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Senescence is an irreversible cell-cycle arrest that is elicited
by a wide range of factors, including replicative exhaustion.
Emerging evidences suggest that cellular senescence con-
tributes to ageing and acts as a tumour suppressor mechan-
ism. To identify novel genes regulating senescence, we
performed a loss-of-function screen on normal human
diploid fibroblasts. We show that downregulation of the
AMPK-related protein kinase 5 (ARKS or NUAKI1) results
in extension of the cellular replicative lifespan. Inter-
estingly, the levels of NUAK1 are upregulated during senes-
cence whereas its ectopic expression triggers a premature
senescence. Cells that constitutively express NUAK1 suffer
gross aneuploidies and show diminished expression of the
genomic stability regulator LATS1, whereas depletion of
NUAK1 with shRNA exerts opposite effects. Interestingly,
a dominant-negative form of LATS1 phenocopies NUAK1
effects. Moreover, we show that NUAK1 phosphorylates
LATS]1 at S464 and this has a role in controlling its stability.
In summary, our work highlights a novel role for NUAK1
in the control of cellular senescence and cellular ploidy.
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Introduction

Normal human diploid cells have a finite replicative potential,
mainly because of telomere erosion. When they reach this
critical point they become senescent (Hayflick, 1965).
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Senescent cells remain metabolically active, show characteristic
changes in cell morphology, physiology, and gene expression,
and typically show a senescence-associated B-galactosidase
(SA-B-gal) activity (Dimri et al, 1995) and the appearance of
senescent-associated heterochromatin foci (Narita et al, 2003).
A phenotypically similar end point can be reached in response
to different cellular stresses, notably inappropriate oncogenic
signalling or oxidative stress. The fact that normal cells under-
go senescence in response to oncogenes has led to the hypo-
thesis that senescence, similar to apoptosis (Lowe et al, 2004;
Dimri, 2005), is an intrinsic genetic programme with tumour-
suppressive properties (Braig et al, 2005; Chen et al, 2005;
Collado et al, 2005; Dimri, 2005).

A corollary of the above observations is that oncogenes
and tumour suppressor alterations can compromise the se-
nescence programme, thus favouring cell immortalisation
and cancer. This is exemplified by our current understanding
of the Rb and p53 tumour suppressor networks, which are
pivotal in controlling the occurrence of senescence and
tumour development (Sherr, 1996; Sionov and Haupt, 1999;
Hanahan and Weinberg, 2000; Yamasaki, 2003; Campisi,
2005). Interference with the Rb or p53 pathway through
mutation, overexpression, or depletion of various compo-
nents of these pathways or by overexpression of oncogenic
proteins (including the oncoviral proteins E6 and E7) results
in bypassed senescence and extension of the replicative life-
span of normal human cells (Jacobs et al, 1999; Carnero et al,
2000; Lundberg et al, 2000; Ohtani et al, 2001; Brummelkamp
et al, 2002; Shvarts et al, 2002; d’Adda di Fagagna et al, 2003;
Gil et al, 2004; Herbig et al, 2004).

Aneuploidy caused by a weak mitotic spindle checkpoint
or by cytokinetic defects results in premature senescence
(Baker et al, 2004; Takahashi et al, 2006). To our knowledge,
however, nobody has ever reported having increased the
replicative potential of normal cells by enforcing genomic
stability safeguards. Strong enforcement of genomic stability
safeguards, such as by LATS1 or BubR1, by constitutive
expression can even inhibit cell growth (Yang et al, 2001;
Shin et al, 2003; lida et al, 2004). Whether slightly enhanced
genomic stability can increase the replicative potential of
normal human cells thus remains an open question.

To identify new genes regulating the replicative potential of
normal human cells, we have performed a loss-of-function
genetic screen, using a retroviral shRNA library. This screen
has revealed that the level of NUAKI has an effect on the
replicative potential of normal human cells and this might be
due to the level of aneuploidie. This suggests that the main-
tenance of the normal DNA content can increase the replica-
tive potential of human cells.

