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Abstract
Aminolevulinic acid (ALA) is a prodrug that is metabolized in the heme biosynthdabisgato
produce proteporphyrin IX (PplX) for tumor fluorescence detection and photodynamapyher

(PDT). The iron chelator deferoxamine (DFO) has beeidely used to ehance PpIX
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accumulationby inhibiting the iron-dependent bioconversion of PpIX to hengreaction
catalyzed by ferrochelatase (FECHumor response to DFO treatmentkisown to behighly
variable and soméumors evenshow no responseésiven the factthat tumorsoften exhibit
reducedFECH expression/enzymatic activitywe examined howeducingFECH level affected
the DFO enhancement effedDur results showethatreducing FECH level by silencingeCH
in SkBr3 breast cancer cells completely abrogated the enhancement effect ofIDeOgh
DFO enhanced ALAPpIX fluorescence and PDT response in SKBr3 vector cooéits, it
caued a similarincreasein MCF10A breast epithelial cells, resulting in no ggetin in the
selectivity towards tumor cell8Ve alsofoundthat DFO treatmenhduced lessncreasen ALA -
PpIX fluorescence itumor cells with lower FECH activityMDA-MB-231, Hs 578T}thanin
tumor cells®with higher FECH activitMDA-MB-453). Our studydemonstras that FECH

activity is an important determinant tfmor response to DFeatment.
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INTRODUEIION

Aminolevulinic.acid (ALA) and its ester derivatives andinically used for superficial skin
cancers andre currentlyunder clinical investigation for other types of cancers including breast,
lung and mesephageal cancdfy. As a prodrug, ALA and its derivatives aremetabolically
converted' toprotoporphyrin IX (PpIX) a porphyrin metabolitavith red fluorescence and
photosensitizingactivity upon light exposure, in the heme biosynthesis pathweasferential
ALA -mediatedPpIX production intumor tissues followed by aimed light actation leads to
selectiveimordestruction by photodynamic therapy (PDajreatmenimodalitycombining the
use of aphotosensitizer anthserlight illumination to induce oxidativéissuedamage(2). The
bright red™fluorescencef PplX enables the use of ALA for PpIX fluorescerqugded tumor
resection?"This application has been well demonstrated in the resectioairofabd bladder
tumors with improved resection ratand bettersurgical outcomes (3-5)As an intraopeative
imaging probe, ALA has been approved in Europe and was recently approved U fieA

for guidingbrain tumor resection
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However clinical applicationof ALA can be hampered by insufficient and heterogeneous
PpIX production inthe target tissug6). TumorPplX level is known tovary greaty after ALA
application which caugs a significantvariation in PDT responsg-9). Low or variable PpIX
fluorescence alseedwces the chance of complete tumor removal PpIX fluorescencguided
tumor resectio(10, 11) To enhance PplX fluorescence, strategiregduding increasng PplX
biosynthess, reduéng PplIX bioconversion anahhibiting PpIX efflux have beemvaluated12).
As an intermediate metabolite the heme biosynthesipathway PplX is further converted to
heme which™itself has neither fluorescence nor photosensitizing activity (13). This
bioconversionisi catalyzed by ferrochelatase (FECHe terminalenzyme in thgathwaythat
insertsferraus=iron (F&) into PpIX to produce hemeGenetic silencingof FECH has been
shown to increase ALApIX fluorescenceand PDT response both in vit(d4-17) and in vivo
(18), indicaing thatinhibition of PplIX bioconversioran be an effectivstrategy forenhanag
ALA applications.

Pharmacological inhibition afhe conversion oPpIX to hemeincludes the use of FECH
inhibitors (29y20) or, more commonlypn chelatorg21). By removing the labile iron, chelators
reduce the“substrateconcentrationand thereforeinhibit the conversion ofPpIX to heme.
Prolongedapplicationof iron chelation may lead to a direct inhibition of FECH activity by
reducingthe“biosynthesis of [2FRS] clusters, an importamon-containingfunctional unit of
FECH (22). Ethylenediaminetetraacetic acid (EDT#gs the first chelatoshownto enhance
ALA -PplIX fluorescencén vitro (23, 24) More lipophilic chelators such as deferoxamine (DFO)
(25) and CP94(26) increasd ALA-PplX fluorescencewith greater efficacy possibly due to
increased cell'"membrane permeation. Howeslérical studies ofchelators have yieldeahixed
results BothEDTA (27) and DFO (7) did not increase ALAPpIX fluorescence imumanskin
tumors, butCP94 was shown to improv&LA -PDT response in skin cancer patie(@8). The
reason for sucliscrepancies is nénown.

