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Abstract

We sought to explore the fate of the fatty acid synthesis pathway in human fibroblasts exposed to
DNA damaging agents capable of inducing senescence, a state of irreversible growth arrest.
Induction of premature senescence by doxorubicin or hydrogen peroxide led to a decrease in
protein and mMRNA levels of acetyl-CoA carboxylase 1 (ACC1), the enzyme that catalyzes the
rate-limiting step in fatty-acid biosynthesis. ACC1 decay accompanied the activation of the DNA
damage response (DDR), and resulted in decreased lipid synthesis. A reduction in protein and
MRNA levels of ACCL1 and in lipid synthesis was also observed in human primary fibroblasts that
underwent replicative senescence.

We also explored the consequences of inhibiting fatty acid synthesis in proliferating non-
transformed cells. Using shRNA technology, we knocked down ACC1 in human fibroblasts.
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Interestingly, this metabolic perturbation was sufficient to arrest proliferation and trigger the
appearance of several markers of the DDR and increase senescence associated p-galactosidase
activity. Reactive oxygen species and p38 mitogen activated protein kinase phosphorylation
participated in the induction of senescence. Similar results were obtained upon silencing of fatty
acid synthase (FAS) expression. Together our results point towards a tight coordination of fatty
acid synthesis and cell proliferation in human fibroblasts.
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1. Introduction

Cellular senescence is a state of irreversible growth arrest that can be triggered by a variety
of stimuli in both physiological and pathological situations [1]. In addition to the lack of
proliferation, senescent cells exhibit characteristic morphological changes, senescence-
associated p-galactosidase expression (SA-B-Gal) due to an increase in lysosomal content,
activation of the DNA damage response (DDR), heterochromatic foci and a secretory
phenotype [1, 2].

Several stimuli can induce senescence, including telomere attrition (replicative senescence),
DNA damage, strong mitogenic signals produced by oncogenes and epigenetic perturbations
[2]. These stimuli trigger the DDR through the activation of the protein kinase ataxia-
telangiectasia mutated (ATM) [3], leading to the formation of nuclear foci with DNA repair
proteins and phosphorylated histone H2AX (y-H2AX), phosphorylation and stabilization of
p53 and increased transcription of p21 [3]. Stimuli that produce a DDR can also increase
p16 expression, through derepression of the cyclin dependent kinase inhibitor 2A
(CDKNZ2A) locus [1]. The cyclin-dependent kinase (Cdk) inhibitors p21 and p16 maintain
the Retinoblastoma protein (pRb) in a hypophosphorylated and active state, preventing cell
cycle progression [3]. Reactive oxygen species (ROS) are augmented in senescence and
contribute to the establishment and maintenance of the senescent state. Mechanistically ROS
have been implied in persistent DDR signaling [4] and activation of the p38 mitogen
activated protein kinase (p38 MAPK); inducing proliferation arrests both in ATM dependent
and independent fashion [5, 6].
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Senescence induction is also accompanied by profound changes in metabolic programs that
adapt to the requirements of the new phenotype [7], were growth arrest is probably a
relevant determinant. Cell proliferation and metabolic pathways are tightly linked in
mammalian cells and proliferating cells are characterized by high rates of macromolecule
biosynthesis, such as fatty acids [8]. Pharmacological inhibition or knockdown of enzymes
involved in fatty acid synthesis promotes growth arrest, apoptosis and increased autophagy
in cancer cells [9]. While the fatty acid synthesis pathway has been extensively explored in
cancer cells, not much is known about the fate of this anabolic pathway in senescent cells.

The initial steps in the biosynthesis of fatty acids are accomplished by acetyl-CoA
carboxylase (ACC) that catalyzes the ATP dependent carboxylation of acetyl-CoA to
malonyl-CoA,; and fatty acid synthase (FAS) that catalyzes the condensation reactions
leading to the synthesis of palmitate. In human tissues, two ACC isoforms have been
described [10]: ACC1 which catalyzes a committed and rate-limiting step in the biosynthesis
of long chain fatty-acids, and ACC2 that participates in the regulation of mitochondrial fatty
acid oxidation [11]. Recent reports indicate that the enzymatic activity and expression of
ACC1 is regulated in coordination with cell proliferation. ACC1 binding to the tumor
suppressor BRCA1 modulates its activity in a cell cycle dependent manner [12] and cyclin
D1 inhibits ACC1 gene expression [13].

We have observed that fatty acid synthesis is inhibited in fibroblasts undergoing oncogene-
induced senescence. [14]. While conflicting reports regarding fatty acid synthesis can be
found in replicative senescence, were both a decrease and an increase in fatty acid synthesis
enzymes has been observed [15, 16].

Here we explore the activity of the fatty acid synthesis pathway after the exposure to DNA
damaging agents capable of inducing premature senescence and in replicative senescent
fibroblasts. We measure the levels and expression of ACC1 and endogenous lipid synthesis
in fibroblasts as they enter a proliferation arrest. In addition, we assess the impact of
inhibiting lipid synthesis on proliferating human fibroblast, targeting ACC1 and FAS with
both shRNA and pharmacological inhibitors.

