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XPC silencing in normal human keratinocytes

triggers metabolic alterations that drive the
formation of squamous cell carcinomas
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DNA damage is a well-known initiator of tumorigenesis. Studies have shown that most cancer cells rely on
aerobic glycolysis for their bioenergetics. We sought to identify a molecular link between genomic mutations
and metabolic alterations in neoplastic transformation. We took advantage of the intrinsic genomic instabil-
ity arising in xeroderma pigmentosum C (XPC). The XPC protein plays a key role in recognizing DNA dam-
age in nucleotide excision repair, and patients with XPC deficiency have increased incidence of skin cancer
and other malignancies. In cultured human keratinocytes, we showed that lentivirus-mediated knockdown
of XPC reduced mitochondrial oxidative phosphorylation and increased glycolysis, recapitulating cancer cell
metabolism. Accumulation of unrepaired DNA following XPC silencing increased DNA-dependent protein
kinase activity, which subsequently activated AKT1 and NADPH oxidase-1 (NOX1), resulting in ROS produc-
tion and accumulation of specific deletions in mitochondrial DNA (mtDNA) over time. Subcutaneous injec-
tion of XPC-deficient keratinocytes into immunodeficient mice led to squamous cell carcinoma formation,
demonstrating the tumorigenic potential of transduced cells. Conversely, simultaneous knockdown of either
NOX1 or AKT1 blocked the neoplastic transformation induced by XPC silencing. Our results demonstrate
that genomic instability resulting from XPC silencing results in activation of AKT1 and subsequently NOX1

to induce ROS generation, mtDNA deletions, and neoplastic transformation in human keratinocytes.

Introduction

Early studies of the metabolic changes that accompany the develop-
ment of cancer led Otto Warburg to propose that a respiratory defi-
ciency might drive neoplastic transformation (1), prompting many
investigators to analyze the metabolism of tumor cells. These analyses
revealed that a large number of cancer cell lines have a higher rate of
glycolysis, an increased rate of glucose transport, increased pentose
phosphate pathway (PPP) activity, decreased numbers of mitochon-
dria, and a reduction in mitochondrial oxidative phosphorylation
(OXPHOS) proteins and activities (2-4). These alterations in cancer
cell energy metabolism could be related to somatic mutations in mito-
chondrial DNA (mtDNA); oxidative stress as a result of increased ROS
level; adaptation to tissue hypoxia (4-7); the activation of oncogenes
and/or inactivation of tumor suppressors (TP53, HIF-1A, c-MYC); as
well as deregulation of PI3K/AKT, which influences the glycolytic flux
through regulation of different factors (8).

However, the etiologic relationship among genomic muta-
tions, the Warburg effect, and increased ROS levels in tumor
induction remains unclear (3, 5, 9). Furthermore, there is no clear
mechanism(s) linking genomic mutations and modified cellular
bioenergetics. To understand the relationships between these fac-
tors, we speculated that cells with heightened predisposition to
malignant transformation, or cells with the capacity to accumu-
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late mutations, could be helpful in elucidating this mechanism.
To this end, xeroderma pigmentosum (XP) cells are a useful tool
since they manifest varying defects in nucleotide excision repair
(NER), rendering them more susceptible to neoplastic transforma-
tion and cancer induction (10).

NER is the major pathway for repairing numerous types of DNA
damage including helix-distorting lesions produced mostly by UV
radiation and bulky lesions created by carcinogenic chemicals (11).
The pivotal role of NER is demonstrated in 3 dermatological dis-
eases that manifest skin photosensitivity — namely, XP, Cockayne
syndrome, and trichothiodystrophy (11). Patients with XP exhibit
extreme sensitivity to solar UV light and have a disproportionately
high incidence of skin cancers (11, 12). XP patients are also shown
to have a high incidence of developing several types of internal
malignancies before the age of 20 (13). There are multiple subtypes
of XP that have been defined on the basis of complementation
groups (XPA-XPG). Among XP patients, XPC patients have pro-
ficient transcription-coupled repair and defective global genome
repair. Therefore, in these patients, the cells accumulate mutations
in nontranscribed parts of the genome, leading to neoplastic trans-
formation (11). Notably, XPC-knockout mice have heightened
predisposition to many types of UV-induced and spontaneous
cancers (14, 15), indicating that XPC plays a role in the removal of
non-UV-related mutations as well. Moreover, lymphocytes from
Xpc”/~ mice accumulate spontaneous lesions in the hypoxanthine
guanine phosphoribosyl transferase (Hprt) gene (16). Interestingly,
the most frequent mutations observed in older mice (i.e., >1 year
of age) are G to T transversions, which also result from oxidative
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Figure 1

Effects of XPC downregulation on mitochondrial metabolism and gly-
colysis. Glucose consumption and lactate production (A) as well as the
total endogenous ATP levels and ATP levels produced by mitochon-
dria (B) were measured at the indicated time points after transduction.
The glucose uptake, lactate production, and the total endogenous
and mitochondrial ATP levels by shCtrl-transduced cells were set to
100% at each time point. The results were then compared with the
shCtrl and are expressed as the average percentage of shCtrl + SD
of 3 independent experiments. *P < 0.05 (black) for shXPC-trans-
duced cells versus shCtrl-transduced cells; *P < 0.05 (purple) for
XPC-KC versus control keratinocytes at the indicated time points. (C)
The protein expression levels of XPC, ND1, COX3, GLUT1, HK-2,
PFKPB-3, and G6PD were determined by Western blot at the indi-
cated days after transduction. p-actin was used as a loading control.
(D) The relative activity of complex IV of the mitochondrial respira-
tory chain was assessed. The mRNA levels of COX1 and COX3,
ND1 and ND5 (E), HK-2 and PFKFB3, and GLUT1 and G6PD (F)
were quantified by qRT-PCR. The results are shown as the average
percentage of control + SD of 3 independent experiments. (G) The
mitochondrial network morphology in XPC-KC, shCtrl-, and shXPC-
transduced keratinocytes was determined by microscopy using Mito-
Tracker. Scale bars: 10 uM. (H) Length of mitochondrial tubules was
measured in 50 cells (25 mitochondrial tubules per cell) per condition.
Results are expressed as average percentage of mitochondrial tubule
size distribution + SD of 3 independent experiments. *P < 0.05 (black)
for shXPC cells versus shCtrl-transduced cells. shCtrl, keratinocytes
transduced with control shRNA; shXPC, keratinocytes transduced
with shXPC; XPC-KC, keratinocytes isolated from XPC patients.

processes (16), suggesting a causative role for ROS. Here, we used
XPC-deficient cells as a model system for assessing how the accu-
mulation of DNA damage alters cellular energy metabolism in the
context of cancer induction.

Results
XPC downregulation results in mitochondrial bioenergetics deficiency. To
determine whether DNA repair deficiency has an effect on cell bio-
energetics, endogenous XPC protein expression was first inhibited
using lentivirus-mediated expression of shRNA against XPC (Sup-
plemental Figure 1; supplemental material available online with
this article; doi:10.1172/JCI40087DS1). To rule out “off target”
effects of shXPC, all experiments were performed with 2 distinct
shRNAs against XPC (Supplemental Figure 1). Both shXPCs sta-
bly inhibited more than 92% of XPC expression in keratinocytes
(Supplemental Figure 1). Since both shRNAs had similar effects,
hereafter only the results of shXPC1 have been shown.
Measurement of glucose consumption and lactate production
in shCtrl- and shXPC-transduced keratinocytes on different days
after transduction revealed that XPCKP cells exhibited lactic acido-
sis at 20 and 30 days after transduction (Figure 1A), suggesting a
deficiency in the mitochondrial metabolism of pyruvate through
the Krebs cycle and OXPHOS system. Consumption of glucose
and the production of lactate were higher in keratinocytes taken
from XPC patients (XPC-KC) than in control keratinocytes over
time (Figure 1A). ATP levels were similar in shCtrl- and shXPC-
transduced keratinocytes on different days after transduction
(Figure 1B), although a nonsignificant decrease in ATP produc-
tion occurred 5 days after shXPC transduction. To assess whether
XPCKP cells and XPC-KC are more dependent on glycolysis for
ATP generation, the ATP level was measured in the presence of
iodoacetate, an inhibitor of glycolysis. ATP levels were decreased to
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a greater extent in the iodoacetate-treated XPCKP cells as compared
with control cells on days 20 and 30 after transduction (Figure 1B).
Similarly, XPC-KC produced less mitochondrial ATP compared
with control keratinocytes (Figure 1B).

