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Sirt1 protects from K-Ras-driven lung carcinogenesis
Luis Filipe Costa-Machado1, Roberto Martín-Hernández2, Miguel Ángel Sanchez-Luengo3, Katharina

Hess4, Claudia Vales-Villamarin1 , Marta Barradas1, Cian Lynch4,5, Daniel de la Nava1, Alberto

Diaz-Ruiz6,7, Rafael de Cabo6,7, Marta Cañamero8,9, Lola Martinez3, Marta Sanchez-Carbayo10,

Daniel Herranz4,11,* , Manuel Serrano4,5,12,** & Pablo J Fernandez-Marcos1,4,***

Abstract

The NAD+-dependent deacetylase SIRT1 can be oncogenic or tumor
suppressive depending on the tissue. Little is known about the role
of SIRT1 in non-small cell lung carcinoma (NSCLC), one of the
deadliest cancers, that is frequently associated with mutated
K-RAS. Therefore, we investigated the effect of SIRT1 on K-RAS-
driven lung carcinogenesis. We report that SIRT1 protein levels are
downregulated by oncogenic K-RAS in a MEK and PI3K-dependent
manner in mouse embryo fibroblasts (MEFs), and in human lung
adenocarcinoma cell lines. Furthermore, Sirt1 overexpression in
mice delays the appearance of K-RasG12V-driven lung adenocarci-
nomas, reducing the number and size of carcinomas at the time of
death and extending survival. Consistently, lower levels of SIRT1
are associated with worse prognosis in human NSCLCs. Mechanis-
tically, analysis of mouse Sirt1-Tg pneumocytes, isolated shortly
after K-RasG12V activation, reveals that Sirt1 overexpression alters
pathways involved in tumor development: proliferation, apoptosis,
or extracellular matrix organization. Our work demonstrates a
tumor suppressive role of SIRT1 in the development of K-RAS-
driven lung adenocarcinomas in mice and humans, suggesting that
the SIRT1–K-RAS axis could be a therapeutic target for NSCLCs.
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Introduction

Lung cancer is the most common cause of cancer death worldwide,

being the most frequent cancer in men and the fourth most frequent

in women [1]. Non-small cell lung carcinomas (NSCLCs) constitute

more than 80% of all lung cancers. In turn, NSCLCs can be sub-

divided into adenocarcinomas (about 40% of all lung cancers),

squamous cell carcinomas (around 35% of all lung cancers); large

cell carcinomas (around 10% of lung cancers), and some other,

much rarer subtypes.

The most frequent driver mutations for NSCLCs are activating

mutations in EGFR (around 25% overall incidence), activating

mutations in K-RAS (8–24%, depending on the study), EML4-ALK

rearrangements (1.6–11.6%), and MET overexpression or activat-

ing mutations (4–61%) [2]. Importantly, K-RAS mutations are

associated with a poorer prognosis compared to other mutations,

such as EGFR [3]. Also, it has been suggested that K-RAS muta-

tions could constitute a mechanism of resistance to chemotherapy

strategies based on EGFR inhibitors [4]. All this has prompted

intense efforts to identify targets that K-RAS cancers depend on for

survival [5].

Sirtuins are a family of protein deacylases and mono-ADP-ribo-

syltransferases that are activated by NAD+ in its oxidized form and

thus active in cellular scenarios of low energy. Their role in tumor

progression is complex. Some sirtuins (SIRT2, 3, 4, and 6) protect

against tumor development [6–9], whereas other sirtuins (SIRT5

[10] and SIRT7 [11,12]) display oncogenic features. The case of

SIRT1 is particularly intricate. On one hand, SIRT1 has been

reported to play tumor suppressive roles: It has been found

decreased in human breast, liver, and colon tumors [13,14];
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increased SIRT1 expression has been correlated with favorable

outcome in human head and neck squamous cell carcinomas and

ovarian tumors [15,16]; haploinsufficiency of Sirt1 has been

described to accelerate tumor development in a p53-heterozygous

background [13], and its overexpression has been shown to block

the growth of different types of tumors in cell culture experiments

[17,18] and in mouse models [13,19–21]. In contrast, SIRT1 can also

act as an oncogene: SIRT1 levels have been found increased in

several human tumors like breast [22], prostate [23], liver [24],

leukemias [25,26], or NSCLCs [27–32]; overexpression of Sirt1

promoted thyroid tumor formation in mice [33]; and SIRT1 down-

regulation decreased intestinal tumor formation [34].

The functional interaction between SIRT1 and K-RAS remains

poorly understood. SIRT1 has been found to bind to the promoters

of RAS proteins [20,35], and also to directly bind and deacetylate

K-RAS at lysine 104, facilitating K-RAS activation [36]. However,

the relevance and mechanisms of these interactions have not yet

been fully elucidated.

In this work, we genetically studied the functional interaction

between SIRT1 and K-RAS. We found that mouse Sirt1 acts as a

tumor suppressor in the context of K-RasG12V-induced mouse lung

adenocarcinomas and confirmed these findings in human lung

tumors. Moreover, we obtained a list of tumorigenic pathways

altered in Sirt1-overexpressing and K-RasG12V-expressing pneumo-

cytes, explaining the tumor suppressive functions of SIRT1 in

NSCLCs and highlighting the role of the SIRT1–K-RAS axis as a

novel therapeutic target for NSCLCs.

Results and Discussion

K-Ras participates in the decrease of Sirt1 protein levels
in culture

We have first observed that primary mouse embryo fibroblasts

(MEFs) gradually reduce Sirt1 protein levels as time in culture

advances (Fig 1A). This was evident for WT MEFs and for MEFs

obtained from Sirt1-Tg mice, expressing an extra copy of the entire

Sirt1 gene, along with all of its regulatory sequences [37]. Sirt1

mRNA levels decreased more pronouncedly in Sirt1-Tg MEFs and

remained mostly constant in WT MEFs (Fig EV1A). However, when

immortalized MEFs from both genotypes were kept in culture for

several days, no changes in Sirt1 protein levels were observed

(Fig EV1B), indicating that Sirt1 decrease only takes place when the

cellular response to culture stress is intact (as in primary MEFs), but

not when this response is lost (as in immortalized MEFs).

