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Background: PRC, a coactivator of respiratory chain expression, also acts as a sensor of metabolic stress.
Results: The PRC stress program is induced by oxidant and replication stress associated with apoptosis and premature
senescence.
Conclusion: PRC plays an adaptive role in the response to cellular dysfunction.
Significance: Elucidating the PRC stress response enhances our understanding of cellular dysfunction in the etiology of age-
related diseases.

PGC-1-related coactivator (PRC), a growth-regulated mem-
ber of the PGC-1 coactivator family, contributes to the expres-
sion of the mitochondrial respiratory apparatus. PRC also
orchestrates a robust response tometabolic stress by promot-
ing the expression of multiple genes specifying inflammation,
proliferation, and metabolic reprogramming. Here, we dem-
onstrate that this PRC-dependent stress program is activated
during apoptosis and senescence, twomajor protectivemech-
anisms against cellular dysfunction. Both PRC and its targets
(IL1�, SPRR2D, and SPRR2F) were rapidly induced by mena-
dione, an agent that promotes apoptosis through the genera-
tion of intracellular oxidants. Menadione-induced apoptosis
and the PRC stress program were blocked by the antioxidant
N-acetylcysteine. The PRC stress response was also activated
by the topoisomerase I inhibitor 7-ethyl-10-hydroxycamp-
tothecin (SN-38), an inducer of premature senescence in
tumor cells. Cells treated with SN-38 displayed morphologi-
cal characteristics of senescence and express senescence-as-
sociated �-galactosidase activity. In contrast to menadione,
the SN-38 induction of the PRC program occurred over an
extended time course and was antioxidant-insensitive. The
potential adaptive function of the PRC stress response was
investigated by treating cells with meclizine, a drug that pro-
motes glycolytic energy metabolism and has been linked to
cardio- and neuroprotection against ischemia-reperfusion
injury. Meclizine increased lactate production and was a
potent inducer of the PRC stress program, suggesting that
PRC may contribute to the protective effects of meclizine.
Finally, c-MYC and PRC were coordinately induced under all
conditions tested, implicating c-MYC in the biological
response to metabolic stress. The results suggest a general
role for PRC in the adaptive response to cellular dysfunction.

Members of the PGC-12 family of regulated coactivators
(PGC-1�, PGC-1�, and PGC-1-related coactivator (PRC)) play
important roles in metabolic regulation by serving as interme-
diaries between physiological signals and the transcriptional
apparatus governing metabolic gene expression (1–4). These
coactivators enhance gene expression by targeting transcrip-
tion factors that regulate mitochondrial biogenesis, fatty acid
oxidation, thermogenesis, gluconeogenesis, and cell prolifera-
tion. The proteins themselves can be induced transcriptionally
by growth or metabolic regulatory signals, and in some cases,
their function is known to be modulated post-transcriptionally
by phosphorylation or acetylation (5, 6). PGC-1�, the founding
member of the family, coactivates mitochondrial biogenesis by
binding transcription factors directly associated with mito-
chondrial respiratory function, including the nuclear respira-
tory factors (NRF-1 and NRF-2), estrogen-related receptor �,
YY1, peroxisomeproliferator-activated receptor�, andMEF2C
(1).
We originally identified and characterized PRC as a member

of the PGC-1 coactivator family (7). Although divergent from
PGC-1� and -�, it shares significant sequence conservations
within discrete domains, including a potent amino-terminal
activation domain and the carboxyl-terminal RNA recognition
motif (7). The structural conservation and spatial arrangement
of these domains are consistent with related function (8). How-
ever, despite similarities between PRC and PGC-1� in the acti-
vation of respiratory gene expression (9), PRC is not an equiv-
alent isoform of PGC-1� but rather a functionally distinct
molecule. Unlike PGC-1�, PRC is not induced significantly in
brown fat during adaptive thermogenesis but is expressed at
high levels upon the initiation of cell proliferation (7, 10). The
rapid induction of PRC by serum growth factors in the absence
of de novo protein synthesis combined with its relatively short
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mRNA half-life places the PRC gene (PPRC1) in the class of
immediate early genes (or primary response genes) (10, 11).
PRC silencing in cultured human cells leads to respiratory

chain dysfunction accompanied by abundant atypical mito-
chondria (12). This phenotype is commonly observed upon tis-
sue-specific disruption of nuclear genes whose products are
localized to mitochondria and are required by the mitochon-
drial genetic system (13–15). A gene array revealed numerous
mitochondrion-related geneswhose expressionwas altered sig-
nificantly upon efficient PRC silencing (8, 12). Although germ
line homozygous knock-outs of PGC-1� or -� are viable and
fertile with no global changes inmitochondrial number ormor-
phology (16–19), a germ line knock-out of the PPRC1 gene in
mice results in peri-implantation lethality (20). Embryonic
lethality is observed in mouse knock-outs of NRF-1,
GABP(NRF-2), YY1, and other nuclear transcription factors
associated with mitochondrial biogenesis (21, 22). Thus, the in
vivo phenotype is consistent with the mitochondrial functional
and morphological defects associated with PRC silencing.
We used carbonyl cyanide m-chlorophenylhydrazone