The mitochondrial OXPHOS pathway includes the respiratory
chain, which consists of about 85 individual subunits segregated
into 5 main complexes (I to V). Among the mitochondrial protein
subunits, 13 polypeptides are encoded by mtDNA (17). To deter-
mine whether OXPHOS subunits are affected by XPC downregula-
tion, we assessed the levels of 2 mtDNA-encoded proteins: NADH
dehydrogenase subunit 1 (ND1, from complex I) and cytochrome ¢
oxidase subunit III (COX3, from complex IV). The levels of ND1
and COX3 decreased from around 20 days after XPC silencing
(Figure 1C). Complex IV activity also diminished following XPC
downregulation (Figure 1D). Both COX1 and COX3 mRNA
expression decreased, correlating with the reduced activity of
complex IV around 20 days after XPC downregulation (Figure 1E).
XPCKP cells also showed decreased expression of ND1 and ND5
mRNA compared with shCtrl-transduced cells at approximately
20 days after transduction (Figure 1E).

The above results indicate that XPCKP cells generate most of
their ATP through glycolysis. To further examine this hypoth-
esis, we measured the mRNA and protein levels of 4 enzymes
that are involved in the regulation of the glycolytic flux. The
hexokinase (HK) isoenzymes catalyze the first step of glucose
metabolism following glucose uptake into cells. Among the 4 HK
subtypes, HK-2 is the most highly expressed in tumors (18) and
the XPCKP cells displayed increased expression of HK-2 mRNA
(Figure 1F) and protein (Figure 1C). The bifunctional enzyme
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB)
catalyzes the phosphorylation of fructose-6-phosphate to fruc-
tose-2,6-bisphosphate. The PFKFB3 isozyme has the highest
kinase/phosphatase activity ratio of all the PFKFB isoforms and
is overexpressed in many types of neoplastic cells (19). Our data
showed that XPCKP cells manifest elevated PFKFB3 as compared
with control cells (Figure 1, C and F). The enhanced rate of gly-
colysis in tumors is usually accompanied not only by a marked
increase in HK activity, but also by an upregulation of GLUT pro-
teins that facilitate its cellular uptake (3). Therefore, we quanti-
fied GLUT1 mRNA and protein levels and showed that they were
increased after XPC silencing (Figure 1, C and F). Cancer cells are
known to have increased PPP activity, which is the only known
pathway for the direct synthesis of ribose from glucose and the
main pathway for NADPH synthesis. Glucose-6-phosphate dehy-
drogenase (G6PD), the first enzyme of this pathway, is known
to be upregulated in cancer cells (20), and it was increased
in XPCXP cells (Figure 1, C and F). Consistently, XPC-KC
also showed a reduction in the expression of mitochondrial
OXPHOS subunits and increased expression of HK-2, PFKFB3,
GLUT-1, and G6PD (Figure 1, C-F).

Mitochondrial morphology is critically linked to bioenergetics,
and changes in mitochondrial energy state cause structural altera-
tions of the mitochondrial network (21). To determine whether XPC
downregulation alters mitochondrial network morphology, cells
were stained with a MitoTracker probe. Normal keratinocytes dem-
onstrated an interconnected network located mostly around the
nucleus, while XPCKP cells and XPC-KC exhibited a larger tubular
mitochondrial network more dispersed throughout the cytoplasm
(Figure 1, G and H). Moreover, XPCKP cells were substantially larger
than control cells (Figure 1G and Supplemental Figure 2).
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Figure 2

XPC silencing—induced ROS production leads to mtDNA deletions. (A) ROS levels in different cells were measured by flow cytometry using
cytoplasmic- and mitochondrial-specific probes at the indicated days after transduction. The ROS level in the shCtrl-transduced cells was arbi-
trarily set to 1. Results are then assessed as shown at the top of the panels and expressed as the mean + SD of 3 independent experiments.
(B) Genomic and mtDNA oxidation were assessed by quantification of 8-oxodG levels in nuclear genome and mtDNA of different cells. Results
are expressed as ng of 8-oxodG per ug DNA. (C) mtDNA was extracted and subjected to PCR, amplifying either reference fragments (Ref)
representing total mitochondrial genome or 2 known deletions (3895 del and 4977 del). (D) NADPH oxidase activity was assessed as shown at
the top of the panels and expressed as the mean + SD of 3 independent experiments. (E) Glucose consumption and lactate production as well
as the total endogenous ATP levels and ATP levels produced by mitochondria were measured in the different transduced cells. *P < 0.05 for
different cells versus shCtrl-transduced cells at the indicated time points.

Taken together, our results demonstrate that XPC silencing in
normal human keratinocytes leads to altered metabolism, which
resembles the metabolic signature of most cancer cells.

XPC downregulation elevates intracellular ROS levels and results in
mtDNA oxidation through the activation of NADPH oxidase. The mito-
chondrial respiratory chain is the major source of ROS generation
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in cells, and altered OXPHOS activity is associated with variations
in ROS levels (7, 9). To evaluate ROS following XPC knockdown,
we measured the cytoplasmic and mitochondrial steady-state lev-
els of ROS using CM-H,DCF-DA and MitoSOX probes, respective-
ly (Figure 2A and Supplemental Figure 3). A significant increase
in cytoplasmic ROS levels occurred in XPCKP cells over time as
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Figure 3

XPCKD cells display increased proliferative capacity associated with an increased fraction of S phase cells and decreased length of S phase following
an initial stalled phase. (A) The proliferation capacities of shCtrl- or shXPC-transduced keratinocytes were measured by serial cell counts on different
days after transduction. (B) The distribution of cells in the G4, S, and G, phases was measured at the indicated time intervals after transduction using
7-AAD and BrdU staining. (C) Graphic representation of the distribution of cells in the G4, S, and G, phases. The percentage of cells in each phase for
shCtl-transduced keratinocytes was considered to be 100%. The results were then compared with the shCtrl and are expressed as the mean + SD
of 3 independent experiments. (D) DNA synthesis time was measured by a BrdU pulse assay. Results are shown as the average percentages of
shCtrl + SD of 3 independent experiments. *P < 0.05 for shXPC-transduced cells versus shCtrl-transduced cells at the indicated time points. (E)
Total protein extracts were assessed for cell-cycle regulators by Western blot analysis. $-actin was used as a loading control.
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compared with control cells. In contrast, the mitochondrial ROS
showed a moderate but significant (P < 0.01, n = 3) decrease 5 days
after XPC downregulation, followed by a gradual increase that
peaked 30 days after transduction. Consistently, cytoplasmic and
mitochondrial ROS levels were higher in XPC-KC than normal
keratinocytes (Figure 2A).

Since ROS can cause oxidative DNA damage, we determined the
level of genomic and mtDNA oxidation using an antibody directed
against 7,8-dihydro-8-oxoguanine (8-oxodG) (Figure 2B). 8-oxodG
increased in the nuclear genome and mtDNA after XPC silencing
in a time-dependent manner that was accompanied by increased
cytoplasmic and mitochondrial ROS levels (Figure 2B), indicating
that XPC silencing results in increased oxidative stress in both the
nuclear and mitochondrial compartments.

Since increased oxidative stress is associated with mtDNA dele-
tions and subsequent mitochondrial dysfunction (22, 23), we next
assessed whether ROS generated in XPCKP cells led to mtDNA
deletions and OXPHOS deficiency. To this end, we initially looked
for 2 characteristic mtDNA deletions: (a) the 3895-bp deletion,
which is known to occur more frequently in sun-exposed skin and
is present in nonmelanoma skin cancer (24), and (b) the 4977-bp
deletion, which is known to be involved in neurodegenerative dis-
eases and the processes of aging and photoaging (22, 23). As shown
in Figure 2C, XPCXP cells accumulated both types of mtDNA dele-
tions in a time-dependent manner.

