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Abstract

Photodynamic therapy (PDT), using 5-aminolevulinic acid

(ALA) to drive synthesis of protoporphryin IX (PpIX) is a prom-

ising, scar-free alternative to surgery for skin cancers, including

squamous cell carcinoma (SCC) and SCC precursors called actinic

keratoses. In the United States, PDT is only FDA approved for

treatment of actinic keratoses; this narrow range of indications

could be broadened if PDT efficacy were improved. Toward that

goal, we developed a mechanism-based combination approach

using 5-fluorouracil (5-FU) as a neoadjuvant for ALA-based PDT.

In mouse models of SCC (orthotopic UV-induced lesions, and

subcutaneous A431 and 4T1 tumors), pretreatment with 5-FU for

3 days followed by ALA for 4 hours led to large, tumor-selective

increases in PpIX levels, and enhanced cell death upon illumina-

tion. Several mechanisms were identified that might explain the

relatively improved therapeutic response. First, the expression of

key enzymes in the heme synthesis pathway was altered, including

upregulated coproporphyrinogen oxidase and downregulated fer-

rochelatase. Second, a 3- to 6-fold induction of p53 in 5-FU–

pretreated tumors was noted. The fact that A431 contains amutant

form p53 did not prevent the development of a neoadjuvantal 5-

FU effect. Furthermore, 5-FU pretreatment of 4T1 tumors (cells

that completely lack p53), still led to significant beneficial induc-

tions, that is, 2.5-fold for both PpIX and PDT-induced cell death.

Thus, neoadjuvantal 5-FU combined with PDT represents a new

therapeutic approach that appears useful even for p53-mutant and

p53-null tumors. Mol Cancer Ther; 16(6); 1092–101. �2017 AACR.

Introduction

Photodynamic therapy (PDT) is a noninvasive cancer treat-

ment inwhich aprodrug, either 5-aminolevulinic acid (ALA) or its

methyl ester (MAL) is selectively taken up by neoplastic cells and

converted within mitochondria into protoporphyrin IX (PpIX),

which sensitizes the cells to visible light (1). PpIX becomes

photoactivated and creates free radical species in the presence of

oxygen, thereby killing the cancer cells. PDT today is most com-

monly used as a treatment for skin cancers and precancers,

including squamous cell carcinoma (SCC) and basal cell carci-

noma (BCC) which together comprise approximately 99% of all

skin cancers (2) and present approximately 3.5 � 106 new cases

annually (3). Actinic keratoses are preneoplastic lesions that lie on

a continuous spectrum from early to late (invasive) SCC and at

approximately 40� 106 cases/year, actinic keratoses represent an

even larger healthcare burden than the skin cancers themselves

(3). Both actinic keratoses and early-stage skin cancers can be

significantly ameliorated using PDT (4, 5).

PDT, a relative newcomer to cutaneous oncology, must be

evaluated in comparison with more conventional therapies,

including surgical excision, cryotherapy (liquid nitrogen), ioniz-

ing radiation, and topical chemotherapeutic agents such as 5-

fluorouracil (5-FU). On the plus side, PDT has several major

advantages over other standard-of-care therapies. First, unlike

surgery or cryotherapy, PDTdoesnot cause scarring (6, 7). Second,

unlike ionizing radiation, PDT is non-mutagenic because it pri-

marily affects the mitochondria rather than DNA (1), and can

therefore be repeated indefinitely. Finally, unlike extended appli-

cations of 5-FU (8), PDT involves only about a week of posttreat-

ment discomfort and rarely causes blistering nor post-inflamma-

tory pigmentation. PDT is therefore a superior option for many

patients with actinic keratoses, especially severely sun-damaged

Caucasians and immunosuppressed organ transplant recipients

who experience a high frequency of skin cancer (9). In head-to-

head comparisons of PDT versus 5-FU, or versus cryotherapy, PDT

was superior to either 5-FU or cryotherapy for widespread actinic

keratoses (10, 11). For fully developed skin carcinomas, however,

PDT cannot always match the cure rates after surgical excision.

Most available data on PDT and skin cancer come from Europe,

where PDT is licensed for treatment of BCC and SCC. Although 5-

year cure rates after PDT for superficial BCC are reported in the

85% to 90% range in several European studies (refs. 12, 13;

approaching surgical cure rates of >90%), cure rates for nodular

BCC are slightly worse (60%–90%) and are considerably worse

for invasive SCC (<60% complete cures; ref. 14). Even for
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precancerous lesions (actinic keratoses), clearance rates after a

single PDT treatment are typically only approximately 70% to

80% at 3 months (14), leaving some room for improvement.

