolog—Schizosaccharomyces pombe), a kinase that
blocks cell-cycle progression, is a target of this miRNA.%°

In conclusion, we have identified a set of miRNAs, which,
being modulated by senescence-mediating conditions, and
being able to either facilitate DNA damage or regulate the
expression of several senescence mediators, may represent
critical components of the cellular senescence program.

Materials and Methods

Cell cultures. Normal primary human fibroblasts IMR90 were obtained
from American Type Culture Collection (Manassas, VA, USA). IMR90 were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Groningen,
The Netherlands) supplemented with 10% (v/v) fetal bovine serum and 1%
penicillin/streptomycin (Invitrogen). Cultures were maintained at 37 °C in a 5% CO,-
humidified atmosphere. The population doubling level (PDL) was calculated by
using the formula APDL = log(n,/n))/log2, where n;is the initial number of cells and
npis the final number of cells at each passage. The cells were used at 33 PDL or 58
PDL. More than 70% of PDL58 cells were positive for SA-$-gal. SA-f-gal was
assayed according to Dimri et al." Briefly, cells were washed twice with PBS, fixed
with 2% formaldehyde and 0.2% glutaraldehyde in PBS, and washed twice in PBS.
Then, cells were stained overnight in X-gal staining solution (1 mg/ml X-gal, 40 mM
citric acid/sodium phosphate (pH 6.0), 5mM potassium ferricyanide, 5mM
potassium ferrocyanide, 150 mM NaCl, 2mM MgCly).

Diethylmaleate (DEM) was purchased from Sigma Chemical Co. (St. Louis, MO,
USA) and used at a final concentration of 100 uM in complete medium.® Etoposide
(VP-16; Calbiochem, La Jolla, CA, USA) was used at 20 uM.'® Rapamycin was
obtained from Merck Chemicals Ltd (Nottingham, UK) and used at 10 nM. Rotenone
(Sigma Chemical Co.) was used at 5 uM.

miRNA profiling. Total RNA was isolated using the mirVana MiRNA isolation
kit (Ambion, Austin, TX, USA) according to the manufacturers instructions.
The RNA was quantified by Nanodrop (Thermo Scientific, Wilmington, DE, USA)
and RNA integrity was analyzed by using the 2100 Bioanalyzer (Agilent
Technologies, Waldbronn, Germany). Global miRNA expression analysis was
performed by using TagMan Low Density Arrays (TLDA)/Human microRNA Panel
v1.0 (Applied Biosystems, Foster City, CA, USA). This technology detects mature
miRNAs from the Sanger miRBase database. Each card/panel contains a primer—
probe set for 365 human miRNAs. Briefly, for each sample, 100 ng of total RNA was
converted into cDNA by multiplex reverse transcription (RT) using a primer pool
from the Tagman array kit (Applied Biosystems), according to the manufacturer’s
instructions. Then, miRNA levels were measured by quantitative real-time PCR
(qRT-PCR) using the 7900HT Sequence Detection System (Applied Biosystems).
C values were determined by using the automatic threshold in RQ manager v1.1
analysis software (Applied Biosystems). Data were analyzed by using the Sequence
Detection System software (v. 2.3) (Applied Biosystems). The endogenous control
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RNU48 was used to normalize the relative expression of each miRNA using the
AAC; method (Applied Biosystems User Bulletin No. 2—P/N 4303859).

Real-time PCR. Total RNA was isolated by using the mirVana MiRNA isolation
kit (Ambion) according to the manufacturer’s instructions. The RNA was quantified
by Nanodrop (Thermo Scientific) and RNA integrity was analyzed by the 2100
Bioanalyzer (Agilent Technologies). The TagMan MIRNA Assay kit (Applied
Biosystems) was used to detect the expression of mature miRNAs. Briefly, 100 ng of
total RNA was reverse-transcribed (RT) at 16 °C for 30 min, 42 °C for 30 min, and
85 °C for 5 min in a 15-ul reaction volume. 2-ul volume of the RT product was used
for PCR in a final volume of 20 pl. The PCR started with an initial denaturation step at
90 °C for 10 min, followed by 40 cycles of 95 °C for 15s and 60 °C for 1 min. Small
nucleolar RNA RNU6 (Applied Biosystems) was used for normalization. PCRs were
performed in triplicate and fold changes were calculated by the following formula:
o~ (sample-1AG—sample2AC) ywhare AG; is the difference between the amplification
fluorescent thresholds of the miRNA of interest and the RNA of RNUE.