Next, we investigated what was the mechanism mediating the

decrease in Sirt1 levels in primary MEFs. Growth medium for MEFs

contains 10% fetal bovine serum (FBS), very rich in growth factors

that activate a plethora of mitogenic pathways. One of the main

transducers of mitogenic signals is the small GTPase family of Ras

proteins, composed by three members in mammals: K-Ras, N-Ras,

and H-Ras [38]. As K-Ras is the member of the Ras family most

frequently mutated in human cancer [39,40], we decided to test

whether K-Ras could be responsible for the downregulation of Sirt1

during chronic mitogenic stimulation. To address this, we crossed

Sirt1-Tg mice with mice expressing a Cre-inducible oncogenic

K-RasG12V mutant [41] (which from now on we will refer to as

K-Ras-KI) and obtained MEFs from these mice. We overexpressed

Cre by adenoviral transduction and monitored the activation of

the K-RasG12V oncogene measuring the b-galactosidase surrogate

reporter activity over time (Fig EV1C). K-Ras-KI; Sirt1-Tg MEFs

proliferated at the same rate as K-Ras-KI; Sirt1-WT MEFs

(Fig EV1D). Importantly, MEFs overexpressing the K-Ras-KI onco-

gene showed a more intense reduction in Sirt1 protein levels than

K-Ras-WT-expressing MEFs (Fig 1B and C).

To explore the mechanisms responsible for this accelerated

reduction in Sirt1 protein levels, we studied the stability of Sirt1

protein by treating cells with the inhibitor of protein synthesis

cycloheximide (CHX) for several hours. As indicated in Fig 1D,

K-Ras-KI MEFs infected with Adeno-Cre underwent a significant

decrease in their Sirt1 levels that became significant after 11 h of

CHX treatment when compared with K-Ras-KI MEFs infected with

Adeno-GFP as control. Interestingly, we observed a similar reduc-

tion in Sirt1 mRNA only in Sirt1-Tg MEFs, and not in Sirt1-WT

MEFs (Fig EV1E), as shown previously for primary MEFs

(Fig EV1A). In all, these results indicate that K-Ras is at least partly

responsible for the progressive decrease of Sirt1 in cultured MEFs.

In addition, this reduction is due to decreased Sirt1 protein stability

and, only in the case of Sirt1-Tg MEFs, to decreased Sirt1 mRNA

levels.

MAPK and PI3K pathways are involved in Sirt1 protein
downregulation in MEFs and human lung tumor cell lines

We next investigated the signaling pathways by which K-Ras

reduces Sirt1 protein stability. K-Ras activates a wide range of

signaling pathways, being the RAF-MEK-ERK pathway of MAPK

and the PI3K pathway the two best characterized [38]. We there-

fore tested whether these K-Ras-activated pathways were involved

in Sirt1 protein regulation by K-Ras. To do this, we cultured WT

MEFs for 4 days to induce Sirt1 protein decrease and then treated

them with either the MEK inhibitor PD0325901 (MEKi) or the

PI3K inhibitor CNIO-PI3Ki [42] (PI3Ki) for 16 h. As expected,

culture for 4 days decreased Sirt1 protein levels (Fig 2A). Impor-

tantly, when MEFs were treated with MEKi, Sirt1 protein levels

were restored to control levels, while treatment with PI3Ki did not

alter Sirt1 protein levels (Figs 2A and EV2A). Interestingly, Sirt1

protein stability was reduced with 4 days of culture, and MEK

inhibition rescued this effect (Fig 2B and C). To confirm the role

of K-Ras activity in Sirt1 protein destabilization, we infected

K-Ras-KI MEFs with Adeno-Cre, and 4 days later, we treated these

cells with MEKi or PI3Ki. As shown in Fig 2D, Sirt1 protein levels

decreased significantly when K-Ras-KI was activated by Adeno-Cre

infection, and this reduction was restored in the presence of MEKi

(Figs 2D and EV2B). These data indicate that the RAF-MEK-ERK

MAPK pathway, and not the PI3K pathway, is partly responsible

for the cell culture- and K-Ras-KI-induced Sirt1 destabilization in

primary MEFs.

K-RAS oncogenic activation is a hallmark mutation in human

lung tumors [38]. We decided to test whether inhibition of the

K-RAS-targeted pathways MAPK or PI3K in human lung carcinoma

cell lines would restore SIRT1 protein levels, expanding our results

from primary, non-transformed MEFs to cancer cell lines. Interest-

ingly, inhibition of MEK or PI3K resulted in the upregulation of

SIRT1 protein levels in three out of seven lung tumor cell lines

2 of 14 EMBO reports 19: e43879 | 2018 ª 2018 The Authors

EMBO reports Sirt1 protects from lung carcinogenesis Luis Filipe Costa-Machado et al



(H441, A549 and Calu3, Figs 2E and EV2C), and we validated this

decrease in the positive cell lines (Figs 2F and G, and EV2D). As

shown in Table EV1, SIRT1 levels respond to MEK and/or PI3K inhi-

bition only in lung adenocarcinoma cell lines (Calu3, A549, H441),

and not in lines from large cell carcinoma (H661) and small cell

carcinoma (H841 and H211). This finding suggests that this

response in SIRT1 levels could be specific to adenocarcinomas.

Next, we verified K-RAS mutation status in all checked cell lines

and, interestingly, the two lung adenocarcinoma cell lines that did

not increase their SIRT1 levels after MEK or PI3K inhibition (H358

and H23) harbored the same K-RAS mutation (G12C), indicating

some specific properties of this mutation.

Previous reports have shown that SIRT1 binds and deacetylates

K-RAS at lysine 104, promoting K-RAS activation [36]. Importantly,

in this report SIRT1 overexpression led to a proliferation arrest in

human NSCLC cell lines and decreased tumor growth in a xenograft

A

B C

D

Figure 1. Sirt1 expression in MEFs decreases with time of culture in a K-Ras-enhanced manner.

A Western blot against the indicated proteins on samples from WT or Sirt1-Tg MEFs at 0, 3, and 5 days of culture with 10% FBS. A quantification of the blots (n = 2) is
presented in the right panel. Statistical significance of the comparisons between WT and Sirt1-Tg are represented with *. Statistical significance of the comparisons
between the same genotype at day 0 and subsequent days of culture are represented with #.