2. Materials And Methods

2.1. Cell culture

IMR-90 (ATCC® CCL-186) human lung fibroblasts were obtained from ATCC (Manassas,
Virginia, USA) and used after 10 passages in culture and at a population doubling level
(PDL) of 25. Cells were subcultured weekly using an initial seeding density of 0.5x10° cells
per 10 cm dish. IMR-90 cells were routinely grown in Dulbecco's modified Eagle's medium
(DMEM, Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin 50
U/ml and streptomycin 50 pg/ml. Cells were maintained at 37°C in a CO, incubator (95%
air, 5% CO,). Under our experimental conditions, IMR-90 cultures entered senescence after
achieving a PDL value of 50 obtained after 22-24 passages. At this point, fibroblasts could
not reach confluence after 7-10 days following a 1:2 split and 60-80% cells stained positive
for SA-B-Gal. Cells between passage 10-18 were denominated early passage cells (PDL
25-36), while those between 19 -23 (PDL 39-47) were considered mid-passage cells.
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2.2. Pharmacological treatments

For doxorubicin (Sigma) treatment cells were seeded at 1-4 x10% cell/cm?, 2-3 days after
plating cells were incubated with 0.2 uM doxorubicin, for the indicated periods.

Hydrogen peroxide (H,0,) was quantified spectrophotometrically (ep49 = 43.6 M~1 cm™1)
and treatment was performed as described [17]. Briefly, cells were seeded at 1-4 x104
cell/cm? and twenty-four hours later exposed for two hours to 600 pM H,0, in complete
media. Four days after the first treatment the cells were split 1:3 and the next day were
treated again for two hours with 600 pM H,05.

For pharmacological inhibition of fatty acid synthesis, subconfluent early passage cells were
incubated for 5 days with the FAS inhibitor tetrahydro-4-methylene-2R-octyl-5-0x0-3S-
furancarboxylic acid (C75) or the ACCL1 inhibitor 5-(tetradecyloxy)-2-furancarboxylic acid
(TOFA). The media containing the drugs was changed every two days.

2.3. Lentiviral shRNA transduction

Lentiviral short hairpin RNA (shRNA) constructs were purchased from Open Biosystems
(shACC1: ID TRCN0000029027; shACC1_#2: TRCN0000029025 plus TRCN0000004767,
Control: pLKO.1 empty vector control plasmid) or Sigma-Aldrich (ShFAS: ID
TRCNO0000003125; shFAS_#2: TRCN0000003127; non-target ShRNA: SHC002) [48].
Plasmids carrying VSVG envelope protein (pCMV-VSV-G was a gift from Bob Weinberg,
Addgene plasmid # 8454) and packaging plasmid (pCMV-dR8.2 dvpr was a gift from Bob
Weinberg, Addgene plasmid # 8455) for lentiviral constructs were obtained from Addgene
[48]. Lentiviral vectors were produced in 293T cells according to protocols established by
the Broad Institute RNAi Consortium (http://www.broadinstitute.org/genome_bio/trc/
publicProtocols.html). One to two days after seeding, early passage IMR-90 cells were
transduced with lentiviruses (MOI of 1-5) overnight in media with 8 ug/ml polybrene.
Infected cells were subsequently selected in culture media supplemented with 2 pg/ml
puromycin (Sigma-Aldrich). Experiments were performed four to six days after infection,
unless otherwise specified.

2.4. Lipid Synthesis

Lipid biosynthesis was assessed as previously described using the incorporation of [14C]-
acetate into cell lipids [18]. IMR-90 cells were seeded onto 6 cm dishes and on the day of
the experiment, cells were washed with PBS and then incubated for two hours in 2 ml of
DMEM supplemented with 4.5 g/I D-glucose and 0.1% FBS. Acetic Acid [2-14C] sodium
salt (2 uCi, Perkin Elmer) was added to the cells for a three hour pulse, after which the cells
were washed with PBS, harvested, centrifuged and washed again with PBS. Organic
extraction of the cell lipids was performed as previously described by Bligh and Dyer [19].
Radioactivity was determined in the incubation media, aqueous phase and organic phase
using a liquid scintillation counter. Radioactivity in the organic phase was normalized to
protein content.
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2.5. SA-B-Gal activity

For senescence-associated B-galactosidase (SA-p-Gal) assay, cells were washed twice in
PBS, fixed for five minutes in 2% formaldehyde, 0.2% glutaraldehyde in PBS, washed three
times in PBS, and incubated at 37°C overnight in fresh SA-B-Gal staining solution at pH 6
as previously described [20]. Percentage positive staining was calculated by counting under
the microscope at least one hundred cell in five different fields.

2.6. y-H2AX foci

IMR-90 fibroblasts were cultured on chamber slides that were first fixed with 4%
paraformaldehyde in PBS for ten minutes and then permeabilized for an additional ten
minutes with 0.2% Triton X-100 in PBS. After permeabilization, cells were incubated for
one hour in blocking buffer composed of 0.2% Triton X-100 and 3% BSA in PBS and then
with primary antibody anti y-H2AX (Ser139) (Millipore #07-164, 1:2000) overnight at 4°C.
The following day, slides were incubated with a rhodamine (TRITC) conjugated Goat Anti-
Rabbit 19gG secondary antibody (Jackson Immunoresearch). DAPI (4', 6-diamidino-2-
phenylindole) was used to stain the nucleus. The percentage of cells with foci formation in
their nuclei were determined after counting more than one hundred random cells in five
different fields.