(CCCP), a respiratory chain uncoupler, to determine the effects
of mitochondrial stress on PRC expression in human U2OS
cells (23). PRC is growth-regulated in these cells, and efficient
PRC silencing results in phenotypic changes typical of mito-
chondrial dysfunction in vivo (12, 23). This cell line is also
known to undergo premature senescence (24). Thus, U2OS
cells represent a good model for investigating early regulatory
events mediated by PRC.
In untreated cells, PRC protein levels are high upon the ini-

tiation of cell growth and drop precipitously upon achieving
growth equilibrium. CCCP treatment elicits a rapid, robust,
and persistent induction of PRC, a striking departure from its
normal transient expression pattern (10). The PRC response
was not restricted to CCCP but rather was a generalized
response to multiple forms of metabolic stress, including glu-
cose deprivation, dinitrophenol treatment (another uncou-
pler), and overexpression of dominant-negative NRF-1 (an
inhibitor of respiratory gene expression andmitochondrial bio-
genesis) (23).
Differential expression screening revealed that the induction

of PRC by uncoupler was accompanied by a PRC-dependent
program of gene expression. This program was markedly
diminished in independent lentiviral transductants in which
PRC is silenced (23). The genes in the PRC stress program are
involved predominantly in inflammation, cell growth, andmet-
abolic reprogramming. Many of these PRC stress genes are
common to the chronic inflammation associated with multiple
age-related diseases (25). Some are postulated to promote cell
survival under adverse conditions by enhancing cell growth and
migration, by conferring resistance to apoptosis, and by stimu-
lating angiogenesis (26). Several have been associated with the
inflammatory microenvironment in human cancers (26–28),
which is consistent with the up-regulation of PRC in human
tumors (22, 29).
Notable among the PRC stress genes are those encoding IL1�

and members of the small proline-rich proteins SPRR2D and
SPRR2F (23). IL1� is a cytokine that mediates innate immune
responses but also has an intranuclear function in controlling

cell migration, proliferation, and apoptosis (30, 31). IL1-re-
sponsive genes include those encoding IL8 and cyclooxygenase
2 (31), which were also originally identified as PRC stress genes
(23). SPRR2D and SPRR2F are associated with the response to
DNA damage elicited by ultraviolet light exposure and exit
from the cell cycle (32, 33). They provide a protective antioxi-
dant barrier to cellular damage and thereby promote tissue
remodeling in response to tissue damage in multiple systems
(34, 35).
Here, we investigated the induction of the PRC stress pro-

gram by agents that induce either apoptosis or senescence, two
major protective mechanisms against cellular dysfunction (36).
PRC and several of its target genes were rapidly induced in
response to intracellular oxidants generated by menadione, a
potent inducer of apoptosis (37). The PRC stress program was
also activated in an oxidant-independent fashion by the topoi-
somerase I inhibitor 7-ethyl-10-hydroxycamptothecin (SN-
38), an inducer of premature senescence in tumor cells (38).
The results are consistent with a role for PRC in cellular adapt-
ive responses triggered by oxidant and replication stress asso-
ciated with apoptosis and senescence.

EXPERIMENTAL PROCEDURES

Cell Culture—U2OS cells were obtained from ATCC and
maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) with 10% fetal bovine serum (HyClone) and 1%
penicillin-streptomycin (Invitrogen). Lentiviral shRNA U2OS
cell transductants designated as control shRNA and PRC
shRNA1 were described previously (12) and grown in the same
medium with the inclusion of blasticidin to maintain selection.
Cells were plated at a density of 1� 106 cells/10-cmdish, grown
for 24–48 h, and then subjected to treatment with various
agents as follows: 40 �M CCCP (Sigma) in DMSO, 20 �M men-
adione (Sigma) in DMSO, 400 ng/ml SN-38 (Sigma) in DMSO,
5 mM N-acetyl-L-cysteine (NAC; Sigma) in H2O, and 50 �M

meclizine dihydrochloride (MP Biomedicals, LLC) in DMSO
for various times. Vehicle controls were treated with either
DMSO or H2O as appropriate. Cell viability was assayed by the
trypan blue dye exclusion method using a Beckman Coulter
Vi-Cell. Senescence-associated �-galactosidase staining was
performed at pH 6.0 using a senescence �-galactosidase stain-
ing kit (Cell Signaling Technology).
Immunoblotting—Whole cell lysates were prepared in Non-

idet P-40 lysis buffer as described previously (7). Extracts were
subjected to denaturing gel electrophoresis, and the proteins
were transferred to nitrocellulose membranes (Schleicher &
Schuell) as described (12, 23). The primary antibodies used
were rabbit anti-PRC (1047-1379) (10), mouse anti-c-MYC
(9E10) (ThermoScientific), rabbit anti-NRF2� (39), rabbit anti-
poly(ADP-ribose) polymerase (PARP) (cleaved; Cell Signaling
Technology), mouse anti-lamin B (40) (a gift from Robert D.
Goldman, NorthwesternUniversity), andmouse anti-HSP70 (a
gift from Richard Morimoto, Northwestern University).
TUNEL Assay—U2OS cells were plated at a density of 106

cells/10-cmdish. After 48 h, cells were either untreated, treated
with menadione, or treated with menadione plus NAC for 8 h.
Cells were subjected to TUNEL assay using the APO-BrdU
TUNEL assay kit (Invitrogen) according to the manufacturer’s
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protocol. The percentage of TUNEL-positive cells was deter-
mined by flow cytometry.
ROS Assay—ROS levels were measured using 2�,7�-dichloro-

fluorescein diacetate (Sigma) (41). U2OS cells were plated at a
density of 15,000 cells/well in a 96-well microtiter plate and
allowed to grow for 24 h. Cells werewashed and pretreatedwith
100 �M 2�,7�-dichlorofluorescein diacetate for 30 min at 37 °C.
2�,7�-Dichlorofluorescein diacetate was removed, and cells
were either left untreated or treated with 20 �Mmenadione for
various times. 2�,7�-Dichlorofluorescein fluorescence at 530
nm was measured in a Spectramax fluorescence microplate
reader using an excitation wavelength of 485 nm.
Quantitative Real Time PCR—Total RNA was purified using

TRIzol reagent (Invitrogen), and quantitative real time PCR was
carried out as described (12, 23). The sequences of new primers
designed for this study are as follows: human c-MYC: sense, 5�-
CGTCTCCACACATCAGCACAA; antisense, 5�-CACTGTCC-
AACTTGACCCTCTTG; human HK2: sense, 5�-GAGCCACC-
ACTCACCCTACT; antisense, 5�-CCAGGCATTCGGCAAT-
GTG; and human NAMPT: sense, ATCCTGTTCCAGGCTAT-
TCTGT; antisense, 5�-CCCCATATTTTCTCACACGCAT.
Lactate Assay—U2OS WT and the lentiviral transductants

expressing the control shRNAorPRC shRNA1 (12)were grown
in DMEM for 24 h and subjected to either SN-38 or meclizine
treatment for 72 h. The concentration of L-lactate released to
the culture medium was measured using a Lactate Assay kit
(Biomedical Research Service Center, University at Buffalo).