We further investigated the role of ROS in mtDNA deletions
using XPCKP cells overexpressing the antioxidant enzymes catalase,
CuZnSOD, or MnSOD, as well as treating these cells with diphenyl-
ene iodonium (DPI) (2.5 uM), which is an inhibitor of cytoplasmic
NADPH oxidase (Supplemental Figures 1 and 3). Overexpression
of catalase, CuZnSOD, and MnSOD significantly decreased steady-
state levels of endogenous ROS but had no effect on XPC down-
regulation-induced enhancement of ROS generation. In contrast,
DPI treatment eliminated the effects of XPC silencing on cyto-
plasmic and mitochondrial ROS alterations over time (Figure 2A
and Supplemental Figure 3), suggesting that cytoplasmic NADPH
oxidase is crucial for the metabolic alterations observed in XPCKP
cells. NADPH oxidase consists of 6 heterosubunits that, when
activated, associate to form an active enzyme complex generating
O, from oxygen using NADPH as an electron donor (25). The cat-
alytic subunit of this complex, NOX, has 7 homologous members,
of which NADPH oxidase-1 (NOX1) and NOX2 are expressed in
keratinocytes (26, 27). NOX proteins are involved in host defense,
posttranslational processing of proteins, cellular signaling, regula-
tion of gene expression, and cellular differentiation (25). We fur-
ther characterized the role of NADPH oxidase in ROS production
in XPCKP cells by overexpressing or downregulating NOX1 and
NOX2 (Supplemental Figure 1). Our results indicated that NOX2
has little or no involvement in ROS generation in XPCKP cells
(data not shown). In contrast, NOX1 downregulation completely
blocked both cytoplasmic and mitochondrial ROS generation in
XPCKP cells (Figure 2A and Supplemental Figure 3). The ROS level
was higher in the XPCKP cells that overexpressed NOX1 than in
normal cells overexpressing NOX1 (Figure 2A and Supplemental
Figure 3). These results suggest that ROS generation associated
with XPC downregulation might be dependent on NADPH oxi-
dase activation. To assess this, NADPH oxidase activity was mea-
sured. Results indicated that XPC silencing resulted in increased
NADPH oxidase activity and that NOX1 downregulation or DPI
treatment of XPCKP cells completely abrogated the modification
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in NADPH oxidase activity (Figure 2D). Overexpression of NOX1
enhanced NADPH oxidase activity in XPCKP cells, indicating a syn-
ergistic effect between XPC deficiency and NOX1 overexpression
(Figure 2D). Our data further indicated that downregulation of
NOX1 blocked the oxidative effects of XPC silencing on genomicand
mtDNA (Figure 2B) and inhibited mtDNA deletions (Figure 2C).
In contrast, NOX1 overexpression in XPCKP cells increased the
nuclear and mitochondrial levels of 8-oxodG (Figure 2B) and the
degree of the 2 mtDNA deletions (Figure 2C). Interestingly, NOX1
overexpression alone had no effect on DNA oxidation (Figure 2B)
and mtDNA deletions (data not shown).

We next determined whether variations in glycolysis and mito-
chondrial metabolism following XPC downregulation are depen-
dent on upregulation of NADPH oxidase. We found that downreg-
ulation of NOX1 in XPCKP cells restored glucose consumption and
lactate production (Figure 2E); mitochondrial ATP production
(Figure 2E); expression levels of ND1,ND35, COX1, and COX3; and
expression levels of HK-2, PFKFB3, GLUT1, and G6PD to normal
(Supplemental Figure 4, A-C). In contrast, NOX1 overexpression in
XPCKP cells increased the rate of metabolic alterations (Figure 2E
and Supplemental Figure 4, A-C). Taken together, our results dem-
onstrate that NADPH oxidase activation plays an essential role in
the XPC-silencing-induced metabolism remodeling.

XPC deficiency increases the proliferative capacity of normal keratinocytes.
To examine the effects of altered metabolism on the prolifera-
tive capacity of XPCKP cells, we performed serial cell counts on
different days following XPC downregulation. An initial period
of growth retardation was followed by increased proliferation of
XPCKP cells as compared with control cells (Figure 3A). Cell-cycle
analysis indicated cells in S phase increased within 5 days of XPC
downregulation. The number of S phase cells then declined over
the next few days, and a second persistent increase occurred 15 days
after transduction (Figure 3, B and C). Measurement of DNA syn-
thesis time demonstrated a prolongation of S phase in XPCKP cells
5 days after transduction that was followed by a gradual decrease
that peaked around day 30 (Figure 3D). Western blotting revealed
that XPC knockdown resulted in immediate ataxia telangiecta-
sia-mutated and Rad3-related protein-mediated (ATR-mediated)
Chk1 phosphorylation, which then declined over time (Figure 3E).
XPC downregulation also resulted in an initial reduction of
cyclin B1, D2, and E protein expression 5 days after transduction.
Thereafter, the levels of these cell-cycle proteins increased over
time (Figure 3E). Concomitantly, the expression of inhibitors of
cell-cycle progression, namely p16, p21WVAFL and p-Cdc2, initially
increased shortly after XPC downregulation and then declined ina
time-dependent manner (Figure 3E). Taken together, these results
indicate that XPCKP cells acquire increased proliferative capacity
shortly after ATR-mediated cell-cycle delay.

To assess the chronic effect of XPC downregulation on kerati-
nocyte proliferation and differentiation, XPCKP cells were seeded
either 5 or 15 days after transduction on dead dermis. Epidermis
reconstructed with XPCKP cells at 5 days after transduction showed
a marked reduction in thickness and also in the number of Ki67-
positive cells, compared with control cells (Figure 4A). In contrast,
epidermal thickness, the number of Ki67-positive cells, and levels of
basal cell layer markers (keratin 14, a6, and f1 integrin) were sub-
stantially higher in epidermis reconstructed with XPCKP cells 15 days
after transduction compared with control constructs (Figure 4A).
It is important to emphasize that the epidermis reconstructed
with XPC-KC manifested the same characteristics as the epider-
Volume 121
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Figure 4

Knockdown of XPC results in epithelial hyperplasia. Epidermis reconstructed with XPC-KC, shCitrl-, or shXPC-transduced keratinocytes on
days 5 and 15 after transduction. (A) Architectures of epidermis were evaluated with H&E staining. Proliferation and differentiation status of
epidermis were assessed using immunofluorescence staining of K10, K14, integrin a6, integrin f1, and Ki67. The nuclei were marked in blue

with DAPI. (B) High proliferation detected with Ki67 staining in a large extension of rete pegs in epidermis reconstructed with XPCKP cells
and XPC-KC. Scale bars: 200 um.

The Journal of Clinical Investigation  http://www.jci.org ~ Volume 121 ~ Number1  January 2011 201



research article

Table 1

Tumor incidence after xenografting the different keratinocytes into the mice

Cells Vectors used for Tumor-bearing
transduction mice/mice
injected
Normal human keratinocytes shCtrl 0/9
shXPC1 6/9
shXPC2 5/9
shNOX1 0/9
NOX1 0/9
(shXPC1 + shNOX1) 2/9
(shXPC1 + NOX1) 8/9
shAKT1 0/9
(shXPC1 + shAKT1) 1/9
XPC-KC 2/3

AP < 0.05 vs. counterpart control cells.

mis reconstructed with XPCXP cells 15 days after transduction,
ie., higher proliferation, increased levels of keratin 14, 06, and 1
integrin, and limited expression of keratin 10 to the upper epider-
mis (Figure 4A). Furthermore, both epidermis reconstructed with
XPCKD cells at 15 days after transduction and XPC-KC manifested
large and frequent extension of rete pegs (Figure 4, A and B) com-
pared with control epidermis. Altogether, these results show that
knockdown of XPC results in epithelial hyperplasia.

NOX1 downregulation inhibits neoplastic transformation of XPCKP cells.
To determine whether XPCXP cells have tumorigenic potency, cells
were injected subcutaneously into immunodeficient NOD/SCID
mice 15 days after transduction. Around 17 weeks after xenograft-
ing, well-differentiated squamous cell carcinomas (SCCs) devel-
oped in 11 of the 18 injected mice (6 of 9 mice xenografted with
shXPC1-transduced keratinocytes and S of 11 mice xenografted
with shXPC2-transduced keratinocytes) and grew over time (Table 1
and Figure 5). XPC-KC, when injected subcutaneously into NOD/
SCID mice, also developed differentiated SCCs around 13 weeks
after xenografting (Table 1 and Figure SA).

