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Abstract

Genomic instability is a major hallmark of cancer. To maintain genomic integrity, cells are equipped with dedicated sensors
to monitor DNA repair or to force damaged cells into death programs. The tumor suppressor p53 is central in this process.
Here, we report that the ubiquitous transcription factor Upstream Stimulatory factor 1 (USF1) coordinates p53 function in
making proper cell fate decisions. USF1 stabilizes the p53 protein and promotes a transient cell cycle arrest, in the presence
of DNA damage. Thus, cell proliferation is maintained inappropriately in Usf1 KO mice and in USF1-deficient melanoma cells
challenged by genotoxic stress. We further demonstrate that the loss of USF1 compromises p53 stability by enhancing p53-
MDM2 complex formation and MDM2-mediated degradation of p53. In USF1-deficient cells, the level of p53 can be restored
by the re-expression of full-length USF1 protein similarly to what is observed using Nutlin-3, a specific inhibitor that
prevents p53-MDM2 interaction. Consistent with a new function for USF1, a USF1 truncated protein lacking its DNA-binding
and transactivation domains can also restore the induction and activity of p53. These findings establish that p53 function
requires the ubiquitous stress sensor USF1 for appropriate cell fate decisions in response to DNA-damage. They underscore
the new role of USF1 and give new clues of how p53 loss of function can occur in any cell type. Finally, these findings are of
clinical relevance because they provide new therapeutic prospects in stabilizing and reactivating the p53 pathway.
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Introduction

Genomic instability is a central hallmark of cancer, where DNA

damaging agents play an important role [1–2]. The transforma-

tion of normal cells into cancer cells requires the succession of

several genetics alterations within the genome that alter key

physiological regulatory processes.

In DNA-damaged eukaryotic cells, genome integrity is main-

tained by an immediate and inducible protective program. This

program requires dedicated sensors that drive and regulate the

cellular response, by monitoring DNA-repair and if required by

forcing damaged-cells into cell death pathways [3]. When these

sensors are compromised, sensitivity to mutagenic agents is increased

and the mutation rate speeds up, allowing tumor development. The

extent of DNA lesions and the capacity of dedicated sensors to direct

a proper response are thus determining parameters of cell fate.

To date, the tumor suppressor p53 is the most important sensor

[4], being a central and early regulator of the DNA-damage

response. Upon recognition of DNA damage, p53 induces a

transient growth arrest by holding the cell cycle at the G1/S

regulation point. p53 acts through activating the expression of the

cell-cycle arrest gene CDKN1A (p21) [5,6,7], allowing DNA repair

and thereby preventing the development of cancer. This p53-

dependent transient cell cycle arrest is thus a decisive step in cell

fate that requires the stabilization of p53 protein. Indeed, in the

absence of cellular stress, p53 is maintained at low steady-state

levels by the dynamic p53-MDM2 feedback loop [8]. In response

to DNA-damage signaling, the p53 protein undergoes extensive

post-translational modifications including phosphorylation by

DNAPK, ATM and ATR, all members of the PI3K family [9].

These modifications nucleate subsequent changes in the repertoire

of proteins interacting with p53 and in particular abolish the p53-

MDM2 interaction [10]. This results in the immediate increase in

p53 levels and transcriptional activity, thereby directing cell fate

decisions [11,12,13].

The Upstream Stimulatory Factor 1 (USF1) is an ubiquitous

transcription factor of the basic-helix-loop-helix leucine-zipper

(bHLH-LZ) family that operates as a stress sensor. USF1 is a direct

target of the p38 stress-activated kinase and genetic studies

demonstrate that USF1 is a transcriptional rheostat for the stress

response [14,15,16]. In response to UV-radiation, a physiological

source of direct DNA-damage, known as the major risk factor for

skin cancers [17,18,19,20], USF1 regulates the expression of

pigmentation genes [15], and genes of the nucleotide excision

repair pathway (NER) [21]. This protective function of USF1

is important since the repair of DNA damage is central to the

maintenance of genome stability.

PLOS Genetics | www.plosgenetics.org 1 May 2014 | Volume 10 | Issue 5 | e1004309

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1004309&domain=pdf


The USF1 and p53 pathways both have pivotal roles in the

response to stress, where they participate in the immediate

molecular and cellular responses. They regulate common biolog-

ical processes to mitigate deleterious effects. Both pathways have

been studied in detail, but little is known about any crosstalk

between them, although in vitro studies suggested that USF1 may

regulate the basal transcription of the p53 gene [22,23]. We thus

examined whether USF1 could contribute to the canonical p53

stress response by directing proper cell fate decisions. We used a

combination of in vivo and in vitro genetic approaches to test for the

presence of a coordinated USF1/p53 program. We demonstrate

that in the presence of DNA damage, USF1 is necessary for

immediate p53 protein stabilization and that the p53-mediated

cell cycle arrest requires USF1. We report evidence that USF1 is

a central regulator of p53 to direct cell fate decisions, identi-

fying thereby a new functional and unexpected role for USF1.

Collectively, these findings have important and broad conse-

quences for our understanding of mechanisms that maintain stress-

induced DNA damage and cancer promotion.

Results

USF1-deficient mouse skin is unable to up-regulate p53
in presence of DNA damage

To identify a coordinated USF1/p53 program, we first

examined p53 expression (by assaying mRNA and protein levels)

and the p53 acute stress response in Usf1-/- mice. Mice were

challenged with UVB irradiation, a physiological inducer of direct

DNA-damage, known to activate the p53 pathway [24]. We

quantified Trp53 mRNA in skin cells from Usf1 KO mice and WT

littermates (n = 9 for each genotype) and found no significant

differences between the two genotypes both before and 5 hours

after UVB radiation (Figure 1A). Similarly, the basal level of the

p53 protein was low, with no statistical difference (Wilcoxon

Mann-Whitney test with W = 0,98) between the two genotypes

(n = 16 and n = 11 for respectively Usf1 KO mice and WT

littermates). However, while a significant and reproducible 2-fold

increase of the p53 protein was observed in WT littermates

5 hours post-UVB irradiation, p53 protein-levels remained low

and unchanged in Usf1-/- mice (Figure 1B). Phosphorylation of the

H2AX histone (cH2AX), a substrate of the DNAPK/ATM/ATR

axis [25,26], increased following irradiation in both genotypes

confirming comparable signal transmission of UVB-induced DNA

damage (Figure 1B). Levels of p53 remained low in Usf1-/-

mice compared to their WT littermates 12 h post-irradiation

(Figure S1A). This ruled out the possibility that the p53 response in

Usf1-/- mice was simply delayed. Following UVB-irradiation, the

p21, 14-3-3 sigma and PCNA genes were less strongly induced in

Usf1-/- than control mouse skin both in vivo (Usf1-/- mouse skin;

Figure 1C) and ex vivo (Usf1-/- cultured skin biopsies; Figure S1B).

Thus, the absence of induction of p53 in the Usf1-/- mice was

accompanied by weaker up-regulation of some p53 target genes

required for the DNA-damage response, 5 hours post-irradiation.

In addition, and in accordance with the use of the mice minimal

erythema dose (MED), Bax and Puma pro-apoptotic genes were not

up-regulated 5 hours post-irradiation in both genotypes (data not

shown).

Trp53-deficient mice have reduced DNA repair ability and

impaired cell cycle arrest in response to DNA-damaging agents

[27,28]. We therefore used immunohistochemistry (IHC) to

examine the effect of USF1 deficiency on these processes. Levels

of cyclobutane pyrimidine dimers (CPDs) in the epidermis and

dermis and in the bulge region, 5 hours post-irradiation, were

higher in Usf1-/- mice than WT littermates (Figure 1D). This

was confirmed by ELISA, which showed that there was twice as

much CPD in Usf1-/- mouse skin (5 h post-UV; n = 4, p,0.05)

(Figure 1E). We next examined the proliferation index of

epidermal cells by IHC using Ki-67, the cellular marker of cycling

cells [29]. In non UV-exposed skin, the proliferation index in

the inter-follicular areas was comparable in the two genotypes.

In response to UVB irradiation, however, the proliferation

index remained constant in Usf1-/- mice whereas it decreased by

approximately 50% in WT littermates (Figure 1, F and G). The

defect of DNA repair (Figure S1C and S1D) and the absence of cell

cycle control (Figure S1E) in reponse to UVB was also observed in

cultured skin biopsies of Usf1-/- mice, up to 24 h after irradiation.

Thus, in addition to defective induction of p53 protein upon UVB

exposure, Usf1 deficient cells fail to down-regulate their cell cycle

despite the presence of DNA damage.