RESULTS

Kinetics of PRC Stress Program Induction by CCCP—The
PRC-dependent inflammatory/stress program was originally
defined in U2OS cells as a response to treatment with the res-
piratory chain uncoupler CCCP (23). Loss of PRC function
through efficient PRC silencing blocks the induction of the
PRC-dependent genes by CCCP (23). The data in Fig. 1 show
that the kinetics of PRC protein induction by CCCP relative to
the NRF-2� negative control (Fig. 1A) coincide with the kinet-
ics of induction of representative PRC-dependent stress genes,
IL1�, SPRR2D, and SPRR2F (Fig. 1B). The PRC andTFAM neg-
ative control RNAs showed little or no change, confirming that
the induction of these genes is not the result of a generalized
transcriptional response. The robust induction of PRC protein
in the absence of a significant change in PRCmRNA expression
is consistentwith post-transcriptional regulation. Interestingly,
c-MYC protein was coordinately induced along with PRC, sug-
gesting that c-MYC participates in the response to CCCP. Both
PRC and c-MYC are early response genes, and MYC has been
implicated in other inflammatory/stress pathways (27, 42).
However, in contrast to PRC, c-MYCmRNAwas also induced,
suggesting that transcriptional mechanisms contribute to the
up-regulation of c-MYC. The tight temporal link between the
induction of PRC protein and the PRC stress genes provides
corroborating proof that the program is PRC-dependent.
Menadione, an Inducer of Apoptosis and the PRC Stress

Program—The PRC stress response to CCCP was completely
inhibited by the antioxidant NAC, suggesting that the program
is redox-sensitive (23). Thus, it was of interest to determine
whether the direct generation of intracellular oxidants could

induce the program. Menadione can serve as a vitamin K pre-
cursor and is known to generate intracellular oxidants at mul-
tiple sites through futile redox cycling (43, 44). Menadione
treatment of U2OS cells led to cell death as evidenced by cell
shrinkage and the loss of viable, adherent cells (data not
shown). There was an �25% loss of cell viability after 16 h of
menadione treatment (Fig. 2A). This menadione-induced cell
death did not occur in the presence ofNAC (Fig. 2A), indicating
that death occurs through menadione-induced oxidant
toxicity.
Apoptotic cell death was confirmed by a severalfold increase

in TUNEL-positive cells (Fig. 2B) and by the appearance of the
cleaved, inactivated form of PARP (Fig. 2C), a well known
marker of apoptosis (45). Cleaved PARP appeared at �16 h of
menadione treatment when the morphological changes char-
acteristic of apoptosis were most evident (Fig. 2C). As with the
loss of cell viability, inclusion ofNACcompletely blockedPARP
cleavage andmarkedly diminished the fraction of TUNEL-pos-
itive cells to control levels (Fig. 2, B and C). Thus, NAC inhibits
themenadione-induced oxidant toxicity that leads to apoptotic
cell death.
The effect of menadione on the PRC-dependent stress

response was determined by assaying PRC protein levels by
immunoblotting and the expression of representative PRC
stress genes by quantitative real time PCR. As shown in Fig. 3A,
menadione treatment resulted in a rapid and robust induction

FIGURE 1. Kinetics of PRC-dependent stress program induction by CCCP.
A, human log phase U2OS cells were plated and 24 – 48 h later (T � 0 h) were
treated with either vehicle (�) or CCCP (�) for the indicated times. Total cell
extracts from subconfluent cells were subjected to immunoblotting using
rabbit anti-PRC, mouse anti-c-MYC, or rabbit anti-NRF-2� antibodies. B, the
time course of mRNA induction for representative PRC-dependent stress
genes (IL1�, SPRR2D, and SPRR2F) by CCCP was compared with that of PRC,
TFAM, and c-MYC by quantitative real time PCR. RNA induction for each gene
is expressed relative to the untreated control. Values are the averages � S.E.
(error bars) for at least three separate determinations.
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of PRC protein expression. As observed with CCCP, c-MYC
was coordinately induced with PRC, but in contrast to PRC,
c-MYC mRNA was also induced. This suggests mechanistic
differences between the control of PRC and c-MYC.
Menadione treatment was accompanied by a marked

increase in menadione-dependent ROS production as meas-
ured by 2�,7�-dichlorofluorescein fluorescence (Fig. 3B). Ele-
vated ROS levels are consistent with the inhibition of both PRC
and c-MYC expression by NAC (Fig. 3A). The induction of the
NRF-2� negative control was relatively unaffected by these
treatments, demonstrating a high degree of specificity. The oxi-
dant dependence was further confirmed by the finding that
HSP70, a protein known to respond to oxidative stress (46), was
also induced by menadione, and its induction was sensitive to
NAC (Fig. 3C).
The rapid induction of PRC coincided with the marked up-

regulation of the PRC-dependent stress genes, and this increase
in gene expression was also completely abrogated by NAC (Fig.
3D). Although the magnitude of IL1� induction by CCCP and
menadione is similar, the �70-fold increase in SPRR2 gene
expression is about an order of magnitude lower with menadi-
one. As with CCCP, the TFAM and PRC negative control
mRNAs showed comparatively little induction by menadione.
Thus, there is a strong temporal correlation between the onset
of apoptosis and the specific activation of the PRC stress pro-
gram by menadione. The sensitivity of both of these events to
NAC supports the conclusion that they are both mediated

by the menadione-dependent production of intracellular
oxidants.
Premature Senescence and the PRC Stress Response—Apo-