However, given that no existing modality gives a 100% cure, PDT

offers special value as a scar-free alternative and would clearly be

preferred if its efficacy were equivalent to surgery.

Major research efforts in PDT over the past decade have focused

upon understanding biological responses of target tumors and

host tissues (e.g., vascular responses) to PDT, and how to mod-

ulate these responses (15, 16). Our laboratory focused on the

problem of photosensitizer heterogeneity. In solid tumors, many

cells fail to produce sufficient PpIX to reach the threshold for

photo-killing, a major liability in thick tumors where photon

penetration is limited by tissue depth. As a potential solution, we

pioneered "combination PDT" or combination photodynamic

therapy (cPDT), an approach in which biological agents are used

as neoadjuvants to increase PpIX accumulation before light deliv-

ery (17). Agents discovered to work well for this purpose were

methotrexate (MTX; ref. 18) and Vitamin D (Vit D; calcitriol;

ref. 19). When administered to tumor-bearing mice for 3 days

before ALAon the fourth day, these cPDTpretreatments raise PpIX

levels and increase tumor cell death as compared with PDT alone

(18, 19). MTX and calcitriol were each found to enhance the

differentiation state of cancer cells while stimulating PpIX pro-

duction (17), a link that was seemed enigmatic but now appears

to involve the concurrent expression of heme synthetic enzymes

and genes associated with cellular differentiation, each governed

by C/EBP transcription factors which are themselves regulated by

MTX and calcitriol (20, 21).

MTX and calcitriol, two familiar drugs in widespread clinical

use, would seem to be excellent candidates for cPDT. However,

both agents present serious drawbacks when considering clin-

ical trials. MTX causes liver toxicity, a risk that is generally low

in healthy individuals but could become significant in a large

population of skin cancer patients. Calcitriol, the active hor-

monal form of Vitamin D, can induce hypercalcemia when

given systemically, and topical calcitriol is not approved by the

FDA for skin cancer. Looking for alternatives, we realized that

5-FU might fulfill a need. 5-FU, a synthetic pyrimidine ana-

logue, has been used for over 50 years for colon cancer and

other carcinomas and is FDA-approved as a topical treatment

for actinic keratoses (22). 5-FU and MTX share a common

mechanism of action, inhibition of the pyrimidine salvage

pathway. In this article, we show that 5-FU can enhance PpIX

accumulation and improve therapeutic responses of squamous

tumors using the cPDT approach.

Materials and Methods

Cell culture

A431, a human epidermoid carcinoma, and 4T1, a murine

breast carcinoma line, were purchased from the ATCC and cul-

tured as per the instructions provided (18). Cell lines were tested

and authenticated at the ATCC by morphologic appearance

during growth and recovery, cytochrome c oxidase 1 PCR for

species specificity, and human origin by short tandem repeat

(STR) profiling.

Murine models of cutaneous squamous cell carcinoma

All animal procedures were approved by the IACUC at

Cleveland Clinic. The following mouse models of SCC were

utilized: (i) UVB-induced actinic keratosis/SCC in mouse skin:

SKH-1 mice were exposed to UVB for 20 weeks starting, at

90 mJ/cm2 dose with a gradual 10%weekly increment, reaching

a final dose of 180 mJ/cm2. Hyperproliferative, actinic kerato-

sis–like lesions began appearing on the dorsal skin around

week 15, progressing to SCC-like lesions by week 25 (23). (ii)

Subcutaneous SCC model: human A431 cells (2 � 106) were

resuspended in a 1:1 mixture of growth medium:Matrigel (BD

Biosciences) and injected into the flanks of female nude mice

(Charles River Laboratories). (iii) Breast tumor model: murine

4T1 cells (0.5 � 106) were resuspended in 1:1 mixture of

medium:Matrigel and injected into breast fat pads of female

nude mice.

Pretreatment with 5-fluorouracil

Tumors generated by UVB carcinogenesis were precondi-

tioned with 5-FU topical solution 2% w/w (Taro Pharmaceu-

ticals) daily for 3 days. Petroleum jelly was applied as vehicle

control. ALA (5-amino-4-oxopentanoic acid; Levulan Kerastick,

DUSA/Sun Pharmaceuticals) was topically applied, and 4 hours

later PpIX fluorescence in the tumors was analyzed by Maestro

EX IVIS system. In separate experiments, tumors were either

exposed to light for PDT treatment, or harvested (after eutha-

nasia) for PpIX analysis by confocal microscopy. For subcuta-

neous A431 and 4T1 tumors, 5-FU (Sigma Aldrich, 300 mg/kg)

was given by intraperitoneal injection daily for 3 days; control

mice received PBS injections. On day 4, ALA was administered

intraperitoneally (200 mg/kg in PBS) for 4 hours and the mice

were either exposed to light for PDT, or euthanized for tumor

harvest and further analyses.