FECH is_known to exhibitreduced expressitgnzymatic activity in a variety of tumors
including_liver(29), gastric(14), and colorectal(30, 14)cancersAccording to Human Protein
Atlas, weak®EECH protein levehasalso beerdetected in breast, pancreatand skin cancers
with some cancer tissues even exhilgta negative staining (https://www.proteinatlas.oHpw
reduced FECH expressionaffects theefficacy of chelators forthe enhancement of ALA
PpIX/PDT has never been studietio answer this question,ekknocked down FECH in SkBr3
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human breast canceells to generate FECideficient cells We evaluated PplIX fluorescence
and PDT response imector control and=ECH-knockdownSkBr3 cells as well as MCF10A
breast epithelial cellafter treatment with ALA alone or in combination with iron chelator DFO.
We found, thatFECH knockdownsignificantly increased ALAPpIX fluorescence and PDT
responsen_SkBr3 cells Treatmentwith DFO effectively enhanced AL#RpIX fluorescence and
PDT response/n MCF10A and vector control SkBr3 ¢élls not inFECH-knockdownSkBr3
cell lines Similarly, kreast cancer cell lines with lowEECH activity (e.g., MDAMB-231 and
Hs-578T) showed less ALApIX fluorescence increasdter DFOtreatmentthan lveast cancer
cellswith higher FECH activityfe.g.,MDA-MB-453).Our studyindicates that FECH activity is
important forsdetermininghe enhancement effect of iron chela@FO, and cells with low

FECH activity are less likely to benefit frobFO treatment

MATERIALS & METHODS

Chemicals:Deltaaminolevulinic acid hydrochloride (ALA) from Frontier Scientific Irftogan,
UT) was dissolved in phosphate buffered saline (PBS) solution. Deferoxamii@) dm
Sigma (St. Louis, MO) was dissolved in DMSO. All chemicals were stedilthrough @24m

filters and"stered in a -2Q freezer.

Cdll culture. MCF10A human breast epithelial cells (ATCC, Manassas, VA) were maintained in
Dulbecco’ssMadified Eagle Medium (DMEM)/Ham's R (50/50) medium supplemented with
5% horsesSertim (Atlanta BiologisaFlowery Branch, GA), insulin (10 pg mL™), epidermal
growth factér(20 ng mt), cholera toxin (100 ng mt), hydrocortisone (0.5 pg mL™), and 1%
antibiotics(penicillin & streptomycin)and antimycotics (amphotericin Bplution Mediatech,
ManassasVA).sSkBr3 MDA-MB-453, MCF7, MDA-MB-231 and Hs 578T human breast
cancer cell§ATEC) were routinely maintained in complete Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 9% fetal bovine serum (Atlanta Biologicals) and 1%iliarand
streptanyein’ solution. All cell culture media were purchased from Mediatech (Manasaas
Cells were cultured at 37°C in a humidified 5% Qfcubator.