USF1 is required for p53-dependent G1/S arrest upon
genotoxic stress

To decipher the specific contribution of USF1 and p53 proteins

to the regulation of cell cycle progression upon genotoxic stress, we

generated stable knock-down (KD) cell lines using the B16 mice

melanoma cells that express active p53 and USF1 pathways. The

effectiveness of the shRNAs used to knock down Usf1 and Trp53

was verified (Figure 2, A and B). Levels of Trp53 mRNA were

comparable in Usf1 KD and control cells (sh-CT) and remained

unchanged in response to UVB, whereas the levels of the p53

protein increased only in UVB-irradiated control cells (Figure 2, A

and B). The mRNA and protein levels of p21, the p53-dependent

effector of the G1/S arrest, remained low in both Usf1 KD and

Trp53 KD cells in response to UVB, whereas they increased in

control cells. Furthermore, consistent with findings for Usf1-/-

mice, time course experiments showed that there was no delayed

UV-induced p53 and p21 up-regulation in Usf1 and Trp53 KD

cells (Figure S3A). These findings showed that the KD cell culture

models reproduced features of Usf1-/- mice. To examine S phase

progression upon genotoxic stress, cells were synchronized and we

followed the synthesis of DNA by measuring the incorporation of a

thymidine analogue (BrdU). The results show that the proliferation

rates of synchronized Usf1 and Trp53 KD cells were similar to

that of control cells (Figure 2C). However, in the UVB-irradiated

Author Summary

Cancer is a complex disease that is characterized by the
sequential accumulation of genetic mutations. Exposure to
environmental agents, such as solar ultraviolet, induces
such alterations and thus contributes to the development
of genomic instability. The tumor suppressor p53 has a
central role in orchestrating cellular responses to geno-
toxic stress. In response to DNA-damage, p53 is stabilized
and activated to direct cell fate decisions. Cells in which
p53 stabilization is compromised become more vulnerable
to mutagenic agents and hence the mutation rate
increases, which promotes tumor development. Stabiliza-
tion of p53 is thus a critical step towards cancer
prevention. Using a genetic approach, we demonstrate
that the ubiquitous transcription factor Upstream Stimu-
latory factor 1 (USF1) is required for immediate p53
stabilization and appropriate cell fate decisions following
genotoxic stress. Furthermore, we show that this involves
a novel function of USF1 that underscores its critical role as
a stress sensor. The loss of USF1 expression should thus be
considered as a potential initiator of tumorigenesis in the
context of environmental insults.
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Figure 1. Usf1 KO mice present defective induction of p53 protein. The back of Usf1 KO mice (Usf1-/-) and WT mice (Usf1+/+) were irradiated or
not irradiated with an UVB dose corresponding to the mice MED (5 kJ/m2) and the skin was analyzed 5 h later. (A) RT-qPCR analysis of Trp53 and Usf1
mRNA relative level (expressed as a ratio to the value for the Hprt transcript) in skin extracts from protected (-) and UV-exposed (+) areas. Error bars:
SD, n.9. (B) Western blot showing USF1, p53, cH2AX and HSC70 (loading control) immunoreactivity 5 h after skin irradiated or not irradiated with
UVB. The graph reports the mean ratio between the p53 signal (normalized to that for HSC70) in skin-exposed areas versus non-irradiated areas
(controls). Error bars: SD, n = 8 for each condition. (C) Usf1+/+ (Usf1 WT) and Usf1-/- (Usf1 KO) skins were or were not irradiated with UVB (5 kJ/m2) and
analyzed for the induction of transcripts in vivo. RT-qPCR analysis of CDKN1a (p21), SFN (14-3-3s) and PCNA transcripts in UVB-irradiated skin and non-
exposed controls; values reported were normalized to those for the Hprt transcript. Transcripts were assayed in vivo 5 hours after irradiation. Error
bars: SD, n = 4 in vivo (D) Immunohistochemical labeling of cyclobutane pyrimidine dimers (CPD) showing their localization and abundance in skin
areas (x100) exposed or not exposed to UVB. Dashed lines indicate the boundary between the dermis (d) and the epidermis (e), and arrows indicate
positive nuclei. (E) The level of CPDs in total DNA extracts from skin was quantified by ELISA. The graph shows the mean difference in the CPD
absorbance values between for exposed and protected skin areas. Error bars: SD, n = 4. (F) Immunofluorescence staining with the Ki-67 antibody of
inter-follicular cycling cells in skin areas (x100) exposed or not exposed to UVB. (G) The graph shows the mean percentage of cycling cells (calculated
as Ki-67-positive cells/total Dapi-stained cells) in protected and UV-exposed skin areas. Error bars: SD, n = 3. Student’s t test was used to test the
significance of differences (*, p ,0.05, **, p,0.01, ***, p,0.001).
doi:10.1371/journal.pgen.1004309.g001

Figure 2. USF1 mediates p53-dependent cell cycle arrest. B16 melanoma cells knocked down for Usf1 (sh-Usf1) or p53 (sh-Trp53) and control
cells (sh-CT) were synchronized in G1/early S phase. The cells were then irradiated or not irradiated with UVB (0.3 kJ/m2) and the cell cycle released.
(A) Trp53, Usf-1 and p21 mRNAs in cells irradiated (+) or not irradiated (-) with UVB were quantified by RT-qPCR 3 hours after the release of the cell
cycle; results are reported relative to the values for the Hprt transcript. Error bars: SD, n = 3. (B) Western blot analysis of USF1, p53, p21 and HSC70
(loading control) in protein extracts from cells treated as in A. (C) BrdU incorporation assay in cells irradiated or not irradiated with UVB. The values
plotted are mean percentages of BrdU incorporating cells after UVB irradiation compared to those for non-irradiated cells. Error bars: SD, n = 3. (D)
Stripchart plot showing the volume of tumors formed 12 days after subcutaneous injections of 2.104 B16 melanoma cells (sh-Usf1, sh-Trp53 or sh-CT).
UVB (0.3 kJ/m2) irradiated or control cells, for which cell viability had been controled and was identical, were injected into the two sides of the back of
NOD/SCID mice. Error bars: SD, n = 4 for mice injected with sh-CT and sh-Trp53, and n = 5 for mice injected with sh-Usf1 cells. Student’s t test was used
for statistical analysis (*, p ,0.05, **, p,0.01, ***, p,0.001).
doi:10.1371/journal.pgen.1004309.g002
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condition, while the number of BrdU-incorporating cells remained

unchanged and comparable for the Usf1 and Trp53 KD cells,

irradiated control cells exhibited a significant reduction, of 50%,

in the number of BrdU-incorporating cells. Similar results were

obtained using primary fibroblasts isolated from Usf1-/- mice and

Usf1+/+ littermates (Figure S2). These data are consistent with

the in vivo results (Figure 1, F and G), highlighting a general

mechanism. In addition, USF1 levels did not differ between Trp53

KD cells and controls, indicating that USF1 expression is not

dependent on p53 (Figure 2, A and B). This also suggests that

the deficiency in cell cycle arrest of Usf1 KD cells in response to

genotoxic stress may be the result of the absence of increased levels

and/or activity of p53 and p21 [5,6,7,30,31].

The loss of p53 is a critical event that promotes tumor growth.

We therefore investigated whether loss of USF1 favors tumor

growth in vivo under stress conditions. To this end, we injected

NOD/SCID mice subcutaneously with mock- or UVB-irradiated,

viable Usf1 and Trp53 KD cells, and examined tumor growth 12

days later. The tumors produced by UVB-irradiated control cells

were half the size of those produced by mock-irradiated control

cells (Figure 2D). Usf1 and Trp53 KD cells both generated massive

tumors and their sizes were not modified by UV-pretreatment

(Figure 2D). This demonstrates that USF1, like p53, is required for

the transient cell cycle arrest in order to delay cell proliferation in

response to induced DNA damage.

USF1 is critical for p53 protein stabilization
We next investigated how USF1 controls p53 protein levels.

USF1 was re-expressed in Usf1 KD cells and we showed that

this restored the induction of p53 protein (Figure 3A) and p53

transcriptional activity in response to stress (Figure S3B). The

effects of re-expressing USF1 were independent of Trp53 transcript

levels (data not shown) and similar results were obtained with

USF1 mutants lacking the DNA binding domain as well as

the transcriptional activation domain (Figure S3C). These

observations suggest that USF1 positively regulates p53 protein

levels and activity independently of its transcription factor

function. Therefore, USF1 may act through translational and/or

post-translational mechanisms to modulate p53 availability.

Treatment of Usf1 KD and control cells with MG132 (an inhibitor

of proteasome activity) resulted in immediate and similar increases

of p53 protein levels in the two types of cell lines (Figure 3B). This

indicates that USF1 prevents the degradation of p53 rather than

inducing p53 synthesis. Furthermore, the abundance of USF1

protein in control cells remained unchanged when proteasome

activity was inhibited (Figure 3B), validating the use of the MG132

inhibitor as a powerfull in vitro tool to further investigate the

mechanism of p53 stabilization in the Usf1 KD background.