In vivo imaging of PpIX using Maestro EX IVIS

PpIX-specific fluorescence in UVB-induced superficial tumors

was analyzed with a Maestro EX IVIS in vivo imaging system

(PerkinElmer). Anesthetized mice were placed in the device and

fluorescence images obtained in 10 nm steps (500–720 nm

range) using a blue filter set (excitation, 435–480 nm; emission

490 long pass). Fluorescence images from absolute control

mice were used to determine the autofluorescence from exper-

imental mice. Spectral unmixing and image processing were

done using Maestro 3.0 Image Processing software, following

the manufacturer's established protocol. PpIX fluorescence

from individual tumors was quantitated using IP Lab software

(Spectra Services) and expressed as fold change over vehicle

control. More details on this technique can be found in Roll-

akanti and colleagues (24).

Photodynamic therapy

Anesthetizedmice with superficial (UV-induced), A431, or 4T1

tumors, � 5FU pretreatment and after 4 hours of ALA (5-ALA/5-

Amino-4-oxopentanoic acid), were exposed to 100 J/cm2 of 633

nm light using a LumaCare xenon source (LumaCare). The light

sourcewas calibrated using a FieldMate laser powermeter (Coher-

ent). Mice were sacrificed and tumors harvested at times shown in

the figures.

Analysis of intratumoral PpIX by confocal microscopy

Cryosections (10 mm) of tumors embedded in OCT (Sakura

Finetek) were placed on glass slides, briefly air-dried, mounted

under coverslips with Vectashield (Vector Laboratories), and

viewed on a confocal microscope (Leica Microsystems; �40

Fluorouracil Combination with PDT for Skin Cancer

www.aacrjournals.org Mol Cancer Ther; 16(6) June 2017 1093

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

6
/6

/1
0
9
2
/1

8
5
4
2
8
3
/1

0
9
2
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2

2



magnification; excitation at 635 nm and image collection at 650–

780 nm). Corresponding phase contrast images were captured for

reference. Quantitative analysis of PpIX levels was performed, as

described previously (18).

Histology, immunohistology, and cell death analyses

Tumors were harvested, formalin-fixed, paraffin-embedded,

and sectioned (5 mm). Standard hematoxylin and eosin (H&E)

staining, immunofluorescence staining, and cell death analysis

(TUNEL) were performed as described previously (19). Sources

and dilutions of primary and secondary antibodies were: E-Cad-

herin, p53, p21, MDM2 and GAPDH (Santa Cruz Biotechnology;

1:100), Ki-67 (NeoMarkers; 1:250), CY3-conjugated donkey anti-

rabbit IgG (Jackson ImmunoResearch; 1:1,500), Alexa Fluor-488

conjugated goat anti-mouse IgG (Invitrogen; 1:1,000). Analysis of

expression levels for all markers was performed using IPLab

software (19).

Western blot analysis

Frozen tumors were crushed, dissolved in urea lysis buffer, and

analyzed on Western blots as described previously (19). Source

and dilutions of primary and secondary antibodies were: ALA

dehydratase (ALAD; Abnova; 1:1,000), coproporphyrinogen oxi-

dase (CPO; custom made, details in; ref. 25); 1:5,000), ferroche-

latase (a gift of Dr. Harry Dailey; 1:5,000), glyceraldehyde 3-

phosphate dehydrogenase, p21, p53, MDM2 (Santa Cruz Bio-

technology; 1:5,000), porphobilinogen oxidase (PBGD, Abnova;

1:1,000), peroxidase conjugated goat anti-rabbit immunoglobin

G (Jackson Immunoresearch; 1:20,000).

Results

Combination photodynamic therapy with 5-fluorouracil

enhances PpIX levels in SCC tumors in vivo

Hairless mice with superficial, UVB-induced tumors were

treated topically for 3 days with 5-FU or vehicle, followed by

ALA application on the 4th day and estimation of intratumoral

PpIX levels using noninvasive imaging (Fig. 1A). Relative to

vehicle alone, 5-FU pretreatment led to higher PpIX levels along

the dorsal surface where most tumors were present (Fig. 1A;

bottom). For PpIX quantification, the location of each tumor

in the bright-field images (Fig. 1A, top) was mapped onto the

fluorescence images (Fig. 1A, bottom), and fluorescence inten-

sity per tumor was analyzed via image processing. Pooled

analyses revealed a 2.2-fold increase in PpIX due to 5-FU

pretreatment (Fig. 1B). Those results were validated using an

independent method in which PpIX in biopsies was assessed

via confocal microscopy (Fig. 1C and D); this approach

revealed a 3.5-fold PpIX enhancement due to 5-FU. In previous

studies using MTX or calcitriol, a 3-4 fold increase in PpIX levels

resulted in up to 5-fold increase in cell death in cells or tumors

receiving cPDT (18, 19, 26).