To investigate the role of NADPH oxidase activity on tumorigen-
ic potency of XPCKP cells, the double-knockdown cells (XPCKP/
NOX1XP) and XPCKP cells overexpressing NOX1 were injected
into mice. While XPCKP/NOX1KP cells failed to form tumors
(2 of 9 injected mice; Table 1), the XPCXP cells overexpressing
NOX1 formed tumors (8 of 9 injected mice; Table 1 and Figure 5)
of larger size (1.6-fold) compared with the tumors formed by
XPCKP cells alone (Figure 5A), suggesting that ROS level may be
an essential factor for tumor initiation.

To further investigate the role of ROS in XPC-silencing induced
tumorigenic transformation of keratinocytes, we looked at the p53
status in tumors developed by xenografted XPCKP cells. Results
showed that the majority of tumors (7 of 11) had G to T transver-
sion mutations in p53 (our unpublished observations), suggest-
ing that XPC silencing initially causes ROS generation, which then
leads to mutations in oncogenes and tumor suppressors.

AKT downregulation inhibits NOX1 activation and neoplastic transfor-
mation of XPCKP cells. To define the signaling pathways resulting in
tumorigenic transformation of XPCKP cells, we assessed the activation
profile of 10 “cancer” pathways (AKT, WNT, p53, TGFB, pRB-E2F,
NFKB, MYC, hypoxia, MAPK/ERK, and MAPK/JNK) using cancer
reporter arrays. Among them, WNT-f-catenin, AKT/PKB, and pS53
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were upregulated in XPCKP cells (Figure 6A). Interestingly, knock-
down of AKT1 — using lentivirus-mediated expression of shRNA
directed against AKT1 (Supplemental Figure 1) — in XPCKP cells
repressed WNT activation (Figure 6A). This is consistent with
the previous data indicating that AKT could positively regulate
Wnt-fB-catenin signaling through GSK-3f3 phosphorylation (28).
We also found an increase in phosphorylation of GSK-3f in XPCKP
cells; this increase was blocked in the absence of AKT (Supple-
mental Figure SA), suggesting that AKT activation is the principal
event following XPC downregulation.

AKT is shown to regulate multiple steps in glycolysis via post-
transcriptional mechanisms that include localization of the glu-
cose transporter to the cell surface, maintenance of HK function
in the absence of extrinsic factors, and phosphorylation of some
proteins that influence glycolytic flux (29, 30). Therefore, we next
determined whether variations in bioenergetics following XPC
downregulation are dependent on AKT upregulation. We found
that downregulation of AKT1 in XPCKP cells restored glucose con-
sumption and lactate production; mitochondrial ATP production
(Figure 6, B and C); expression levels of ND1, NDS, COX1, and
COX1; and expression levels of HK2, PFKFB3, GLUT1, and G6PD
to normal (Supplemental Figure 5, B-E). That downregulation
also blocked XPC knockdown-induced NADPH oxidase activa-
tion; cytoplasmic and mitochondrial ROS generation (Figure 6D);
genomic and mtDNA oxidation (Figure 6E); and mtDNA dele-
tions (Figure 2C). AKT1 downregulation also blocked the changes
in mitochondrial network morphology (Supplemental Figure SE)
and in cell size (Supplemental Figure 2). As AKT downregulation
had no effect on early decreased mRINA expression of all examined
genes (i.e.,, COX1, COX3, etc.), their biphasic change observed in
XPCKP cells could be related to stalled cell cycle and the selection
of cell subsets with overactivation of AKT.

The above results prompted us to determine whether AKT1
downregulation blocks tumorigenic transformation of XPCKP
cells. We initially reconstructed epidermis with the AKT1XP cells
and double-knockdown (XPC+AKT1) cells (XPCKP/AKT1KP
cells) (Supplemental Figure 6). The epidermis reconstructed with
XPCKP/AKT1XP cells 5 days after transduction showed the same
characteristic as XPCKP cells, i.e., a marked reduction in the epider-
mal thickness and in the number of Ki67-positive cells compared
with control cells (see Supplemental Figure 6, and compare with
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XPC silencing drives neoplastic transformation of human keratinocytes via NOX1. Keratinocytes were transduced with indicated lentivirus.
On the 15th day after transduction, cells were injected subcutaneously into NOD/SCID mice. (A) The in vivo tumor growth rate of XPCKP cells
injected in mice is enhanced by overexpression of NOX1. Results are presented as mean + SD. (B) H&E staining (upper panels) shows that
tumors are well-differentiated SCCs with keratin pearl formation. Expression of GFP in tumors was confirmed using immunostaining with an

anti-GFP antibody (lower panels). Scale bar: 100 um.

Figure 4A). The thickness of epidermis, number of Ki67-positive
cells, and levels of basal cell layer markers in epidermis reconstruct-
ed with XPCKP/AKT1XP cells 15 days after transduction resembled
control epidermis (see Supplemental Figure 6, and compare with
Figure 4A). Interestingly, we did not observe any hyperplasia, espe-
cially large extension of rete pegs found in epidermis reconstructed
with XPCKP cells or XPC-KC. To assess the tumorigenic potency in
vivo, the XPCKP/AKT1XD cells were subcutaneously injected into
immunodeficient mice at 15 days after transduction. These mice
were followed for up to 6 months, during which only 1 of the 9
injected mice developed well-differentiated SCCs (Table 1).

Concerning the relation between AKT and NOX, our data indi-
cated that AKT downregulation in XPCKP cells blocked both
increased NADPH oxidase activity and increased cytoplasmic and
mitochondrial ROS levels observed in XPCKP cells (Figure 6D),
suggesting that AKT activation is upstream of NOX1 activation.
We further found that NOX downregulation had no effect on AKT
activity at 5 days after transduction but abrogated XPC-silenc-
ing-induced AKT activation over the following days (Figure 6F
and Supplemental Figure 7A). Interestingly, an absence of AKT
activation in the double-knockdown (XPC+NOX) cells (XPCKP/
NOXKP cells) after day 5 inhibited XPC silencing-induced meta-
bolic alteration (Supplemental Figure 4) and resulted in increased
apoptosis (Supplemental Figure 7B). These results suggest a cross-
talk between NADPH oxidase activation and AKT activity during
tumoral transformation of XPCKP cells.

DNA-PKcs activation results in AKT activation in XPCKP cells. We then
attempted to determine the mechanism by which AKT is activated in
XPCKP cells. Since a considerable decrease in cell numbers (not justa
plateau) was apparent with cell proliferation curves (see Figure 3A),
it is reasonable to speculate that the majority of cells harboring
stalled cell-cycle progression undergo apoptosis and only subsets of
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cells with some modification will be selected. A marked increase in
the percentage of apoptotic cells 5 days after transduction that was
followed by a rapid decrease in the following days confirmed this
concept (Figure 7A). Furthermore, Western blotting revealed that
knockdown of XPC resulted in an imbalance between proapoptotic
(BAX and BAD) and antiapoptotic (BCL-XL and BCL-2) proteins
in favor of the former 5 days after transduction, leading to induc-
tion of apoptosis (Figure 7B). Decreased BAX and Bad levels and
increased BCL-2 and BCL-XL levels could account for the reduc-
tion in apoptotic cell death in XPCKP cells (Figure 7B).