FECH silence by lentiviral shRNA. SkBr3 cells were transduced with human pLKO.1 lentiviral
shRNAs purchaseffom Open Biosystems (Lafayette, CO) to siledeCH expression.To
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increase knockdown efficiency and avoid-t#fget effect, iffe different ShRNA variants were
evaluated The sequencef shRNA variantsaare shFECH1 (GCTTTGCAGATCATATTCTAA),
ShFECH2 (CCAAGGAGTGTGGAGTTGAAA), ShFECH3
(GCTATTGCTTTCACACAGTAT), shFECH4 (GACCATATTGAAACGCTGTAT) and
ShFECH5 (CAGGGAGACTAAATCCTTCTT). Lentiviruses were prepared by transient co
transfection of lentiviral vector encaodj ShRNA targeting sequence with viral packaging vectors
into HEK"293T cells using calcium phosphate precipitation according to the manerfactur
instruction: Briefly, HEK 293T cells were incubated with FECH shRNA or GFP shigdr
vector control) and viral packaging vectors in complete DMEM at 37°C for 6 h. AfterShRN
containingsmei wereremoved, cells were incubated with fresh DMEM for another 36 h. Media
were then“collected and filtered through Op4% filters to obtain virus particles. SkBr3 cells
were infected at approximately 70% confluence in complete DMEM supplemented with 8
pg/mL of polybrene. After 48 h incubation, the medium was changed to completdDME

FECH silencing efficiency was verified by Western blot.

Western blot. ‘Cells were lysed af0-80% confluency in NP40 lysis buffer supplemented with
protease“and phosphatase inhibi@mssdescribed previous(1). Cell lysates were separated by
sodium _dedecyl sulfate polyacrylamide gel electrophoresis {&BSE) and electrophoretically
transferred to polywiylidene fluoride (PVDF) membrandMillipore). Blots were incubated
with primary antibodies for heme biosynthesis enzymes includlilg synthase (ALASH, Cat

No. se365153,; porphobilinogen synthase (PBGS, Cat No-28t585, porphobilinogen
deaminasex(P8D, Cat No. s€1667889, uroporphyrinogen Il synthase (UROS, Cat No- sc
365120, uroporphyrinogen IIl decarboxylase (UROD, Cat Ne366297, coproporphyrinogen

lll oxidase (CPOX Cat No. s€99858, protoporphyrinogen IX oxidase (PPOX, Cat No: sc
271768, FECH(Cat No. ab1370423nd heme degradation enzyme heme oxygenasel(kiat

No. sc10789) Except for the FECH antibody (from Abcam, Cambridge, MA), all other heme
enzyme antibodies were purchased from Santa Cruz Biotechnology (Dallas, fiet).the
incubation'with_horseradish peroxidas@jugated secondary antibody (Cell Signaling, Danvers,
MA), immunoblots were incubated with SuperSignal West Dura extended duration substrat
(Thermo Scientific) and immunoreactive bands were captured with GE Aareisnager 600

(GE Healthcare Bigciences, Piscataway, NJ). The band density of different heme enagthes
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loading control (actin) was qotfied with NIH ImageJ software and normalized to the intensity

of corresponding enzymes in vector control cells.

Spectrofluorometric analysis. Cells were implanted in-@ell cell culture plates in complete
medium and.allowed to grow for two days. Cells were treated with ALA alone, Dif@ ar
ALA combined/with DFO in the complete medium for 4 h. Aftiee drug-containng medium
was removed, cells were rinsed with PBS and lysed in 1% SDS solution. Cedislygate
collected and centrifuged to obtain supernatants. Fluorescence emission spgsaparmdtants
were measured with Fluoroma&x fluorescence spectrometer (H@ar JY, Edison, NJ)with

excitation wavelength &00 + 2.5 nm.

Confocal microscopic imaging. Cells were implanted in glass bottom cell culture dishes
(MatTek, Ashland, MA) and allowed to grow for two days. Cells were treaidon without

ALA (1 mM) in serumfree DMEM medium for 4 h. After ALAcontaining media were
removed, cellsfwere rinsed with PBS twice and incubated in serum frégvDidedium for
confocal imaging. Livecell imaging was performed on a Nikon TiE (Eclipse) confocal
microscope,using &0x 1.40 NA oil immersion objective as described previo@3B). PplIX
fluorescenece was imaged with 405 excitation, 700 £ 37.5 nm emission and an exposure time

of 500 ms. Differential interference contrast (DIC) images were acquired using exposure times in

the range'of 100 to 200 ms at the same magnification.