To examine 5-FU's effects in a different skin cancer model,

human A431 squamous carcinoma cells were implanted sub-

cutaneously, and mice with visible and palpable tumors

(Fig. 1E) were preconditioned with systemically injected 5-FU,

or with vehicle control, for three days followed by systemic

ALA for 4 hours. Confocal microscopy of frozen tissues revealed

a 4-fold increase in PpIX levels throughout the 5-FU–precondi-

tioned tumors (Fig. 1F and G, first two bars). Notably, PpIX

induction was tumor-selective because no PpIX increase was

observed in surrounding normal tissues after 5-FU (Fig. 1G, last

two bars).

5-FU pretreatment inhibits proliferation, enhances

differentiation, and alters expression of key enzymes in the

heme biosynthetic pathway

For 5-FU, a well-known mechanism of action is downregula-

tion of DNA synthesis through inhibition of thymidylate

synthase (TS) and de novo synthesis of thymidylic acid (27).

However, a less well-recognized effect of 5-FU (and of meth-

otrexate) is enhancement of epithelial cell differentiation (17).

We examined effects of 5-FU by immunostaining A431 tumors

with antisera to Ki67 and E-cadherin, markers of proliferation

and differentiation, respectively. As predicted, 5-FU precondi-

tioning led to an approximately 70% decrease in cell prolifer-

ation (Fig. 2A, top; Fig. 2B, left) and also to a large (9-fold)

increase in E-cadherin expression (Fig. 2A, bottom; Fig. 2B,

right). In UVB-induced superficial SCC tumors, the effects of 5-

FU upon differentiation were similar to effects in the subcuta-

neous A431 model (Supplementary Fig. S1).

To examine how 5-FU affects the enzymatic pathway respon-

sible for PpIX production, lysates from vehicle- or 5-FU–treated

A431 tumors were analyzed for expression of four key heme-

synthetic enzymes (25): ALA dehydratase (ALAD), porphobi-

linogen deaminase (PBGD), coproporphyrinogen oxidase

(CPO), and ferrochelatase (FC). In different biological systems,

differences in expression of one or more of these four enzymes

have been suggested as rate-limiting factors governing PpIX

levels. Here, by Western blot analysis, three enzymes (ALAD,

PBGD, and FC) showed a decrease in protein expression,

whereas CPO expression was increased after 5-FU pretreatment

(Fig. 2C, left vs. right). Densitometric quantification of the

Western blots showed a 2-fold decrease in ALAD, a 4-fold

decrease in PBGD and a 4-fold decrease in FC in 5-FU- versus

vehicle-pretreated tumors. One enzyme, CPO, was increased

1.7-fold (Fig. 2D). Both the increase in CPO and the decrease in

FC seem particularly relevant, because each change is expected

to favor enhanced PpIX synthesis. This is because CPO and FC

are located immediately upstream and downstream of PpIX,

respectively, in the heme-synthetic pathway (25).

Enhanced PpIX in 5-FU pretreated A431 tumors correlates with

increased tumor cell death following PDT

Subcutaneous tumors were harvested after ALA-mediated PDT

to assess intratumoral cell death using TUNEL (i.e., labeling of

cleaved internucleosomal DNA fragments). 5-FU–pretreated

tumors showed a 16-fold increase in TUNEL-positive nuclei by

24 hours post PDT (Fig. 3A). This level was much greater, three

times higher in fact, than after PDT alone (Fig. 3B).

To further characterize effects of cPDT, H&E-stained sections

from tumors treated with PDT � 5-FU were compared (Fig. 3C).

During the 24 hours following PDT, all tumors developed many

apoptotic cells with shrunken, pyknotic nuclei, extravasated red

cells, intracellular vacuoles, and large areas of cell loss (empty

spaces); these features were more pronounced in the 5-FU–pre-

treated tumors (Fig. 3C). To quantify these changes, loss of overall

staining intensity (hypochromicity, reflecting a loss macromolec-

ular synthesis) was analyzed from high-resolution digital micro-

graphs (Fig. 3D). The distribution of brightness intensities, pro-

portional to loss of staining, was calculated on a per-pixel basis

and showed a shift to higher values over 24 hours post PDT

Anand et al.
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Figure 1.