Phosphorylation of p53 is important for its stabilization and is

dependent on the activation of the DNA damage signal

transducers, DNAPK, ATM and ATR. Since the phosphorylation

of serine 15 (Ser15) in the p53 protein is required to mediate

interactions with other proteins to block contact with its inhibitor,

MDM2 [32,33], we specifically examined this modification. Usf1

KD and control cells were pre-treated with vehicle or MG132 to

stabilize the p53 protein and exposed to UVB. In the absence of

MG132 pre-treatment, UVB-induced phosphorylation of Ser15

and stabilization of p53 occurred only in control and not in Usf1

KD cells (Figure 3C). Inhibition of the proteasome degradation

pathway in the presence UVB resulted in comparable levels of

phosphorylated Ser15 and stabilization of p53 in Usf1 KD cells

and control cells (Figure 3D). These results, together with data

showing that phosporylation of Chk1, a downstream target of

the ATM/ATR pathway implicated in p53 activation [34], is

maintained in Usf1-/- mice (Figure S3D) and in the Usf1 KD cells

in response to UV (Figure S3E). This suggests that while upstream

mechanisms of transduction of the DNA-damage signal, targeting

p53-stabilization, are functional in Usf1 KD cells, the absence of

USF1 prevents full stabilization of p53.

We next examined whether USF1 modulates the half-life of

p53. Cells were pre-treated with MG132 (for 3 hours) to stabilize

p53, and time course experiments were performed with the

protein translation inhibitor, cycloheximide (CHX) (Figure 3E).

The half-life of the p53 protein in Usf1 KD cells was 30 min, and

in control cells was 110 min (sh-CT) (Figure 3F). To confirm these

results Usf1 KD and control cells were co-transfected with a vector

encoding a flag-tag p53 construct and a GFP control construct.

GFP was expressed at the same level in the two cell lines, but p53

levels in Usf1 KD cells were half that in control cells (Figure 3G).

These in vitro results together with work from the Levine group

[35,36] suggest that the steady state level of p53 depends on

the experimental systems used (ie cell tranfection, chemical

compound), which are known to challenge cells. We next

examined the half-life of p53 by irradiating cells before CHX

addition and our results show that the half-life of p53 was over

180 min in control cells but only 60 min in Usf1 KD cells (Figure

S4A). Together this supports a role for USF1 in modulating the

half-life of p53 under conditions of stress.

To examine whether impairment of p53 stabilization could

be associated with the binding of USF1 with p53, overexpressed

flag-tag p53 was immuno-precipitated from both Usf1 KD and

control cells transfected as above (Figure 3G) and treated with or

without MG132 and UVB. We observed an interaction of p53

with USF1 only in control cells and this interaction is notably

increased after UV irradiation when the p53 protein is stabilized

(Figure 3H, upper panel). In order to confirm this interaction

between p53 and USF1, we performed immunoprecipitations

assays with USF1 antibody in Usf1 KD and control cells, pre-

treated with MG132 and following exposure to UVB. Again, only

in the presence of USF1 was an interaction observed between

USF1 and p53 which was particularly evident after UV irradiation

(Figure 3H, lower panel). These results highlight the potential

function of the USF1 transcription factor in stabilizing the p53

protein through a direct interaction.

USF1 associates with p53 and inhibits MDM2-mediated
p53 degradation

Since stabilization of p53 in response to genotoxic-stress is

dependent on the regulation of its proteasomal degradation, we

measured the rate of p53-ubiquitination in the absence of USF1.

The basal level of ubiquitinated flag-tag p53 was approximately

three times higher in Usf1 KD than control cells (Figure 4A).

Following MG132 treatment there was a substantial accumulation

of ubiquitinated flag-tag p53 in Usf1 KD cells. Irradiation

following MG132 treatment had almost no effect on the levels

of ubiquitinated flag-tag p53 in Usf1 KD cells but this level was

almost half in control cells (Figure 4A). These investigations

demonstrate that USF1 interferes with the process of p53

ubiquitination and thereby maintains p53 stability following

exposure to genotoxic agents.

MDM2 is the E3-ubiquitin ligase that interacts with p53 to

promote p53 degradation by the proteasome and is therefore a

central regulator of p53 stability [8]. We thus examined whether

USF1 protects p53 from interacting with MDM2 and conse-

quently preventing its degradation, by using immunoprecipitation

assays performed with antibodies to MDM2 (Figure 4B). The anti-

MDM2 antibody precipitated p53 with MDM2 from Usf1 KD

cells but not from the control cells and UVB irradiation had no
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Figure 3. USF1 is required to stabilize p53 protein following genotoxic stress. B16 melanoma cells knocked down for Usf1 (sh-Usf1)
and their controls (sh-CT) were analyzed for post-translational regulation of p53. (A) Western blot analysis of the effect of USF1 re-expression on
p53 protein levels in sh-Usf1 cells irradiated or not irradiated with UVB and tested 6 h after irradiation. Cells were transfected with the cDNA indicated

USF1 Regulates p53 Protein Stability
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significant effect (Figure 4B). These results suggest that in the

absence of USF1, the interaction between p53 and MDM2 is

favored. These immunoprecipitation experiments showed that

USF1 and MDM2 did not interact with one another. Also,

MDM2 was similarly abundant in both control and knock down

cell lines under all conditions tested, indicating that silencing Usf1

did not interfere with MDM2 levels (Figure 4, B and C). In

addition, we demonstrate that the level of the MDM2 protein

remains unchanged under the cell culture conditions previously

tested (Figure S4 B–D). Together these results suggest that USF1

and MDM2 could bind p53 in a competitive manner.

To confirm that the interaction of MDM2 was responsible for

the increased degradation of p53 in Usf1 KD cells, we examined

the levels of flag-tag p53 in the presence of Nutlin-3, a specific

inhibitor of the MDM2-p53 interaction (Figure 4D). Consistent

with our previous results, the expression of flag-tag p53 in Usf1

KD cells was half that in control cells. A short treatment (6 h) with

Nutlin-3 almost completely restored the level of flag-tag p53 in

Usf1 KD cells. We next compared the ability of MDM2 to degrade

p53 in the presence and absence of USF1. Control and Usf1 KD

cells were transiently co-transfected with vectors expressing p53

and MDM2. Whereas co-expression with MDM2 led to a

decrease of approximately 70% of p53 protein in Usf1 KD cells,

there was only a 37% decrease in control cells (Figure 4E). When

we restored USF1 expression, the degradation of p53 mediated

by MDM2 was completly counteracted (Figure 4F). These results

provide further evidence that USF1 contributes to protecting p53

from MDM2-mediated degradation.

MDM2 has been reported to promote nuclear export of p53

and thereby targetting it for degradation [35]. We therefore

determined whether USF1 can interfere with MDM2 mediation of

p53 cellular localization under conditions described in Figure 4F

and using Nutlin-3. In the presence of Nutlin-3, the levels of p53

were exclusively nuclear and higher compared to control (vehicle).

When p53 and MDM2 were co-expressed, p53 was completely

degraded confirming the activity of MDM2 on p53. As expected,

the presence of Nutlin-3 almost completely counteracted the

MDM2-mediated degradation of p53 and led to accumulation of

p53 in the nucleus. Finally, similar to the results obtained for

Nutlin-3, co-expression of USF1 with p53 and MDM2 abolished

p53 degradation and maintained the nuclear localization of the

p53 protein (Figure 4G). Under comparable conditions of

overexpression, we quantified the interaction between p53 and

USF1 using the Duolink PLA techonology, and show that the

number of p53/USF1 interactions decreased when MDM2 was

co-expressed (Figure 4H). In addition, re-expression of USF1 (WT

or AUSF forms), with p53 and MDM2 led to a significant increase

of the number of p53/USF1 interactions (Figure 4H, right panel).

Together, these data demonstrate that USF1 interferes with

MDM2-mediated nuclear export of p53 and its subsequent

degradation by directly interacting with p53.

Discussion

Activation of the p53 pathway in response to DNA damage is a

critical mechanism that selectively directs cells to transient cell

cycle arrest to favor DNA repair or to promote cell death when

DNA damage is irreparable. Disruption of this protective pathway

leads to an increase in cells’ mutation load promoting genomic

instability and frequently cancer development [36]. Our study

demonstrates a new role for USF1 as a key upstream regulator of

the p53 pathway. We provide compelling evidence that USF1

binds to p53 under UV stress conditions, preventing MDM2-

mediated p53 degradation. Under stress conditions, USF1 thereby

ensures the stability and tumor suppressor activity of the p53

protein. We thus propose that USF1 directs appropriate p53-

dependent cell fate decisions in response to genotoxic stress

(Figure 5).