ptosis is a major protective mechanism against cellular dys-
function through the elimination of cells damaged by severe
environmental,metabolic, or genetic stress. The current results
along with previous findings (23) suggest that the PRC stress
program is activated as an adaptive response to multiple forms
of cellular stress. Premature senescence is a second major
mechanism that protects against cellular dysfunction by driving
damaged cells into a non-replicative state (36). It was of interest
to determinewhether the PRC stress response is activated upon
growth inhibition associated with premature senescence.
SN-38 is a topoisomerase I inhibitor that induces premature

senescence in tumor cells (38). SN-38 treatment of U2OS cells
resulted in immediate growth arrest and a very pronounced
senescent phenotype characterized by an enlarged, flattened,
and granular cellular morphology (data not shown), a classic
indicator of premature senescence (47). These morphological
changes were accompanied by the expression of senescence-
associated �-galactosidase activity (Fig. 4A), a widely used
senescence marker (47). To varying degrees, nearly all of the
SN-38-treated cells displayed senescence-associated�-galacto-
sidase as punctate blue cytoplasmic staining typical of senes-
cent cells. Senescence was further confirmed by the down-reg-
ulation of lamin B1 (Fig. 4B), a recently identified marker of
senescence (40).
The emergence of this senescent phenotype coincided with a

robust induction of PRC protein (Fig. 5A). As observedwith the
response to CCCP and menadione, c-MYC was coordinately
induced along with PRC, and the NRF-2� negative control was
relatively unaffected (Fig. 5A). Although maximal CCCP or
menadione induction of PRC occurredwithin 8–24 h,maximal
SN-38 induction of PRC occurred more gradually, peaking
within 72–96 h (Fig. 5A). Also, in contrast to CCCP or menadi-
one, neither the induction of PRC (Fig. 5B) nor the senescent
phenotype (data not shown) was affected by NAC. This indi-
cates that premature senescence mediated by SN-38 occurs
through a ROS-independent mechanism. Notably, the up-reg-
ulation of the representative PRC stress genes by SN-38 fol-
lowed the same extended time course as PRC protein induction
(Fig. 5C), again providing a kinetic link between protein and
RNA induction.
The SPRR mRNAs exhibited a gradual increase between 48

and 96 h, coinciding with the appearance of PRC protein. IL1�
increased between 48 and 72h, but its expression diminished by
96 h, possibly reflecting its regulatory role as a primary inducer
of inflammatory responses. In addition, the expression of the
PRC stress genes showed either no or modest inhibition by
NAC at 96 h (Fig. 5C), which is consistent with the observation
that the senescent phenotype and PRC expression (Fig. 5B)
were also unaffected by NAC. Again, in contrast to PRC,
c-MYC induction was accompanied by a temporal increase in
c-MYCmRNA (Fig. 5C). Thus, the induction kinetics of PRCby
three different agents (CCCP, menadione, and SN-38) coin-
cides with the induction kinetics of the PRC-dependent stress
genes. This temporal relationship among kinetically different
responses (rapid for CCCP and menadione and extended for

FIGURE 2. Oxidant-dependent induction of apoptosis by menadione.
A, human log phase U2OS cells were plated as in Fig. 1A and treated with
vehicle, menadione, or menadione plus NAC for the indicated times. Cell via-
bility was determined by trypan blue exclusion assay. Results are presented as
the percentage of viable cells relative to total cells (adherent and non-adher-
ent) for cells treated with vehicle (filled circles), menadione (filled squares), or
menadione plus NAC (filled triangles). Values are the averages � S.E. (error
bars) for at least three separate determinations. B, cells treated with menadi-
one as in A were subjected to the TUNEL apoptosis assay. Values are the
averages � S.E. (error bars) for at least three separate determinations. C, total
cell extracts from cells treated as in A were subjected to immunoblotting
using rabbit anti-PARP (cleaved) or rabbit anti-NRF-2� antibodies.
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SN-38) lends further credence to the causal link between PRC
and the stress response program. The results establish the asso-
ciation of the PRC stress program with premature senescence
mediated by the replication stress induced by topoisomerase I
inhibition.
The connection between the senescent phenotype and the

PRC stress program was examined further by assaying SN-38
induction of PRC and the PRC-dependent stress genes in a len-
tiviral transductant in which PRC is efficiently silenced (12). As
observed in wild-type cells, PRC was markedly induced by
SN-38 in a lentiviral transductant expressing a negative control
shRNA (Fig. 6A). The time course of PRC inductionwas similar
to that observed inwild-type cells (Fig. 5A). PRC expression and
its induction by SN-38 were greatly reduced in the lentiviral
transductant expressing PRC shRNA1 (Fig. 6A), a transductant
in which PRC expression is efficiently silenced (12). The
NRF-2� negative control was expressed at similar levels in both
transductants andwas relatively unaffected by SN-38 treatment
(Fig. 6A).
The diminished SN-38 induction of PRC in the PRC shRNA1

transductant correlated with diminished induction of the PRC
stress genes (Fig. 6B). This is consistent with a PRC require-
ment for the maximal expression of these genes. However, the
effect of PRC silencing on the stress program was less pro-
nounced than that observed with CCCP (23). This may result
from the more extended time course of PRC induction by
SN-38, allowing time formodest levels of PRC to accumulate in
the PRC shRNA1 transductant. TFAMmRNAwas expressed at
similar levels in the two transductants. Although PRC mRNA

was modestly induced in both transductants, its induction was
far below that of PRC protein. Moreover, SN-38 treatment of
both transductants resulted in the cessation of cell growth asso-
ciated with a flattened, granular, senescent morphology and no
difference in senescence-associated �-galactosidase staining
(Fig. 6C). Therefore, PRC is required for maximal induction of
the stress program but is not required for premature senes-
cence mediated by SN-38.
PRC and the Induction of c-MYC—Interestingly, c-MYCwas

induced in both the control and PRC shRNA1 transductants,
suggesting that PRC is not absolutely required for the up-regu-
lation of c-MYCby SN-38. In addition, the c-MYC genewas not
among the PRC-dependent genes identified in the initial
screening (23), suggesting that PRC does not regulate c-MYC
expression.
To estimate the potential contribution of PRC to c-MYC

expression, protein extracts were prepared in triplicate from
cells either left untreated or treated with SN-38 for 72 h and
subjected to immunoblotting. The densitometric intensity of
the PRC, c-MYC, and NRF-2� bands was determined under
identical blotting and exposure conditions. As shown in Fig. 6D,
the expression of PRC relative to NRF-2� in the PRC shRNA1
transductant was �17-fold lower than in the control shRNA
transductant as expected from the efficient silencing of PRC
in this cell line (12). By contrast, c-MYC expression relative to
the NRF-2� control was reduced by �2-fold, arguing that a
large reduction in PRC expression has a relativelymodest effect
on c-MYC induction. Thus, PRC and c-MYC appear to be reg-
ulated independently in response to SN-38. The results estab-