2.7. Protein levels and phosphorylation assays

Cells were routinely lysed in cell lysis buffer containing 20 mM Tris, pH 7.4, 1 % Triton
X-100, 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM
sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM NayVOy,, supplemented with
protease and phosphatase inhibitor cocktails. Lysates were sonicated, centrifuged at 14000 g
for ten minutes and stored at —80°C. Proteins (20-40 ug) were resolved by SDS-PAGE and
subjected to Western blotting using standard procedures. The following primary antibodies
were used: ACC (#3676, 1:1000), FAS (#3180, 1:1000), phospho-p53 (Serl15) (#9284,
1:1000), p21 (#2947), p38 MAPK (#9228, 1:1000), phospho-p38 MAPK (Thr180/Tyr182)
(#9215, 1:1000) and GAPDH (#2118, 1:1000) were from Cell Signaling Tech; phospho-
ATM (Ser1981) (#05-740, 1:1000) was from Millipore; phospho-pRb (Ser807/Ser811)
(#558389, 1:10000) from BD Pharmingen; phospho-H2AX (Ser139) was from Novus
(NB-384, 1:1000), p53 (DO-1, sc-126, 1:250) and a.-tubulin (sc-8035, 1:500) from Santa
Cruz Biotechnology. Western Blots were analyzed with Image Studio Lite (LI-COR
Bioscience).

2.8. ACC1 gene expression analysis

For ACC1 gene expression analysis, total cellular RNA from IMR-90 fibroblasts was
extracted with TRIzol Reagent (Life Technologies). RNA quality and quantity was assessed
by spectrophotometric measurements at 260/280 nm using a NanoDrop 2000 (Thermo
Scientific) after extraction. Prior to cDNA synthesis, 1 pg of total RNA was treated with
DNAse-I (Invitrogen) according to the manufacturer's instructions. Retrotranscription was
performed in a final volume of 20 pl in the presence of random primers (200 ng), dNTPs
(0.5 mM), DTT (0.01 M), RNaseOUT (40 U) and M-MLV Reverse Transcriptase
(Invitrogen). Quantitative RT-PCRs for Actband AccI mRNA levels were conducted using
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QuantiTect® SYBR® Green PCR Kit (Qiagen) in a Rotor-Gene 6000 (Corbett) and the
following primers (forward and reverse respectively):

ACC1: 5’-ATTGGGGCTTACCTTGTCCG-3” and 5’-
CGAGGACTTTGTTGAGGGCT-3’

Actin: 5’-CTACGAGCTGCCTGACGG-3’ and 5’-
AGGACTCCATGCCCAGGAA-3’

Beta-Actin encoding gene Actb was used as house-keeping gene. The relative mMRNA
amount in each sample was calculated using the 272ACt method [21] where ACt = Ctaceg -
Ctacth, and expressed as relative mRNA levels in treated compared to untreated cells.

2.9. FAS gene expression analysis

For FAS gene expression analysis, total cellular RNA from IMR-90 fibroblasts was extracted
with the NucleoSpin RNA Il RNA isolation kit (Macherey-Nagel) and then reverse-
transcribed into complementary DNA (cDNA) with the SuperScript 111 First-Strand
Synthesis SuperMix for qRT-PCR (Invitrogen). PCRs were set up with the Power SYBR
Green PCR Master Mix (Applied Biosystems). Primers (forward and reverse respectively)
used included:

FAS: 5’-CGACAGCACCAGCTTCGCCA-3" and 5’-
CTCCGCAAGCACCTGCACGA-3.

Actin: 5’-TGAGAGGGAAATCGTGCGTGAC-3’ and 5’-
AAGAAGGAAGGCTGGAAA AGAG-3’

The relative mRNA amount in each sample was calculated as described for ACC1 gene
expression.

2.10. Growth curves and population doubling

Cells were seeded in 12-well plates, detached at the indicated times using Tryple express and
the number of live cells was determined by dye exclusion of Trypan blue (Invitrogen) in a
Countess Automated Cell Counter (Invitrogen). The population doublings (PD) were
calculated by the formula:

[logl0 (N ) — logl0 (N,)] /Logl0 (2) =X

Where A = inoculum number, My = cell harvest number, and X = PD. The calculated PD is
then added to the previous population doubling level to yield the cumulative population
doubling (cPDL) [22].

2.11. Cell proliferation

Cell proliferation was measured assessing the incorporation of the thymidine analogue
bromodeoxyuridine (BrdU, BD Pharmingen) to DNA. IMR-90 fibroblasts were cultured on
permanox chamber slides (Nunc), incubated with 10 uM BrdU, for twenty-four or forty-
eight hours, fixed with cold EtOH 80% overnight at —20°C and washed with PBS. The slides
were treated with HCI 2 N in PBS for 30 min and washed with PBS to neutralize HCI. Cells
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were washed, blocked in Tween 0.1% BSA 1% in PBS and an anti-BrdU antibody
conjugated with FITC (Becton Dickinson) used for staining. Cells were mounted with
Vectashield mounting media for fluorescence with DAPI (Vector Laboratories Inc.). The
percentage positive staining was calculated by counting BrdU stained nuclei in more than
one hundred random cells in five different fields.

Alternatively, [methyl 3H]-thymidine incorporation into DNA was assessed as previously
described [23]. Briefly, one pCurie of [methyl-3H] thymidine (Perkin Elmer) was added for
twenty-four hours to the culture media of cells in 6 cm dishes. Cells were harvested and a
small aliquot reserved for cell protein measurements using the Bicinchoninic acid technique
(Pierce). DNA was extracted by precipitation with TCA (20% w/v in water) at 4°C,
consecutively washed with 10% TCA and 95% ethanol, dried and solubilized in 0.5N
NaOH/ 0.5% SDS. Radioactivity was determined with a liquid scintillation counter and
normalized by cell protein. Results are expressed as a percentage of [methyl 3H]-thymidine
incorporation per mg of protein in control cells.