The transcription factors USF1 and p53 are both associated

with the stress response and with cell proliferation [37,38,39] and

while there is evidence suggesting a link between them, this had not

been demonstrated in vivo. For example, USF1 and p53 regulate

the transcription of common target genes including APC, BRCA2

and hTERT [18,40,41,42,43,44], and in vitro studies implicated

USF1 in the basal regulation of the Trp53 promoter [22,23]. Here,

we report that, in mice skin and in B16 melanoma cells, USF1

drives DNA damage-induced cell cycle arrest by regulating p53

protein stability and function. Thus in vivo loss of USF1 parallels

p53 deficency [27,45], with altered proliferation control in the

presence of DNA-damage. And like Trp53-/- [46,47] or p21-/- cells

[5], Usf1-/- primary fibroblasts bypass the transient cell cycle arrest

triggered by DNA damaging radiation. We further found that

under basal conditions the skin of WT and Usf1-/- mice contained

similar levels of p53 mRNA and protein, but observed differences

in p53 protein levels between the two genotypes after UVB

challenge. Despite previous suggestions, we could not demonstrate

a transcriptional link between USF1 and p53 [22,23]. This could

possibly be attributed to cell specificities or stress-dependent

contexts in which levels and activities of transcriptional factors,

required to drive Trp53 gene expression may vary [48]. Indeed, in

studies involving human skin and keratinocytes UV-induced p53

was shown to be regulated only at the post-translational level but

not at the mRNA level, while irritants that promote erythema

induced p53 mRNA expression [49,50]. These observations

indicate that USF1 may act through more than one route to

increase p53 levels according to cell type. In skin and in response

to UV-induced DNA damage USF1 controls the p53 protein

stability. This is expected to be of significant impact, since one

attractive strategy for cancer therapy is based on p53 reactivation

in cancers encoding normal but inactivated p53 protein, as

observed frequently in melanomas [51,52,53].

Our evidence that USF1 stabilizes the p53 protein suggests that

it may have functions independent of its well-defined role as a

transcriptional regulator. Indeed, USF1 regulates gene expression

(as described in the materials and methods) and analyzed for USF1, p53 and HSC70 (loading control). (B) Western blot showing USF1, p53 and
HSC70 immunoreactivity in sh-CT and sh-Usf1 cells at the indicated time following treatment with MG132 (10 mM). (C–D) Time course of
p53 accumulation and Ser15-phosphorylation in sh-CT and sh-Usf1 cells treated with vehicle (DMSO) in C or MG132 (10 mM) plus UVB
(0.3 kJ/m2) irradiation in D. (E–F) p53 degradation in sh-CT and sh-Usf1 cells pretreated for 3 h with MG132 (10 mM) and then with cycloheximide
(CHX 20 mM) (E). Cells were analyzed at the time points indicated after addition of CHX. The graphs show the results of densitometric analysis
of p53 immunoreactive bands (normalized to the loading controls H2AX or HSC70). (G) Western blot showing flag-tagged p53 and GFP proteins
in sh-CT or sh-Usf1 cells after co-transfection of the corresponding cDNA. (H, upper panel) Immunoprecipitation analysis to assay flag-tagged
p53 after transfection of sh-CT or sh-Usf1 with the corresponding cDNA. Cells were treated with MG132, were or were not irradiated with UVB
and analyzed 3 hours later. (H, lower panel) sh-CT and sh-Usf1 cells were treated with 10 mM MG132 for 3 hours then irradiated or not irradiated
with UVB. Western blot analysis of proteins immunoprecipitated from cell lysates with USF1 antibody and blotted with p53 (1C12) and USF1
antibodies.
doi:10.1371/journal.pgen.1004309.g003
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through binding E-box regulatory elements in the promoters

of target genes or by acting as a docking platform to recruit

chromatin-modifying enzymes such as CBP/p300, PCAF, Set7/9,

HDAC9 [54,55,56,57,58]. We now demonstrate that USF1

physically associates with the p53 complex. The ability of USF1

to promote p53 function appears to be independent from its ability

to bind DNA. We cannot however exclude the possibility that

the interaction between these two transcription factors may be

important to bring p53 in the vicinity of p53 DNA-responsive

element. Together this provides new prospects for how USF1

and p53 may regulate the expression of common target genes. In

addition, it shows that USF1 can function through a new and

unexpected mechanism to control cellular processes, broadening

the role of USF1 and of members of the b-HLH-LZ transcription

factors family.

Here we demonstrate that, in response to stress, USF1 associates

with p53 to ensure p53 function. USF1 thereby prevents MDM2-

mediated ubiquitination and subsequent degradation of p53. This

mechanism relies on a stress-dependent association of USF1 with

the p53 protein. Other stress-inducible transcription factors have

been reported to contribute to the regulation of p53. For example,

the transcription factor YY1 [59] enhances MDM2-mediated

ubiquitination of p53 while ATF3 [60] prevents p53 ubiquitina-

tion and TAFII31 [61] prevents MDM2 association with p53.

Although these transcription factors share a common role with

USF1 in mediating p53 stability, the function of USF1 is not

redundant since loss of USF, on its own, impedes p53 stabilization.

The importance of USF1 in regulating p53 function may first be

attributed to their hierarchical relation. Trp53 KD cells express

normal levels of USF1 but they are not able to direct cell cycle

arrest as observed for Usf1 KD cells. Similarly, overexpression of

USF1 in p53-null Saos2-cells is not able to mimic the effect of p53

on cell proliferation, while USF1 promotes p53 function in p53

expressing cells [62]. USF1 is thus proposed to operate as an

upstream regulator of p53 stability and function. Second, the

abundance of USF1 may also support its critical role in directing

p53 function. Indeed, while USF1 is constitutively expressed,

ATF3 and YY1 mediated p53-interaction requires their induction

in response to genotoxic stress [59,60]. This suggests that USF1

is an immediate regulator of p53 stabilization in response to

genotoxic stress. This however does not exclude the possibility that

these transcription factors could act sequentially. Why and how

the association of one factor with p53 is favored over another

remains however to be elucidated. One possibility could be that

the nature and intensity of the DNA damage regulate this to

influence p53-directed cell fate [13,63].

To date, the implication of USF1 in cancer development

has been investigated through only one angle, its function as a

transcription factor. SNPs affecting USF1 binding to the Pten

promoter have been found to be associated with Cowden

syndrome [64]; the loss of USF1 transcriptional activity has been

described in several breast cancer cell lines [65] and the activation

of the hTERT gene in oral tumors is associated with the decreased

expression of USF1 and USF2 [66]. Together, this supports the

transcriptional role of USF1 in cancer development, although

no association has been reported between mutations in the

USF1 coding sequence and UV-induced cancer or other cancers

Figure 4. USF1 counteracts MDM2-mediated p53 degradation upon cellular stress. p53 protein-protein interactions and MDM2 mediated
p53 degradation were studied in B16 melanoma cells knocked down for Usf1 (sh-Usf1) and their controls (sh-CT ). (A–B) sh-CT and sh-Usf1 cells were
treated with 10 mM MG132 for 3 hours then irradiated or not irradiated with UVB. Western blot analysis of proteins immunoprecipitated from cell
lysates (A) Immunoprecipitation analysis to assay ubiquitinated flag-tagged p53 after transfection of sh-CT or sh-Usf1 with the corresponding cDNA.
Cells were treated with MG132, were or were not irradiated with UVB and analyzed 3 hours later. The values reported indicate the level of p53
ubiquitination (normalized to the total amount of flag-tagged protein recovered). p53 expressing sh-Usf1 cells treated with MG132 has been arbitrary
chosen as the reference (100%) since it is the condition where normalized-level of p53-ubiquitinated protein is the highest. (B) sh-CT and sh-Usf1 cells
were treated with 10 mM MG132 for 3 hours then irradiated or not irradiated with UVB. Western blot analysis of proteins immunoprecipitated from
cell lysates with a mix of two MDM2 antibodies (SMP14 and 3G9) and blotted with p53 antibody (1C12). (C) Western blot analysis showing basal levels
of USF1, MDM2 and HSC70 (loading control) in sh-CT and sh-Usf1 cell lysates. (D) Western blot showing the effect of Nutlin-3 (10 mM, 6 h) treatment
on the levels of flag-tagged p53 and GFP proteins in sh-CT and sh-Usf1 cells; antibodies to USF1, p53, GFP and HSC70 (loading control) were used. (E)
Western blot analysis of p53, MDM2 and HSC70 (loading control) in sh-CT and sh-Usf1 cells over-expressing either p53 or p53 plus MDM2. (F) Same
experiment as in D but in sh-Usf1 KD cells over-expressing either GFP or USF1. (G) Immunofluorescence analysis of p53 expression and localization in
sh-Usf1 KD cells treated as in D and stimulated with vehicle (DMSO) or Nutlin-3 (10 mM) for 6 hours. Experiments have been done in triplicate and 15
to 20 microscopic fields analyzed per condition. (H) Quantification of the level of p53 and USF1 interaction in B16 melanoma cells using Thermo
Scientific Cellomics HCS Solution (fluorescent microscopy) using Duolink PLA technology. Quantification of p53-USF1 interaction level using specific
primary antibodies and Duolink PLA technology in B16 melanoma sh-CT cells over-expressing either p53 or p53 plus MDM2 (left panel). The graph
represents the cumulative level of fluorescence observed in B16 cells under specific spotted form. p53 plus GFP is used as control condition.
Quantification of p53-USF1 interaction level in B16 melanoma sh-Usf1 cells over-expressing p53 plus MDM2 and or not different forms of USF1 (wild
type or negative dominant (AUSF)) (right panel). p53 plus MDM2 is used as control condition.
doi:10.1371/journal.pgen.1004309.g004