Results

NUAKT1 depletion prevents senescence
WI-38 normal human diploid fibroblasts (HDFs) approaching
senescence were infected with an shRNA retroviral library
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(Berns et al, 2004). After puromycin selection, the cells were
split every week for 3 weeks. Cells infected with the empty
(control) vector stopped growing, whereas some cells in-
fected with library pools continued to grow. Genomic DNA
was extracted from these cells and an shRNA construct
targeting NUAK1 conferring extension of the cellular replica-
tive lifespan was identified, along with shRNAs directed
against PLA2R (Augert et al, 2009), topoisomerase 1
(Humbert et al, 2009), and another shRNA that is still
under characterisation. To analyse the role of NUAKI1 in
replicative senescence, we generated two independent retro-
viral shRNA vectors, each targeting NUAK1. We then verified
the ability of these shRNAs to downregulate endogenous
NUAKI1 protein levels (Figure 1A). When HDFs were infected
with either of the two NUAK1 knockdown shRNAs, they
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reversed senescence, as monitored using colony assay and
by their loss of senescent morphology (Figure 1B). This effect
was further confirmed using growth curve analysis in which
we observed an extension of replicative lifespan of approxi-
mately eight population doublings in NUAK1 knockdown
cells (Figure 1C). This increase in replicative potential was
accompanied with a decrease in the number of senescent
cells, as observed by SA-B-Gal staining or SAHF analysis in
WI-38 cells infected with pRS/NUAK1 when compared with
cells infected with an empty vector (Figure 1D and E).
Ultimately, the NUAK1 knockdown cells entered a senescence
state. Indeed, the cells then stopped growing, showed an
SA-B-Gal staining and the typical senescent morphology,
and were immortalised by hTert expression (Supplementary
Figure S1).
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Figure 1 NUAK1 downregulation extends the replicative lifespan. (A) WI-38 cells were infected with control pRS, pRS/NUAK1, or pRS/
NUAKI1.1 (these constructs encode two different sShRNAs directed against NUAK1) and selected by puromycin. Cell extracts were prepared and
resolved using SDS-PAGE. * denotes a non-specific band. The efficiency of the two shRNAs to downregulate endogenous NUAK1 protein levels
was monitored using immunoblot analysis with an anti-NUAK1 antibody. (B) WI-38 cells were infected with a retroviral vector (pRS control,
PRS/NUAKI, or pRS/NUAK1.1) and selected with puromycin. Selected cells were seeded at low density and stained after 2 weeks with crystal
violet. Alternatively, transmitted images were taken 5 days after seeding to monitor any change in cellular morphology. (C) WI-38 cells were
infected with pRS or pRS/NUAKI1 and selected with puromycin. The cells were split every 5 days and the cell numbers were counted.
Cumulative population doublings were showed at each passage. (D, E) Infected and selected WI-38 cells were analysed for SA-B-Gal activity or
SAHF positivity. Analysis was performed when control cells entered senescence.
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Collectively, these results indicate that the downregulation
of NUAKI1 expression results in replicative lifespan extension.

Constitutive NUAK1 expression triggers premature
senescence

As downregulation of NUAK1 extends the replicative life-
span, we next analysed whether the endogenous NUAK1
level increases during replicative senescence. To verify this,
we measured the NUAK1 transcript level using Q-PCR and
protein level using immunoblot analysis in proliferating-

versus senescing-cultured HDFs. NUAK1 mRNA and protein
increased strongly in late-passage HDFs when compared with
early-passage ones (Figure 2A).

To confirm that NUAK1 modulates the occurrence of
senescence, we analysed the effect of NUAK1 overexpression.
Early-passage HDFs were infected with a retroviral vector
expressing a flag-tagged human NUAK1 or with a control
retroviral vector. Ectopic expression of NUAK1 was checked
using western blotting with an anti-flag tag antibody
(Figure 2B). The growth potential of NUAKI-transduced
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Figure 2 NUAKI overexpression induces premature senescence. (A) RNA and protein were prepared from proliferating and senescing WI-38
cells. After reverse-transcription, real-time quantitative PCR was used to determine NUAK1 mRNA expression. Relative NUAK1 mRNA levels
are shown. Alternatively, NUAK1 protein levels were measured by immunoblot analysis using an anti-NUAK1 antibody. * denotes a non-
specific band. (B) WI-38 cells were infected with the pLPC or pLPC/NUAK1flag retroviral vector. After puromycin selection, cells were used to
perform different assays. Cell extracts were prepared and resolved using SDS-PAGE. Constitutive expression of flag-tagged NUAK1 levels was
checked using immunoblot analysis with an anti-flag-tag antibody. Actin protein levels were used as a loading control. (C) Cells were split and
counted every 5 days. Cumulative population doublings were calculated and showed after each passage of pLPC-or pLPC/NUAKI1flag-infected
cells. (D) Cells were seeded at low density and left to grow for 5 days and phase contrast images were taken to monitor cell morphology.
Alternatively, after 2 weeks, cells were fixed with PFA and stained with crystal violet. Representative plates are shown. (E, F) SA-B-Gal and
SAHF assays were performed to analyse senescence of pLPC-infected (control) and pLPC/NUAKI1 flag-infected HDFs.
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cells was examined by means of growth curves and a colony
formation assay. NUAK1 expression was found to block cell
growth and induce a characteristic senescent morphology
(Figure 2C and D). This growth arrest was due to premature
senescence induction, as evidenced by the increased propor-
tion of SA-B-Gal-positive and SAHF-positive cells among the
NUAKI1-overexpressing cells, as compared with control cells
(Figure 2E and F). These results reveal that both down-
regulation and overexpression of NUAK1 have a major effect
on the cellular replicative lifespan by regulating senescence.