B Western blot of the indicated proteins at the indicated times after adeno-Cre infection.
C Quantification of the protein levels of Sirt1 after adeno-Cre infection. Dots represent the average of at least two independent blots. Statistical significance of the

comparisons with K-Ras-KI; Sirt1-WT is represented with *. Statistical significance of the comparisons with K-Ras-WT; Sirt1-WT is represented with #.
D K-Ras-KI MEFs infected with the indicated adenoviruses were treated with cycloheximide (CHX) for the indicated times, and the indicated proteins were detected by

Western blot. Left panel shows a representative example of n = 5 (GFP) or n = 4 (Cre) different individual clones. Right panel shows the average quantification of
Sirt1 protein levels in the four clones.

Data information: Error bars represent the standard error of the mean. Statistical differences were assessed by unpaired two-tailed Student’s t-test (*P < 0.05;
**P < 0.01; #P < 0.05; ##P < 0.01; ###P < 0.001).
Source data are available online for this figure.
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G

Figure 2. PI3K and MEK pathways, targets of K-Ras, participate in the downregulation of Sirt1 expression.

A Left panel: Western blots of the indicated proteins in WT MEFs treated for 16 h with vehicle (DMSO) or the indicated inhibitors. Right panel: quantification of the
indicated blots shown in left panel (n = 3).

B Representative Western blots of the indicated proteins in WT MEFs at day 0 or day 4 of culture, treated with vehicle (DMSO) or the indicated inhibitors for 16 h and
with cycloheximide for the indicated times.

C Quantification of Sirt1 protein levels from n = 3 (DMSO d0, DMSO d4 and MEKi d4) or n = 2 (PI3Ki d4) independent replicates.
D K-Ras-KI MEFs were infected with Adeno-Cre and treated with MEK inhibitors (Mi) or with PI3K inhibitors (Pi) for 16 h, and the indicated proteins were detected by

WB (left panels). Right panel shows a quantification of four independent replicates.
E Levels of Sirt1 after treatment with the indicated inhibitors for 16 h, relative to the control treatment with DMSO, in the indicated cell lines.
F Western blot of the indicated proteins from the cell lines where SIRT1 protein levels were shown to respond to MEK and/or PI3K inhibition in (E).
G Quantification of the three replicates in the Western blots shown in (F).

Data information: Error bars represent the standard error of the mean. Statistical significance was assessed using the unpaired two-tailed Student’s t-test. #P < 0.1;
*P < 0.05; **P < 0.01; ***P < 0.001.
Source data are available online for this figure.
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model, which fits with our observations. We could not detect any

proliferation arrest in Sirt1-Tg MEFs (Fig EV1D); however, we

observed a progressive loss of Sirt1 protein in cultured normal

MEFs, and in MEFs with constitutively active K-Ras (Fig 1). Interest-

ingly, this reduction in Sirt1 protein was accompanied by a decrease

in Sirt1 mRNA only in Sirt1-Tg MEFs, indicating a stronger pressure

by K-Ras-activation toward Sirt1 decrease specifically on Sirt1-over-

expressing MEFs. Sirt1 mRNA levels rebound slightly after 7 days in

culture (Fig EV1A), which could indicate a compensatory mecha-

nism for the decreased Sirt1 protein levels and stability. These find-

ings suggest that K-Ras overcomes the described Sirt1-induced

proliferative arrest by decreasing Sirt1 expression through two

mechanisms: first, K-Ras induces a decreased Sirt1 transcription in

the cells with high expression of Sirt1 (Sirt1-Tg, Fig EV1A and E).

Second, irrespective of Sirt1 protein levels, K-Ras induces a decrease

in Sirt1 protein stability via MAPKs in MEFs, or via both MAPKs

and PI3K in different human lung cancer cell lines (Fig 2), which is

consistent with Cheng’s data and further expands our basic under-

standing of the Sirt1–K-Ras interaction.

Increased Sirt1 levels protect from K-Ras-KI-mediated lung
tumors in mice

Our above findings indicate that K-RAS and K-RAS-activated path-

ways downregulate SIRT1 protein levels in primary MEFs and in

several human lung carcinoma cell lines. We then tested in vivo

whether this functional interaction could have any pathological

implication for lung carcinogenesis, where K-RAS is mutated in a

high percentage of cases [2,38]. To do so, we injected tamoxifen to

K-Ras-KI; Sirt1-Tg mice. As reported [41,43,44], tamoxifen injection

to these mice specifically induced lung adenocarcinomas with high

efficiency and reproducibility. Importantly, K-Ras-KI; Sirt1-Tg mice

lived significantly longer than their K-Ras-KI; Sirt1-WT littermates

(24% increase in median lifespan, Fig 3A). We followed tumor

appearance by performing periodic l-CT scans and recording the

time of first tumor appearance. We could observe a drastic delay in

the time of appearance of the first tumors in K-Ras-KI; Sirt1-Tg mice,

compared with their K-Ras-KI; Sirt1-WT littermates (97% delay in

median latency, Fig 3B). We also scored the number and grade of

the lung tumors at the time of death. The number of adenomas was

not affected by the Sirt1 status (Fig 3C). However, K-Ras-KI; Sirt1-

Tg mice presented a lower number of carcinomas (Fig 3D) and in

the maximum carcinoma diameter (Fig EV3A), compared with their

K-Ras-KI; Sirt1-WT littermates, indicating that increased Sirt1 levels

protected from the progression of adenomas into more malignant

carcinomas. To further explore the mechanism of Sirt1-mediated

protection, we tracked tumor sizes with time by periodical l-CT
scans once the tumor appeared, to measure tumor growth. As

shown in Fig 3E, Sirt1 levels did not affect tumor growth once the

tumors had appeared. This finding allows us to postulate that the

observed effects of Sirt1 overexpression on overall survival

(Fig 3A), tumor-free survival (Fig 3B), and incidence of carcinoma

(Figs 3B and C, and EV3A) can be mostly ascribed to a delay in the

appearance of the tumors and that Sirt1 is protecting against

K-RasG12V activation at the early phases of tumor promotion, but

this protection is not so effective once the tumors arise.