FIGURE 3. Kinetics of PRC-dependent stress program induction by menadione. A, human log phase U2OS cells were plated as in Fig. 1A and treated with
vehicle, menadione, or menadione plus NAC for the indicated times. Total cell extracts from subconfluent cells were subjected to immunoblotting using rabbit
anti-PRC, mouse anti-c-MYC, or rabbit anti-NRF-2� antibodies. B, ROS generation in cells treated with menadione as in A for the indicated times was measured
using 2�,7�-dichlorofluorescein (DCF) diacetate. C, cells were plated and treated with menadione as in A for 16 h. Total cell extracts were subjected to
immunoblotting using mouse anti-HSP70 or rabbit anti-NRF-2� antibodies. D, cells were treated as in A for the indicated times. The time course of mRNA
induction for representative PRC-dependent stress genes (IL1�, SPRR2D, and SPRR2F) by menadione was compared with that of PRC, TFAM, and c-MYC by
quantitative real time PCR. RNA induction for each gene is expressed relative to the untreated control. A significant difference between NAC-treated and
untreated samples is indicated by an asterisk denoting a p value of �0.03. Values are the averages � S.E. (error bars) for at least three separate determinations.
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lish that PRC is required for maximal induction of the PRC-de-
pendent stress program in cells experiencing premature
senescence as a result of topoisomerase I inhibition.
Induction of Additional PRC Stress Genes by Menadione and

SN-38—The degree of similarity between the PRC stress
response elicited by menadione and that elicited by SN-38 was
examined by assaying the expression of additional genes from
the three main functional subcategories of the program (23).
These included several more inflammatory genes (ESM1,
CHRNA9, andCCL20), two genes associated with cell signaling
(GNG11 and BMP6), and two genes involved in metabolism
(HK2 and NAMPT). All but GNG11 were induced by menadi-
one (Fig. 7A), whereas all seven were induced by SN-38 (Fig.
7B). As observed for the SPRR genes, the response to menadi-
one was more blunted compared with that obtained with
SN-38. For example, the inflammatory genes (ESM1,CHRNA9,
and CCL20) were induced tens of fold by menadione (Fig. 7A)
but hundreds of fold by SN-38 (Fig. 7B). This may reflect the
overall cellular dysfunction associated with the toxicity ofmen-
adione as an apoptotic agent. The exception was HK2, which
was induced to similar levels by both agents.
Interestingly, c-MYC, which is an activator of bothHK2 and

NAMPT as well as other glycolytic genes, was induced at the
RNA level by both agents (Figs. 3B and 5C), suggesting that the
PRC program may be associated with a shift to glycolytic
metabolism. This is consistent with the observation that lactate

production on a per cell basis was markedly increased in the
medium of SN-38-treated cells (Fig. 7C). This suggests that in
addition to up-regulating genes involved in inflammation and
cell signaling part of the adaptive function of the PRC stress
program may be to facilitate metabolic reprogramming.
Induction of the PRC Stress Program by Meclizine—A recent

screen of over 3500 compounds identifiedmeclizine as an agent
that inhibits oxidative phosphorylation and facilitates a shift to
predominantly glycolytic metabolism (48). Meclizine accom-
plishes this metabolic shift without inhibiting the mitochon-
drial respiratory chain directly. As shown in Fig. 8A, meclizine
treatment of U2OS cells resulted in a severalfold increase in
lactate production, indicating that it promotes glycolysis in
these cells. Because several PRC stress genes are linked to met-
abolic reprogramming (23), it was of interest to determine
whether meclizine can induce the PRC stress response. As
shown in Fig. 8B,meclizinewas a potent inducer of PRCprotein
expression. PRC was induced at 24 h of meclizine treatment,
and this induction was enhanced at 72h. As observed with the
other agents, c-MYC protein expression was elevated coordi-
nately along with that of PRC under conditions where the
NRF-2� negative control was relatively unchanged.

PRC protein exhibited a time-dependent increase in expres-
sion when meclizine persisted in the growth medium (Fig. 8C).

FIGURE 4. Induction of premature senescence by SN-38. A, human log
phase U2OS cells were plated as in Fig. 1A and treated with either vehicle or
SN-38 for 96 h. Cells were stained for senescence-associated (SA) �-galacto-
sidase activity and visualized by phase-contrast microscopy at 200�. B, total
cell extracts were prepared from cells treated as in A and subjected to immu-
noblotting using rabbit anti-lamin B (LB) or rabbit anti-NRF-2� antibodies.