NUAK1-induced senescence requires activation by LKB1
kinase

Phosphorylation of NUAK1 at T211 by the LKB1 kinase has
been shown to activate its kinase activity (Lizcano et al,
2004). The phosphorylation of NUAK1 at S600 by Akt kinase
could also regulate NUAK1 (Suzuki et al, 2003b). We gener-
ated retroviral vectors encoding T211A or S600A mutation
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and checked their expression using immunoblot (Figure 3A).
Interestingly, whereas NUAK1 S600A mutant kept its ability
to phosphorylate an AMARA peptide, the NUAK1 T211A
mutant lost it (Figure 3B). Accordingly, only the NUAK1
S600A mutant was still able to block cell growth, whereas
the NUAK1 T211A mutant was not (Figure 3C). We next
wondered whether or not activation of NUAK1 through the
T211 involved LKB1 kinase (Lizcano et al, 2004). To evaluate
this, we stably expressed in WI-38 cells a control vector, or an
NUAK1 vector, or an NUAK1 and an LKB1 dominant-negative
(LKB1DN) vectors, or an NUAK1 and an shRNA directed
against LKB1 (shLKB1) encoding vectors. We first verified the
expression of all the proteins (Figure 3D). The growth-in-
hibitory effect of NUAK1 was largely reverted when LKB1
activity was inhibited by either expression of a dominant-
negative form or by its knockdown (Figure 3E). These results
indicate that the effect of NUAK1 oversenescence required its
phosphorylation by LKB1.
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Figure 3 NUAKI activation by LKBI is required for NUAK1-induced senescence. (A) WI-38 cells were infected with the indicated constructs and
puromycin selected. Cellular extracts were prepared and analysed using immunoblotting. Wild type and mutants of NUAK1 expression levels were
checked with an anti- flag-tag antibody. Anti-actin antibody was used to monitor protein loading. (B) HEK 293 cells were transfected with the
indicated vectors. After immunoprecipitation with an anti-flag-tag antibody, NUAK1 kinase activity towards the AMARA peptide was measured. The
activity was normalised to 100% to NUAKI-transfected cells. (C) After infection and selection, the cells were seeded at low density. After 2 weeks,
the cells were fixed and stained by crystal violet. (D) WI-38 cells were infected with ctrl or NUAK1 encoding vectors (neo resistance) together with
ctrl or LKBIDN or shLKB1 encoding vectors (puro selection) and selected. Cellular extracts were prepared and analysed using immunoblotting.
NUAKI1 expression was analysed using an anti-flag-tag antibody, and LKB1 expression was analysed using an anti- LKB1 antibody. Anti-
actin antibody was used to monitor protein loading. (E) After infection and selection as in D, cells were seeded at low density. The cells at 2 weeks
after they were fixed and stained by crystal violet are shown. A full-colour version of this figure is available at The EMBO Journal Online.
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NUAKT1-induced senescence requires the kinase activity
of NUAK1

To gain insight into the mechanism by which NUAK1 controls
the occurrence of senescence, we examined whether the
NUAKI1 kinase activity mediates this control. We generated
a retroviral vector encoding a kinase-dead mutant (K84A)
(Lizcano et al, 2004; Suzuki et al, 2006), and verified its
expression using immunoblotting (Figure 4A). We next tested
whether this mutant had lost its kinase activity towards the
AMARA peptide, a known NUAKI1 substrate. As expected, the
kinase-dead mutant was unable to phosphorylate a serine
residue in the AMARA peptide (Figure 4B). To examine the
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Figure 4 NUAKI1 kinase activity is required for senescence induction.
(A) WI-38 cells were infected with a control vector or with a vector
expressing wild-type or K84A NUAK1 mutant. After puromycin
selection, cell extracts were prepared and analysed using immuno-
blotting. Wild-type and mutant NUAK1 expression levels were
checked with an anti- flag-tag antibody. Anti-actin antibody was
used to monitor protein loading. (B) HEK 293 cells were transfected
with a vector encoding wild-type or K84A mutant NUAK1. After
immunoprecipitation with an anti-flag-tag antibody, NUAK1 kinase
activity towards the AMARA peptide was measured. The activity was
normalised to 100% to NUAKI1-transfected cells. (C) WI-38 cells were
infected by the indicated constructs and selected with puromycin.
The cells were next seeded at low density, allowed to grow, and
stained with crystal violet as in Figure 2. (D) WI-38 cells were infected
with the indicated vectors and selected with puromycin. Growth was
monitored up to 6 passages and curves were drawn. A full-colour
version of this figure is available at The EMBO Journal Online.
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effect of this mutant on senescence, we compared the ability
of NUAKI1-expressing and NUAK1K84A-expressing cells to
form colonies. As expected, NUAK1 expression was found
to inhibit colony formation when compared with control cells
(Figure 4C). Interestingly, the kinase-dead mutant K84A was
unable to block colony formation and even seemed to favour
cell growth (Figure 4C). To further confirm these effects
we performed growth curve analysis. The NUAK1K84A-ex-
pressing cells showed an extended replicative lifespan when
compared with control infected cells, suggesting that it might
act as a dominant-negative form (Figure 4D). Nevertheless,
the cells entered the senescence state after few additional
passages, a senescence that was avoided by hTert constitutive
expression (Supplementary Figure S2). We conclude that the
kinase activity of NUAK1 is required for NUAKI1-induced
senescence.

NUAKT induces gross aneuploidies

To identify the pathways and the target through which
NUAKI1 controls senescence, we first examined the status of
the two main senescence-regulating pathways: the p53 and
the Rb pathways. Quite surprisingly, p53 and p21 proteins
levels were not modified by NUAK1 knockdown or over-
expression. In addition, E6 expression was not able to revert
NUAKI1-induced senescence (Supplementary Figure S3A-C).
Rb was found hyper- or hypo-phosphorylated in NUAK1
overexpressed or knockdown cells (Supplementary Figure
S3A and B). However, the inhibition of the Rb pathway by
E7 was not sufficient to revert NUAK1-induced senescence
(Supplementary Figure S3C). The modification observed on
Rb is thus insufficient to explain the effect of NUAK1 and
could thus be only a mark of the proliferative state.