2.12. Intracellular reactive oxygen species

Intracellular reactive oxygen species (ROS) were measured after the incubation with 5 uM
5-(and-6)-chloromethyl-2”,7”-dichlorodihydrofluorescein diacetate, (CM-DCFHDA,
Invitrogen) in PBS for thirty minutes at 37°C, followed immediately by flow cytometry
analysis using a FACSCanto instrument (BD Bioscience). The 2°-7-
dichlorodihydrofluorescein (DCFH) moiety can react with several one electron-oxidant
species (e.g. hydroxyl radical, carbonate radical, nitrogen dioxide, alkyl radical) leading to
the formation of the fluorescent compound 2’-7’-dichlorofluorescein (DCF). It is a sensitive,
yet non- specific probe for ROS [24]. Viable cells, as determined by 7-AAD (Invitrogen)
staining, were used for the analysis of ROS levels. Where indicated, cells were treated with
freshly prepared 0.75 mM N-acetylcysteine (Sigma) in culture media before assessment of
ROS levels.

2.13. Statistical analysis

3. Results

Data was statistically analyzed by unpaired Student's t test; two tailed p values are reported.
Results are reported as the mean + standard error (SEM).

3.1. Down-regulation of ACC1 and inhibition of lipid synthesis in human primary
fibroblasts exposed to DNA damaging agents

Coordination between cell proliferation and anabolism has been extensively studied in
cancer cells, and an increase in biosynthetic pathways appears as a hallmark of malignant
transformation [8, 9]. Yet few studies have explored these events in hon-malignant cells.
Since Hayflick's discovery of human fibroblasts finite proliferative capacity (replicative life-
span) [25] these cells have been extensively used to assess cell proliferation and senescence.
Thus, we decided to explore the fatty acid synthesis pathway in early passage human
primary fibroblasts exposed to DNA damaging agents capable of inducing an arrest in
proliferation and senescence.
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We incubated early passage human fibroblasts with doxorubicin, a topoisomerase 11
stabilizing drug that induces DNA double strand brakes and ROS formation leading to the
activation of the DDR [6]. Doxorubicin promoted the phosphorylation and activation of the
DDR sensor ATM, which in turn catalyzed the phosphorylation of p53 in Ser15 leading to
increased levels of p53 and p21 and hypophosphorylation of pRb (Fig. 1A). An increase in
v-H2AX nuclear foci could also be detected in the culture soon after the treatment (Fig. 1B).
Twenty-four hours after exposure to doxorubicin cell proliferation had ceased, as confirmed
by the decrease in incorporation of the thymidine analogue BrdU into DNA (Fig. 1C).
Induction of senescence by doxorubicin was further confirmed by the late appearance of SA-
B-Gal positive cells, which were 90 + 2 % of the culture fifteen days after exposure to the
drug (Fig. 1D).

We then looked at ACC1, the enzyme that catalyzes the rate-limiting step in fatty-acid
biosynthesis. In addition to the activation of the DDR doxorubicin produced an immediate
decrease in ACCL1 protein levels that paralleled ATM phosphorylation (Fig. 1A). After
twenty-four hours of incubation with the drug a significant drop in ACC1 protein levels was
observed (Fig. 1E); that correlated with a reduction in ACC1 mRNA levels (Fig. 1F),
suggesting that ACC1 down-regulation might occur at least in part at the transcriptional
level.

Fatty acids are a major constituent of cell lipids, forming part of phospholipids, triglycerides
and cholesterol esters. We evaluated the impact of ACC1 down-regulation on endogenous
lipid synthesis measuring the incorporation of the 2-14C labeled acetate into cellular lipids
obtained by extraction with organic solvents. A decrease in lipid synthesis was observed in
doxorubicin treated cells in agreement with the drop in ACC1 levels (Fig. 1G).

We then explored if other DNA damaging agents could impact on lipid synthesis in human
fibroblasts. Hydrogen peroxide (H»0O5), an oxidant formed in biological systems, can
produce DNA damage through the formation of high oxidant species like hydroxyl radical
[26]. Exposure of human fibroblasts to two rounds of H,0, (600 uM) spaced over an
interval of five days activated the DDR and induced premature senescence. Phosphorylation
of ATM and p53, along with increased p53 and p21 levels; hypophosphorylation of pRb and
v-H2AX nuclear foci could be detected in the culture twenty-four hours after the second
exposure to the oxidant (Fig. 2A and B). Cell proliferation, measured by incorporation of
BrdU into DNA, sharply decreased twenty-four hours after exposure to the oxidant and was
still arrested seven days after (Fig. 2C). SA-p-Gal positive cells became significantly higher
seven days after the second incubation with H,O5, with more than one-half of the culture
presenting positive staining (Fig. 2D).

In agreement with our observations in doxorubicin treated cells, activation of the DDR and
proliferation arrest in cells exposed to H,O, were accompanied by a decrease in ACC1
protein (Fig. 2A and E) and mRNA levels (Fig. 2F) and by an inhibition of endogenous lipid
synthesis in the culture (Fig. 2G). Our results suggest that DNA damaging agents produce a
coordinate inhibition of proliferation and fatty acid synthesis.
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3.2. Inhibition of lipid synthesis in replicative senescence

To study fatty acid metabolism in replicative senescence we obtained human fibroblasts with
different cumulative population doublings (cPD) by sub cultivating early passage cells (Fig.
3A). As the cPD increased, the percentage of SA-B-Gal positive cells in the culture
increased, becoming approximately 80% of the culture when proliferation had totally ceased
(Fig. 3B). A decline in lipid synthesis was observed as the cPD of the culture increased,
which paralleled the appearance of SA-B-Gal positive cells in the culture (Fig. 3B). This
decline correlated with a reduction in the protein (Fig. 3C and D) and mRNA levels of
ACCI1 (Fig. 3E) in senescent cells with respect to early passage cells. A decrease in protein
levels of FAS was also observed in replicative senescent cells (Fig. 3C and F), but it was not
accompanied by a decrease in mMRNA, that were 2 + 0.1 fold higher than control levels (n=6,
£<0.001).