Figure 5. Model of regulation of p53 stabilization by USF1 in
response to stress. USF1 prevents MDM2-mediated p53 degradation
under stress conditions, thereby ensuring the stability and tumor
suppressor activity of the p53 protein. Left Panel, in the absence of
stress, p53 is targeted to proteasomal degradation after binding to
MDM2, maintaining cell proliferation. Right Panel, under DNA-damage
context, USF1 counteracts MDM2 function by interacting with p53
thereby increasing its transcriptional activity to control transient cell
cycle arrest and DNA repair processes. In the absence of USF1, p53
stabilization is abolished abrogating cell cycle control in response to
DNA damage and thereby favoring genomic instability.
doi:10.1371/journal.pgen.1004309.g005
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[67,68,69]. Cancers are associated with exposure to environmental

and biological carcinogens, including virus infection, tobacco

smoke and sunlight, both of which promote DNA hypermethyla-

tion [70]. Interestingly, oncogenic transformation by Helicobacter

pylori infection is associated with the methylation of the USF1

promoter and subsequent inhibition of USF1 protein production

[71]. In addition, Helicobacter pylori infection has been also shown

to impair p53 protein stability [72]. It remains to be elucidated

whether this mechanism of stress-induced epigenetic transforma-

tion contributes to silencing of USF1 and thus impairing p53

stability and whether it is a new mechanism of how p53 loss of

function may occur in cancer cells.

In this work we demonstrate that USF1 is a critical stress sensor

required to direct appropriate p53-dependent cell fate decisions.

USF1 operates through a new and unexpected function revealing

additional functions for bHLH-LZ factors. Finally, our findings

suggest that the loss of USF1 expression should be consider as a

potential initiator of tumorigenesis in the context of environmental

insults.

Materials and Methods

Mouse skin irradiation
Usf1-/- (KO) and Usf1+/+ (WT) mice were kindly provided by

Sophie Vaulont (Cochin Institute) [73]. Animals 8–12 weeks old

were used for UV irradiation experiments. Mice were maintained

under specific pathogen-free (SPF) conditions in our accredited

animal facilities (A 35 – 238 – 40). For in vivo irradiation, the backs

of the mice were shaved, and one area was protected (non-exposed

control) and another irradiated (exposed area). For ex vivo analysis,

skin biopsies (0.8 cm diameter) were recovered from the back of

WT and Usf1-/- mice and maintained in culture as previously

described (Baron Y. et al., 2012). Skins were irradiated with a

single UVB dose (312 nm, 5 kJ/m2) using the Stratalinker

apparatus (Stratagene). This dose corresponds to the minimal

erythema dose (MED) of these mice, inducing erythema 24 h later.

Ethics statement
The present animal study follows the 3R legislation (Replace-

Reduce-Refine). It has been declared and approved by the French

Government Board (Nu5347). Animal welfare is a constant

priority: animals were thus sacrificed under anesthesia.

Cell culture, small hairpin (sh) RNA transductions, and
inhibitor treatments

Mice primary fibroblasts were isolated by collagenase dissoci-

ation of skin dermis from Usf1-/- and Usf1+/+ mice [74]. Cells were

cultured in DMEM (Invitrogen) medium containing 10% FBS and

1% penicillin-streptomycin at 37uC under a 5% CO2 atmosphere

for one week before the irradiation protocol. Cells were then

irradiated with 0.6 kJ/m2 UVB and harvested at the indicated

time points.

B16 mice melanoma cells were transduced with lentiviral

particles containing a vector carrying an shRNA (Sigma) targeting

the murine Usf1 mRNA (sh-Usf1 SHCLNV-NM_009480 clone

TRCN0000302005) or the Trp53 mRNA (sh-Trp53; SHCLNV-

NM_011640 clone TRCN000030210844), or carrying scrambled

shRNA (sh-CT (SHC002V). After infection, cells were maintained

under selection in the presence of puromycin (Invitrogen). Cells

were then routinely cultured in RPMI (Invitrogen) supplemented

with 10% FBS and 1% penicillin-streptomycin at 37uC under a

10% CO2 atmosphere. Cell were irradiated with 0.3 kJ/m2 UVB

and harvested at the indicated time points. For MG132 assays,

cells were treated with 10 mM Z-Leu-Leu-al (Sigma) in RPMI

(Invitrogen) medium. For cycloheximide (CHX) treatment, after

3 h of MG132 treatment the culture medium was removed and

replaced by medium containing 20 mM CHX (Sigma). For Nutlin-

3 treatments, cells were stimulated with 10 mM of Nutlin-3 (Santa

cruz).

Cell cycle synchronization, cell viability and BrdU
incorporation analysis

B16 melanoma cells were synchronized in G1/S phase

following a double thymidine/aphidicolin block (16 h with

2 mM thymidine, released for 9 hours and then 16 h with 5 mg/

ml aphidicolin).Cell viability following exposure to UV was

measured using MTT test as previously described [21].

BrdU analysis was carried using an in situ BrdU detection kit

(BD Biosciences): as recommended by the manufacturer. Positively

stained cells (BrdU positives) and total cells (hematoxylin stained)

in 10 randomly selected microscopic fields (x100) were counted for

each condition.

Gene expression analysis
RNA extraction and RT-PCRq were as previously described

[21]. Relative amounts of transcripts were determined using

the delta Ct method. Data were normalized to the values for the

HPRT transcript. Forward (F) and reverse (R) primers were

designed using the Universal Probe Library Assay Design Center

(Roche) and their efficiency has been confirmed.

Western blotting and immunoprecipitation
Mouse skin proteins were extracted by pottering 8 mm diameter

skin biopsies in liquid nitrogen; the resulting powders were lysed in

a lysis buffer containing 10 mM EDTA, 50 mM pH 8 Tris-HCl,

0.5% Empigen BB, 1% SDS, 25 mM NaF, 1 mM orthovanadate,

25 mM b-glycerophosphate, and 1x protease inhibitor cocktail

(Roche Diagnostics). Cell culture protein lysates were obtained by

scraping off cells in NP40 lysis buffer: 20 mM Tris pH 7.5,

100 mM NaCl, 20 mM b-glycerophosphate, 5 mM MgCl2, 0.2%

NP-40, 10% glycerol, 1 mM NaF, 0.5 mM DTT, 1x protease

inhibitor cocktail. Equal amounts of protein (30 mg), quantified

using the BCA protein assay (Sigma) were denaturated in Laemmli

buffer for 5 min at 95uC and resolved by 15% SDS-PAGE.

Membranes were probed with appropriate antibodies and signals

detected using the LAS-3000 Imaging System (Fujifilm) were

quantified with ImageJ (http://rsbweb.nih.gov/ij/). The following

primary antibody were used: anti-USF1 (C:20), anti-HSC70 (B-6),

anti-MDM2 (SMP14), anti-GFP (Santa Cruz), anti-CPD (TDM2)

(MBL), anti-p53 (1C12), anti-phospho H2AX Ser139 (cH2AX)

(Cell Signaling), anti-total histone H2AX, anti-p21 (Abcam), and

anti-MDM2 (3G9) (Millipore) and anti-Ubiquitin (Dako).

Co-immuno-precipitation experiments were performed using

1 mg of protein with 2 mg of Rabbit IgG (Jackson ImmunoR-

esearch, West Grove, PA) as negative control or with 2 mg of

USF1 antibodies (C:20) or MDM2 antibodies (SMP14 and 3G9)

and incubated overnight at 4uC. Flag-tag proteins were immuno-

precipitated using the flag immunoprecipitation kit (Sigma).

Immunocomplexes were isolated using Protein A-G sepharose

beads.

Luciferase activity and transitory transfections
To analyze the transcriptional activity of p53, B16 melanoma

cells in 10 cm-diameter dishes were transiently transfected with

5 mg of pG13-Luc (carrying a p53-responsive element; [75]) alone

or in combination with 6 mg of pCMV GFP (encoding the GFP) or

pCMV-USF1 (WT, T153E, T153A, AUSF (negative dominant;
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[15]), or pCAG3.1 (encoding p53; [76]) and incubated for 24 h.

Cells were then passaged in 12-well plates and irradiated 24 h post

passage (a total of 48 h post transfection). Luciferase analysis was

conducted using the DUAL-Luciferase reporter assay kit accord-

ing to the manufacturer’s recommendations (Promega).