In an effort to extend these findings to human lung cancer, we

examined the levels of SIRT1 in a series of NSCLCs (n = 105; 69/

105 adenocarcinomas, 25/105 squamous cell carcinomas). We

observed that tumors with high levels of SIRT1 were associated

with a longer progression-free survival (log-rank, P = 0.001,

Fig 3F) and a longer overall survival (log-rank, P = 0.003,

Fig EV3B). When considering only adenocarcinomas, progression-

free survival was still significantly better in patients with high

SIRT1 expression (Fig 3G). These observations support the rele-

vance of high SIRT1 expression in human NSCLCs as an indicator

of favorable clinical outcome. Importantly, other reports have

previously reported increased expression of SIRT1 in human

NSCLC tumors with worse prognosis. Many of these studies

focused on squamous cell carcinomas [29,31,32], while 67% of

the NSCLCs analyzed in our TMA (Fig 3F) were adenocarcinomas.

This difference in the analyzed tumor subtypes could explain the

divergences between our data in humans and those reported

before. There are other reports showing that higher SIRT1 expres-

sion is associated with bad prognosis specifically in lung adenocar-

cinomas [28,30,45]. This discrepancy can be explained by different

patient populations, different set of driver mutations present in the

tumors, or other technical differences. Notably, Sirt1 has already

been reported to play contrasting roles in different subtypes of

other tumor type, AML, acting as a tumor suppressor in MLL-rear-

ranged AMLs [46] but as a tumor promoter in FLT3-ITD AMLs

[25].

Sirt1-Tg pneumocytes display an anti-tumorigenic profile during
the early phases of K-RasG12V activation

To investigate the mechanisms driving Sirt1-mediated protection

against NSCLC, we decided to characterize pneumocytes where

K-Ras-KI is activated in Sirt1-WT and Sirt1-Tg backgrounds. For

this, we used loxP-flanked Katushka and LacZ reporter genes that

become activated upon Cre induction, similar to the inducible

system used for the K-Ras-KI [47,48]. Using these models, we

followed the earliest stages of pneumocytes tumorigenesis (Fig 4A)

using Katushka immunohistochemistry or flow cytometry. For

cytometry, we homogenized the lungs and stained them using anti-

CD31, that marks endothelial cells; and anti-CD45, marking lympho-

cytes (see Fig EV4A for the strategy of isolation). Finally, we

analyzed the reporter+, CD31�, CD45� population, to select specifi-

cally pneumocytes with activated K-Ras-KI (Fig 4B and C). We acti-

vated Cre by a pulse of tamoxifen during 4 weeks, and observed a

dramatic activation of the expression of the Katushka reporter

(pulse, Figs 4B and EV4B). When we stopped tamoxifen treatment,

the amount of activated pneumocytes remaining was strongly

reduced after a chase of 2 weeks (Figs 4C and EV4C). These results

indicate that K-Ras-KI-activated pneumocytes are rapidly cleared

from the lung, and only a small fraction of the initially positive cells

remain 2 weeks after tamoxifen withdrawal, confirming prior

reports [49]. We assume that tumors arise from these few long-term

surviving K-Ras-KI-activated pneumocytes, which could be consider

as the tumor-initiating cells.

Based on the above results, we decided to isolate K-Ras-KI-

activated pneumocytes from the early phases of activation (pulse:

4 weeks on tamoxifen) and from the surviving cells 2 weeks after

the pulse (pulse + chase: 4 weeks on tamoxifen + 2 weeks of rest).

We performed RNAseq to detect differentially expressed genes

between the Sirt1-WT and the Sirt1-Tg backgrounds in both cell
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populations. We used the b-galactosidase reporter for the pulse

experiment, and the Katushka reporter for the pulse + chase experi-

ment. The differentially expressed genes were grouped according to

their function, and we focused our attention on the significantly

altered genes between Sirt1-Tg and Sirt1-WT pneumocytes that were

reported to play a role during tumorigenesis (red-marked bars in

Fig EV4D and E). During the pulse phase, we observed that genes

involved in antioxidant defenses were upregulated in the Sirt1-Tg

mice, such as several members of the glutathione S-transferase

family, whose deletion has been found associated with poor progno-

sis in lung tumors [50], or Sod3, which has been shown to be down-

regulated in lung tumors [51] (Fig 4D), suggesting that Sirt1

overexpression is associated with stronger oxidative defense. Genes

involved in carbohydrate and amino acid metabolism were also dif-

ferentially regulated in Sirt1-Tg pneumocytes: increased glycogen

phosphorylase (Pygm), that has been found decreased in lung

A B

F

C D E

G

Figure 3. Increased Sirt1 expression protects from non-small cell lung carcinoma in mice and humans.

A Kaplan–Meier survival curve of mice of the indicated genotypes injected with 4-OH tamoxifen at 2-3 months of age.
B Kaplan–Meier survival curve of mice from (A) censoring for tumor appearance by lCT scanner.
C, D Quantification of the number of adenomas (C) and carcinomas (D) per mouse at the time of death by histopathological analysis.
E Follow-up of tumor sizes by periodical lCT scanner, starting from the time point when the tumor was first detected.
F, G (F) Kaplan–Meier curve indicating that lung tumors (including all tumors in the TMA, n = 105) displaying high expression of cytoplasmic SIRT1 (at least 20% of

their neoplastic cells positive for SIRT1) show longer progression-free survival time (***P < 0.0005). (G) Kaplan–Meier curve indicating that lung tumors (including
only the adenocarcinomas from the TMA, n = 69) displaying high expression of cytoplasmic SIRT1 show longer progression-free survival time (*P = 0.029).

Data information: Red lines in panels (C and D) and dots and error bars in panel (E) represent the means and the standard errors of the mean, respectively. Statistical
significance was assessed using the log-rank test (A, B, F, and G) or the unpaired two-tailed Student’s t-test (C–E). *P < 0.05; ***P < 0.001.
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G

Figure 4. Sirt1 overexpression in mouse pneumocytes modulates the expression of several tumor-related genes upon K-Ras-KI activation.

A Treatment schedule for the isolation of K-Ras-KI-activated pneumocytes. A first phase of 4 weeks of pulse (K-Ras-KI activation) by tamoxifen treatment was
followed by a chase phase of 2 weeks without tamoxifen for the selection of the remaining K-Ras-KI-activated pneumocytes.