As genomic instability is reported to cause premature
senescence (Baker et al, 2004; Takahashi et al, 2006), we
next examined whether NUAK1 might regulate senescence by
affecting the DNA content. We first performed FACS-based
cell-cycle analysis of control and NUAKI-overexpressing
cells. NUAKI1-expressing cells shifted from a mainly 2n
DNA content (G1 phase) to a 3-4n DNA content (Figure 5A).
In addition, numerous NUAKI-expressing cells had more
than 4n DNA content according to the FACS analysis
(Figure 5A). Interestingly, cells expressing an shRNA directed
against NUAK1 show a normal DNA content profile in con-
trast with control senescent cells that show a shift of cells in
3-4n DNA content (Supplementary Figure S4). We then
wondered whether NUAK1-expressing cells or control senes-
cent cells showing 3-4n DNA content might be blocked in
late S-G2/M. This possibility was ruled out on the basis of the
observation that cyclin A, a cyclin accumulating in the late S-
G2/M phases, was downregulated in NUAK1-expressing cells
or in control senescing cells (Figure 5B). From these experi-
ments we conclude that NUAK1-expressing cells or control
senescent cells have an aberrant DNA content.

A decrease in LATS1 and subsequent block of cytokinesis
has been implicated in senescence (Takahashi et al, 2006).
The LATSI level was found to be lower in NUAK1-expressing
cells and higher in NUAK1-depleted cells than in respective
control cells (Figure 5B). Microscopic analysis confirmed that
NUAKI1-expressing cells had greater proportion of polynu-
cleated cells when compared with control cells (30 versus
8%; Figure 5C). Interestingly, 5-10% of the mitotic NUAK1-
expressing cells contained more than 100 chromosomes,
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Figure 5 NUAKI1 regulates the DNA content. (A) At 10 days after
infection with a pLPC or a pLPC/NUAKIflag vector and puromycin
selection, WI-38 cells were fixed with ethanol, stained with propi-
dium iodide, and analysed using FACS to determine the DNA
content. (B) Cell extracts were prepared from early-passage (e.p.)
pLPC-infected and pLPC/NUAKI-infected and late-passage (l.p.)
PRS- and pRS/NUAKI1-infected WI-38 cells. Levels of the cyclin A
and LATS1 proteins were checked using immunoblotting and actin
level was used as a loading control. (C) WI-38 cells were fixed with
PFA and stained with Hoechst. Percentages of polynucleated
cells were estimated and Hoechst-stained images are shown.
(D) Chromosome spreading experiments. At 7 days after infection
and selection, cells were treated with colcemid. Cell images with
normal and aberrant chromosome numbers are shown.

whereas control cells never showed such an aberrant number
of chromosomes (Figure 5D). As this assay required cell entry
into mitosis, we think that we underestimated the number of
NUAKI1-expressing cells with a high chromosome number as
the majority of these cells were not growing. LATS1 down-
regulation might allow cells to undergo aberrant mitosis
without cytokinesis (Yang et al, 2004). This would explain
the aberrant DNA content observed upon constitutive NUAK1
expression. In contrast, downregulation of NUAK1 seems to
lead to sustained levels of LATS1 to thus avoid the appear-
ance of aberrant DNA content when compared with control
senescing cells.

LATST1 inhibition induces premature senescence

We next examined whether LATS1 inactivation alone might
be sufficient to produce the phenotype induced by ectopic
NUAKI1 expression (i.e., aberrant DNA content and senes-
cence). We infected HDFs with a dominant-negative form
of LATS1 (LATS1 DN) (Takahashi et al, 2006). LATS1 DN
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Figure 6 LATS1 downregulation induces gross aneuploidies and
premature senescence. (A) WI-38 cells were infected with a control
vector or with a vector encoding a dominant-negative form of
LATS1. After puromycin selection, cell extracts were prepared and
expression of LATS1 DN was checked by immunoblotting using
anti-flag-tag antibody. Actin level was used as a loading control.
(B) Infected cells were seeded at low density. After 10 days of culture,
the cells were stained with crystal violet. (C) The nuclei of infected
cells were stained with Hoechst dye. Percentages of polynucleated
cells were estimated and Hoechst-stained images are shown.
(D) SA-B-Gal assays were performed on cells infected with the
LATS1DN-encoding construct and on control cells. A full-colour
version of this figure is available at The EMBO Journal Online.

expression was confirmed using immunoblot analysis
(Figure 6A). A growth arrest was observed when compared
with control infected cells, as judged using colony formation
assays (Figure 6B). Similar to constitutive NUAK1 expression,
the LATS1 DN expression induced gross aneuploidies
(Figure 6C) and the appearance of SA-B-Gal activity
(Figure 6D). In addition, LATS1 DN expression in
shNUAKI1-expressing cells was still able to block cell growth,
suggesting that LATS1 might be a downstream target of
NUAK1 (Supplementary Figure S5). Thus, inactivation of
LATS1 mimics the effect of NUAK1 on aberrant DNA content
appearance and senescence.