3.3. Inhibition of lipid synthesis quiescent human fibroblasts

To test if inhibition of fatty acid synthesis was specific of senescent cells, or could be found
in other proliferation-arrested cells, we measured ACCL1 levels in quiescent human
fibroblast. Fibroblasts were incubated in media with 0.1% serum for three days [27] and in
these conditions the DDR was not activated, but pRb was hypophosphorylated (Fig. S1A)
and cell proliferation was greatly reduced (Fig. S1B). Quiescent cells presented low ACC1
protein levels when compared with control cells, treated in complete media with 10% serum
(Fig. S1A and C). In fact, ACC1 protein levels in quiescent fibroblasts were comparable to
those of doxorubicin treated fibroblasts (Fig. S1A and C), suggesting that decreased ACC1
is not specific of senescent cells but rather characteristic of growth-arrested cells. However,
ACC1 mRNA levels in quiescent cells did not accompany the decrease in protein levels, and
were more than two-fold higher than those of control cells (Fig. S1D), implying the
existence post-transcriptional or post-translational regulation of ACC1 in these conditions.

3.4. ShRNA targeting of ACC1 induces a senescent-like arrest in proliferation in human
primary fibroblasts

Since our results showed a correlation between ACC1 levels, lipid synthesis and
proliferation; we decided to evaluate the effect of inhibiting lipid synthesis on proliferating
human fibroblasts. We obtained a stable knockdown of ACC1 in human fibroblasts by
transduction with lentiviral particles carrying ShRNA targeting ACC1 or control plasmids
and selecting with puromycin. ShRNA targeting ACC1 markedly reduced the protein levels
of the enzyme (Fig. 4A), and a significant decrease in endogenous lipid synthesis was
observed when compared with cells transduced with control plasmids (Fig. 4B).

ACC1 shRNA targeting strongly affected cell proliferation. The incorporation of
[methyl-3H] thymidine into DNA, normalized to total cell protein, was significantly reduced
(Fig. 4C), as was the percentage of cell nuclei that incorporated BrdU (Fig. 4D). Since arrest
in proliferation is often accompanied by the induction of senescence in human fibroblasts
exposed to stress, we measured several markers associated with this state. ShRNA ACC1
treated cells presented persistent activation of the DDR: a two-fold increase in the
phosphorylation of ATM and a three-fold increase in the phosphorylation its substrate
H2AX on Ser139 was observed (Fig. 4E), along with appearance of y-H2AX nuclear foci
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(Fig. 4F). ACCL1 shRNA targeting did not increase the levels of p53 and p21; but a small and
significant 21% increase in p16 along with hypophosphorylation of pRb was observed (Fig.
4E). Besides, a nearly three-fold increase in SA-B-Gal positive cells was observed after
silencing of ACC1 gene expression (Fig. 4G).

To confirm that senescence induction was not due to an off-target effect of the ShRNA
construct, we silenced ACC1 gene expression using different shRNAs (ACC1_#2) (Fig.
S2A) or treated ACC1 with the pharmacological inhibitor TOFA at a concentration that
effectively inhibits lipid synthesis (Fig. S2D). Both experimental approaches resulted in a
two to three-fold increase in SA-B-Gal positivity (Fig. S2C and F), supporting inhibition of
fatty acid synthesis as a trigger of a senescent like response. We also performed controls
with a shRNA construct containing a sequence that does not target any known human gene,
but engages the RNA-induced silencing complex (RISC). This non-targeting control (NT)
did not increase SA-p-Gal staining in relation to the control (Fig. S2C).

3.5. Reactive oxygen species activate the DDR and p38 MAPK in ACC1 shRNA treated
cells, contributing to the establishment of the senescent phenotype

To further understand the mechanisms involved in the establishment of the senescent
phenotype in ACC1 depleted cells, we measured oxidant levels and activation of p38
MAPK. Increased ROS and p38 MAPK activation are considered a major determinant of the
senescent program and treatments aimed to protect the cell from oxidant species or to inhibit
p38 MAPK, prevent or delay the onset of senescence [28].

We measured p38 MAPK activation assessing its phosphorylation on Thr180 and Tyr182 by
upstream mitogen activated protein kinase kinases (MAPKKSs) [29]. p38 MAPK
phosphorylation was stimulated by ACC1 silencing, while the overall expression of the
kinase was not affected (Fig. 5A). As such, the ratio between the phosphorylated enzyme
and total enzyme was more than three-fold higher in ACC1 shRNA treated cells than in the
control (Fig. 5A).

Intracellular ROS were assessed, measuring the oxidation of a derivative of DCFH to the
fluorescent compound DCF [24]. Intracellular DCF fluorescence was increased in ACC1
shRNA treated cells in comparison with control cells, and incubation with A-acetylcysteine
(NAC), an antioxidant that serves as precursor of intracellular cysteine and glutathione [30],
reduced DCF fluorescence to similar levels in control cells and in those lacking ACC1 (Fig.
5B).