To study p53 degradation in the presence of MDM2 B16

melanoma cells in 6-well plates were transfected with 1 mg of a

plasmid encoding flag-tagged p53 protein (Flag-p53/pRK5;

Addgen, Plasmid 39237) alone or in combination with 2 mg of a

plasmid encoding the MDM2 protein (pCMV-myc3-HDM2;

Addgen, Plasmid 20935). For p53 stabilization rescue analysis in

sh-Usf1 KD cells, cells were co-transfected with 2 mg of plasmid

encoding GFP protein or USF1 wild type protein [15], together

with 1 mg of Flag-p53/pRK5 plus 2 mg of pCMV-myc3-HDM2.

The amount of plasmid DNA used for transfection was adjusted

with empty pCMV plasmid to be equal in every case.

CPD quantification by ELISA
CPD in skin tissues was assayed by ELISA, according to Cosmo

bio recommendations (Cosmo Bio Co., LTD., Japan). DNA was

purified with Nucleospin tissue extraction kits (Macherey-Nagel,

Düren, Germany). Briefly, 200 ng aliquots of denatured DNA were

distributed into 96-well plates precoated with protamine sulfate

(Polyvinylchloride flat-bottom). DNA lesions were detected with

specific mouse anti-CPD antibodies [21], and bound antibody was

revealed with a biotin/peroxidase-streptovidin system. The absor-

bance at 492 nm was used for quantitative measurements.

Immuno-histochemistry and immunofluorescence
staining

Skin biopsies were fixed in formalin (4%) and embedded in

paraffin. Paraffin-embedded tissu was cut into 4 mm-thick slices,

mounted on slides and dried at 58uC for 60 minutes. A Discovery

Automated IHC stainer and the Ventana DABMap detection kit

(Ventana Medical Systems) were used for immunohistochemical

staining. For DAB, detection slides were incubated with rabbit

monoclonal anti-CPD antibody (TDM, MBL) and bound antibody

was revealed with biotinylated goat anti-rabbit secondary antibody

(Vector laboratory, USA). Slides were then counterstained for 4

minutes with hematoxylin and rinsed. For fluorescence analysis,

slides were incubated with rabbit monoclonal Ki-67 (SP6,

bioscience leasanton CA) and bound antibody was detected

with secondary anti-rabbit FITC-conjugated antibody. Slides were

coverslipped in aqueous mounting medium containing DAPI.

The numbers of Ki-67-positive cells were evaluated by counting

the percentage of interfollicular-positive cells (Ki-67 among Dapi-

stained cells) in 10 different microscope fields (x40) per skin section.

For cyto-immunofluorecence staining, cells grown on coverslip

chambers were fixed with formalin (4%) for 20 min, washed with

PBS, quenched with 50 mM NH4Cl for 20 min and washed once

with PBS. The cells were permabilized with 0.1% Triton and

saturated with 1% PBS/BSA; 15 min later, the primary antibody

was added. Bound antibody was reveled with anti-rabbit Alexa

488 or anti-mouse FITC 588 secondary antibodies (Jackson).

Experiments have been done in triplicate and 15 to 20 microscopic

fields analyzed per condition. A minimum of one hundered cells

were analyzed per condition.

Detection of protein interactions with Duolink using PLA
technology (Sigma)

B16 melanoma were transiently or not transfected with

pCAG3.1 (encoding p53; [76]), pCMV-MDM2 (encoding

MDM2 protein), and pCMV-GFP (encoding the GFP protein)

or various pCMV-USF1 expressing vector (WT and AUSF forms;

[15]), and incubated for 24 h. Cells were then passaged in 96-well

plates and fixed using PFA 24 h post passage (a total of 48 h post

transfection). Protein-protein (USF1 and p53) or (p53 and MDM2)

interactions in B16 melanoma cells were then analyzed following

recommanded protocol by manufacturer (Sigma Aldrich) and

visualized in collaboration with the ImPACcell plateform (SFR

Biosit, University of Rennes, France) using Thermo Scientific

Cellomics HCS Solution. For quantification, a minimum of 15

microscopic fields were analyzed and the signal were counted in a

minimum of 60 cells. The following primary antibody were used:

rabbit anti-USF1 (C:20), mouse anti-MDM2 and mouse anti-p53

(1C12) or rabbit anti-p53 (Fl-393).

Supporting Information

Figure S1 Loss of USF1 alters skin CPD lesions removal and cell

proliferation after UVB irradiation of skin punch biopsies. (A)

Level of p53, in Usf1+/+ and Usf1-/- mice skin-exposed areas versus

non-irradiated areas (controls),12 hours post irradiation. Western

blot showing USF1, p53, cH2AX and HSC70 (loading control)

immunoreactivity 12 h after skin irradiated or not irradiated with

UVB. Graph reports the mean ratio between the p53 signal

(normalized to that for HSC70). Error bars: SD, n = 5 for each

condition. (B) Usf1+/+ (Usf1 WT) and Usf1-/- (Usf1 KO) cultured

skins explants were or were not irradiated with UVB (5 kJ/m2)

and analyzed for the induction of transcripts ex vivo. RT-qPCR

analysis of CDKN1a (p21), SFN (14-3-3s) and PCNA transcripts in

UVB-irradiated skin and non-exposed controls; values reported

were normalized to those for the Hprt transcript. Transcripts

were assayed in vivo 5 hours after irradiation. Error bars: SD, n = 3

ex vivo. (C) Detection of CPD DNA-damage by immunostaining

microscopy (x100) in skin punch biopsies from WT (Usf1+/+) (left

panel) or Usf1 KO mice (Usf1-/-) (right panel) before and after

irradiation (ranging from 3 to 24 hours) of skin with 5 kJ/m2 of

UVB. (D) Ex vivo analysis by ELISA quantification of CPD (using

specific anti-CPD antibody (CosmoBio LTD.)) kinetic of removal

(ranging from 3 to 24 hours) in WT and KO mice skin biopsies

treated with 5 kj/m2 UVB. Graph represents the mean of CPD

content in DNA extracted from exposed skin at different times, the

experiments was performed two times in duplicate. (E) Ex vivo

analysis of Ki-67 skin-interfolliclar staining in skin biopsies of WT

and KO mice dorsal skin treated with 5 kj/m2 UVB and harvested

after different times (ranging from 3 to 24 hours). Graph

representing the quantification of interfollicular Ki-67 stained

cells in UVB exposed skin cultures, data are expressed as

percentage of stained cells compared to non-exposed skin controls.

( JPG)

Figure S2 USF1 KO fibroblasts override S phase arrest following

genotoxic stress. Primary fibroblasts isolated from Usf1+/+ and

Usf1-/- mice were analyzed for S phase progression, and regulation

of p53 and p21 following UVB irradiation (0.6 k/jm2). (A) Graph

reporting the mean percentage of primary fibroblasts incorporating

BrdU after irradiation (0.6 k/jm2); values for non-irradiated

controls are given for reference. Error bars: SD, n = 3. (B) MTT

activity evaluation of primary fibroblast viability after UVB

irradiation compared to non-irradiated controls treated as in A.

Error bars: SD, n = 3. (C) Western blot analysis of p53 and p21 in

primary fibroblasts 6 hours after UVB irradiation. The graph

represents the densitometric evaluation of p21 and p53 bands

(normalized to those for HSC70). Error bars: SD, n = 3.

( JPG)
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to modulate p53 level and specific activity in response to UVB

irradiation (6 h after 0.3 kJ/m2). (A) Western blot analysis of p53,

p21 and HSC70 (loading control) proteins in sh-CT, sh-Usf1 and

sh-Trp53 cells following UVB irradiation. (B) p53 transcriptional

activity in sh-CT, sh-Usf1 and sh-Trp53 cells transfected with a

reporter plasmid encoding a p53 responsive element (p53-RE)

driving the luciferase gene and irradiated or not irradiated with

UVB. The graph reports luciferase activity following UVB

irradiation with the values for non-irradiated sh-CT cells used

for reference. Error bars: SD, n = 3. (C) Same experiment as in B

but with sh-Usf1 KD cells co-transfected with a reporter plasmid

encoding a p53 responsive element together with GFP or different

USF1 cDNA constructs. Schematic representation of the USF1

protein (with its DNA-Binding grey square, HLH light grey square

and LZ dark grey square domains) and various point mutations

modulating USF1 transcriptional activity: positively (T153E) or

negatively (T153A) and deletion form lacking DNA-binding

domain and transcriptional activity (AUSF). Error bars: SD,

n = 3. (D) Western blotting analysis of protein extracted of skin

from WT mice (Usf1+/+) and Usf1 KO mice (Usf1-/-) irradiated or

not irradiated with UVB (5 kJ/m2) analyzed 5 h later. (E) Western

blotting analysis of protein extracted from B16 melanoma cells

knocked down for Usf1 (sh-Usf1) or control cells (sh-CT) irradiated

or not irradiated with increasing doses of UVB (0 to 1.5 kJ/m2)

and analyzed 5 h later. Western blots show USF1, P-CHK1,

cH2AX, p53 and HSC70 (loading control) immunoreactivity after

or not UVB irradiation.