NUAKT1 interacts, phosphorylates, and controls LATS1
levels

As a deficiency of LATS1 causes aneuploidies and premature
senescence, we next analysed the relationships between
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NUAK1 and LATS1lby performing co-immunoprecipitation
assays on extracts from cells co-expressing NUAK1 and
LATS1. Interestingly, NUAK1 was detected in the LATS1
immunoprecipitate (Figure 7A). We next repeated the immu-
noprecipitation experiment with endogenous proteins. Once
again, NUAK]1 protein was found in the LATS1 immunopre-
cipitate (Figure 7B).

protein levels. Interestingly, LATS1 protein levels decreased
when co-expressed with NUAKI1, whereas LATS1T mRNA
levels remained unchanged (Figure 7C). NUAK2, which
belongs to the same sub-family of NUAKI1 in the ARK family,
was also found to regulate the LATS1 protein levels, whereas
AMPKo2, which does not belong to the same sub-family,
lacked this ability (Figure 7C). Interestingly, expression of the
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NUAKI1 kinase-dead mutant reverted the effect of NUAK1 WT
expression on LATS1 protein levels (Supplementary Figure S6).

We next transiently co-expressed NUAK1 and LAST1 in
HEK 293 cells to analyse the effect of NUAK1 on LATS1
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Figure 7 NUAKI regulates LATS]1 levels through phosphorylation at S464. (A) HEK 293 cells were transfected with the NUAK1flag, LATS1myc-
encoding vectors, or with both. Immunoprecipitation was performed with an anti-flag antibody at 1 day after transfection and proteins of interest
were monitored using immunoblotting with the indicated antibodies. (B) WI-38 cells closed to senescence were used to prepare cell extracts.
Immunoprecipitation was performed with LATS1 or NUAK1 antibodies. IgG or beads alone were used as controls. The immunoprecipitates were
analysed by immunoblotting using an anti-NUAK1 antibody. (C) HEK 293 cells were co-transfected with the LATS1myc-encoding vector and either
with control vector or the NUAK1flag- or NUAK2flag- or AMPKa2myc-encoding vectors. At 1 day after transfection, protein or RNA extracts were
prepared. Protein expression was analysed using immunoblotting with the indicated antibodies. RNA expression was analysed using RT-PCR. (D)
HEK 293T cells were transfected with flag-tagged LATS1, NUAK1, and NUAK2. They were affinity purified on M2-flag resin and eluted with flag-
peptide. Eluted LATS1 protein was phosphorylated alone or with NUAK1 or with NUAK2 and separated on SDS-PAGE. LATS1 phosphorylation by
NUAKI1 and NUAK2 (Phosphoimage, top) and the protein levels (Coomassie stain) are shown. (E) HEK 293 cells were transfected with vectors
encoding either NUAKI1flag- or NUAK2flag-encoding vectors and immunoprecipitated with a flag resin. Recombinant AMPK was prepared and
activated as described in the Materials and methods section. The ability of these three kinases to phosphorylate the LATS1 peptide, LATS1 S464A
mutant peptide, or SAMS peptide was measured. (F) HEK 293 cells were transfected with the LATS1myc- or LATS1S464 Amyc-encoding vector or
with or without NUAKI1 flag encoding vector. At 2 days after transfection, cell extracts were prepared and the protein levels were monitored using
immunoblotting with the indicated antibodies. (G) A total of 5 million WI-38 cells were used in each condition to prepare cell extracts (e.p. for
early passage and L.p. for late passage). Immunoprecipitations were performed using the anti-phosphoLATS1 antibody. Half of each IP was used
for the immunoblot using a LATS1 antibody. A full-colour version of this figure is available at The EMBO Journal Online.
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These results also confirmed that NUAK1 kinase-dead
mutant behaved as an NUAKI dominant-negative form
(Figure 4C and D).

As NUAKI interacts and regulates LATS1 levels, we next
wanted to know whether purified NUAK1 protein would be
able to phosphorylate full-length LATS1 protein. Interestingly,
NUAKI1 and its closest member NUAK2 were both able to
phosphorylate LATS1 (Figure 7D). We then synthesised a
LATS1 peptide containing a consensus ARK motif around the
S464 (predicted to be phosphorylated in the Swiss Prot
database) and found that NUAK1 as well as NUAK2, but
not AMPK, were able to phosphorylate it (Figure 7E).
Mutation of S464 to A in the LATS1 peptide completely
abolished phosphorylation by NUAKI and NUAK2
(Figure 7E), confirming that NUAK1 can specifically phos-
phorylate S464.

Importantly, we also found that NUAK1 expression had no
effect on the protein levels of S464 to A mutant form of LATS1
protein (Figure 7F). To further confirm this phosphorylation
and its significance during the senescence regulated by
NUAK]1, we generated a phospho-specific antibody directed
against the phosphor S464 of LATS1. As expected, this
antibody was unable to recognise the S464A LATS1 mutant
(Supplementary Figure S7). Interestingly, we observed
an increase in the endogenous LATS1 S464 phosphory-
lation during replicative or NUAKI1-induced senescence
and a decrease in pRS/NUAKIl-infected cells during
escape of replicative senescence (Figure 7G). Thus, NUAK1
is able to regulate the LATS1 protein levels directly through
phosphorylation at S464.