To determine the mechanism whereby some cells escape the
stalled cell-cycle-induced apoptosis, we assessed the expression
profile of 84 genes with established roles in DNA damage signaling
using a DNA damage PCR array kit. This revealed a 2.8 + 0.7-fold
increase in DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) mRNA and a 2.2 + 0.6-fold increase in KU70/XRCC6
mRNA — the main component of the nonhomologous end-join-
ing (NHE]) repair pathway— in XPCKP cells, compared with con-
trol cells. NHE], as well as homologous recombination (HR), is
important for repairing double-stranded breaks (DSBs) that are
induced by ionizing radiation, collapsed replication forks, or oxi-
dative damage. HR is an error-free pathway, whereas NHE] is error
prone, which can provoke genomic changes (31, 32). The results
of PCR arrays were then validated with quantitative real-time
RT-PCR (qRT-PCR) (Figure 7C). Western blotting revealed that the
expression levels of DNA-PKcs and KU70/XRCC6 as well as those
of XRCC4 and DNA-ligase IV (other components of NHE] repair)
were also increased in XPCKP cells and XPC-KC (Figure 7B). Both
cell types further displayed a marked increase in DNA-PK kinase
activity compared with control cells over time (Figure 7D). We then
performed in vitro NHEJ assay to measure efficiency and fidelity
of NHE]J in cell extracts obtained from XPCKP XPC-KC, and con-
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Figure 6

AKT activation in XPCXP cells triggers NADPH oxidase activation and
metabolic alteration. (A) To assess activation of different cancer path-
ways, luciferase-reporter lentivirus was used to transduce the kerati-
nocytes in the indicated conditions at days 5 and 15. For each reporter,
the mean + SD luciferase activity is presented as the relative value
to the activity in shCtrl-transduced cells (n = 3). (B and C) Glucose
consumption and lactate production (B) as well as the total ATP levels
and ATP levels produced by mitochondria (C) were measured in the
different cells. The results were then compared with the shCtrl and are
expressed as the average percentage of shCtrl + SD of 3 independent
experiments. (D) NADPH oxidase activity and cytoplasmic and mito-
chondrial ROS levels were measured in different transduced cells. (E)
The effect of AKT on XPC silencing—induced genomic and mtDNA
oxidation were assessed by quantification of 8-oxodG levels in nuclear
and mtDNA. (F) To assess the effect of NOX1 on activation of AKT,
WNT, and P53 pathways following XPC downregulation, luciferase
reporter lentivirus was used as described in A. *P < 0.05 for indicated
cells versus shCtrl; 1P < 0.05 for indicated cells versus shXPC-trans-
duced cells. Results are presented as mean + SD.

trol cells. The conversion of monomeric linear plasmid into mul-
timer products, an indicator of end-joining efficiency, increased
significantly when cell extracts from XPCKP cells and XPC-KC were
used (Figure 7, E and F). Repair fidelity was then assessed by com-
paring the percentage of end-joined products that could be cut
again with the same restriction enzyme initially used to generate
the linear DNA substrate. Interestingly, extracts from XPCKP cells
and XPC-KC showed a substantial reduction in correct end joining
compared with that of control cells (Figure 7, E and F).

To evaluate the effect of NHE]J repair activation on cell survival,
XPCKP cells were treated with 2 DNA-PKcs inhibitors: (a) NU7026,
which at low concentrations inhibits DNA-PKcs but not PI-3
kinase, ATM, or ATR; and (b) wortmannin, which inhibits all PI-3
and PI-3-like kinases, including DNA-PKcs. Treatment of XPCKP
cells with both inhibitors resulted in a major increase in apoptotic
cell death (Figure 7A), indicating that DNA-PK activity in XPCKP
cells is essential to bypass stalled cell-cycle progression.

It has been shown that DNA-PK can phosphorylate AKT on
Ser473, resulting subsequently in the activation of the AKT signaling
pathway (33, 34). Our results showed that XPC silencing-induced
phosphorylation of AKT on Ser473 (Supplemental Figure 7A) and
that inhibition of DNA-PK upon treatment with NU7026 blocked
the AKT activation (Figure 6A). In contrast, knockdown of AKT1 in
XPCKP cells had no effect on the expression and activity of DNA-PK
(Figure 7, B-D). Overall, these results indicate that XPC downregu-
lation results in AKT activation through DNA-PK activation.

Discussion
Cancer cells are now known to utilize complex mechanisms to
remodelize their bioenergetics. The factors contributing to the shift
from classic OXPHOS to glycolysis in tumor cells include mito-
chondrial dysfunction, redox stress, oncogene activation, loss of
tumor suppressor genes, and environmental hypoxia adaptation.
We exploited the intrinsic genomic instability of XPC to investigate
the relationship among the accumulation of genomic mutations,
bioenergetic remodeling, and ROS in driving tumorigenesis.
Effects of XPC silencing on NHE] and AKT activation. Structural
DNA damage evokes the recruitment of DNA damage signaling
proteins, including DNA-PK, ATM, or ATR to the sites of dam-
aged bases. They amplify and convey the signal from the damaged
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DNA to DNA-repair, cell-cycle, and apoptotic cell-death machiner-
ies (31, 35). The ultimate fate of cells with damaged DNA depends
on the type and extent of damage. It has been postulated that
arrested replication due to damaged bases on the nontranscribed
portion of the genome (in contrast with the transcribed part) does
not result in apoptotic cell death. Instead, cells escape replicative
arrest utilizing DNA damage tolerance mechanisms that include
errot-free and error-prone DNA repair systems (36). We and oth-
ers have shown that UV radiation-induced apoptosis is decreased
in XPC~7~ cells compared with XPC** wild-type cells (37-39). Our
results show that the XPCKP cells overcome the early stalled cell
cycle and replicate their DNA efficiently, albeit with greater infidel-
ity in the days following overactivation of DNA-PK and the NHE]
pathway (Figure 7). The high incidence of spontaneous cancers in
Xpc/~ mice (14, 15) and the increased risk of developing internal
cancers in XPC patients (13) support this concept.

Increased formation of DSBs, as detected by YH,AX (Figure 7B),
could be the signal that activates DNA-PK in XPCXP cells. DSBs,
in turn, could result from stalled DNA replication observed 5 days
after XPC downregulation (Figure 3) as well as from subsequent
enhanced ROS-induced oxidative DNA damage (Figure 2B). The
decrease in 8-oxodG level and YH,AX following downregulation of
NOX1 or AKT1 in XPCXP cells (see Figure 2B, Figure 6E, Figure 7B,
and Supplemental Figure 7A) supports this notion.

AKT activation has been revealed to be sufficient to induce
the Warburg effect in either nontransformed cells or cancer cells
(40, 41). Our results indicate that XPC silencing-induced DNA-
PK activation triggers phosphorylation and subsequently activa-
tion of the AKT pathway, which in turn results in a characteristic
increase in aerobic glycolysis and finally tumorigenic transforma-
tion. Interestingly, AKT inhibition blocks both events. AKT signal-
ing is also an essential mediator of epidermal morphogenesis and
contributes to epidermal homeostasis by modulating keratinocyte
proliferation and apoptosis. Transgenic mice with overexpressed
Akt targeted to the epidermal basal cell layer develop spontaneous
epithelial cumors in multiple organs with age and are also suscep-
tible to skin carcinogenesis (42).

Effects of XPC-silencing—induced NADPH oxidase activation on bioen-
ergetics. One of the mechanisms explaining the Warburg effect is
the occurrence of a deficiency in mitochondrial respiration dur-
ing cell growth due to somatic mutations in mtDNA or increased
oxidative stress (4, 5, 7). mtDNA mutations are known to corre-
late with the 8-0x0dG content of mtDNA (43). Increased ROS in
response to environmental insults (i.e., UV irradiation) or oxida-
tive stress can cause mtDNA deletions in vitro and in vivo (23, 44).
It is likely that NOX activation-induced increased cytoplasmic
ROS leads to enhanced oxidation of nuclear and mtDNA, fol-
lowed by the induction of mtDNA deletions and alterations in
mitochondrial bioenergetics. Interestingly, inhibition of NOX1
activation (by AKT1 or NOX1 downregulation or through treat-
ment with DPI) inhibits the Warburg effect in XPCKP cells, indi-
cating that NOX activation-induced ROS generation is the cause
of the Warburg effect in XPCKP cells.