5-FU pretreatment enhances PpIX production in superficial and subcutaneous SCC tumor models in mice. A, In vivo imaging of PpIX fluorescence in UVB-induced

superficial SCCs in SKH-1mice usingMaestro EX IVIS. Tumorswere treated topicallywith either Aquaphor (inert petrolatum; left column) or 5-FU topical solution (2%

W/W; right column) once daily for 3 days, followed by topical application of ALA (Levulan Kerastick) on day 4 to stimulate PpIX synthesis. Top, photographs

of SKH-1 mice showing UVB-induced tumors on their backs. Bottom, fluorescence intensity maps showing PpIX distribution in the skin of the same mice. B,

Quantitation of PpIX-specific fluorescence levels in tumors. FromMaestro EX IVIS fluorescence images, image cubes containingmixed signals (autofluorescence and

PpIX-specific fluorescence) were unmixed to separate PpIX-specific signals, and individual pixel intensities were summed for each individual tumor. Mean � SEM,

with number of tumors in parentheses, are shown. C, Confocal micrographs of frozen tumor sections from superficial SCC, showing intracellular PpIX levels in four

different tumors treated with Aquaphor (left column) or 5-FU (right column); representative examples are shown. Dotted line, boundaries of superficial

papillomatous tumor. Tm, tumor. hf, hair follicle.D,Quantitation of PpIX signal frommultiple tumors treated similarly to those in (C). E, Photograph showing a typical

A431 subcutaneous tumor on a nude mouse. F, Confocal micrographs of frozen sections of different tumors that were treated systemically with either saline (left

column) or 5-FU (right column); the observed signal is generated by PpIX.G,Quantitation of PpIX signal frommultiple tumors, and from normal adjacent epidermis,

using IP Lab software. Bars in D andG are mean� SEM; number of tumors is indicated in parenthesis. P values from an unpaired two-sided Student t test are shown.

Scale bars in (C, E, and F), 50 mm.

Fluorouracil Combination with PDT for Skin Cancer

www.aacrjournals.org Mol Cancer Ther; 16(6) June 2017 1095

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

6
/6

/1
0
9
2
/1

8
5
4
2
8
3
/1

0
9
2
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2

2



(Fig. 3D, top row). This shift was more pronounced in 5-FU–

pretreated tumors (Fig. 3D, bottom row). Another aspect of this

analysis was hypocellularity (empty white spaces indicative of cell

death and tissue loss), represented by a sharp peak at the right of

each graph (Fig. 3D, arrowheads); this peak became very large in

5-FU–pretreated tumors (Fig. 3D and E). The 3-fold enhancement

in hypocellularity (Fig. 3E) agreed verywellwith approximately 3-

fold enhancement in apoptosis seen with TUNEL (Fig. 3B). Thus,

in two separate analyses (TUNEL and H&E), cPDT induced

significantly more tumor destruction than PDT alone. Similar

results were obtained in our UVB-induced mouse model of

superficial SCC (Supplementary Fig. S2).

In A431 tumors, p53 protein is elevated after 5-FU pretreatment

To explore possible mechanisms of how 5-FU augments PDT-

induced apoptosis, we asked whether caspase activation is

involved because in a previous study (using calcitriol before

ALA-based PDT of A431 tumors) we had observed activation of

a TNFa-mediated, caspase-8 and caspase-3–dependent apoptotic

pathway (the extrinsic pathway; ref. 19). With 5-FU as the neoad-

juvant, however, no changes in caspase-3 expression or cleavage

were detected. This indicates that the proapoptotic mechanisms

for 5-FU and calcitriol are different.

p53 is a strong candidate for involvement in apoptosis because

it is well-established that during cancer therapy, 5-FU can activate

p53 (27) and that antitumor and stress-related effects of 5-FU are

producedwhen 5-FU is phosphorylated and converted into active

metabolites such as 5-fluorouridine-50-triphosphate (FUTP) and

5-fluoro-20-deoxyuridine-50-monophosphate (FdUMP), leading

to their misincorporation into RNA and DNA, respectively (22).

To examine 5-FU's effects upon p53 pathways in A431 tumors, we

measured expression of threemolecules: p53; p21 (a downstream

transcriptional target of p53); andMDM2 (a negative regulator of

p53). By immunochemical staining (Fig. 4A) and byWestern blot

Figure 2.