( JPG)

Figure S4 p53 and MDM2 stability in response to UV in

sh-Usf1 cells. (A) p53 degradation in sh-CT and sh-Usf1 cells

pretreated for 3 h with MG132 (10 mM) and then treated with

UVB previously to cycloheximide (CHX 20 mM). Cells were

analyzed at the time points indicated after UVB. The graphs

show the results of densitometric analysis of p53 immunoreactive

bands (normalized to the loading controls H2AX or HSC70). (B)

Western blot showing MDM2 and aTub immunoreactivity in B16

melanoma cells knocked down for Usf1 (sh-Usf1) or control cells

(sh-CT) cells at the indicated time following treatment with

MG132 (10 mM). (C-D) Time course of MDM2 accumulation in

sh-CT and sh-Usf1 cells treated with vehicle (DMSO) in C or

MG132 (10 mM) plus UVB (0.3 kJ/m2) irradiation in D. The

graphs show the results of densitometric analysis of MDM2

immunoreactive bands (normalized to the loading controls aTub).

( JPG)
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Eliette Touati for useful discussions and advice.

Author Contributions

Conceived and designed the experiments: MDG SC AB. Performed the

experiments: AB SC DG NM. Analyzed the data: MDG SC AB SP DG.

Contributed reagents/materials/analysis tools: DG NM SP. Wrote the

paper: MDG SP AB.

References

1. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell

144: 646–674.

2. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, et al. (2013)

Mutational heterogeneity in cancer and the search for new cancer-associated

genes. Nature 499: 214–218.

3. Sancar A, Lindsey-Boltz LA, Unsal-Kacmaz K, Linn S (2004) Molecular

mechanisms of mammalian DNA repair and the DNA damage checkpoints.

Annu Rev Biochem 73: 39–85.

4. Oren M (2003) Decision making by p53: life, death and cancer. Cell Death

Differ 10: 431–442.

5. Brugarolas J, Chandrasekaran C, Gordon JI, Beach D, Jacks T, et al. (1995)

Radiation-induced cell cycle arrest compromised by p21 deficiency. Nature 377:

552–557.

6. Deng C, Zhang P, Harper JW, Elledge SJ, Leder P (1995) Mice lacking

p21CIP1/WAF1 undergo normal development, but are defective in G1

checkpoint control. Cell 82: 675–684.

7. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ (1993) The p21 Cdk-

interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases.

Cell 75: 805–816.

8. Fuchs SY, Adler V, Buschmann T, Wu X, Ronai Z (1998) Mdm2 association

with p53 targets its ubiquitination. Oncogene 17: 2543–2547.

9. Kruse JP, Gu W (2009) Modes of p53 regulation. Cell 137: 609–622.

10. Meek DW, Anderson CW (2009) Posttranslational modification of

p53: cooperative integrators of function. Cold Spring Harb Perspect Biol 1:

a000950.

11. Gomez-Lazaro M, Fernandez-Gomez FJ, Jordan J (2004) p53: twenty five years

understanding the mechanism of genome protection. J Physiol Biochem 60:

287–307.

12. Olsson A, Manzl C, Strasser A, Villunger A (2007) How important are post-

translational modifications in p53 for selectivity in target-gene transcription and

tumour suppression? Cell Death Differ 14: 1561–1575.

13. Pietenpol JA, Stewart ZA (2002) Cell cycle checkpoint signaling: cell cycle arrest

versus apoptosis. Toxicology 181–182: 475–481.

14. Corre S, Primot A, Baron Y, Le Seyec J, Goding C, et al. (2009) Target gene

specificity of USF-1 is directed via p38-mediated phosphorylation-dependent

acetylation. J Biol Chem 284: 18851–18862.

15. Corre S, Primot A, Sviderskaya E, Bennett DC, Vaulont S, et al. (2004) UV-

induced expression of key component of the tanning process, the POMC and

MC1R genes, is dependent on the p-38-activated upstream stimulating factor-1

(USF-1). J Biol Chem 279: 51226–51233.

16. Galibert MD, Carreira S, Goding CR (2001) The Usf-1 transcription factor is a

novel target for the stress-responsive p38 kinase and mediates UV-induced

Tyrosinase expression. EMBO J 20: 5022–5031.

17. Ikehata H, Ono T (2011) The mechanisms of UV mutagenesis. J Radiat Res 52:

115–125.

18. Narayanan DL, Saladi RN, Fox JL (2010) Ultraviolet radiation and skin cancer.

Int J Dermatol 49: 978–986.

19. Ravanat JL, Douki T, Cadet J (2001) Direct and indirect effects of UV radiation

on DNA and its components. J Photochem Photobiol B 63: 88–102.

20. Zaidi MR, Day CP, Merlino G (2008) From UVs to metastases: modeling

melanoma initiation and progression in the mouse. J Invest Dermatol 128:

2381–2391.

21. Baron Y, Corre S, Mouchet N, Vaulont S, Prince S, et al. (2012) USF-1 is

critical for maintaining genome integrity in response to UV-induced DNA

photolesions. PLoS Genet 8: e1002470.

22. Reisman D, Rotter V (1993) The helix-loop-helix containing transcription factor

USF binds to and transactivates the promoter of the p53 tumor suppressor gene.

Nucleic Acids Res 21: 345–350.

23. Hale TK, Braithwaite AW (1995) Identification of an upstream region of the

mouse p53 promoter critical for transcriptional expression. Nucleic Acids Res

23: 663–669.

24. Campbell C, Quinn AG, Angus B, Farr PM, Rees JL (1993) Wavelength specific

patterns of p53 induction in human skin following exposure to UV radiation.

Cancer Res 53: 2697–2699.

25. Auclair Y, Rouget R, Affar el B, Drobetsky EA (2008) ATR kinase is required

for global genomic nucleotide excision repair exclusively during S phase in

human cells. Proc Natl Acad Sci U S A 105: 17896–17901.

26. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, et al.

(2008) GammaH2AX and cancer. Nat Rev Cancer 8: 957–967.

27. Jimenez GS, Nister M, Stommel JM, Beeche M, Barcarse EA, et al. (2000)

A transactivation-deficient mouse model provides insights into Trp53 regulation

and function. Nat Genet 26: 37–43.

28. Li G, Mitchell DL, Ho VC, Reed JC, Tron VA (1996) Decreased DNA repair

but normal apoptosis in ultraviolet-irradiated skin of p53-transgenic mice.

Am J Pathol 148: 1113–1123.

29. McCormick D, Chong H, Hobbs C, Datta C, Hall PA (1993) Detection of the

Ki-67 antigen in fixed and wax-embedded sections with the monoclonal

antibody MIB1. Histopathology 22: 355–360.

30. Andorfer P, Schwarzmayr L, Rotheneder H (2011) EAPP modulates the activity

of p21 and Chk2. Cell Cycle 10: 2077–2082.

USF1 Regulates p53 Protein Stability

PLOS Genetics | www.plosgenetics.org 12 May 2014 | Volume 10 | Issue 5 | e1004309

Figure S3 USF1 is required to promote p53 activity. B16

melanoma cells knocked down for Usf1 were tested for their ability



31. Hyka-Nouspikel N, Desmarais J, Gokhale PJ, Jones M, Meuth M, et al. (2012)

Deficient DNA damage response and cell cycle checkpoints lead to accumulation

of point mutations in human embryonic stem cells. Stem Cells 30: 1901–1910.

32. Ferreon JC, Lee CW, Arai M, Martinez-Yamout MA, Dyson HJ, et al. (2009)

Cooperative regulation of p53 by modulation of ternary complex formation with

CBP/p300 and HDM2. Proc Natl Acad Sci U S A 106: 6591–6596.

33. Shieh SY, Ikeda M, Taya Y, Prives C (1997) DNA damage-induced

phosphorylation of p53 alleviates inhibition by MDM2. Cell 91: 325–334.

34. Shieh SY, Ahn J, Tamai K, Taya Y, Prives C (2000) The human homologs of

checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at multiple DNA

damage-inducible sites. Genes Dev 14: 289–300.

35. Tao W, Levine AJ (1999) P19(ARF) stabilizes p53 by blocking nucleo-

cytoplasmic shuttling of Mdm2. Proc Natl Acad Sci U S A 96: 6937–6941.

36. Nakanishi M, Niida H, Murakami H, Shimada M (2009) DNA damage

responses in skin biology—implications in tumor prevention and aging

acceleration. J Dermatol Sci 56: 76–81.

37. Jung HS, Kim KS, Chung YJ, Chung HK, Min YK, et al. (2007) USF inhibits

cell proliferation through delay in G2/M phase in FRTL-5 cells. Endocr J 54:

275–285.

38. Loayza-Puch F, Drost J, Rooijers K, Lopes R, Elkon R, et al. (2013) p53 induces

transcriptional and translational programs to suppress cell proliferation and

growth. Genome Biol 14: R32.

39. Luo X, Sawadogo M (1996) Antiproliferative properties of the USF family of

helix-loop-helix transcription factors. Proc Natl Acad Sci U S A 93: 1308–1313.