According to our data, which supports the supposition that
oxidative damage contributes to the tumorigenicity of XPCKP
cells, it is known that XPC-deficient cells are more sensitive to
oxidative stress (45, 46). Spontaneous mutation frequencies in
the Hprt gene are 30-fold higher in the spleen of Xpc”/~ mice as
compared with normal mice and the majority of these mutations
result from oxidative damage (16). Also, the frequency of spon-
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NHEJ activation in XPCKP cells results in overcoming stalled cell-cycle progression and AKT activation. (A) The percentage of apoptotic kerati-
nocytes was evaluated by flow cytometry. Results are expressed as the average percentage of apoptotic and necrotic cells + SD of 3 indepen-
dent experiments. *P < 0.05 for different cells versus shCtrl-transduced cells at the indicated time points. (B) The effects of XPC and/or AKT
downregulation on the protein expression level of pro- and antiapoptotic proteins and the major components of NHEJ repair were determined by
Western blot. (C) The mRNA levels of DNA-PKcs and KU70 were quantified by gRT-PCR. (D) DNA-PK kinase activity was measured in nuclear
extracts of various cells. The results were then compared with the shCtrl and are expressed as the mean + SD of 3 independent experiments. (E)
Nuclear extract of cells transduced with shCtrl or shXPC were used in in vitro end-joining assays. The pUC19 plasmid digested with EcoRI was
used as monomer DNA substrate. The amount of ligated pUC19 following incubation with various nuclear extracts shows repair efficiency (left
side of photomicrograph). Fidelity of repair was assessed by redigestion of end-jointed products with the EcoRl (right side of photomicrograph).
(F) Graphic representation of the end-joining experiment in E. Data are expressed as mean + SD of the 3 independent experiments.
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A model outlining cellular responses to XPC downregulation. Lentivirus-mediated XPC silencing in normal human keratinocytes impairs DNA
repair efficiency. To evade damaged base—induced cell-death apoptosis, some cells use bypass repair systems (such as NHEJ repair). Activa-
tion of the DNA-PK pathway results in upregulation of the AKT pathway, which in turn activates NADPH oxidase. Cytoplasmic ROS generation
will consequently increase, leading to enhanced oxidation of nuclear and mitochondrial DNA, followed by the induction of mtDNA deletions,
mitochondrial ROS, and alterations in mitochondrial bioenergetics. Meanwhile, it is likely that increased cytoplasmic ROS enhances the mutation
of oncogenes and/or tumor suppressor genes, leading to aberrant cell-cycle progression, enhanced cell proliferation, and tumorigenesis.

taneous lung tumors and hepatocellular adenomas is enhanced
in Xpc7/~ mice (47). Consistent with the contribution of NOX1-
induced ROS in tumorigenicity, it has been shown that NOX
overexpression enhances the tumorigenicity of NIH3T3 cells
implanted in athymic nude mice (48).

A model outlining cellular responses to XPC downregulation. The con-
nection between XPC downregulation, ROS, mtDNA deletion, and
tumorigenic transformation is depicted in the following scheme
(Figure 8). Accumulation of unrepaired damaged DNA bases in
XPCKD cells triggers apoptotic death. However, in some cells, the
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unrepaired bases are recognized by other repair systems such as
NHE] repair, thereby enhancing infidelity of damage repair. DNA-PK
activation subsequently promotes AKT activation that in turn
mediates induction of NADPH oxidase. Cytoplasmic ROS genera-
tion will consequently increase, leading to enhanced oxidation of
nuclear and mtDNA, followed by the induction of mtDNA dele-
tions in an amplification loop by which DNA damage results in
ROS generation and vice versa. This amplification loop might
reduce the chance that cells with unrepaired DNA escape senes-
cence and death through bypass repair systems. This could dimin-
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ish the risk of cancer. Consistent with this assertion, it is known
that mtDNA mutations result in premature aging (49) or sensi-
tize cells to mitochondrial-dependent apoptosis (50). Meanwhile,
increased ROS can result in mutations of oncogenes and/or tumor
suppressor genes, leading to the deregulation of cell-cycle progres-
sion and proliferation, the escape of some cells from apoptosis,
and, finally, formation of cancer cells.

G to T transversion mutations in P53 in the majority of tumors
developed by xenografted XPCKP cells lend further credence to the
proposed model. Consistent with our results, it has been reported
that the predisposition to UV-induced skin cancer in Xpc7/~ mice is
enhanced if these animals are heterozygous additionally for Apex
(51),a gene coding the apurinic/apyrimidinic endonuclease that is
a key enzyme in the process of base excision repair, required for the
repair of spontaneous base damage that arises as a result of oxida-
tive damage to DNA. Interestingly, the kinetics of cancer induction
in Xpc7/~ mice that are heterozygous additionally for both p53 and
Apex is indistinguishable from that in Xpc7/~ mice heterozygous
for just p53 (51), suggesting that the enhanced predisposition to
skin cancer in Xpc7/~Apex”~ animals could result from oxidative
stress-induced loss of p53 activity.

In conclusion, we demonstrate a mechanism whereby XPC silenc-
ing-induced ROS generation, through NOX1 activation, leads to
neoplastic transformation of normal keratinocytes. Beyond skin
cancer, since the activation of the NOX family has been shown in
many cancer cells (5), blocking of NOX activation could offer a
unique target for the prevention and treatment of cancers driven
by the generation of ROS.

Methods

Source and culture of cells. Normal human keratinocytes were isolated from
skin of patients undergoing plastic surgery after informed consent as previ-
ously described (38, 52). Briefly, fresh skin fragments were cutinto 5 x 5 mm
pieces and treated with trypsin-EDTA overnight at 4°C, which allows for
separation of the epidermis from the dermis. Keratinocytes were seeded at
a concentration of 10° cells/cm? in KGM medium, which included hydro-
cortisone, epidermal growth factor, insulin, and bovine pituitary extract
(all from Lonza). The medium was changed 3 times a week. When the cul-
tures reached 70%-80% confluence, the cells were detached with 10% tryp-
sin-EDTA and then resuspended in KGM medium.

Three unrelated patients clinically classified as classical XP with no asso-
ciated neurologic or extracutaneous findings were included in the study.
Western blot analyses of XPC protein expression performed on total cellular
extracts using anti-XPC and anti-f-actin antibodies showed that neither the
full-length nor the truncated XPC protein was detectable in the keratino-
cytes from the 3 XPC patients (Supplemental Figure 8). XPC keratinocytes
were isolated from punch biopsies obtained after informed consent from
nonexposed body sites and seeded on mitomycin C-treated feeder cells
originating from the mouse fibroblast J2-3T3 cell line in complete Green’s
media as already described (38). Epidermis was reconstructed following
seeding of keratinocytes on dead dermis as previously described (38, 52).

Lentiviral vectors constructs and keratinocyte transduction. The different len-
tiviral vectors were constructed by inserting catalase, CuZnSOD, MnSOD
(52), and NOX1 ¢DNAs into the multiple cloning site (MCS) of the TPW
vector downstream of the human phosphoglycerate kinase (hPGK) promot-
er (Supplemental Figure 1A). TPW was also used as the backbone for the
construction of the TEEHshXPCW, TEEHshNOX1W, and TEEHshRFPW
by replacement of the hPGK promoter with the EF-1a promoter and
insertion of a cassette containing the H1 promoter followed by shRNA
sequences targeting either the XPC, AKT1, NOX1, or NOX2 mRNA or by
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a sequence targeting the red fluorescent protein mRNA (Supplemental
Figure 1B). Lentiviral particles were produced by transient transfection
of 293T cells using a calcium phosphate transfection technique as previ-
ously described (52). Determination of the titer of each viral supernatant
was performed by assessing EGFP expression by flow cytometry and by
enzyme-linked immunosorbent assays of p24. For transduction, keratino-
cytes (5 x 105 cells per T25 flasks) were incubated for 24 hours in complete
medium. Prior to infection, the medium was removed, and the cells were
incubated with viral supernatants for 24 hours at 37°C in the presence of
8 ug/ml of protamine sulfate. After 5 days, the percentage of GFP-positive
cells was determined by cytofluorometry (52).

Western blotting procedure. Western blotting was performed as previously
described (52). Briefly, equal amounts of total protein were resolved by
SDS-PAGE and electrophoretically transferred to PVDF membranes. The
membranes were then incubated overnightat 4°C with a 1:1000 dilution of
the anti-XPC (GeneTex), anti-ND1, anti-COX3, anti-cyclin D2, anti-cyclin
B1, anti-p-Cdc2 p34, anti-p16, anti-p21, anti-MnSOD, anti-CuZnSOD,
anti-AKT1, anti-G6PD, anti-KU70, anti-XRCC4, anti-DNA ligase IV (Santa
Cruz Biotechnology Inc.), anti-DNA-PKcs (Thermo scientific), anti-ATM,
anti-ATR, anti-phospho-ATR, anti-phospho-ATM, anti-phospho-ChK1,
anti-phospho-ChK2, anti-phospho-AKT, anti-phospho-GSK3B, anti-
HK2 (Cell Signaling), anti-PFKFB3 (Abnova; TEBU), and anti-catalase
(Rockland) antibodies. After additional incubation with a 1:10,000 dilu-
tion of an anti-immunoglobin horseradish peroxidase-linked antibody
(Vector Laboratories) for 1 hour, blots were developed using the chemilu-
minescence ECL reagent (Amersham).