Discussion

In a search for new genetic events that are involved in
senescence of normal human cells, we have isolated
NUAKI1 as a modulator of senescence. A total of 13 proteins
belong to the ARK (AMP-activated protein kinase-related
kinase) family. They can be classified into five subfamilies:
AMP-activated protein kinase (AMPK), salt-induced kinase
(SIK), microtubule-affinity-regulating kinase (MARK), brain-
specific kinase (BRSK), and SNF1-like kinase 1 (NUAK).
These proteins show various biological activities, from con-
trolling cell polarity (MARK proteins) to sensing metabolic
changes (AMPK proteins) (Drewes et al, 1997; Kahn et al,
2005). Some of them are also involved in basic processes,
such as controlling cell death and proliferation (Blazquez
et al, 2001; Meisse et al, 2002; Inoki et al, 2003; Kimura et al,
2003; Li et al, 2003; Jones et al, 2005). Apart from the
evidence suggesting that NUAK1 may participate in inducing
invasion and metastasis (Suzuki et al, 2003a; Kusakai et al,
2004a, b), little is known about its biological function. In this
study we show that NUAK1 downregulation increases the
replicative potential of HDFs, whereas NUAK1 constitutive
expression decreases their replicative potential by inducing
premature senescence.

Importantly, AMPKa2 modulates the replicative potential
of MEFs through the p53 pathway (Jones et al, 2005).
Our results suggest that NUAK1 regulates senescence by a
mechanism not involving p53, as neither the overexpression
nor the knockdown of NUAKI1 affected p53 activity in WI-38
cells (Supplementary Figure S3). WI-38 cells are immorta-
lised by expressing the hTert enzyme (Augert et al, 2009) or
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show replicative senescence delay by expressing E6 or E7
oncoproteins (Supplementary Figure S3D). Interestingly,
NUAK1 expression blocks growth of E6-expressing cells
as well as of hTert-immortalised cells, showing that NUAK1
is not acting through the hTert/telomere length/p53 pathway
(Supplementary Figure S3C). Altogether, these results suggest
that NUAKI1 is acting independently of the hTert pathway, or
downstream of telomere shortening signalling through an
alternate p53-independent pathway. AMPK and NUAKI1
have different target specificities, as AMPK is unable to
downregulate the level of LATS1 or to phosphorylate S464
of the LATS1 peptide. In contrast, NUAK2, which belongs to
the same sub-family as NUAKI1, phosphorylates full-length
LATS]1 protein or LATS1 peptide and decreases LATS1 levels.
This similarity between NUAK1 and NUAK2 was further
confirmed as NUAK2 was able to induce premature senes-
cence and downregulation of LATS1 in WI-38 cells
(Supplementary Figure S8). Nevertheless, the mechanism of
NUAK2 regulation seems to be different from that evoked
by NUAKI1. This was supported by the observation that
unlike NUAK1 mRNA levels that increased during replica-
tive senescence, there was no significant change in NUAK2
mRNA levels during replicative senescence (Supplementary
Figure S9). In addition, when we induced senescence through
RASV12 expression, we only observed slight variations in
NUAK1 and NUAK2 mRNA levels (Supplementary Figure S9).
Taking all these observations together, we conclude that
mainly NUAKI1 is involved in the regulation of the replicative
senescence.

A decrease in LATS1 levels is known to induce premature
senescence and genomic instability through blocking cyto-
kinesis (Takahashi et al, 2006). Our FACS analyses and
metaphase spread experiments show that NUAK1 expression
induces gross aneuploidies, causing a strong increase in the
DNA content per cell. This phenotype correlates with de-
creased LATS1. Furthermore, premature senescence and
aberrant DNA content can be induced by the expression of
a dominant-negative form of LATS1. Interestingly, in MCF10a
immortal cells, NUAK1 was also found to induce a strong
aneuploidy (Supplementary Figure S10A). Nevertheless, in
these cells the aneuploidy provoked cell death instead of
senescence (Supplementary Figure S10B and C), resulting in a
decreased ability to form colonies (Supplementary Figure
S10D). Altogether, these results suggest that depending of
the cell type the aneuploidy induced by NUAK1 might have
different consequences: senescence or cell death.

Hara and collaborators (Takahashi et al, 2006) strongly
suggest a function for LATS1 in regulating senescence. These
researchers propose that there is no return to proliferation in
human senescent cells (in contrast with mouse cells) because
of an irreversible cytokinesis blockage and aneuploidy
(Takahashi et al, 2006). Interestingly, the knockdown of
NUAKI1 after 4 days of its constitutive expression does not
allow the cells to re-proliferate, suggesting that NUAK1 also
induces an irreversible cell-cycle arrest (Supplementary
Figure S11). Hara and collaborators (Takahashi et al, 2006)
have implicated LATS1 downregulation in irreversible cell-
cycle arrest in normal human cells. In their elegant system,
they looked at the role of aberrant DNA content accumulation
after senescence induction. Our results also suggest a func-
tion for LATS1 and aberrant DNA content in the regulation of
senescence, but in our system LATS1 and aberrant DNA
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content accumulation could also contribute to the initiation
of senescence. Indeed, NUAK1 downregulation can preserve
cells from gross aneupoidies and extend their replicative
lifespan, whereas NUAK1 upregulation induces gross aneu-
ploidies and senescence. According to our data, LATS1 parti-
cipates in both initiation and enforcement of senescence but
the molecular mechanism involved in the downregulation of
LATS1 may be different. Indeed, we did not detect any effect
of the proteasome inhibitor MG-132 over LATS1 downregula-
tion by NUAK1 (Supplementary Figure S12) and we also
found that the mutation of S464 to A effects LATS1 levels in
contrast with the findings of Takahashi et al (Takahashi et al,
2006). It is thus possible that there are two different mechan-
isms acting through different upstream kinases, resulting
in LATS1 downregulation, aneuploidy, and senescence.
Nevertheless, the experimental systems that are used are
different and hence make it difficult to derive a definitive
conclusion by comparing these results.