B, C Representative cytometry heat maps detecting Katushka-positive cells after only 4 weeks of 4-OH tamoxifen activation (B), or 4 weeks of 4-OH tamoxifen
pulse + 2 weeks with no tamoxifen treatment chase (C).

D, E Lists of cancer-related genes differentially expressed in Sirt1-Tg pneumocytes compared with Sirt1-WT pneumocytes in the pulse (D) or in the pulse + chase (E)
experiments.

F Expression in the indicated experiments of the 13 oncogenes (blue dots) and eight tumor suppressors (orange dots) differentially expressed between WT and Sirt1-
Tg pneumocytes and identified by the KEGG platform as belonging to cancer-related pathways (red bars in Fig EV4D and E). Middle bars indicate the averages, and
error bars represent the standard deviations. Statistical significance between oncogenes and tumor suppressors in each experiment was assessed using the
unpaired, two-tailed Student’s t-test. **P < 0.01.

G Diagram depicting our findings on the functional interaction between oncogenic K-Ras (K-Rasonc) and Sirt1 in lung tumorigenesis.
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tumors [52]; and decreased expression of the tumor inducers gluta-

mine-fructose-6 phosphatase transaminase 1 (Gfpt1) [53] and

hexokinase 2 (Hk2) [54]. We also found in Sirt1-Tg mice several

downregulated protein kinases with pro-tumorigenic roles: Aurora

kinase B (Aurkb); protein kinase C-iota (Prkci), and MAP-kinase

activating death domain (Madd) [55–57]. Interestingly, Aurkb has

been shown to act as a target of K-Ras signaling, and its disruption

reverted K-Ras-mediated tumorigenesis in lung cells [57]. Finally,

several activators of apoptosis and inhibitors of proliferation were

also overexpressed in Sirt1-Tg pneumocytes, as Timp2, Hoxa5, Fas,

P3h3, Cav1, and Cdkn2c [58–63].

We performed the same analysis with the sorted pneumocytes in

the pulse + chase experiment (Figs 4E and EV4E). We found that

many of the anti-tumoral genes that were upregulated in Sirt1-Tg

pneumocytes during the pulse experiment (Gstm5, Sod3, Pygm,

Timp2, Php3, Cav1 and Cdkn2c) became downregulated during the

pulse + chase experiment. Also, the pro-tumoral genes downregu-

lated in the Sirt1-Tg pneumocytes during the pulse experiment

(Gfpt1, Aurkb, Prkci and Madd) were not downregulated anymore

in the pulse + chase experiment. Instead, a different group of pro-

tumoral genes was reduced in Sirt1-Tg pneumocytes in the pulse +

chase experiment, in particular genes related to the extracellular

matrix (Mmp2 [64], Lamb1 [65]), or secreted growth factors or their

receptors (Fgf7 [66], Fgfr1 [67], Pdgfra [68]). Moreover, Sirt1-Tg

cells expressed significantly lower mRNA of several solute carrier

family members, like Slc27a6, also called Fatp6, a fatty acid trans-

porter [69]; Slc29a1, also called Ent1, a nucleoside transporter [70];

and Slc43a3, also called Foap-13, a nucleobase transporter. Two

solute carrier members transporting small amino acids were also

downregulated in Sirt1-Tg pneumocytes, namely Slc36a2 [71] (also

called Pat2) and Slc7a10 [72], also known as Asc-1. Remarkably,

amino acid transporters have been found to be essential for nitrogen

supply during NSCLC tumor development [73]. These divergent

results suggest that pneumocytes at the pulse + chase phase have

suffered an intense evolution from the pulse phase, and have devel-

oped a different transcriptional program.

Finally, to obtain further insight into the effects of Sirt1 over-

expression in the process of lung adenocarcinoma tumorigenesis,

we performed a new analysis of the differentially expressed genes:

we classified each differentially expressed gene identified by the

KEGG platform as belonging to cancer-related pathways (red bars

in Fig EV4D and E) into tumor suppressor or oncogene, based on

the existing literature, and compared the degree of change between

Sirt1-WT and Sirt1-Tg pneumocytes in the pulse and in the

pulse + chase experiments. As shown in Fig 4F, during the pulse

experiment (acute activation of K-Ras), Sirt1 overexpression led to

the increased expression of both oncogenes and tumor suppressors

at the same level. However, in the pulse + chase experiment (after

cell clearance), the remaining K-Ras-activated, Sirt1-overexpressing

pneumocytes showed a marked downregulation of oncogenes,

while tumor suppressor genes showed a significantly less

pronounced decrease. Altogether, these last results indicate a net

balance for tumor suppressive effects of Sirt1 overexpression in

the initial stages of lung tumorigenesis and particularly in the

subpopulation of cells that have long-term survival and likely

contain the tumor-initiating cells. These results can also shed some

light on the opposing effects of Sirt1 overexpression in different

cell types: Sirt1 overexpression can initially trigger both oncogenes

and tumor suppressors. Depending on how this situation is

resolved, it can result in a net oncogenic function or, as in KRas-

driven mouse lung adenocarcinomas, in a net tumor suppressive

function. We summarize all our findings in a schematic model of

the K-Ras-Sirt1 functional interaction and its relevance for lung

adenocarcinoma (Fig 4G).

SIRT1 activity can be induced by fasting and exercise [74], two

metabolic interventions that are also associated with reduced cancer

incidence [75–77]. Our findings that increased SIRT1 levels and

activity can slow lung adenocarcinoma progression in mice and

humans provide a partial explanation for this association. Also,

SIRT1 is a targetable enzyme and several activators and inhibitors

have been developed that can be used to modulate SIRT1 activity

[78]. Therefore, our results open a therapeutic window for the use

of SIRT1-activating strategies to prevent the first stages of lung

cancer development.

Materials and Methods

Cell culture

MEFs were isolated from embryos at 13.5 days post-coitum and

cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)

supplemented with 10% fetal bovine serum and antibiotic/anti-

mycotic (Gibco).

For growth curves, 25,000 cells were plated in 380 mm2 multi-

well plates, cultured in media with 10% FBS and counted 4 h later

(time point 0), or 4, 6, or 8 days after plating.

For adenoviral infection, cells were incubated with adeno-Cre

particles commercially produced at the University of Iowa at a MOI

of 100 for 1 h with periodic rocking to avoid drying.