Flow cytometry: Cells were implanted in 66hm dishes and allowed to grow for two days. Cells

were incubated with complete media containing no drug (for control), ALA aliF®, alone or

ALA combined with DFO for 4 h. After the incubation, cells were rinsed wits RB/psinized

and suspended. in PBS. Cell suspensions were centrifuged and cell pelletssusmereled in

fresh PBS. _PpIX fluorescence was measured with a FACSCalibur flow cytometer (BD
Biosciences)in the FL3 channel (488 nm excitation, 650 nmpasg emission). About 20,000

cells were ' measured and recorded for each experiment. Experiments were repeated at least three

times.
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PDT treatment & cytotoxicity assay. Cells were implanted in 9éell plates and allowed to grow
for two days to reach around 70% confluency. Cells were incubated ontblete medium
containing no drug (for control), ALA alone, DFO alone or AinAcombinatiorwith DFO for 4

h. Cells were then treated with 5 mW/cmadiance of 633 nm light for 10 min, which results in
a light fluence of 3.0 J/ct Light illumination wasprovided by a diode laser system (High
Power Devices'Inc., North Brunswick, NJ) coupled to a 600 um core diameter opecditfed
with a microlens at the end of fiber to achieve homogeneous irradiation. Lighsiiptevas
measured“with“an optical power meter (Thorlabs, Inc., North Newton, NJ). latelgdafter
light treatment, drugontaining media were replaced with fresh media. Cell viability was
determined at«24 h after treatment by CellTiter 96 AqueousRamhoactive Cell Proliferation
Assay (MI'S"assay, Promega, Madison, WI) following manufacturer’s instruction. Exgets

were repeated at least three times.

FECH activity assay. FECH activity wasletermined adescribed with modificatiofl4). About

2 million cellsswere lysed with 0.1% Triton-X00 in PBScontaning 200 uM palmitic acid.
After centrifugation at 900 x g for 10 min, cell lysates were taken and incubaéte 100 nM
PpIX and5.M zinc acetate for 10 min at 3Z. The resultant zinc protoporphyrin IX (Zn PplIX)
was deteted'with Fluoromax3 fluorescence spectrometer with 400 + 2.5 nm excitation. Zn
PpIX fluorescence (emission at 590 %0 nm) was quantified usinpe Zn PplX standard
curve. FECH activity was expressed as the amount of Zn PpIX produced by onefgraln

lysate potein“per minute (nmol/g protein/min).

Satistical (analysis. Oneway or tweway ANOVA with posttests were used to determine
statistical differences between groups and statistical significance was accejpted @i05.

Statistical analysis was performed using GraphPad Prism software (La Jolla, CA).

RESULIS

FECH knockdewn resulted in Ppl X accumulation in SkBr3 cells

FECH was silencedn SkBr3 cellsusing five shRNA variants targeting differeRECH gene
sequencesWestern blad were performed to examine thergiein level of heme biosynthesis
enzymesncluding ALAS-H, PBGS, PBGD, UROS, UROD, CPOX, PPOX, FEGHd heme
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degradation enzyme HOIin vector control andive FECH-knockdown celllines (Figure 1A).
ALAS-H is the first and ratéimiting enzyme in the pathwathat catalyzes the formation of
ALA from glycine and succinyl coenzyme (A3). Quantification of Western blot basghowed

a significantdifferencein ALAS-H (Figure B) and FECH(Figure IC) levels betweerfrECH-
knockdowncell linesand vector control cellCompared with vector control cells, FECH protein
levelsin shEECH15 cells werereduced to about 22%, 26%, 21%, 4% and 8%, respectiMaty.
level of ALASH was significantly increased in shFECH4 and 5 aalid a trend of increaseas
alsoseen iI"BFECHZ3 cell lines The silence oFECH resulted inPplX accumulation in SkBr3
cells, as indicated by the characteristic PpIX fluorescence emission detettteddh lysates of

all knockdewne=cell lines but not in vector control cell lysate (Figudg Incubation withALA
induced PpiX fluorescence in vectaontrol cells andcaused greatePplX accumulation in
FECH-knockdown cells (Figure B), further demonstrating that PpIX was the predominant
porphyrinmetabolite inFECH-knockdown cells. Although some porphynmetabolits such as
uroporphyrins and coproporphyrirmse also fluorescenthe maximum emissionvavelengtls of
these porphyrinsare about 10 nm less thanthe peak emissiowavelengthof PpIX (see
Supportingtinfermation). In agreement with spectrofluorometric measurements, confocal
microscopie,imaging showealdetectable PpIX fluorescencektCH-knockdown cellsvithout
ALA (shEECH4 and 5 in particularbut not in vector cells (Figure 2). Stimulation with ALA
resulted in increased fluorescencéath vector control anBECH-knockdown cells.