FIGURE 5. Kinetics of PRC-dependent stress program induction by SN-38.
A, human log phase U2OS cells were plated as in Fig. 1A and treated with
either vehicle (�) or SN-38 (�) for the indicated times. Total cell extracts from
subconfluent cells were subjected to immunoblotting using rabbit anti-PRC,
mouse anti-c-MYC, or rabbit anti-NRF-2� antibodies. B, cells plated as in A
were treated with vehicle, SN-38, or SN-38 plus NAC for 96 h. Total cell extracts
from subconfluent cells were subjected to immunoblotting using rabbit anti-
PRC, mouse anti-c-MYC, or rabbit anti-NRF-2� antibodies. C, cells were
treated as in A for the indicated times. The time course of mRNA induction for
representative PRC-dependent stress genes (IL1�, SPRR2D, and SPRR2F) by
SN-38 or SN-38 plus NAC was compared with that of PRC, TFAM, and c-MYC by
quantitative real time PCR. RNA induction for each gene is expressed relative
to the untreated control. A significant difference between NAC-treated and
untreated samples is indicated by an asterisk denoting a p value of �0.07.
Values are the averages � S.E. (error bars) for at least three separate
determinations.
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However, when PRC was induced for 24 h followed by removal
of meclizine, PRC protein declined to uninduced levels within
16 h. Thus, meclizine induction of PRC is reversible, and the
relatively rapid turnover of PRC is similar to that observed fol-
lowing the initiation of cell growth (23). When meclizine was
replaced by cycloheximide, PRC protein levels initially declined
but then increased in a time-dependent fashion most likely
because of the stress imposed by the inhibition of protein syn-
thesis (Fig. 8C). Thus, de novo protein synthesis is not required
for PRC induction, which is consistent with a post-translational
mode of regulation.

The induction of PRC by meclizine was accompanied by the
induction of representative PRC stress genes (Fig. 8D). The
inflammatory genes IL1�, SPRR2D, and -F were dramatically
up-regulated along with more modest increases in HK2 and
NAMPT.PRC andTFAMdisplayed less than a 2-fold induction.
The effect of PRC silencing on the regulation of the PRC stress
genes was determined by assaying the induction of these genes
in lentiviral transductants in which PRC is normally expressed
(control shRNA) or silenced (PRC shRNA1). The results are
presented as the percentage of inhibition of meclizine induc-
ibility by PRC silencing. The data in Fig. 8E show thatmeclizine
induction of the PRC stress genes (IL1�, SPRR2D, and -F) was
nearly completely blocked by PRC silencing. Meclizine induc-
tion of HK2 and NAMPT was also inhibited by PRC silencing
although to a lesser degree than the inflammatory genes under
conditions where PRC showed no inhibition. Although TFAM
was only modestly induced by meclizine, its induction was
diminished by PRC silencing. These results demonstrate that
the induction of the PRC stress response by meclizine is PRC-
dependent and that it is associated with a shift to increased
lactate production.

FIGURE 6. Effect of PRC silencing on the senescence-associated PRC stress
program. A, lentiviral transductants of U2OS cells stably expressing either the
control shRNA or PRC shRNA1 were subjected to SN-38 treatment and immu-
noblotting as described in the legend to Fig. 5A. B, lentiviral transductants
were treated as in A for 48 or 96 h. The induction of mRNAs by SN-38 of
representative PRC-dependent stress genes (IL1�, SPRR2D, and SPRR2F) was
compared with that of PRC, TFAM, and c-MYC by quantitative real time PCR.
RNA induction for each gene at 48 and 96 h is expressed relative to the
untreated control. A significant difference between control shRNA and PRC
shRNA1 transductants is indicated by an asterisk denoting a p value of �0.04.
Values are the averages � S.E. (error bars) for at least three separate determi-
nations. C, lentiviral transductants expressing either the control shRNA or PRC
shRNA1 were treated with vehicle or SN-38 for 96 h and stained for senes-
cence-associated �-galactosidase activity. D, lentiviral transductants were
treated with SN-38 for 72 h, and cell extracts were subjected to immunoblot-
ting as described in A. Densitometric intensities of PRC or c-MYC chemilumi-
nescence signals were normalized to that of NRF-2� using identical blotting
and exposure conditions for three independent trails. A significant difference
between control shRNA and PRC shRNA1 transductants is indicated by an
asterisk denoting a p value of �0.02. Values are the averages � S.E. (error bars)
for three separate determinations.

FIGURE 7. Activation of additional PRC stress response genes by menadi-
one and SN-38. A, U2OS cells were treated with menadione as in Fig. 3 for
16 h, and the induction of additional PRC stress genes involved in inflamma-
tion (ESM1, CHRNA9, and CCL20), cell proliferation (GNG11 and BMP6), and
metabolism (HK2 and NAMPT) was measured by quantitative real time PCR.
B, U2OS cells were treated with SN-38 for 72 h as in Fig. 5, and the induction of
the same collection of PRC stress genes as in A was measured by quantitative
real time PCR. C, lactate production on a per cell basis was measured after 72 h
of SN-38 treatment and compared with the vehicle-treated control. A signif-
icant difference between SN-38-treated and untreated samples is indicated
by an asterisk denoting a p value of �0.03. Values in each panel are the aver-
ages � S.E. (error bars) for at least three separate determinations.
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The potential direct contribution of PRC to glycolytic
function was tested by comparing the level of lactate produc-
tion on a per cell basis in lentiviral transductants in which
PRC is either normally expressed (control shRNA) or effi-
ciently silenced (PRC shRNA1). The data in Fig. 8F show that
in the absence of meclizine lactate production was about
2-fold higher in the transductant in which PRC is silenced by
PRC shRNA1. This difference likely reflects an adaptation to
the severe mitochondrial dysfunction in this cell line (12,
23). However, meclizine treatment increased the level of lac-
tate production by 2-fold in both transductants, arguing that
PRC silencing alone does not block the shift to increased
glycolysis. This may be explained by a compensatory effect
mediated by the induction of c-MYC, which is a transcrip-
tional activator of several glycolytic genes (49). Thus, mecl-
izine is a potent inducer of the PRC stress program, but PRC
alone does not appear to mediate the meclizine-dependent
transition to glycolytic metabolism.