Since previous reports informed that p38 MAPK was activated by oxidants [31] we
measured p38 MAPK phosphorylation in cells incubated with NAC. Incubation with the
antioxidant decreased the phosphorylation of p38 MAPK in shACC1 treated cells (Fig. 5C,
Fig. S3A); suggesting that oxidant species are involved in p38 MAPK activation in this
setting. N-acetylcysteine treatment also reduced H2AX phosphorylation in shACC1 cells
(Fig. 5D, Fig. S3B) and reduced the percentage of cells staining positive for SA-B-Gal (Fig.
5E) in shACCL treated cells. These results are in agreement with previous reports on oxidant
species involvement in the activation of the DDR pathway [32, 33] and induction of
senescence [34]. However, incubation with the antioxidant did not rescue the ShACC1
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treated cells from proliferation arrest, measured as [methyl-3H] thymidine incorporation to
DNA (Fig. S4A), nor could it restore pRb phosphorylation (Fig. S4B).

We then explored the effects of the p38 MAPK inhibitor SB203580 on the induction of
senescence in ShACCL treated cells. Similar to NAC, pharmacological inhibition of p38
MAPK reduced SA-B-Gal staining (Fig. 5E), but did not restore proliferation (not shown).
Together, these results implicate ROS and p38 MAPK in certain aspects of the senescent
program induced by inhibition of lipid synthesis in human fibroblasts.

3.6. ShRNA targeting and pharmacological inhibitors of FAS induce a senescent-like arrest
in proliferation in human primary fibroblasts

To assess if the results obtained were specific for ACC1 silencing or more generally related
to the inhibition of fatty acid synthesis, we next silenced the expression of the fatty acid
synthase (FAS) gene. Transduction of early human fibroblasts with lentiviral particles
carrying shRNA targeting FAS substantially reduced FAS protein levels (Fig. 6A) and
inhibited endogenous lipid synthesis (Fig. 6B).

As observed for ACC1 gene silencing, shFAS treatment inhibited cell proliferation measured
as the incorporation of [methyl-3H] thymidine into DNA per mg of protein (Fig. 6C) and
increased SA-B-Gal staining (Fig. 6D). Activation of the DDR was also observed, since
ShRNA FAS treated cells presented an increase in -y-H2AX levels and nuclear foci (Fig. 6E
and 6F) and pRb hypophosphorylation (Fig. 6F), p38 MAPK phosphorylation was also
increased in sShRNA FAS treated cells (Fig. 6G).

FAS gene silencing with a second shRNA construct (FAS_#2) (Fig. S2B) or treatment with
FAS pharmacological inhibitor C75 [35], at a concentration that inhibits lipid synthesis to 32
+ 2% of control (Fig. S2E), increased SA-B-Gal staining two to three-fold over control
levels (Fig. S2C and F), further supporting fatty acid synthesis inhibition as a trigger of
cellular senescence.

4. Discussion

Cell proliferation requires an active anabolism in order to provide building blocks for the
new cells, and several lines of evidence point to a coordinate regulation between
proliferation and metabolism [8]. Furthermore, the influence of metabolism on the cell
phenotype appears to transcend proliferation, impacting as well on cell function [36].

Existing evidence supports that metabolic changes accompany cell fate decisions and
phenotypic alterations. However few studies have addressed the fatty acid synthesis pathway
in senescent cells. Maeda et al. observed that FAS and stearoyl-CoA desaturase-1 levels
were decreased in replicative senescent fibroblasts, affecting membrane lipid composition
[16]. Our results expand their observations to ACC1 levels and identify inhibition of the
fatty acid synthesis pathway as a common characteristic of cells undergoing both replicative
and premature senescence, as well as quiescence-triggered proliferation arrest. It is worth
noting that fibroblasts undergoing HRASG12Y oncogene induced senescence, also
demonstrate an inhibition of endogenous lipid synthesis, but due to ACC1 inhibition by
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phosphorylation [14]. All together our results support a coordinate regulation of the fatty
acid synthesis enzymes with proliferation requirements in human fibroblasts. Similar
observations have been reported for other anabolic routes were tumor suppressor p53
regulates the level and activity of the malic enzymes [37] and glucose-6-phosphate
dehydrogenase [38]. Moreover, in adipocytes p53 has been shown to suppress the expression
of SBREP1c, FAS and ATP citrate lyase, inhibiting lipid synthesis [39], and is a likely
candidate to control ACC1 expression in senescent cells.

Cyclin D1 the regulatory subunit of the holoenzyme cyclin D1/cyclin dependent kinase that
phosphorylates and inactivates pRB negatively regulates the expression of the lipogenic
enzymes ACC1 and FAS in mouse mammary epithelium [13]. Since cyclin D1 levels are
increased in senescent fibroblasts [40], this pathway could also be responsible for the
decrease in expression of ACCL1 in replicative and premature senescence.

Other lines of investigation point toward the anaphase promoting complex/cyclosome
(APC/C) as a common regulator of both the G1 to S phase transition and the levels of key
enzymes involved in glycolysis and glutaminolysis [41, 42]. APC/C is a ubiquitin ligase
complex that binds to its ligands and targets them for proteasomal degradation through their
degradation motifs, the D box and KEN box [43]. Interestingly, ACC1 possesses a KEN box
making it a possible candidate for APC/C mediated proteasomal degradation.