FECH knocekdown increased Ppl X fluorescence and ALA-PDT responsein SkBr3 cells

The PplIX fluerescencentensitywith or without ALA stimulationin vector control andFECH-
knockdown cellsvas measurelly flow cytomety (Figure 3\). Knockdown ofFECH caused a
significant. increasen the basal PpIX fluorescencatensity (P < 0.05, Figure 3B) With the
lowest FECHevel, shFECH4 cells exhibited the highdsasalPplX fluorescenceandshFECH5
cells, with the second lowest FECH leyekhibitedthe second highest basal PplX fluorescence.
A similar_basal fluorescence was detected in shFEGHEII linesthat hada similar level of
FECH proteinALA stimulationinduced a dosdependent increase PplX fluorescencén both
vector control andFECH-knockdown cells Compared with vector control cellsPplX
fluorescencen FECH-knockdown cellsncreasd more sharfy with theinitial increase oALA
dose(0.05, 0.1 and 0.2 mMgnd reached plateau atlower ALA dose.Two-way ANOVA test
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indicates thashFECH4 cellshada significantly higher PplIX fluorescence than other knockdown
cells at allALA doses P < 0.001) anddl FECH-knockdown cell lines exhibited significantly
higherPplX fluorescencehanvector control cellgfterincubation withALA dosesangng from
0.1-2.0 mM P <.0.05).

Light treatment (633 nm, 3 J/&nalone (without ALA)caused aslight decrease in cell
viability inn'shEECH4 and %ells but not in other cell lines (FigureC3. ALA alone (without
light) at"a‘'dose“range @.1to 4.0 mM had nosignificanteffect on cell viability in all cell lines
(data not shewn)ALA -PDT induceda dosedependent decrease in cell viability in both vector
control andFECH-knockdown cellsHowever,cell viability appeared taecreasenore rapidly
in FECH-knogkdown cells than in vector control cells after PDT with increasing doses of ALA
Two-way ANQVA test indicates thath#ECH4 cellswere more sensitive tAALA-PDT than
other knockdown cells at alLA doses P < 0.05), anddl FECH-knockdown cell lines showed
a higher response tB8DT than vector control cellat ALA doses ranginfrom 0.54.0 mM (P <
0.01).

Treatment'with' DFO increased ALA-PplX fluorescence in SkBr3 and M CF10A cells, but
not in FECH-knockdown cell lines

Effects ofs#iron chelator DFO on ALApIX fluorescence emissionene examinedwith a
spectrofluorometein MCF10A, FECH-knockdownand vector controlSkBr3 cells Typical
PpIX fluorescencspectravere detected ithelysates of all cell linestreated with ALA aloneor
ALA in combination with different doses of DF©gnfirming that PpIX is the major porphyrin
metabolitevafter DFO treatmefdee Supportindnformation). Effects of DFO on ALAPpIX
fluorescence ere quantifiedwith flow cytometryand shownn Figure4. At doses of 10, 100
and 1000. uM DFO significantly increasg ALA-PpIX fluorescence in MCF10A and SkBr3
vector control cell§Figure4A, 4B). However, DFO treatment had no significant effect on ALA
PpIX fluorescence in akFECH-knockdownSkBr3cell lines. To indicatethe PplX fluorescence
ratio between"SkBr3 and MAPA cells after DFO treatmerthe fluorescencmtensityof vector
control cells'and FECH-knockdown SkBr3 cells was divided bythat of MCF10A cells.
Treatment with DFO did not changiee PpIX fluorescence ratio iBkBr3 vector control cells,

which maintainedat about 1.3 regardless of DFO treatment (Figdf®. However, DFO
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treatmentcaused aignificant reduction inthe PpIX fluorescence ratio in aRECH-knockdown
SkBr3cell lines(P < 0.05).