DISCUSSION

This work demonstrates that a PRC-dependent stress
response is temporally linked to apoptosis or premature
senescence brought about by oxidative or replication stress,

respectively. We initially defined this PRC response as a
rapid and robust increase in PRC protein expression by the
respiratory chain uncoupler CCCP. The up-regulation of
PRC was accompanied by the induction of PRC-dependent
genes identified by exploiting the differential response to
uncoupler-induced metabolic stress in lentiviral transduc-
tants in which PRC is either normally expressed (control
shRNA) or efficiently silenced (PRC shRNA1) (23). A sub-
group of inflammation/stress genes displayed the highest
degree of PRC dependence. The results presented here sug-
gest that this PRC stress program may be part of an adaptive
response linked to apoptosis and premature senescence, two
physiologically significant protective mechanisms against
cellular dysfunction (36).
The PRC stress response to CCCP was completely abolished

when cells were treated in the presence of the antioxidantNAC,
suggesting that signaling to PRC may occur through ROS (23).
Menadione, a precursor in the synthesis of vitamin K, gen-
erates intracellular ROS through redox cycling and is used to
generate intracellular oxidants at multiple sites (43, 44). It is
a potent inducer of apoptosis and has been used as a chemo-
therapeutic agent (37, 44). Cancer cells display a high sensi-
tivity to oxidative stress, and there has been interest in using

FIGURE 8. Activation of the PRC stress program by meclizine. A, lactate production on a per cell basis was measured in wild-type U2OS cells after 72 h of
meclizine treatment and compared with that of the vehicle-treated control. A significant difference between meclizine-treated and untreated samples is
indicated by an asterisk denoting a p value of �0.0001. Values are the averages � S.E. (error bars) for three separate determinations. B, human log phase U2OS
cells were plated as in Fig. 1A and treated with either vehicle (�) or meclizine (�) for the indicated times. Total cell extracts from subconfluent cells were
subjected to immunoblotting using rabbit anti-PRC, mouse anti-c-MYC, or rabbit anti-NRF-2� antibodies. C, human log phase U2OS cells were plated as in Fig.
1A and treated with either vehicle (�) or meclizine (�) for 24 h to induce PRC. Cells were then washed and grown in medium containing meclizine (� meclizine,
�cycloheximide), in medium in which meclizine was removed (�meclizine, �cycloheximide), or in medium containing cycloheximide (�meclizine, � cyclo-
heximide). Total cell extracts were prepared at various times and subjected to immunoblotting using rabbit anti-PRC or rabbit anti-NRF-2� antibodies. D, U2OS
cells were treated with either vehicle or meclizine for 72 h. The induction of representative PRC-dependent stress genes (IL1�, SPRR2D, SPRR2F, HK2, and NAMPT)
was compared with that of PRC, TFAM, and c-MYC by quantitative real time PCR. Values are the averages � S.E. (error bars) for at least three separate
determinations. E, lentiviral transductants expressing either the control shRNA or PRC shRNA1 were treated as in D for 72 h. The meclizine induction of the same
genes in D was determined by quantitative real time PCR for each transductant. Values represent the percent decrease of meclizine induction in the PRC
shRNA1 transductant relative to the control. A significant difference in meclizine induction between the control shRNA and PRC shRNA1 transductants is
indicated by an asterisk denoting a p value of �0.0002. Values are the averages � S.E. (error bars) for at least three separate determinations. F, lactate production
on a per cell basis was measured after 72 h of meclizine treatment as in A for lentiviral transductants expressing either the control shRNA or PRC shRNA1. A
significant difference between meclizine-treated and untreated samples is indicated by an asterisk denoting a p value of �0.04. Values are the averages � S.E.
(error bars) for at least three separate determinations.
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menadione as a proapoptotic agent that selectively targets
cancer cells (50).
The rapid induction of PRC and several representative PRC

stress genes in response to menadione was similar to that
observed with CCCP. The induction of the PRC stress response
and the apoptotic effects of menadione were associated with
increased ROS levels and were completely blocked by NAC,
arguing that intracellular oxidants are potent mediators of the
PRC stress program. The induction of the program by uncou-
pler likely operates through intracellular oxidant production as
well. The implication is that other agents and conditions that
generate oxidative stress are likely to trigger the PRC stress
response. It is possible that one function of PRC is to confer
resistance to oxidant stress possibly through the massive up-
regulation of the SPRR genes. Thus, inhibitors of PRC may
increase the potency of therapeutic agents that work through
metabolic or replication stress. This program may partly
account for the chronic inflammation that is a hallmark of aged
tissues (51).
A second major protective mechanism for neutralizing the

effects of severe stress is premature senescence (36). One strat-
egy for blocking oncogenic proliferation is to utilize agents that
drive cells into a nonreplicative, senescent state (52), although it
is not clear that this is universally beneficial (53). Nevertheless,
human U2OS cells are known to undergo premature senes-
cence, demonstrating that this program can be reactivated in
these tumor cells (24). SN-38 is the active metabolite of irino-
tecan, a topoisomerase I inhibitor that is used in the treatment
of colorectal cancer (54).
Here, we show that SN-38 is a potent inducer of both prema-

ture senescence and the PRC stress program in U2OS cells.
Cells treated with SN-38 exited the cell cycle and displayed the
flattened, granular, and enlarged morphology that is typical of
senescent cells. Although there is a strong kinetic relationship
between the induction of PRC protein and several representa-
tive PRC-dependent stress genes by SN-38, the more extended
time course of the response compared with that with CCCP or
menadione is suggestive ofmechanistic differences in signaling.
The fact that the response to SN-38 was antioxidant-insen-

sitivemay indicate that the direct topoisomerase I inhibition by
SN-38 is downstream from ROS signaling. Although it is gen-
erally believed that intracellular ROS plays an important role in
inducing cellular senescence (55), hyperoxia-induced prema-
ture senescence that is independent of mitochondrial ROS has
been observed (55, 56). The different kinetic responsesmay also
reflect differences in the site of action (nuclear or cytoplasmic)
of the inducer. Despite these differences, there is a striking cor-
relation between the appearance of PRC protein and the induc-
tion of the stress response genes by each agent. This along with
the fact that the PRC program was inhibited by PRC silencing
argues that PRC mediates the effects on gene expression.
A hallmark of senescent cells is the senescence-associated

secretory phenotype defined by a marked increase in the secre-
tion of proinflammatory cytokines (51). This senescence-asso-
ciated cytokine network is in part regulated by IL1�, a cytokine
that functions as an upstream regulator of the secretion of the
proinflammatory cytokines, IL6, and IL8. The latter are thought
to contribute to senescence growth arrest (57). It is of interest