For b-galactosidase detection, cells were fixed with 0.5%

glutaraldehyde in PBS for 15 min, washed twice with PBS + 1 mM

MgCl2, and incubated with X-Gal staining solution (PBS, 1 mg/ml 5-

bromo-4-chloro-3-indolyl b-D-galactopyranoside (X-Gal), previously

dissolved in N,N-dimethylformamide), 1 mM MgCl2, 0.1 mM K3Fe

(CN)6, 0.1 mM K4Fe(CN)6) overnight until the blue color appears.

For protein stability experiments, cells were incubated with

200 lg/ml cycloheximide (CHX) for the indicated times.

For treatment with inhibitors, cells were treated for 16 h with the

PI3K inhibitor CNIO-PI3K [42] (2 lM), the MEK inhibitor

PD0325901 (1 lM) or vehicle (DMSO), and cell lysates were

prepared for WB analysis.

Human lung tumor cell lines were purchased from the ATCC and

periodically tested for mycoplasma.

Western blot

Whole-cell extracts were prepared using RIPA buffer (50 mM Tris–

HCl, pH 8.1, 1% sodium dodecyl sulfate, 10 mM EDTA) containing

proteinase (1 mM phenyl-methyl-sulfonyl fluoride-PMSF, 2 mg/ml

leupeptin, 2 mg/ml aprotinin, and 1 mg/ml pepstatin), phosphatase

(1 mM NaF and 10 mM sodium orthovanadate), and deacetylase

(5 mM nicotinamide—NAM, 1 mM sodium butyrate) inhibitors,

resolved using NuPAGE 4–12% gradient Bis-Tris gels (Invitrogen),

transferred to nitrocellulose and hybridized in TBS-0.01% Tween-

20 + 5% BSA overnight at 4°C using antibodies against mouse Sirt1
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(1:1,000, ab12193) and Cre recombinase (1:1,000, ab40011), from

Abcam; c-tubulin (1:5,000, GTU-88), from Sigma; total ERK

(554100), from BD Biosciences; phospho-ERK (1:1,000, #9101),

pAkt-Ser473 (1:1,000, #4058), tAkt (1:500, #9272), or human SIRT1

(1:1,000, #2493), from Cell Signaling. For WB quantitation, band

and background intensities were analyzed using ImageJ.

Animal experimentation

Animal experimentation at the CNIO, Madrid, was performed

according to protocols approved by the CNIO-ISCIII Ethics Commit-

tee for Research and Animal Welfare (CEIyBA). Mice (Mus muscu-

lus) of both sexes and mixed background were generated by

crossing K-Ras+/LSLG12Vgeo mice [41] with Sirt1Tg mice [37] and

Katushka-KI mice [47].

For the survival curves, mice that were sacrificed due to verified

non-tumor causes (dermatitis, fighting wounds, eye soreness) were

censored out from the curves. For the rest of experiments with mice,

we only analyzed those animals that did not die in cage, but were

sacrificed following human-end point criteria.

For the induction of Cre recombination in Figs 3 and EV2A, 2- to

3-month-old mice were subjected to a single i.p. injection of 1 mg of

4-OH tamoxifen (Sigma) dissolved in corn oil. For Figs 4 and EV3,

mice were given a diet enriched with tamoxifen (TD.130859,

ENVIGO) for 4 weeks. Mice were then sacrificed (pulse experiment)

or, in the pulse + chase experiment, the diet was switched to a stan-

dard diet without tamoxifen for 2 weeks before sacrifice.

Computed tomography (CT) imaging was done as described

previously [79]. Briefly, food was removed to all mice the afternoon

of the preceding day. Analyses were performed during the morning.

Mice were anesthetized with a continuous flow of 1–3% isoflurane/

oxygen mixture (2 l/min) and were injected with 500 lCi of 18F-

FDG into the tail vein in a volume of 0.1 ml. Images were acquired

using eXplore Vista PET/CT (GE Healthcare) 45 min after injection

of the radiotracer. The microCT scan consisted of 400 projections

collected in one full rotation of the gantry in approximately 10 min.

The image acquisition was not respiratory-gated. The X-ray tube

settings were 40 kV and 300 lA. All quantitative evaluations were

performed on the scans reconstructed by filter-back projection.

Regions of interest (ROI) were drawn over tumors using MMWS/

Vista software. For the follow-up of tumor appearance and tumor

size, mice were CT-scanned every 15–20 days.

Histopathology

Tissue samples were fixed in 10% neutral buffered formalin (4%

formaldehyde in solution), paraffin-embedded and cut at 3 lm,

mounted in Superfrost�plus (Thermo Fischer Scientific) slides, and

dried overnight. For different staining methods, slides were deparaf-

finized in xylene and re-hydrated through a series of graded ethanol

until water. Consecutive sections were stained with hematoxylin and

eosin (H&E), and an automated immunostaining platform was used

for immunohistochemistry (Ventana Discovery XT, Roche). Antigen

retrieval was first performed with high or low pH buffer (CC1m,

Roche), endogenous peroxidase was blocked (peroxide hydrogen at

3%), and slides were then incubated with the primary antibody:

rabbit polyclonal anti-tRFP (1:2,000; Evrogen AB233). After the

primary antibody, slides were incubated with the corresponding

visualization system (OmniRabbit, Ventana, Roche) conjugated with

horseradish peroxidase. Immunohistochemical reaction was devel-

oped using 3,30-diaminobenzidine tetrahydrochloride (DAB) as a

chromogen (Chromomap DAB, Ventana, Roche), and nuclei were

counterstained with Carazzi’s hematoxylin (Panreac). Finally, the

slides were dehydrated, cleared, and mounted with a permanent

mounting medium (Tissue-Tek Glass� mounting medium, Sakura)

for microscopic evaluation. For quantification and evaluation of

mice tumors, the five lobes of the lungs (four right and one left) were

placed in the same plane and a H&E staining of a single section

across all the lobes was blindly examined by an expert pathologist.