We reasoned that if proliferation and lipid synthesis were tightly linked, disruption of this
metabolic pathway would have a negative impact on proliferating cells. Previous reports
have shown that pharmacological inhibition or silencing of ACC1 or FAS gene expression
inhibits cell proliferation and leads to apoptosis in cancer cell lines but not in non-malignant
cells, and argued in favor of a selective toxic action towards cancer cells [9]. Our data
showed that silencing of the fatty acid synthesis enzymes ACC1 and FAS led to a decrease
in DNA synthesis and the appearance of several markers of cell senescence in human
fibroblasts. Although p53 and p21 levels were not augmented, a small but significant
increase in the levels of the cyclin-dependent kinase inhibitor p16 could be observed; that
could be responsible for the decrease in pRb phosphorylation in this setting.

Reactive oxygen species were increased in ACC1 depleted senescent cells, and activation of
the DDR and increase in SA-B-Gal were inhibited by the addition of the antioxidant NAC.
However, incubation with NAC failed to restore proliferation and to revert pRb
hypophosphorylated status, suggesting that the increase in ROS is not the only determinant
in the establishment of cell senescence and proliferation arrest. Although the source of
oxidant species was not explored, mitochondria appear as likely candidates in this setting,
since absence of ACCL1 could result in an increase in fatty acid oxidation and concomitantly
mitochondrial superoxide formation [44]. A decrease in endogenous fatty acid synthesis
could also affect phospholipid and mitochondrial membrane composition, impacting on the
formation of superoxide by the mitochondrial complexes [45, 46].

Further analysis led us to uncover a role for p38 MAPK in the induction of senescence by
inhibition of lipid synthesis, since increased phosphorylation of p38 was observed upon
ACC1 and FAS shRNA targeting and addition of a pharmacological inhibitor of this kinase
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resulted in decreased SA-p-Gal staining in ACC1 depleted fibroblasts. We further identified
reactive oxygen species as activators of p38 MAPK in this setting; since incubation with
NAC reduced p38 MAPK phosphorylation.

5. Conclusions

Overall our results support the existence of a tight coordination between the fatty acid
synthesis pathway and cell proliferation in human fibroblasts. In particular, levels of the rate-
limiting enzyme in the fatty acid synthesis pathway, ACC1, are significantly diminished in
human fibroblast undergoing both senescence and quiescence proliferation arrests.
Concordantly endogenous lipid synthesis is reduced as fibroblasts cease their proliferation,
and their requirement for biosynthetic precursors drops.

Furthermore, our findings demonstrate that inhibition of lipid synthesis in proliferating
fibroblasts leads to growth arrest and the appearance of several markers of senescence. Our
results, in combination with other reports [37, 47] support metabolic alterations as a new
trigger for senescence.
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Highlights

. ACC1 protein and mRNA level are decreased in premature and
replicative senescence.

. Lipid synthesis decreases in premature and replicative senescence.

. Inhibition of ACC1 or FAS induces proliferation arrest and markers of
senescence.

. ACCL deletion increases oxidant levels leading to p38 MAPK and

DDR activation.
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Figure 1. ACC1 levels, expression and lipid synthesis decrease immediately after the exposure to
doxorubicin

Early passage human fibroblasts were exposed for twenty-four hours to either doxorubicin
0.2 uM (Doxo) or the vehicle DMSO, (Control, Ctl) in complete media. All measurements
were done at the end of the treatment, unless otherwise specified. (A) ACC1 levels, ATM
phosphorylation (p-ATM), p53 phosphorylation (p-p53), p53, p21 and pRb phosphorylation
(p-pRB) were assessed by Western blot at different times during the incubation, tubulin was
used as loading control. The graph on the right shows the data obtained after quantifying the
blots and normalizing ACC1 and p-ATM levels to tubulin. Control cells were incubated with
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DMSO for 24 hours. (B) y-H2AX foci were assessed by immunofluorescence, original
magnification X400. The percentage of cells with nuclear foci is shown below the picture.
(C) Cell proliferation was measured by immunofluorescence, as BrdU incorporation to
nuclear DNA, original magnification X400. The percentage of cells with positive nuclear
staining is shown below the picture. (D) SA-B-Gal staining was assessed by light
microscopy, original magnification X40, 15 days after exposure to doxorubicin. The
percentage of positive cells is shown below the picture. (E) Twenty-four hours after the
exposure to the drug ACC1 and tubulin levels were determined in independent Western blots
and protein levels of ACC1 were normalized using tubulin as loading control. (F) ACC1
mRNA levels. (G) Lipid synthesis was determined by 14C-acetate incorporation. Results are
expressed as the mean + SEM (23, */<0.05, **F<0.005, ***F<0.0005).
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Figure 2. ACC1 protein levels, gene expression and lipid synthesis decrease after the exposure to
H,O

Egrli passage human fibroblasts were incubated with H,O, in complete media (600 pM for
two hours, two exposures separated by a five day interval). All measurements were done
twenty-four hours after the second exposure to H,O5, unless otherwise specified. (A) ACC1
levels, ATM phosphorylation (p-ATM), p53 phosphorylation (p-p53), p53, p21 and pRb
phosphorylation (p-pRB) were assessed by Western blot; tubulin was used as loading
control. (B) y-H2AX foci were assessed by immunofluorescence, original magnification
X400. The percentage of cells with nuclear foci is shown below the picture. (C) Cell
proliferation was measured by immunofluorescence as BrdU incorporation to nuclear DNA,
original magnification X200. The percentage of cells with positive nuclear staining is shown
below the picture. (D) SA-B-Gal staining was performed seven days after the second
exposure to the oxidant, the percentage of positive cells was determined by light microscopy
and is shown under the picture, original magnification X200. (E) Protein levels of ACC1 in
control and treated cells, obtained after quantifying independent Western blots and
normalized using tubulin as loading control. (F) ACC1 mRNA levels (G) Lipid synthesis
was determined by 14C-acetate incorporation. Results are expressed as the mean + SEM
(=3, *P<0.05, **P<0.005, ***P<0.0005). Representative blots of /23 independent
experiments are shown.
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Figure 3. Lipid synthesis in replicative senescent fibroblasts
(A) Early passage human fibroblasts were expanded in culture and cumulative population