40. Davis PL, Miron A, Andersen LM, Iglehart JD, Marks JR (1999) Isolation and

initial characterization of the BRCA2 promoter. Oncogene 18: 6000–6012.

41. Goueli BS, Janknecht R (2003) Regulation of telomerase reverse transcriptase

gene activity by upstream stimulatory factor. Oncogene 22: 8042–8047.

42. Jaiswal AS, Narayan S (2001) Upstream stimulating factor-1 (USF1) and USF2

bind to and activate the promoter of the adenomatous polyposis coli (APC)

tumor suppressor gene. J Cell Biochem 81: 262–277.

43. Kanaya T, Kyo S, Hamada K, Takakura M, Kitagawa Y, et al. (2000)

Adenoviral expression of p53 represses telomerase activity through down-

regulation of human telomerase reverse transcriptase transcription. Clin Cancer

Res 6: 1239–1247.

44. Wu K, Jiang SW, Couch FJ (2003) p53 mediates repression of the BRCA2

promoter and down-regulation of BRCA2 mRNA and protein levels in response

to DNA damage. J Biol Chem 278: 15652–15660.

45. Ikehata H, Okuyama R, Ogawa E, Nakamura S, Usami A, et al. (2010)

Influences of p53 deficiency on the apoptotic response, DNA damage removal

and mutagenesis in UVB-exposed mouse skin. Mutagenesis 25: 397–405.

46. Huang LC, Clarkin KC, Wahl GM (1996) Sensitivity and selectivity of the DNA

damage sensor responsible for activating p53-dependent G1 arrest. Proc Natl

Acad Sci U S A 93: 4827–4832.

47. Kuerbitz SJ, Plunkett BS, Walsh WV, Kastan MB (1992) Wild-type p53 is a cell

cycle checkpoint determinant following irradiation. Proc Natl Acad Sci U S A

89: 7491–7495.

48. Saldana-Meyer R, Recillas-Targa F (2011) Transcriptional and epigenetic

regulation of the p53 tumor suppressor gene. Epigenetics 6: 1068–1077.

49. Healy E, Reynolds NJ, Smith MD, Campbell C, Farr PM, et al. (1994)

Dissociation of erythema and p53 protein expression in human skin following

UVB irradiation, and induction of p53 protein and mRNA following application

of skin irritants. J Invest Dermatol 103: 493–499.

50. Liu M, Dhanwada KR, Birt DF, Hecht S, Pelling JC (1994) Increase in p53

protein half-life in mouse keratinocytes following UV-B irradiation. Carcino-

genesis 15: 1089–1092.

51. Gembarska A, Luciani F, Fedele C, Russell EA, Dewaele M, et al. (2012)

MDM4 is a key therapeutic target in cutaneous melanoma. Nat Med 18: 1239–

47.

52. Ji Z, Kumar R, Taylor M, Rajadurai A, Marzuka-Alcala A, et al. (2013)

Vemurafenib Synergizes with Nutlin-3 to Deplete Survivin and Suppress

Melanoma Viability and Tumor Growth. Clin Cancer Res 19: 4383–91.

53. Lu M, Breyssens H, Salter V, Zhong S, Hu Y, et al. (2013) Restoring p53

function in human melanoma cells by inhibiting MDM2 and cyclin B1/CDK1-

phosphorylated nuclear iASPP. Cancer Cell 23: 618–633.

54. Chatterjee TK, Idelman G, Blanco V, Blomkalns AL, Piegore MG, Jr., et al.

(2011) Histone deacetylase 9 is a negative regulator of adipogenic differentiation.
J Biol Chem 286: 27836–27847.

55. Crusselle-Davis VJ, Vieira KF, Zhou Z, Anantharaman A, Bungert J (2006)

Antagonistic regulation of beta-globin gene expression by helix-loop-helix
proteins USF and TFII-I. Mol Cell Biol 26: 6832–6843.

56. Huang S, Li X, Yusufzai TM, Qiu Y, Felsenfeld G (2007) USF1 recruits histone
modification complexes and is critical for maintenance of a chromatin barrier.

Mol Cell Biol 27: 7991–8002.

57. Wang Y, Wong RH, Tang T, Hudak CS, Yang D, et al. (2013) Phosphorylation
and recruitment of BAF60c in chromatin remodeling for lipogenesis in response

to insulin. Mol Cell 49: 283–297.
58. Wong RH, Chang I, Hudak CS, Hyun S, Kwan HY, et al. (2009) A role of

DNA-PK for the metabolic gene regulation in response to insulin. Cell 136:
1056–1072.

59. Sui G, Affar el B, Shi Y, Brignone C, Wall NR, et al. (2004) Yin Yang 1 is a

negative regulator of p53. Cell 117: 859–872.
60. Yan C, Lu D, Hai T, Boyd DD (2005) Activating transcription factor 3, a stress

sensor, activates p53 by blocking its ubiquitination. EMBO J 24: 2425–2435.
61. Buschmann T, Lin Y, Aithmitti N, Fuchs SY, Lu H, et al. (2001) Stabilization

and activation of p53 by the coactivator protein TAFII31. J Biol Chem 276:

13852–13857.
62. Qyang Y, Luo X, Lu T, Ismail PM, Krylov D, et al. (1999) Cell-type-dependent

activity of the ubiquitous transcription factor USF in cellular proliferation and
transcriptional activation. Mol Cell Biol 19: 1508–1517.

63. Chang D, Chen F, Zhang F, McKay BC, Ljungman M (1999) Dose-dependent
effects of DNA-damaging agents on p53-mediated cell cycle arrest. Cell Growth

Differ 10: 155–162.

64. Pezzolesi MG, Zbuk KM, Waite KA, Eng C (2007) Comparative genomic and
functional analyses reveal a novel cis-acting PTEN regulatory element as a

highly conserved functional E-box motif deleted in Cowden syndrome. Hum
Mol Genet 16: 1058–1071.

65. Ismail PM, Lu T, Sawadogo M (1999) Loss of USF transcriptional activity in

breast cancer cell lines. Oncogene 18: 5582–5591.
66. Chang JT, Yang HT, Wang TC, Cheng AJ (2005) Upstream stimulatory factor

(USF) as a transcriptional suppressor of human telomerase reverse transcriptase
(hTERT) in oral cancer cells. Mol Carcinog 44: 183–192.

67. Cleary SP, Jeck WR, Zhao X, Kuichen Selitsky SR, et al. (2013) Identification of
driver genes in hepatocellular carcinoma by exome sequencing. Hepatology.

68. Krauthammer M, Kong Y, Ha BH, Evans P, Bacchiocchi A, et al. (2012) Exome

sequencing identifies recurrent somatic RAC1 mutations in melanoma.
Nat Genet 44: 1006–1014.

69. Morin RD, Mungall K, Pleasance E, Mungall AJ, Goya R, et al. (2013)
Mutational and structural analysis of diffuse large B-cell lymphoma using whole

genome sequencing. Blood 122:1256–65.

70. Zeilinger S, Kuhnel B, Klopp N, Baurecht H, Kleinschmidt A, et al. (2013)
Tobacco smoking leads to extensive genome-wide changes in DNA methylation.

PLoS One 8: e63812.
71. Bussiere FI, Michel V, Memet S, Ave P, Vivas JR, et al. (2010) H. pylori-induced

promoter hypermethylation downregulates USF1 and USF2 transcription factor
gene expression. Cell Microbiol 12: 1124–1133.

72. Wei J, Nagy TA, Vilgelm A, Zaika E, Ogden SR, et al. (2010) Regulation of p53

tumor suppressor by Helicobacter pylori in gastric epithelial cells. Gastroenter-
ology 139: 1333–1343.

73. Vallet VS, Casado M, Henrion AA, Bucchini D, Raymondjean M, et al. (1998)
Differential roles of upstream stimulatory factors 1 and 2 in the transcriptional

response of liver genes to glucose. J Biol Chem 273: 20175–20179.

74. Lichti U, Anders J, Yuspa SH (2008) Isolation and short-term culture of primary
keratinocytes, hair follicle populations and dermal cells from newborn mice

and keratinocytes from adult mice for in vitro analysis and for grafting to
immunodeficient mice. Nat Protoc 3: 799–810.

75. Kern SE, Pietenpol JA, Thiagalingam S, Seymour A, Kinzler KW, et al. (1992)

Oncogenic forms of p53 inhibit p53-regulated gene expression. Science 256:
827–830.

76. Saito S, Goodarzi AA, Higashimoto Y, Noda Y, Lees-Miller SP, et al. (2002)
ATM mediates phosphorylation at multiple p53 sites, including Ser(46), in

response to ionizing radiation. J Biol Chem 277: 12491–12494.

USF1 Regulates p53 Protein Stability

PLOS Genetics | www.plosgenetics.org 13 May 2014 | Volume 10 | Issue 5 | e1004309