In conclusion, our paper joins emerging evidence in sug-
gesting that aberrant DNA content might be, similar to
aberrant DNA replication, DNA damage, or oxidative stress,
one of the triggers contributing to elicit senescence, and that
NUAK1 modulation of LATS1 levels is critical for the process.

Materials and methods

Cell culture

WI-38 cells were grown in DMEM (Invitrogen). HEK 293, 293T
(ATCC), and the packaging cell line 293 GP (Clontech) were grown
in RPMI (Invitrogen). Both media were supplemented with 10%
FCS (Hyclone) and gentamycin (Invitrogen).

Vectors

Pools of shRNAs cloned in the pRetroSUPER vector were used for
screening (Berns et al, 2004). The shRNA sequences inserted into
the pRetroSUPER vector to generate the pRS/NUAK1 and pRS/
NUAK1.1 constructs are, respectively, 5-CATCCTCTGATTCTA
GGTG-3' and 5-GAAGTTATGCTTTATTCAC-3'. NUAKI1flag cDNA
was excised from pcDNA3.1/NUAKIflag (Suzuki et al, 2003b) and
inserted into the pLPC retroviral vector (pLPC/NUAKIflag) or in
LNCX2 retroviral vector (LNCX2/NUAKI1flag). NUAK2 cDNA was
TOPO cloned essentially with a 5’ flag tag as described (Lizcano
et al, 2004). pBabe-flag-LKB1 DN was described elsewhere (Shaw
et al, 2004). The shRNA sequence inserted into the pRS to generate
the pRS/LKBL1 is 5-CGGGACTGACGTGTAGAACAA-3'.

The single mutants NUAK1 K84A (kinase dead) were prepared
by using pLPC/NUAKI1flag as template with the Mutagenesis kit
(Stratagene) as instructed by the manufacturer. The primers used
K84A forward 5-GGTTGCTATAAGATCCATTCGTAAGGACAAGCT
TAAGGATGAACAAG-3’, K84A reverse 5'-CTTGTTCATCCTAAGCTTT
GTCCTTACGAATGGATCTTATAGCAACC-3/, T211A forward 5'-TAAG
TTCTTACAAGCGTTTTGTGGGAGTC-3’, T211A reverse 5'-GACTCCC
ACAAAACGCTTGTAAGAACTTA-3’, S600A forward 5-CCAGCGC
ATCCGCGCCTGCGTCTCTGCAG-3’ and S600A reverse 5'-CTGCAGA
GACGCAGGCGCGGATGCGCTGG-3'. The vectors encoding LATS1
flag, LATS1 DN flag, and LATS1myc have been described elsewhere
(Hirota et al, 2000; Yang et al, 2004; Takahashi et al, 2006).

Infection and genetic screening

Retrovirus was produced by transfection of 293 GP packaging cells
(Clontech) according to the manufacturer’s recommendations.
For screening, WI-38 cells close to senescence were infected with
the pRS control vector or with a library pool. Cells were initially
selected with 500ng/ml puromycin and later cultured in the
presence of 200ng/ml puromycin. WI-38 cells were split every
week for 3 weeks until clones appeared. Genomic DNA was then
prepared and nested PCRs were performed to identify the positive
shRNA. The primer pairs used were: PCR1 reverse 5-GAGACGTGC
TACTTCCATTTGTC-3’ and forward 5'-CCCTTGAACCTCCTCGTTC
GACC-3', PCR2 reverse 5-TGTGAGGGACAGGGGAG-3’ and forward
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5’-ACCTCCTCGTTCGACCC-3’. A total of 20 PCR cycles were
performed with the PCR1 primer pair. Afterwards, 10% of the
PCR product was subjected to 20 additional PCR cycles with the
PCR2 primer pair. The resulting PCR products were cloned with
the TOPO TA cloning kit (Invitrogen) and finally sequenced.

Growth curves, colony formation assays, senescence-
associated B-galactosidase staining, and senescent-
associated heterochromatin formation

After infection and puromycin selection, 90000 cells were seeded
per well in a six-well plate. Every 5-8 days, the cells were split and
90000 cells were seeded per well into six-well plates. The number
of population doublings was calculated at each passage. For colony
formation assays, 60000 cells were seeded and left to grow for 2
weeks. The cells were then fixed with 4% paraformaldehyde and
stained with a crystal violet solution. SA-B-Gal and SHAF analyses
were performed as described Dimri et al (1995) and Narita et al
(2003), at 2 or 3 days after seeding 90000 cells per well in six-well
plates.