Human lung cancer samples

Primary lung tumors were collected and handled anonymously at

collaborating institutions (Instituto Angel H. Roffo and Hospital

Britanico) after approval by their Institutional Review Boards (IRB)

and following standard ethical and legal protection guidelines of

human subjects, including informed consent. Experiments

conformed to the principles set out in the WMA Declaration of

Helsinki and the Department of Health and Human Services

Belmont Report. Patients with local disease (stage I to resectable

stage III) were treated surgically and those with advanced disease

(stages III and IV) received systemic and/or local treatment. The

observation period ranged from 2 to 79 months, with a median

follow-up of 20.5 months. Inclusion criteria of newly diagnosed

lung cancer patients were based on the histopathologic information,

covering from early to advanced stages, defined according to the

histological typing of lung tumors of the World Health Organization

[80]. A tissue microarray was constructed at the Spanish National

Cancer Center and used in this study. This array included a series of

archived paraffin-embedded blocks from 105 NSCLCs patients.

Tumor tissues were embedded in paraffin, and 5-lm sections were

stained with hematoxylin and eosin to identify viable, morphologi-

cally representative areas of the specimen from which needle core

samples were taken, using a precision instrument (Beecher Instru-

ments). From each specimen, triplicate or quadruplicate cores with

diameters of 0.6 mm were punched and arrayed on the recipient

paraffin block.

Immunohistochemistry and statistical analysis of human samples

Five-lm sections of these tissue array blocks were cut and placed on

charged polylysine-coated slides and used for immunohistochem-

istry analysis. Protein expression patterns of SIRT1 were assessed

using the tissue microarray outlined above. Standard avidin–biotin

immunoperoxidase procedures were used for immunohistochem-

istry. Antigen retrieval methods (0.01% citric acid for 15 min under

microwave treatment) were utilized prior to incubation with

primary antibody overnight at 4°C. Primary antibodies were used

for immunohistochemistry under the following conditions: SIRT1

(SIR11, S5196, Sigma Aldrich), rabbit polyclonal at 1:200. The

biotinylated goat anti-rabbit secondary antibody (Vector Laborato-

ries) was used at 1:1,000. The absence of primary antibody was

used as negative control. Diaminobenzidine was utilized as the final

chromogen and hematoxylin as the nuclear counterstain. For the

study of SIRT1 as a tumor marker prognostic, REMARK reporting

guidelines have been followed. The number of neoplastic cells
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expressing each protein in the cytoplasm was evaluated. The cutoff

of expression for prognostic evaluation was selected based on the

median values of expression among the groups under analysis. The

consensus value of the three or four representative cores from each

tumor sample arrayed was used for statistical analyses. Overall

survival time was defined as the months elapsed between surgical

resection and death (or the last follow-up date). Progression analy-

ses were performed using patients with available follow-up (either

“progressing into new metastatic disease” or “alive with no

evidence of disease (NED)”). Patients alive at the last follow-up or

lost were censored. The PASW Statistics package (SPSS), version

17.0, was used for statistical analyses. Survival curves were plotted

using the standard Kaplan–Meier methodology. Survival curves

were tested by log-rank test. Statistical analyses were performed

using the SPSS statistical package (version 18.0, 2010).

qRT–PCR

Total RNA was extracted using Tri Reagent (Molecular Research

Center). Samples were reverse-transcribed using random priming

and High-Capacity cDNA Reverse Transcription kit (ABI Applied

Biosystems), according to the manufacturer’s instructions. Quantita-

tive real-time PCR was performed using GoTaq qPCR Master Mix

(Promega) in an ABI PRISM 7900 thermocycler. Quantifications were

made applying the DCt method (DCt = [Ct of gene of interest – Ct of

housekeeping]). The housekeeping genes used for input normaliza-

tion were b-actin and 36b4. Primer sequences are the following:

b-actin Fwd: GGACCACACCTTCTACAATG

Rvs: GTGGTGGTGAAGCTGTGACC

36b4 Fwd: AGATTCGGGATATGCTGTTGG

Rvs: AAAGCCTGGAAGAAGGAGGTC

Sirt1 Fwd: TGTGAAGTTACTGCAGGAGTGTAAA

Rvs: GCATAGATACCGTCTCTTGATCTGAA

Pneumocyte isolation

Mouse lungs were intracardially perfused with 20 ml ice-cold PBS,

then lungs were removed, and 2 ml of 5 U/ml dispase (Corning)

was injected intratracheally. Lungs were placed in a tube containing

HBSS + 1% FBS. After 15 min of incubation with dispase at room

temperature, digested lungs were cut into small pieces and

transferred to a GentleMacs tube containing 7 ml HBSS, 1% FBS,

20 U/ml DNase I (Promega), and 70 U/ml collagenase I (Gibco).

Then, samples were homogenized using the “mouse lung 1” Gentle-

Macs program (Miltenyi), incubated for 30 min at 37°C under shak-

ing, and homogenized again with the “mouse lung 2” GentleMacs

program. The homogenized mixture was then filtered through a

70-lm cell strainer (BD) and centrifuged at 300× g for 5 min. Super-

natant was discarded, and cell pellet was resuspended in 5 ml

Quiagen lysis buffer for 10 min at 37°C for red blood cell lysis. Cells

were then resuspended in RPMI + 10% FBS. Cell counting and

viability were evaluated using trypan blue (Sigma) in an automated

cell counter Countess (Molecular Probes) and resuspended at 107

cells/ml in HBSS + 2% FBS containing 10 mM HEPES buffer

(Gibco). For the detection of the b-galactosidase reporter, b-galacto-
sidase activity was assessed using the fluorescein di-b-D-galactopyr-
anoside (FDG, Thermo Fisher Scientific) vital substrate, as

described elsewhere [48]. Briefly, 100 ll of cell suspension was

aliquoted into pre-warmed FACS tubes containing 100 ll of 2 mM

FDG solution in distilled water. Cell suspension was mixed and

incubated at 37°C in a water bath for the indicated times. FDG

uptake was stopped with 2 ml ice-cold HBSS + 2% FBS + 10 mM

HEPES buffer. Cells were then centrifuged at 300× g for 5 min,

supernatant was discarded, and cell pellet was resuspended in

300 ll HBSS buffer. For negative controls, the competitive inhibitor

of b-galactosidase activity, phenylethyl b-D-thiogalactopyranoside
(PETG, Thermo Fisher Scientific), was added prior to the FDG load-

ing to a final concentration of 1 mM. For detection of Katushka,

cells were directly treated for flow cytometry as described below.