Cell proliferation and apoptosis analysis. Serial cultures of keratinocytes were
performed in 24-well plates by seeding 8 x 10° cells in triplicate, refeeding
the cells every second day, and subculturing every 5-6 days. The trypan blue
exclusion test was used to obtain cell counts at different days after seeding.

For apoptosis analysis by flow cytometry, keratinocytes were incubated
with 5§ umol/l FITC-VAD-FMK (Promega) for 30 minutes at 37°C in the
dark and then with 2.5 ug/ml propidium iodide (PI) (Sigma-Aldrich) as
already described (53, 54).

Cell-cycle analysis and S phase length calculation. Cell-cycle analysis was per-
formed using APC-linked anti-BrdU and 7-AAD according to the manufac-
turer’s protocols (BD Biosciences). Briefly, after 2 hours BrdU pulse label-
ing, the cells were trypsinized and fixed in Cytofix/Cytoperm buffer on ice
for 20 minutes. The cells were then incubated with APC-linked anti-BrdU
antibody overnight and then resuspended in 20 ul of 7-AAD solution for
flow cytometric analysis.

The length of the S phase was assessed using the BrdU pulse-labeling
method. Briefly, immediately after 2-hour pulse BrdU labeling and at
2-hour intervals thereafter, the cells were trypsinized, fixed, and stained
with APC-conjugated anti-BrdU and 7-AAD. Changes in the 7-AAD inten-
sity of S phase cells (relative movement [RM]) during the time relative to
the 7-AAD positions of Gy and G, were calculated according to Begg et al.
(55) with the following formulas: RM(¢) = (F[t] - Fai[t])/(Fez/mlt] - Faalt]),
where F is the mean red fluorescence (7-AAD) of BrdU-positive cells and
FG! and FS/M are the mean 7-AAD fluorescence values for Gy and G,/M
cells at time (¢), respectively. The S phase duration was calculated as fol-
lows: T; = (0.5/[RM - 0.5]) x ¢, where ¢ is the postlabeling time. This proce-
dure was repeated at different days after transduction.

Measurement of glucose consumption and lactate production. Glucose con-
sumption and lactate production were measured using colorimetric assay
kits according to the manufacturer (both from BioVision).

Measurement of endogenous and mitochondrial ATP production. The amount
of intracellular ATP was measured by a luciferin/luciferase-based assay. In
brief, the cells were trypsinized, rinsed with PBS, and lysed with 0.2 ml of
cell lysis reagent. ATP concentrations in the cell lysates were quantified
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using an ATP bioluminescence assay kit HSIT (Roche Applied Science) in
accordance with the manufacturer’s instructions. A standard curve for ATP
concentration was plotted using standard ATP solution. ATP levels were
calculated and normalized to protein lysate concentrations. To assess the
ATP levels produced by mitochondria, the cells were incubated with 1 mM
of iodoacetate for S minutes before they were trypsinized. Iodoacetate is an
inhibitor of glycolysis, as it inhibits glyceraldehyde 3-phosphate dehydro-
genase. Therefore, any ATP generation by the cells following this treatment
must be a consequence of OXPHOS activity. After treatment, the cells were
subjected to the same procedures as the untreated cells.

Complex IV (cytochrome c—oxidase) activity. Cytochrome c-oxidase activity was
determined spectrophotometrically with cytochrome ¢ (II) as the substrate.
The oxidation of cytochrome ¢ was monitored at 550 nm at 30°C using a
double-wavelength Xenius spectrophotometer from SAFAS (Monaco) and
standardized reproducible methods as described by Benard et al. (56).

RNA extraction and qRT-PCR. Total cellular RNA was extracted using
TRIzoL (Invitrogen) according to the manufacturer’s instructions. Total
cellular RNA (2 ug) was reverse transcribed at 42°C for 60 minutes using
the First Strand ¢cDNA synthesis kit (Roche Applied Science). Quanti-
tative real-time PCR was carried out for ND1, NDS, Cox1, Cox3, GLUTI,
HK2, PFKFB3, G6PD, DNA-PKcs, KU70, and tubulin using the SYBR Green
method with an ABI instrument. Primer sequences are listed in Supple-
mental Table 1. The reactions were cycled 40 times after initial polymerase
activation (50°C, 2 minutes) and initial denaturation (95°C, 15 minutes)
using the following parameters: denaturation at 95°C for 15 seconds; and
annealing and extension at 60°C for 1 minute. A final fusion cycle (95°C,
30 seconds; 60°C, 30 seconds; 95°C, 30 seconds) terminated these reac-
tions. The standard curve demonstrated a linear relationship between the
Ct values and the cDNA concentration. The relative expression of each
gene was assessed by considering the Ct and efficiency values and normal-
ized according to the tubulin expression level.

DNA damage signaling-pathway PCR array. The human DNA damage
signaling RT? profiler PCR array (SABiosciences) was used to assess the
expression of 84 genes with known roles in DNA damage response. Syn-
thesis of complementary DNA, real-time PCR, and statistical analyses were
done according to the manufacturer’s instructions. Five housekeeping
genes were included as RNA content controls, and the 3 with the lowest
SD across replicates were used in the analysis (GAPDH, ACTB, and B2M). In
addition, a genomic DNA control primer set that can detect the presence of
DNA contamination in each sample was included in each PCR run.

Cancer pathway lentiviral reporter arrays. The cancer lenti reporter arrays
(SABiosciences) and FOXO reporter (SABiosciences) were used to monitor
the activation of 10 cancer-related signaling pathways and the AKT/PKB
pathway, respectively, in accordance with the manufacturer’s instructions.
Each lentiviral reporter construct contains a pathway-specific transcrip-
tion factor-responsive element upstream of firefly luciferase.

Keratinocytes transduced by different shRNAs were seeded on 96-well
plates (2 x 10* cells per well) at days 2 or 12 after transduction. One day after,
the keratinocytes were incubated with the reporter lentivirus for 24 hours at
37°C. After 2 days (i.e., days 5 or 15 after transduction with shRNAs), kera-
tinocytes were harvested by adding 20 ul of luciferase lysis buffer (Promega).
The cell lysates were kept at -80°C and then subjected to luciferase activity
assessment using the Luciferase Assay System (Promega) in accordance with
the manufacturer’s instructions. The change in the activity of each signal-
ing pathway was determined by measuring the activity of luciferase in trans-
duced keratinocytes versus shCtrl-transduced cells. For each lenti reporter, at
least 3 independent experiments were performed in duplicare.

Measurement of intracellular ROS. The intracellular production of ROS
was assessed using a CM-H,DCF-DA cytoplasmic probe or the MitoSOX
red mitochondrial superoxide indicator (both from Molecular Probes;
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Invitrogen) (52). Briefly, after addition of CM-H,DCF-DA (5 uM) or Mito-
SOX (5 uM), the cells were incubated for 15 minutes at 37°C in the dark.
While CM-H,DCF is oxidized by cytoplasmic ROS to the highly green
fluorescent CM-DCF compound, MitoSOX is targeted to the mitochon-
dria and oxidized by superoxide to a red fluorescence component. After
2 washes with PBS, the cells were detached by trypsin-EDTA and imme-
diately analyzed by flow cytometry. Ten thousand individual data points
were collected for each sample.

Determination of catalase, CuZnSOD, and MnSOD activities. All these assays
were performed as previously described (52) using the SOD Assay Kit-WST
(Dojindo Molecular Technologies) and the Amplex Red Catalase Assay Kit
(Molecular Probes; Invitrogen).