Effects of 5-FU pretreatment on proliferation, differentiation, and heme enzyme levels in A431 tumors. A, Immunofluorescence microscopy images of A431 tumors,

showing changes in proliferation (Ki-67) and differentiation (E-cadherin) in response to 3 days of pretreatment with vehicle (left column) or 5-FU (right

column). Sections were counterstained with a nuclear dye, DAPI (grey); Scale bar, 50 mm. B, Quantitative analyses of relative expression levels of Ki-67 (left)

and E-cadherin (right), analyzed from images similar to those in (A), using IP Lab software. Bars show mean � SD; P value from two-sided unpaired t test.

C, Expression of key enzymes in the heme-biosynthetic pathway, analyzed by Western blot analysis. Examples of Western blots from tumor lysates treated with

vehicle or 5-FU and visualized with antisera to ALAD, PBGD, CPO or FC, or to GAPDH as an invariant control. D, Densitometric quantitation of relative

expression levels of hemeenzymes, normalized toGAPDH; blots from5 individual tumors in each treatment groupwere analyzed;mean�SD,P value from two-sided

unpaired t test.
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analyses (Fig. 4B and C), 5-FU was shown to elevate p53 protein

levels as compared with vehicle alone. Expression of p21 was

reduced and MDM2 was increased (Figs. 4A–C). The fact that

MDM2 and p53 are both increased may be due to disruption of

p53–MDM2 interaction, as a result of a recently reported inter-

action between p53 and PpIX (ref. 28; see Discussion). A time

course experiment, spanning just before light exposure to24hours

post-PDT, demonstrated that elevations in p53 are sustained for

Figure 3.

Cell death analysis and quantitation inA431 tumors byTUNEL andby histomorphology of stained tissue.A,TUNEL-stained images showing selective enhancement of

PDT-induced cell death in A431 tumors as a result of 5-FU pretreatment. TUNEL-positive nuclei in vehicle- (top) or 5-FU (bottom)–treated tumors either

without PDT (left column)or 6 hours (middle column) and24hours (right column) post PDT; Scale bar, 50mm.B,Quantitation of cell death time course inA431 tumors

after pretreatment with vehicle or 5-FU. Mean � SEM of number of tumors per treatment group (indicated in parenthesis); P values from an unpaired two-sided

Student t test are shown. C, H&E-stained tumor sections showing time course of enhanced cell death following ALA-PDT in tumors pretreated with 5-FU (bottom)

as compared with vehicle treated tumors (top); Scale bar, 50 mm. D, Quantitative analysis of loss of staining (as defined by pixel color intensity) in the

digitized images shown in (C); see Materials and Methods for details and text for description. E, Quantitative analysis of dead area (white space) as a result of

photodynamic destruction in the tumors from (C); mean � SEM with P values from an unpaired two-sided Student t test.
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24 hours (Fig. 4D and E). The latter finding implies that in 5-FU

preconditioned tumors, abundant p53 protein is available, and

although mutated in this case, might contribute to enhanced

apoptosis.

Absence of p53 expression reduces but does not eliminate

the 5-FU–mediated induction of PpIX levels and cell death

in tumors

To investigate whether the presence of p53 (or its increase after

5-FU) is a critical factor required to elevate PpIX levels in response

to 5-FU, we used an epithelial cancer model in which p53 is

completely absent. Mice bearing p53-null subcutaneous tumors

(4T1 cells; p53�/�) were pretreated with 5-FU, and the effects of

5-FU upon PpIX levels and PDT-induced cell death were exam-

ined. As compared with A431 tumors, the 5-FU pretreatment in

4T1 tumors led to smaller increases in PpIX pre-PDT (4-fold vs.

2.5-fold in Figs. 1G and 5A, respectively) and in cell death post-

PDT (3.6-fold vs. 2.6-fold in Figs. 3B and 5B, respectively). These

observations suggest that 5-FU's effect upon PpIX levels may be

partially mediated through upregulation of p53, although it is

somewhat difficult tomake a definitive conclusion about this due

to p53'smutated status inA431 cells.What is quite clear, however,

is that p53 is not required to obtain a significant enhancement of

PpIX levels and tumor cell death after PDT.

Figure 4.

Activation of p53 by 5-FU treatment in

A431 tumors. A, Immunohistologic

images showing expression of p53,

p21, MDM2, and GAPDH in vehicle

(top) or 5-FU (bottom) treated A431

tumors; Scale bars, 50 mm; B,Western

blots showing expression levels of

p53, p21, MDM2, and GAPDH in vehicle

(left column) or 5-FU (right column)–

treated A431 tumors. C, Quantitative

densitometric analysis of relative

expression levels of p53, p21, and

MDM2 on Western blots, after

normalization to GAPDH; the number

of individual tumors per treatment

group is indicated in parentheses.