Cell electroporation. PDL33 IMR90 cells were electroporated by using
Microporator MP100 (EuroClone, Milano, ltaly) following the manufacturer's
instructions. Briefly, 1 x 10%cells were electroporated in 100 pl of suspension buffer
(Neon transfection kit; Invitrogen) using 100 nM pre-miRNA (Ambion) according to
the manufacturer’s protocol adapted to IMR90 cells (pulse voltage: 1400V for
10 ms, three pulses). Electroporation efficiency was tested by using the Cy3-labeled
negative control (Ambion) according to the manufacturer's protocol and was
approximately of 75%. After electroporation, cells were seeded and viable cells were
counted at 96 h.

BrdU assay. For BrdU (5-bromo-2-deoxyuridine) incorporation assay,
electroporated cells were seeded on glass coverslips. Forty-eight hours after
transfection, cells were incubated for 24 h with BrdU (10 uM) and fixed. Coverslips
were incubated with an anti-BrdU and secondary fluorescein-conjugated antibody.
Coverslips were counterstained with Hoechst-33258, rinsed, and mounted in Moviol
on glass slides. The fluorescent signal was visualized with an epifluorescent
microscope (Axiovert 2; Zeiss, Gottingen, Germany), interfaced with the image
analyzer software KS300.

Immunofluorescence. For indirect immunofluorescence, cells were fixed in
4% paraformaldehyde and permeabilized with 0.2% Triton X-100 (5 min on ice), and
then incubated with o-H2AX phosphorylated on Ser139 (yH2AX) (R&D Systems,
Minneapolis, MN, USA) or o-trimethyl-Lys9 Histone H3 (Lake Placid Biologicals,
Lake Placid, NY, USA) for 1 h at room temperature. Coverslips were washed and
incubated with an Alexa-488 goat anti-rabbit antibody (Invitrogen) for 30 min at room
temperature. After 5min of DAPI counterstaining, coverslips were mounted and
observed with a Zeiss LSM 510 META confocal microscope (Carl Zeiss,
Thornwood, NY, USA). At least 300 cells were counted in triplicate experiments.

COMET assay. The neutral comet assay was performed according to the
manufacturer's recommendations (Trevigen, Gaithersburg, MD, USA)."® Slides
were incubated for 30 min in lysis buffer and for 40 min in alkaline solution (pH > 13),
and comet tails were generated by 15-min electrophoresis in TBE buffer at 20 V, at
4°C. The slides were stained with SYBER Green and DNA migration was analyzed
by fluorescence microscopy (Leica DMS 4000B). Tail moment (TM), defined as the
product of the tail length and the fraction of total DNA in the tail (TM =tail
length x % of DNA in the tail), was determined by using the software ‘Comet
Assay II' (Perceptive Instruments, Suffolk, UK). A minimum of 100 cells per
experiment were analyzed. All experiments were performed in triplicate.

ROS measurement. Reactive oxygen species (ROS) were measured by using
the oxidation-sensitive fluorescent probe dihydroethidium (DHE; Sigma Chemical),
according to a published procedure.'” Briefly, 72 h after miRNA transfection, cells
were incubated for 30 min at 37 °C with 0.1 uM DHE, harvested, and resuspended
in PBS. To determine fluorescence due to formation of superoxide anion, the cell
suspension was subjected to flow-cytometric analysis using a Becton Dickinson
FACSCalibur instrument (Becton Dickinson, San José, CA, USA), after excitation at
488 nm (FL-2 channel). Results from at least 10 000 cells from each sample were
analyzed in triplicate using the CellQuest 3.2.1 software (Becton Dickinson).
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Statistical analysis. Statistical analyses were performed by using
the GraphPad InStat software program (version 3.06.3, San Diego, CA, USA).
All P-values were two-sided and differences were significant when P<0.05.
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