Treatment with DFO increased ALA-PDT responsein SkBr3 and MCF10A cells, but not in
FECH-knaockdown SkBr3 cdll lines

Effects of DFO on cell viability reduction induced by AHPDT were examined.ALA-PDT
alone significantly reduced cell viability wmector control and~ECH-knockdownSkBr3 cells
but it did notdecreaseell viability in MCF10A cells (FigurebA). DFO treatment sensitized
MCF10A and SkBr3 vector control cells to ALRDT, resulting ina greater reduction in cell
viability. Hewever,it had nosignificanteffect on ALAPDT inall FECH-knockdowncell lines.
To indicate” treatment selectivity toward tumor celsselectivity index was calculated by
dividing the cellviability of MCF10A cellsby thetumor cell survival afteALA -PDT alone oin
combination with DFO. A treatment thaselectively reduces tumor celviability without
decreasingormal cellsurvival wouldlead to a high selectivity index. Treatment wilRO did
not change=the selectivity index ALA-PDT in vector controSkBr3 cells (Figure5B), but it
reducel theselectivityindexin all FECH-knockdown cells particularlyn shFECH4 and 5 cells.
The darktexicity of ALA alone, DFO alopand ALA in combination with DFO is shown in
Figure 5C«Neither ALA alonenor DFO alone in darkaused any significant decrease in cell
viability. ALA combined with D00 M DFO induceda slight reduction in cell viability inall
FECH-knockdown cell lines.

Treatment'with DFO induced less enhancement of ALA-PplX fluorescence in tumor cells
with lower FECH activity.

The enzymatic activityof FECHwas determined in 4 human breast cancer cell imgsding
estrogen receptgpositive MCF7 cells, human epidermal growth factor receptor 2 (HER2)
positive MDA-MB-453 cells, and triple negative MDKB-231 and Hs 578T cells. As shown in
Figure 6A,. different tumor cell lines exhibited a significant défeze in FECH activity. MDA
MB-453 celisshowedthe highest FECH activitywhich was significantly higher thadDA -
MB-231 and Hs 578T cells. There was ngns#ficant difference between MDAB-453 and
MCF-7 cells in FECH activity® > 0.05). The dfect of DFO (1 mM) on the enhancement of

ALA -PpIX fluorescence asexamined by flow cytometry and shown in Figure 8Beatment
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with DFO hadvaried effects orthe enhanement ofALA -PplX fluorescencén different tumor
cell lines It induced the highest fluorescence incre@s®DA-MB-453 cells Compared with
MDA-MB-453 cells,DFO-inducedPplX fluorescence increase was significantly less in MDA
MB-231 and Hs 578T cells.