D, Immunohistological images

showing a sustained increase in p53

levels during the time course following

ALA-PDT in 5-FU–treated tumors as

compared with vehicle treated

tumors; scale bar, 50 mm.

E, Quantitative analyses of relative

p53 expression levels from the digital

images in (D), using IP Lab software.
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Discussion

In this study, we showed that pretreatment with 5-FU before

PDT enhances the selective accumulation of PpIX and improves

the cytotoxicity of PDT in epithelial tumors in vivo. Two different

modelswere used for the initial demonstration of this effect: (i) an

orthotopic skin cancermodel, emulating human actinic keratoses

and SCC induced by chronic UV exposure; (ii) human A431

(SCC) cells implanted subcutaneously in nude mice. In both

systems, lesions pretreated with 5-FU showed tumor-selective

PpIX accumulation in lesions (relative to surrounding normal

skin), and these higher PpIX levels were associated with a signif-

icant increase in apoptosis after exposure to visible light with very

little cell death in normal adjacent epidermis.

In addition to demonstrating the basic utility of 5-FU as a

neoadjuvant for PDT, we have identified several different pos-

sible mechanisms for this therapeutic enhancement by 5-FU.

The first was an inhibition of tumor cell proliferation (Fig. 2A),

not surprising because 5-FU is known to inhibit thymidylate

synthase as well as to produce metabolites that incorporate into

DNA, and thereby cause growth arrest (22, 27). More novel was

our demonstration that 5-FU stimulates tumor-selective

increases in PpIX accumulation. Target tissue selectivity is a

feature previously reported for other neoadjuvants such as

methotrexate (18) and calcitriol in human psoriasis (29) and

murine SCCs (24). Enhanced accumulation in tumor cells is

important, but even more important may be the fact that 5-FU

improves PpIX homogeneously within all cells in the tumor.

For PDT to work well, a threshold concentration of the pho-

tosensitizer must be reached in every cell to achieve complete

photodynamic killing. PpIX accumulation can vary so that

some regions express almost no PpIX, as shown by a previous

study in histologic sections of ALA-treated skin cancers (30).

5-FU addresses this problem by raising PpIX levels beyond the

killing threshold in a high percentage of tumor cells, as shown

by our confocal microscopic studies (Figs. 1C, and F).

To ask how 5-FU increases PpIX levels, we carefully examined

the expression of selected key enzymes in the heme synthetic

pathway to determine how they are altered by 5-FU. Eight

enzymes are required for heme synthesis (summarized in; ref. 25)

and six of these (ALAS, ALAD, PBGS, PBGD, CPO, and FC) have

been studied in the literature in the context of ALA–PDT to assess

their importance during ALA–PDT in different experimental con-

texts and cell types (17). In previous work on MTX or calcitriol as

neoadjuvants,MTX preconditioning affected primarily CPO (18),

whereas both CPO and FC were strongly affected after calcitriol

(19, 26). In the current study, 5-FU led to increased CPO and

decreased FC expression. ALAD and PBGD were also decreased,

but those enzymes are expected to be less rate-limiting than CPO

and FCwhich lie immediately upstream and downstream relative

to PpIX in the heme pathway.Our results broadly agreewith other

studies performed by various groups using a gene-silencing

approach, which amply demonstrated that downregulation of

ALAD or PBGD reduced the PpIX levels, but silencing of FC was

the only approach that elevated PpIX levels in target cells (31–33).

Another phenomenonwe observed in this study, an increase in

p53 in A431 tumors pretreated with 5-FU, was consistent with

previous work showing that 5-FU exposure leads to incorporation

of fluorodeoxyuridine triphosphate (FdUTP) into DNA, and

fluorouridine triphosphate into RNA, triggering DNA-damage

and RNA-damage responses, respectively (22, 34), thereby acti-

vating p53 (27). The observed p53 induction suggested to us

another potential mechanism whereby 5-FU might contribute to

PDT efficacy; it was formally possible, even thoughp53 ismutated

in A431 cells (35), that this p53 might play some role in the

observed enhancement of PpIX levels and subsequent cell death

(36–38). To address the question of whether p53 induction plays

an essential role or is just an epiphenomenon, we examined the

PpIX and cell death levels in squamous tumors that are p53 null

(the 4T1 tumor line). We found that 5-FU preconditioning can

significantly induce PpIX accumulation and cell death even in the

complete absence of p53 (Figs 5A and B). Thus, it appears that

5-FU can exert a PpIX-elevating effect through p53-independent

mechanisms.