Measurement of NADPH oxidase activity in intact cells. NADPH oxidase activity
was assessed based on oxidation of luminol by NADPH-dependent O, pro-
duction. After trypsinization and washing in PBS, 1 x 10 keratinocytes were
put in 50 ul of PBS supplemented with 0.9 mM CaCl, and 0.5 mM MgCl,.
After adding 200 ul of the solution containing 0.8 mM glucose, 2 mM lumi-
nol, and 500 U/ml horseradish peroxidase, a 96-well plate was incubated for
1 minute at 37°C. Following the addition of 10 ng/ml of phorbol myristate
acetate (PMA), the RLU of chemiluminescence were recorded every 30 sec-
onds for a total of 90 minutes at 37°C using a luminometer.

PCR analysis of mitochondrial deletions. mtDNA was prepared using the
mtDNA isolation kit (BioVision) in accordance with the manufacturer’s
instructions. The PCR analysis was carried out on 50 ng of mtDNA using
the AccuPrime Taq DNA Polymerase System (Invitrogen). Amplification
of fragments representing 3895-bp and 4977-bp deletions were carried
out using the primers designed to anneal outside the 3985 and 4977 dele-
tions, respectively (the primer sequences and PCR conditions were deter-
mined as described previously in refs. 24 and 57; also see Supplemental
Table 2). In brief, the A1/A2 and C1/C2 primers were designed to anneal
outside the 3895-bp and 4977-bp deletions, respectively. To increase the
sensitivity and specificity, a secondary nested PCR was performed using
the B1/B2 and D1/D2 primers on the primary PCR products. To esti-
mate the total mtDNA content, PCR was carried out with Ref1/2 primers
that anneal to both wild-type and deleted mtDNA. The PCR conditions
were 94°C for 10 minutes, 35 cycles of 94°C for 30 seconds, 56°C for
30 seconds, and 72°C for 30 seconds, followed by a final extension of
10 minutes at 72°C. The short (30 seconds) polymerase extension time
during DNA amplification permitted amplification of only the shorter
and deleted mtDNA fragments. Amplification products were visualized
in a 1% agarose gel stained with ethidium bromide.

DNA-PK activity assay. DNA-PK activity was assessed using the SignaTECT
DNA-dependent protein kinase assay kit (Promega) in accordance with
the manufacturer’s instructions. Briefly, after removal of endogenous
DNA from 100 ug nuclear extract cells using DEAE-Sepharose, samples
were incubated with biotinylated peptide substrate in the presence of
[y-32P] ATP for 5 minutes at 30°C. 20 ul of reactant was spotted onto SAM?
membrane. The membrane was then washed, dried, and subjected to phos-
phorimaging system. The enzymatic activity of DNA-PK was calculated
and expressed as pmol ATP min! ug ! of protein.

In vitro DNA end-joining assay. In vitro NHE] repair assay was performed.
400 ng linear plasmid DNA (pUC19) obtained by restriction digestion
using EcoRI (New England Biolabs) was incubated with 40 ug nuclear cell
extracts at 25°C for 2 hours in 50 ul reaction buffer (50 mM Tris-HCl,
pH 7.6, 5 mM MgCl,, 75 mM KCI, 1 mM ATP, 1 mM DTT, 5% glycerol,
and protease inhibitors). Reactions were performed in duplicate per set
of experiments. The repair reactions were stopped by the addition of 1 ul
10% SDS followed by incubation at 65°C for 15 minutes. The DNA was
recovered by Quick Purification Kit (QIAGEN). The second set of puri-
fied DNA products was cut again with EcoRI (10 U) in a 10-ul reaction
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buffer to investigate the fidelity of the end joining. The repair products
were resolved in 1% agarose gels stained with ethidium bromide. Digital
images of the gels were analyzed densitometrically. Repair efficiency was
assessed as the conversion of monomeric linear plasmid into multimers
products by the following formula: (total end-joined product [dimmers
and multimers]/total DNA in the lane [end-joined products + monomer]).
Repair fidelity was measured by comparing the percentages of end-joined
products that could be recut with EcoRI using the following formula:
([% end-joined product before recutting - % end-joined product left after
recutting with EcoRI|/% end-joined product before recutting).

Morphological studies of mitochondria and morphometry. To observe the
mitochondria network by fluorescence confocal microscopy, keratino-
cytes grown on 6-well plates were incubated with MitoTracker (Molecular
Probes) at 150 nM for 20 minutes at 37°C for. After 2 washes in PBS, the
cells were observed and photographed under a FluoView laser scanning
inverted microscope (Nikon). The morphology of the mitochondrial net-
work was studied by using MitoTracker Green (Invitrogen); the objective
used was a Plan Apochromat 60.0X/1.4/0.21 oil spring loaded. The images
were acquired using the EZ-C1 Gold Version 3.2 build 610, as follows (at
37°C): the pinhole was set at 33.3 um and the image size was 1024 x 1024.
The step size was 0.5 um, and the acquisition time of the Z-series set at
10 frames per second. The number of images was adapted to the width of
each cell determined individually. The reconstitution of the 3D images was
performed using Imaris Software (Bitplane). Fifty cells per experimental
condition were selected randomly on S different images, and the analysis
of mitochondrial tubule length was performed with the morphometric
software Morpho Pro by Explora Nova. It allows automatic selection of
the region of interest (i.e., the mitochondrial tubule) and calculation of the
length occupied by the selected pixels. In each cell, 25 tubules were mea-
sured. The tubules were divided in 4 categories based on their size: those
less than 5 wm, those between 5 and 10 wm, those between 10 and 20 um,
and those greater than 20 um. Results are expressed as average percentage
of size distribution + SD of 3 independent experiments.

Localization and quantification of 8-0xodG in nuclear and mtDNA. 8-oxodG
adducts in genomic and mtDNA were quantified using an enzyme-linked
immunosorbent assay kit (Trevigen) in accordance with the manufactur-
er’s instructions. Briefly, following nuclear and mtDNA isolation, 1 pg of
DNA was incubated with anti-8-oxodG antibody overnight at 4°C. The
samples were then added to 96-well microtiter plates containing bound
albumin:8-oxodG adducts and incubated at room temperature for 2 hours.
The plate was then washed and incubated with a peroxidase-coupled sec-
ondary antibody for 1 hour. After 6 times washing, tetcramethylbenzidine
substrate was added to each well and incubated for 15 minutes in the dark.
After addition of a stop solution, absorbance read at 450 nm. Results were
calculated based on a standard curve run simultaneously.

Xenografts of buman keratinocytes. Keratinocytes were transduced with differ-
ent vectors. Fifteen days after transduction, keratinocytes were trypsinized,

washed in DPBS, and resuspended in DPBS with 25% Matrigel (BD Biosci-
ences). Under a protocol approved by the Committee on the Use and Care of
Animals at Columbia University, 2 x 10 human keratinocytes were injected
subcutaneously into 6- to 8-week-old NOD/SCID mice (Taconic Labora-
tories). Tumor formation was monitored at different time intervals. Each
tumor was dissected, measured, fixed in 4% paraformaldehyde, embedded
in paraffin, and processed for H&E staining. Histological assessment of
tumor sections was performed by pathologists.

Immunohistochemical and immunofluorescence staining. Following deparaf-
finization of formalin-fixed, paraffin-embedded tumor sections, antigen
retrieval was performed using microwave oven treatment in a citric acid
solution (Vector Laboratories). The sections were then incubated overnight
at 4°C with anti-GFP antibody. After incubation with HRP-conjugated
secondary antibody, revelation was performed using diaminobenzidine
(Sigma-Aldrich). The nuclei were then counterstained with hematoxylin.

For immunofluorescence staining, following deparaffinization of for-
malin-fixed, paraffin-embedded reconstructed epidermis, antigen retrieval
was performed using microwave oven treatment in a citric acid solution
(Vector Laboratories). The sections were then incubated 1 hour at room
temperature with antibodies against K14, K10, integrin a6 or integrin 31,
or Ki67. After incubation with Alexa Fluor 488- or 555-conjugated second-
ary antibody, the nuclei were counterstained with DAPL

Statistics. Statistical analyses were performed using 1-way ANOVA tests,
followed by post-hoc Tukey’s tests. P < 0.05 was considered significant.
Results are presented as mean + SD.
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