Cell-cycle analysis

For cell-cycle analysis, the cells were fixed in ice-cold 70% ethanol,
washed in PBS, and treated with 10 pg/ml RNaseA for 30 min at
37 °C. Propidium iodide (Sigma) was added to the samples (final
concentration: 10 ug/ml) before the analysis of at least 5 x 10°® cells
with an Epics Elite Cytometer (Coulter).

Quantitative RT-PCR

RNA was extracted from cells with the help of the RNeasy kit from
Invitrogen. cDNAs were made from RNA polyA with Superscript II
according to the manufacturer’s recommendations (Invitrogen).
Q-PCR was performed with the following primers: NUAK1 forward
5-GACATGGTTCACATCAGACGA-3’, NUAKI1 reverse 5-CAATAGTGC
ACAGCAGAGACG-3', Control RPS14 forward 5'-GACCAAGACCCC
TGGACCT-3' and Control RPS14 reverse 5-GAGTGCTGTCAGAGGG
GATG-3'.

Immunoblotting

Immunoblot analyses were performed as described in Bernard et al
(2003). Membranes were incubated with the antibodies directed
against the following antigens: flag tag (F3165, Sigma), cyclin
A (H-432, Santa Cruz Biotechnology), NUAK1 (Abgent), LATS1
(A300-477A, Bethyl, or G-16, Santa Cruz Biotechnology), LKB1
(sc-32245, Santa Cruz Biotechnology), and actin (A5316, Sigma).
Antibody against the phospho S464 of LATS1 was prepared
by injecting a phospho S464 peptide (H2ZN—IPV RSN Sy, FN NPL
G—CONH2). Rabbit phospho-specific antibody was purified by its
ability to bind the phospho peptide but not the non phosphorylated
peptide (Euromedex). The nitrocellulose membranes were then
incubated with the corresponding secondary antibodies (Amersham)
and the signal revealed using the ECL kit (PerkinElmer Life Sciences).

Phosphorylation assay

HEK 293T cells were transfected with flag-tagged NUAK1, NUAK?2,
or LATS1 DNA by means of either calcium phosphate or jetPEIL
After 36-48 h, the cells were washed three times with ice-cold PBS
and collected by scraping into 0.7 ml lysis buffer containing 25 mM
HEPES pH 7.5, 1% Triton X-100, protease inhibitors (Roche;
1 tablet/50ml), phosphatase inhibitors (50mM sodium fluoride
and 5mM sodium pyrophosphate), 100 mM NaCl, and 1 mM DTT
and kept on ice. Harvested cells were dispersed by four passages
through a 21-G needle and were kept on ice for approximately
20 min. The lysate was clarified by centrifuging at 14 0001.p.m. for
20 min and the supernatant was collected. The clarified lysate was
incubated with M2-flag resin (50 ul/500 pl lysate) overnight at 4 °C.
The protein-bound resin was washed twice with lysis buffer
containing 150mM NaCl and once with lysis buffer. Flag-resin-
bound NUAKI1 was eluted with 100 pl elution buffer (25 mM HEPES
pH 7.5, 1% Triton X-100, protease and phosphatase inhibitors, 10%
glycerol, and 300 ng/pl flag peptide) by shaking at 4 °C for 3-6h.
In vitro kinase assays with the NUAK1 and AMPK kinases (purified
and activated with CamKKbeta as described by Sanders et al, 2007)
were carried out with AMARA (AMARAASAAALRRR), SAMs
(HMRSAMSGLHLVKRR), LATS1 (PNIPVRSNS4¢FNNPLGPRRR),
and LATS1S464A (PNIPVRSNA,:,FNNPLGPRRR) peptides, with a
25 pl mixture containing 50 mM HEPES, pH 7.5 and 1% Triton X-
100, 1 mM DTT, 10mM MgCl,, 1 mM EDTA, 0.1 mM [**P]-ATP, and
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1 mM peptide. The reaction mixtures were incubated at 30°C for
20min. Transfer of [**P]-phosphate to the peptide substrate was
measured by placing 20pul of the reaction mixture onto P81
phosphocellulose paper and the paper was washed in 1mM
phosphoric acid three times and subjected to scintillation counting.

NUAK1 and NUAK2 phosphorylation of full-length LATS1: Flag
peptide eluted LATS1 protein was incubated at 37°C in 25mM
HEPES pH 7.5, 1% Triton X-100, protease and phosphatase
inhibitors, 10% glycerol and 0.5pl 32P ATP (6000 Ci/mmol,
Perkin-Elmer) either alone or with flag peptide eluted NUAK1
or NUAK2 for 20 min in a 30-ul reaction. Reactions were stopped
with SDS-PAGE sample buffer and separated on NUPAGE (Invitro-
gen) gels in Tris-Glycine buffer. Gels were stained with Simply Blue
stain (Invitrogen) and destained with water, dried, and phosphor
imaged.

Chromosome spreading

The cells were incubated for 1h in a Karyomax Colcemid
(Invitrogen Corporation), trypsinised, and incubated in a 60 mM
KCl hypotonic buffer. The cells were fixed with freshly made
methanol/acetic acid solution (3:1 v/v), spread onto frozen
slides, and then air-dried. DNA was stained with 1 pg/ml Hoechst
33258 for 3min. The chromosomes were observed and counted
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