that both IL1� and IL8 were identified as PRC-dependent
inflammatory stress genes (23). Induction of IL1� expression in
senescent U2OS cells was particularly sensitive to PRC silenc-
ing. In addition, the PRC stress gene CCL20 was abundantly
up-regulated in senescent U2OS cells (Fig. 7B). CCL20 is one of
the CCL chemokine family members that are frequently up-
regulated in senescent cells (51). These findings suggest that
PRC may play a role in promoting a senescence-associated
secretory phenotype-like response.
It has been suggested that the senescence-associated secre-

tory phenotype may signal cellular damage to surrounding tis-
sue for the purpose of stimulating repair (58). Potential PRC
involvement in this function is consistent with the finding that
the SPRR2D and -F genes are among the most highly induced
PRC stress genes (23). The SPRR family is associated with the
response to DNA damage and exit from the cell cycle (32, 33).
They also provide a protective antioxidant barrier to cellular
damage, thereby promoting tissue remodeling (34, 35). This
appears to be a generalized response to stress or injury in many
tissues (34). Thus, the PRC stress program may be part of an
integrated response to cellular damage.
A potential protective function for PRC is supported by the

observation that meclizine was a very effective inducer of PRC
and the PRC stress genes. As with the other agents, meclizine
induction of the programwas highly sensitive to PRC silencing.
The induction of PRC by meclizine was reversible, indicating
that PRC turns over rapidly in the absence of inducer. More-
over, PRC induction occurred in the presence of cyclohexi-
mide, indicating that de novo protein synthesis is not required
for PRC up-regulation. These observations along with the fact
that PRC expression is massively increased by proteasome
inhibitors (23) are consistent with a post-translational regula-
tory mechanism.
Meclizinewas identified as a Food andDrugAdministration-

approved drug that has low toxicity and redirects energy
metabolism toward glycolysis. This occurs through an un-
known mechanism that does not involve inactivation of the
hypoxia-inducible factor pathway (48). Shifting cellular metab-
olism from mitochondrial respiration to glycolysis may have
therapeutic potential for protecting tissues from ischemia-rep-
erfusion injury (48). Although HK2 was identified as a PRC
stress gene in U2OS cells (23), PRC silencing did not inhibit
the meclizine-induced increase in lactate production. Thus,
althoughHK2 gene expression was increased upon PRC induc-
tion by all of the agents described here, PRCmay not be limiting
for a shift to glycolysis in this system. It is possible that c-MYC
plays a role because it was also strongly induced by meclizine
and acts on the promoters of a number of glycolytic genes,
including HK2 (49). PRC may contribute to the protective
effects ofmeclizine by inducing IL1�, the SPRR2 genes, or other
genes associated with increased PRC expression.
A generalized response to oxidative stress by the SPRR pro-

teins may be protective through their recently characterized
antioxidant properties (35). The SPRRproteins are expressed in
many tissues subjected to stress or injury (34), and SPRR1A has
been identified as a stress-inducible cardioprotective protein in
hearts subjected to ischemic injury (59). Interestingly, cyto-
kines have been implicated in the myocardial stress response,
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and SPRR1A is a downstream target of IL6 signaling through
the gp130 receptor. Thus, potential PRC control of SPRR gene
expression may be an adaptive mechanism of protection from
oxidative damage.However, this pathwaymay also bemaladap-
tive in fostering the survival of damaged cells that are destined
for neutralization by apoptosis or senescence. Thismay explain
the increased PRC expression found in human cancers (22, 29)
and the expression of several PRC stress genes as part of the
inflammatory microenvironment in human tumors (26–28).
Several transcription factors associated with the regulation

of mitochondrial biogenesis (PRC, NRF-1, NRF-2�, NRF-2�,
Sp1, c-MYC, and TFAM) were tested for their inducibility by
uncoupler (23). Of these, PRC and c-MYCwere the only factors
induced by CCCP. Here, we establish a tight kinetic link
between the induction of PRC and the induction of c-MYC in
response toCCCP,menadione, SN-38, andmeclizine in spite of
the fact that these agents act on different cellular subcompart-
ments and have different mechanisms of action. PRC and
c-MYCwere coordinately up-regulated rapidly duringmenadi-
one-induced apoptosis, and both were equally sensitive to anti-
oxidant. Moreover, they both followed the same extended time
course of induction in response to SN-38-mediated premature
senescence. However, the two proteins differ in that c-MYC
protein and mRNA were induced by each treatment, whereas
PRC protein induction appears to be entirely post-transcrip-
tional with little or no change in PRC mRNA expression. This
suggests that there are differences in the signaling mechanisms
that control expression. There may also be a post-transcrip-
tional component to c-MYC induction because both proteins
appeared concomitantly. MYC stabilization by the proteasome
system has been linked to tumor cell proliferation (60).
These results are suggestive of a potential functional rela-

tionship between PRC and c-MYC inmediating the response to
cellular stress. It seems unlikely that PRC is absolutely required
for c-MYC induction because a large decrease in PRC protein
levels through stable PRC silencing had a comparativelymodest
effect on the induction of c-MYC protein levels by SN-38. Also,
because c-MYC is a transcription factor, it seems unlikely to act
as a direct regulator of the rapid post-transcriptional induction
of PRC. It is possible that PRC acts as a c-MYC coactivator to
enhance its transcriptional activity or to modulate promoter
specificity. Recent studies have implicated MYC in promoting
DNA replication through checkpoint activation under condi-
tions of replication stress (61, 62). Such a functionmay account
for the robust induction of c-MYC by a wide range of stress
inducers. It is notable in this context that PRC exists in a com-
plex with host cell factor, an abundant chromatin-associated
protein that is required for cell cycle progression (39, 63). It is
tempting to speculate that PRC is part of the mechanism con-
trolling the cell cycle under conditions of metabolic stress.
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