doublings measured until the onset of replicative senescence (Sen). (B) Lipid synthesis and
SA-B-Gal were assessed in parallel for cells with different population doublings. The
pictures on the right show SA-B-Gal staining for early passage (Early) and replicative
senescence (Sen) fibroblasts, original magnification X40. (C) Early passage or replicative
senescent cells (Sen) were evaluated by Western blot analysis for the expression of ACC1
and FAS, and compared to a loading control protein, tubulin. (D and F) Quantification of
Western blots for ACC1 and FAS are shown. (E) Shows ACC1 mRNA levels. Results are
expressed as the mean + SEM (23, */<0.05, **/F<0.005).
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Figure 4. Knockdown of ACC1 inhibits cell proliferation and induces senescence in human

fibroblasts

Early passage human fibroblasts were transduced with lentiviral particles containing either a
control or ACC1 specific ShRNA and subsequently selected with puromycin; assays were
performed four to six days after transduction. (A) ACC1 protein levels were assessed by
Western blot and (B) lipid synthesis was determined by 14C-acetate incorporation. (C and D)
Cell proliferation was measured as [methyl 3H]-thymidine incorporation to DNA per mg of
cell protein and expressed relative to control values (C); or measuring BrdU incorporation to
DNA (D). (E) ATM phosphorylation (p-ATM), p53, p21, p16 and pRb phosphorylation (p-
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pRB) were assessed by Western blot; tubulin was used as loading control. The graph on the
right shows the protein levels of the different markers, normalized by the loading control and
expressed relative to control cells. (F) y-H2AX foci were evaluated by immunofluorescence,
original magnification X400. The percentage of cells with positive nuclear foci is shown
below the picture. (G) The percentage of cells with positive SA-p-Gal staining was
determined by light microscopy. Representative pictures are shown on the right, original
magnification X100. Results are expressed as the mean + SEM (=3, #P=0.1, *F<0.05,

*** P<(0.0005). Representative blots of /23 independent experiments are shown.
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Figure 5. Reactive oxygen species and p38 MAPK play a role in the induction of senescence in
ACC1 depleted cells

Early passage human fibroblasts were transduced with lentiviral particles containing either a
control or an ACC1 specific ShRNA. Assays were performed four to six days after
transduction. (A) p38 MAPK phosphorylation (p-p38) and total p38 MAPK (p38) levels
were determined by Western blot. The bands corresponding to p-p38 MAPK and p38 MAPK
were quantified and the ratio between them calculated and shown in the graph on the right.
A representative Western blot of /7=3 independent experiments is shown. (B) Reactive
oxygen species were determined measuring DCF fluorescence. Cells were incubated with 5
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UM CM-DCFHDA after being treated with or without 0.75 mM N-acetylcysteine (NAC) for
two hours. (C) Twenty-four hours after infection cells were switched to media supplemented
with NAC (0.75 mM) or vehicle, media with NAC or vehicle was changed daily. Five days
after infection, p-p38 and p38 and ACCL1 levels were assessed by Western blot. The bands
corresponding to p-p38 MAPK and p38 MAPK were quantified, the ratio between them
calculated and expressed relative to ShACC1 below the blots and in Fig. S3A. (D) Twenty-
four hours after the infection the cells were switched to media with NAC (0.75 mM) or with
the p38 inhibitor SB203580 (8 uM). Five days after infection -y-H2AX, total H2AX levels
and ACCL1 levels were assessed by Western blot. The bands corresponding to y-H2AX were
quantified and expressed relative to -y-H2AX levels in ShACC1 cells below the blot and in
Fig. S3B. A representative Western blot of /7=3 independent experiments is shown. (E) SA-
B-Gal positivity was determined. Results are expressed as the mean + SEM (23, (*/<0.05,
***£<0.0001 Ctl vs. ShACCL,; #/<0.0005 sShACC1+NAC vs. ACC1 or sShACC1+SB vs.
shACC1).
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Figure 6. Knockdown of FAS inhibits lipid synthesis, reduces DNA synthesis and induces
senescence

Early passage fibroblasts were transduced with lentiviral particles harboring either control or
FAS specific ShRNA and selected with puromycin; assays were performed four to six days
after transduction. (A) Enzyme levels were assessed by Western blot. (B) Lipid synthesis
was determined by 14C-acetate incorporation into cell lipids. (C) Cell proliferation was
measured as [methyl 3H]-thymidine incorporation to DNA per mg of protein. (D) The
percentage of SA-B-Gal positive cells in the culture was determined. (E) The percentage of
nuclei presenting y-H2AX foci was obtained by immunofluorescence, original
magnification X400. (F) Activation of the DDR as assessed by Western blot analysis of
H2AX phosphorylation (-y-H2AX) and pRb phosphorylation (p-pRb). (G) p38 MAPK level
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and phosphorylation (p-p38) were assessed by Western blot. Results are expressed as the
mean + SEM (723, ***P<0.0005). Representative Western blots of /23 independent
experiments are shown.
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