DI SCUSSION

Attempts to-improve the use of ALA for PDT afldorescenceguided tumor resection have
been focused on enhancing tuneetlular PpIX level whichis dependent on PpIX biosynthesis
and bioconversiomat any given time after ALA administration(12). Inhibition of FECH
mediated "PpIX conversiowith clinical iron chelator DFOwas widely explored for the
enhanement/ofALA -PpIX/PDT. However, both preclinicgB3, 34)and clinical(7, 35) studies
have shownthat tumor response to the combination of ALA and DFO is highly vareatdie
some tumorsexhibit no enhancement at all. Considering that redwreeiven negative FECH
expressiorhas-been reported in a variety of tumors, we hypothé#iedthe variation in tumor
FECH expression or activitgnay contribute to the heterogeneity in tumor respoits®FQO.
Using FECH-knockdown cells and wiltlype cancer cellines with varied FECH activity, we
demonstratedn the present studghat FECH activity plagd an important role in deternimg
tumor response to the enhancement of DFO.
To reduee” FECH level, we used shRNA to geneF#€H-knockdown cellsSilencingFECH
caused a remarkable increase in both basal and-d&imrdulated PplX fluorescence in SkBr3
cells. Theiincrease in PpIX fluorescence correlateell with the reduction of FECH in
knockdown cell lines, underscoring the importance of FECH in controlling cellulet Pp
concentrationThe decrease dFECH (thereby reducing the production of heme) induced an
upregulation of ALASH (a ratelimiting enzyme in the heme biosynthesis pathway),
demonstrating anegative feedback regulatiqd3). Incubation withALA resultedin a dose
dependentsinerease in PplX fluorescencédath FECH-knockdown and vector contr@kBr3
cells However;PplIX fluorescence increase was much great&BGH-knockdown cellghanin
vector control cellsrenderingknockdown cells more sensitite ALA-PDT. Theseaesults in
agreement with previous repor$4-18) demonstrate thahhibiting PplX bioconversion by
reducing tumor FECHevel greatly enhanced ALRpIX fluorescence and PDT response.
Interesingly, FECH deficiency in FECH-knockdown cells completely abolished the
enhancemergffect of DFO. Since DFO did enhance ALRpIX/PDT in vector controtells, the
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loss of enhancement effect iknockdown cells suggeststhe involvement of FECH in
determining theefficacy of DFO enhancemenWe further evaluated FECH activity and ALA
PpIX fluorescence enhancement by DFQuild-type cancer cell line®©ur resultsshowedthat
differentcancer cellines exhibited a significant variation in FECH activity and response to DFO
treatment. _lmportantly, we found that cancer cell lines with lower FECH activity were
significantlyless responsive to DFO treatment tikancercells with higher FECH activityWhy
DFO treatment effectiveness is dependent oobast FECH activity remains an open question
This phenomenorould bedue tothe saturation of FECHnzyme which renders iron level
reduction’by DFEQneffective for further PpIX fluorescence increaSell lines withlow FECH
activity aresmore likely to havd-ECH enzyme activity saturain after ALA treatment thus
making themlesssensitive tdhe enhancemeity DFO.

To evaluate the selectivity of DFO treatment, we compared the effects of DFO iR pIXA
and PDTin_SkBr3 breast cancer celleersusMCF10A breast epithelial cells. By chelating
ferrous iron, DFO is known to reduce iramediated oxidative stre¢36). However, when DFO
is used insecombination with ALAchelation with iron may increase PpIX accumulation by
inhibiting PpIX«conversion to heme, resulting in the enhancement of PpIX fluorescehP®a
effects. DFQ_has been shown to enhance ABBIX/PDT in PG3 prostate(37) and Ub1
glioma (38)"tumor models. Herewe found that DFO significantly increased AiFpIX
fluorescence and PDT response in SkBr3 breast cancer cells. However, similar enhancement was
also seenn MCF10A cells, resulting in naetincrease irthe selectivitytowards SkBr3 tumor
cells In FECHdeficient SkBr3 cellsthe combination of ALA and DFQevenled to a reduced
selectivitybeeause DFO sensitized MCF10A celist not FECHdeficient tumor cellsto ALA.
Since successful use of ALA for either PDT or fluorescenaded tumor resection depends on
selective PplX accumulation in tumor cekdfects of DFO treatment on normal cells need to be
considered. with, its effects on tumor ceatisachieve an optimal moior response.

Despite.observations @FO-induced ALAPpIX/PDT enhancement in some tumors, it is
clear that netall tumors respondttos enhancement treatmef83, 34).For tumors with FECH
deficiency,"DEQn combination with ALAevenreducel the selectivity of ALA treatment alone
as show in this study Heterogeneity in tumor response to DFO treatment is el&ent in
clinical trials For instance, although overalkegativeresuls were reported ira pilot clinical

trial, 3 out of 8 patients shad more than 50% increase in AERpIX fluorescence aftddFO
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treatment(7). Thus,a patient stratification biomarker is neededdentify patients who would
benefit from tls treatment Our finding that FECH activity plag an important role in
determining tumor response to the combination of ALA and DFO suggests the us€f FE
activity as_a biomarker for predicting tumor response to this combination therapy. Futige st
should focus.orcorrelating tumor FECH activity with tumor response to ALA in combination

with DFO in a large set of tumor samples.
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(CoPro Ill).and protoporphyrin IX (PplX).