Flow cytometry

Pneumocytes were blocked for 30 min in HBSS + 3% BSA at 4°C

and then stained with anti-CD45 APC (dilution 1:200, BD) anti-CD31

PE (dilution 1:400, BD) monoclonal conjugated antibodies. DAPI

(Sigma) was added for live/dead discrimination to a final concentra-

tion of 20 ng/ml, and samples were immediately acquired in an

InFlux (BD) and sorted directly into a tube filled with TriReagent.

Fluorochrome spectral overlapping was corrected with the use of

single compensation controls (OneComp Beads, eBioscience), and

population gating was performed using fluorescence minus one

controls (FMOs). All data were analyzed using FlowJo v9.9.3

(Treestar, OR).

RNAseq

Library construction protocol

Pulse experiment: RNA sequencing libraries were prepared following

the SMARTseq2 protocol [81] with some modifications. Briefly, RNA

quality (RIN value) and quantity was estimated from the Agilent

RNA 6000 Nano assay and 1.8 ll of RNA was used for cDNA synthe-

sis. Reverse transcription was performed using SuperScript II (Invit-

rogen) in the presence of oligo-dT30VN (1 lM; 50-AAGCAGTGG
TATCAACGCAGAGTACT30VN-30), template-switching oligonu-

cleotides (1 lM), and betaine (1 M). The cDNA was amplified using

the KAPA Hifi Hotstart ReadyMix (Kappa Biosystems), 100 nM

ISPCR primer (50-AAGCAGTGGTATCAACGCAGAGT-30), and eight

or 20 cycles of amplification, in function of the starting material

quantities. Following purification with Agencourt Ampure XP beads

(1:1 ratio; Beckmann Coulter), product size distribution and quantity

were assessed on a Bioanalyzer using a High Sensitivity DNA Kit

(Agilent). 200 ng of the amplified cDNA was fragmented for 10 min

at 55°C using Nextera� XT (Illumina) and amplified for 12 cycles

with indexed Nextera� PCR primers. Products were purified twice

with Agencourt Ampure XP beads (0.8:1 ratio) and quantified again

on a Bioanalyzer using a High Sensitivity DNA Kit.

The Nextera� libraries were sequenced on HiSeq2000 (Illumina,

Inc) in paired-end mode with a read length of 2 × 76 bp using

TruSeq SBS Kit v4 and TruSeq Dual Index of 8 + 8 bp. We generated

in a mean 20 million paired-end reads for each sample in a fraction

of a sequencing v4 flow cell lane, following the manufacturer’s

protocol. Image analysis, base calling and quality scoring of the run

were processed using the manufacturer’s software Real Time Analy-

sis (RTA 1.18.66.3) and followed by generation of FASTQ sequence

files by CASAVA.
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Pulse+chase experiment: An average of 4.5 ng (range: 2.2–5 ng)

of total RNA per sample was used. Sample RNA Integrity Numbers

(Agilent 2100 Bioanalyzer) were in the range of 7.4–9.2 (average of

8.2). Total RNA samples were processed with the SMART-Seq v4

Ultra Low Input RNA Kit (Clontech) following manufacturer instruc-

tions. Resulting cDNA was sheared on a S220 Focused ultrasonica-

tor (Covaris) and subsequently processed with the KAPA Hyper

Prep Kit v4.15 (KAPA Biosystems). Briefly, oligo(dT)-primed reverse

transcription was performed in the presence of a template-switching

oligonucleotide, and double stranded cDNA was produced by nine

cycles of PCR and submitted to acoustic shearing. Fragments were

processed through subsequent enzymatic treatments of end-repair,

dA-tailing, and ligation to Illumina adapters. Adapter-ligated

libraries were completed by limited-cycle PCR (nine cycles).

Libraries were applied to an Illumina flow cell for cluster generation

and sequenced with an Illumina HiSeq2000 following manufac-

turer’s protocols. Briefly, image analysis, per-cycle basecalling, and

quality score assignment was performed with Illumina Real Time

Analysis software. Conversion of Illumina BCL files to bam format

was performed with the Illumina2bam tool (Wellcome Trust Sanger

Institute—NPG).

RNAseq data processing and differential expression

All sequenced libraries were filtered in order to keep reads with a

Q33 quality score or higher. Quality filtered reads were first

mapped to the mouse transcriptome using TopHat2 read mapper

[82], and the remaining unmapped reads were mapped to the

mouse genome. Ensembl build GRCm38 was used as reference.

Alignment sensitivity parameter was set to sensitive and library

type as fr-unstranded (pulse) or fr-firstrand (pulse + chase), and r

parameter was set to the value of the average insert size for each

library, along with TopHat2 default parameters. HTSeq (v.0.6.1)

[83] was used to generate the count matrix. EdgeR Bioconductor

software package was used for differential gene expression data

analysis.

Differential expression gene matching between the RNAseq from

pneumocytes was formed using R scripts for ID matching.

Functional analysis of the differentially expressed genes was

performed using the open GeneCodis tool and KEGG pathways

annotations.

Statistical methods

Statistical tests and significances are specified at every figure

legend. Sample collection was always performed using biological

replicates (individual clones in in vitro experiments, different

mouse individuals in in vivo experiments). Where possible, normal

distribution of data was checked by the Shapiro–Wilk test, and

equal variances were checked by the F-test. For animal experi-

ments, sample size was chosen by considering statistical parame-

ters from previous, similar experiments [44], estimating a hazard

ratio of 2.5 and the power of the statistical test set at 0.8. The

subsequent analysis using R software resulted in an estimation of

sample size of 15–20 animals per group. For in vitro experiments,

we used a minimum of three independent biological replicates,

estimating that this sample size is adequate to detect robust

changes. In the case of the human lung TMA, three to four dif-

ferent cores from each tumor were included in the TMA. Cells or

mice samples were allocated to their experimental groups accord-

ing to their pre-determined type (cell type or mouse genotype),

and therefore, there was no randomization. Except for the patho-

logical analyses, investigators were not blinded to the experimental

groups (cell types or mouse genotypes).

Data availability

The RNAseq data from this publication have been deposited to the

GEO database (https://www.ncbi.nlm.nih.gov/geo/) and assigned

the identifiers GSE115179 (pulse experiment) and GSE115186 (pulse

and chase experiment).

Expanded View for this article is available online.
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