Although we have not definitively proven that p53 plays a role

in the enhancement of PpIX-mediated PDT, the fact that induc-

tions in PpIX levels and cell death in mutant p53-containing

tumors was larger than in p53-null tumors (A431; Fig. 3B

and 4T1; Fig. 5B, respectively), argues that a p53-mediated com-

ponent of PpIX enhancement is still possible. One very intriguing

piece of evidence in support of this notion is a series of reports

showing that p53 can interact with PpIX, and perhaps stabilize it.

Kaeser and colleagues (39) reported in HCT116 colon carcinoma

cells that PpIX is able to bind p53. Later, Zawacka-Pankau and

colleagues (28) showed that in cultured cells, PpIX binds to p53 at

its N-terminus and disrupts the interaction between p53 and

HDM2 (the human homolog of MDM2), thereby disrupting

HDM2's negative regulation of p53 (40). If this scenario were

operative in a given tumor cell, then a positive feed-forward loop

might amplify 5-FU's proapoptotic effect, as elevated PpIX

(caused by altered heme enzyme expression in 5FU-pretreated

cells) would bind to p53, stabilize it, and thereby increase p53's

ability to promote apoptosis after PDT damage. One uncertainty

in A431 cells is the fact that A431 contain a mutant form of p53,

one that fails to bind DNA and yet might still bind to other

regulatory proteins and to PpIX. Although at first glance it might

appear that themutant p53 could not participate inmediating cell

death, the complex nuances of p53 function deserve further

discussion (see below).

We are certainly not the first investigators to wrestle with the

question of whether PDT cytotoxicity is p53-dependent or

Figure 5.

Lack of p53 expression reduces but does not eliminate the 5-FU-mediated

induction of PpIX levels and PDT-mediated cell death in squamous tumors.

A, Effect of 5-FU pretreatment on PpIX levels in 4T1 (p53�/�) breast tumors.

Bars are mean � SEM, n ¼ 6 tumors/condition. B, Quantitation of cell death at

24 hours post PDT in 4T1 tumors after pretreatment with vehicle or 5-FU.

Bars are mean � SEM, n ¼ 4 tumors/condition. P values from an unpaired

two-sided Student t test are shown.
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-independent. In fact, the role of p53 mutations as a determinant

of p53's functional role in driving apoptosis after PDT is a rather

thorny issue, with conflicting data in the literature. A role for p53

in PDT-induced cell death was reported by Fisher and colleagues

(41) whereas other studies suggested that PDT responses were

independent of p53 status (42, 43). The variety of different cells

and photosensitizers makes those results difficult to interpret. In

our study, the fact that A431 cells are known to express a common

mutant of p53, called R273H (arginine-to-histidine missense

mutation at codon 273) requires further discussion (35). Many

p53 mutations, rather than causing a loss of tumor suppressor

ability, actually acquire increased stability and exert dominant

negative effects on wild-type p53, as "gain-of-function" mutants.

In the case of p53 R273H, it was recently reported that the protein

actually has antiapoptotic and antiautophagic activities, with

tumors becoming even more resistant to cell death (44, 45). An

article by Sznarkowska and colleagues suggests another possibil-

ity, namely, that cell death can be regulated by p73 (a p53

homolog that is rarely mutated in cancers and that binds to PpIX

through its N-terminal domain, presumably stabilizing it.

Above and beyond the mechanistic details, a primary objec-

tive for this study was to obtain useful preclinical information

for translation of improved cancer therapy to a clinical setting.

Based upon these data in murine models, a clinical trial of

combination therapy using neoadjuvantal 5-FU (ClinicalTrials.

gov NCT01525329) has been designed, undertaken, and was

recently submitted for publication (Maytin E, Anand S, and

colleagues; unpublished observations). Results of that clinical

trial confirm that 5-FU is a practical and effective neoadjuvant

for PDT of early cutaneous neoplasia (actinic keratoses) in the

skin. The 5-FU-plus-PDT combination regimen can be used

immediately, because each of the individual modalities has a

well-known safety profile and is already FDA-approved for the

target indication (actinic keratoses). In the future, even greater

benefits may become possible by further study of the basic

mechanisms described here. Most promising is our finding that

5-FU–enhanced PDT appears to work even for p53-null tumors.

The implication is that this approach may represent a prom-

ising alternative for a subset of cancers that is typically resistant

to conventional chemotherapy and ionizing radiation.
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