Figure S2. Effects of DFOon ALA-PplX fluorescence emission.
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FIGURE.LEGENDS

Figure 1. FECH knockdown resulted in the accumulation RyjIX. (A) Western blotimages

showing the level of heme biosynthesis enzymes in vector contréiE@id-knockdownSkBr3
cells. 8, C) Theband intensityof ALAS-H (B) and FECH C) wasquantified and shown (n=3).

Bars represerthe standard deviatior&D). ** P < 0.01, ** P < 0.001 compared with vector

control. O, E) Fluorescencemissionspectra ofPpIX standard (125 ng/mL) arzkll lysates

without ) or with (E) ALA (1 mM for 4 h). All fluorescence spectraene measuredising 400

+ 2.5 nm excitation.
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Figure 2. Confocalmicroscopic images d?plX fluorescence and corresponding DG&IlIswith

or without ALA (1 mM, 4 h) stimulation were imaged with a confocal microscBlp@rescence
images of vector control and shFECGBwithout ALA were adjusted to the same background
level in order.tomakefluorescence in shFECH3 cellsvisible. All other fluorescence images

werenot adjusted. Bars, 20 um.

Figure 3. FECH knockdown enhanceBplIX fluorescence andLA-PDT response(A) Cells

were incubated witlor without ALA for 4 h and PpIX fluorescenceasmeasured with a flow
cytometer(n=3). Basal fluorescence without ALA shown in B). Bars represent SD. P <

0.05, *** P 0:001, compared with vector control byeway ANOVA. (C) Cell viability after
ALA-PDT. Cells were incubated with different doses of ALA for 4 h and treated wittn8 J/c
light of 633 _nm Cell viability was determined by the MTS assay at 24 h after treatment and
presented.aa percentage otintreateddark controlin the corresponding cell lingn=3). Bars

represent Sbs

Figure 4. "Effects of DFO on ALAPpIX fluorescenceCells were incubated with ALA (1 mM)
alone or.in“combination with DFO for 4 (A) PplX fluorescence was measured with a flow
cytometer and showiB) PpIX fluorescence intensigfter ALA in combination with DFO was
normalized tathe fluorescence intensity aftBt. A treatmentalone to show the percent change
caused byDFQ treatment.(C) PplX fluorescenceintensity of vector control and~ECH-
knockdown:SkBrZells was divided by the fluorescence intensitfy CF10A cells to showthe
fluorescence ratioCompared withthe corresponding ALA treatment alone, DFO caused a
significant decrease in the PpIX fluorescence ratio iFBTCH-knockdown cell linegAsterisks
are not shown, in the figure for clarityData are presented as mean = 80m 3 or 4
experiments**/P < 0.01, *** P < 0.001, compared witlthe corresponding ALA treatment

alone.
Figure 5. Effects of DFO on ALAPDT responseCells were incubated with ALA (1 mM) alone

or in combination with DFO for 4 &nd treated with 3 J/cntight of 633 nm.(A) Cell viability

was determined by the MTS assay at 24 h after treatment and presetg@erasntage of

This article is protected by copyright. All rights reserved



untreated darkontrolin thecorresponding cell lineX). PDT slectivity index was calculated by
dividing the cellviability of MCF10A cells bythe viability oftumor cells B). ** P < 0.01, ***

P < 0.001, compared witthe corresponding ALA treatment alon@) Dark toxicity of ALA
alone, DFO alone and ALA combined with DFO. P*< 0.01, *** P < 0.001, compared with
untreateddarkcontrols inthe corresponding cell line&ll data are presented as mean + SD from

3 experiments.

Figure 6. (AY"FECH activity in differenthuman breast canceell lines. B) Effects of DFOon
ALA-PplIX fluorescence. Cells were incubated with ALA (1 mM) in combination witl® F
mM) for 4.h.+sThe intensity of PpIX fluorescence was measured with a flow cyonid®? <
0.05, * P 0.01, *** P < 0.001. All data are presented as mean + SD fabnteast 3

experiments.
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