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Abstract 

Aminolevulinic acid (ALA) is a prodrug that is metabolized in the heme biosynthesis pathway to 

produce protoporphyrin IX (PpIX) for tumor fluorescence detection and photodynamic therapy 

(PDT). The iron chelator deferoxamine (DFO) has been widely used to enhance PpIX 
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accumulation by inhibiting the iron-dependent bioconversion of PpIX to heme, a reaction 

catalyzed by ferrochelatase (FECH). Tumor response to DFO treatment is known to be highly 

variable and some tumors even show no response. Given the fact that tumors often exhibit 

reduced FECH expression/enzymatic activity, we examined how reducing FECH level affected 

the DFO enhancement effect. Our results showed that reducing FECH level by silencing FECH 

in SkBr3 breast cancer cells completely abrogated the enhancement effect of DFO. Although 

DFO enhanced ALA-PpIX fluorescence and PDT response in SkBr3 vector control cells, it 

caused a similar increase in MCF10A breast epithelial cells, resulting in no net gain in the 

selectivity towards tumor cells. We also found that DFO treatment induced less increase in ALA -

PpIX fluorescence in tumor cells with lower FECH activity (MDA-MB-231, Hs 578T) than in 

tumor cells with higher FECH activity (MDA-MB-453). Our study demonstrates that FECH 

activity is an important determinant of tumor response to DFO treatment. 
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INTRODUCTION 

Aminolevulinic acid (ALA)  and its ester derivatives are clinically used for superficial skin 

cancers and are currently under clinical investigation for other types of cancers including breast, 

lung and esophageal cancers (1). As a prodrug, ALA and its derivatives are metabolically 

converted to protoporphyrin IX (PpIX), a porphyrin metabolite with red fluorescence and 

photosensitizing activity upon light exposure, in the heme biosynthesis pathway. Preferential 

ALA -mediated PpIX production in tumor tissues followed by aimed light activation leads to 

selective tumor destruction by photodynamic therapy (PDT), a treatment modality combining the 

use of a photosensitizer and laser light illumination to induce oxidative tissue damage (2). The 

bright red fluorescence of PpIX enables the use of ALA for PpIX fluorescence-guided tumor 

resection. This application has been well demonstrated in the resection of brain and bladder 

tumors with improved resection rates and better surgical outcomes (3-5). As an intraoperative 

imaging probe, ALA has been approved in Europe and was recently approved by the US FDA 

for guiding brain tumor resection.  
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However, clinical application of ALA can be hampered by insufficient and heterogeneous 

PpIX production in the target tissue (6). Tumor PpIX level is known to vary greatly after ALA 

application, which causes a significant variation in PDT response (7-9). Low or variable PpIX 

fluorescence also reduces the chance of complete tumor removal in PpIX fluorescence-guided 

tumor resection (10, 11). To enhance PpIX fluorescence, strategies including increasing PpIX 

biosynthesis, reducing PpIX bioconversion and inhibiting PpIX efflux have been evaluated (12). 

As an intermediate metabolite in the heme biosynthesis pathway, PpIX is further converted to 

heme, which itself has neither fluorescence nor photosensitizing activity (13). This 

bioconversion is catalyzed by ferrochelatase (FECH), the terminal enzyme in the pathway that 

inserts ferrous iron (Fe2+

14-17

) into PpIX to produce heme. Genetic silencing of FECH has been 

shown to increase ALA-PpIX fluorescence and PDT response both in vitro ( ) and in vivo 

(18), indicating that inhibition of PpIX bioconversion can be an effective strategy for enhancing 

ALA  applications.  

Pharmacological inhibition of the conversion of PpIX to heme includes the use of FECH 

inhibitors (19, 20) or, more commonly, iron chelators (21). By removing the labile iron, chelators 

reduce the substrate concentration and therefore inhibit the conversion of PpIX to heme. 

Prolonged application of iron chelation may lead to a direct inhibition of FECH activity by 

reducing the biosynthesis of [2Fe-2S] clusters, an important iron-containing functional unit of 

FECH (22). Ethylenediaminetetraacetic acid (EDTA) was the first chelator shown to enhance 

ALA -PpIX fluorescence in vitro (23, 24). More lipophilic chelators such as deferoxamine (DFO) 

(25) and CP94 (26) increased ALA -PpIX fluorescence with greater efficacy possibly due to 

increased cell membrane permeation. However, clinical studies of chelators have yielded mixed 

results. Both EDTA (27) and DFO (7) did not increase ALA-PpIX fluorescence in human skin 

tumors, but CP94 was shown to improve ALA -PDT response in skin cancer patients (28). The 

reason for such discrepancies is not known. 

FECH is known to exhibit reduced expression/enzymatic activity in a variety of tumors 

including liver (29), gastric (14), and colorectal (30, 14) cancers. According to Human Protein 

Atlas, weak FECH protein level has also been detected in breast, pancreatic, and skin cancers 

with some cancer tissues even exhibiting a negative staining (https://www.proteinatlas.org). How 

reduced FECH expression affects the efficacy of chelators for the enhancement of ALA-

PpIX/PDT has never been studied. To answer this question, we knocked down FECH in SkBr3 
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human breast cancer cells to generate FECH-deficient cells. We evaluated PpIX fluorescence 

and PDT response in vector control and FECH-knockdown SkBr3 cells as well as MCF10A 

breast epithelial cells after treatment with ALA alone or in combination with iron chelator DFO. 

We found that FECH knockdown significantly increased ALA-PpIX fluorescence and PDT 

response in SkBr3 cells. Treatment with DFO effectively enhanced ALA-PpIX fluorescence and 

PDT response in MCF10A and vector control SkBr3 cells, but not in FECH-knockdown SkBr3 

cell lines. Similarly, breast cancer cell lines with lower FECH activity (e.g., MDA-MB-231 and 

Hs-578T) showed less ALA-PpIX fluorescence increase after DFO treatment than breast cancer 

cells with higher FECH activity (e.g., MDA-MB-453). Our study indicates that FECH activity is 

important for determining the enhancement effect of iron chelator DFO, and cells with low 

FECH activity are less likely to benefit from DFO treatment.  

 

MATERIALS & METHODS 

Chemicals. Delta-aminolevulinic acid hydrochloride (ALA) from Frontier Scientific Inc. (Logan, 

UT) was dissolved in phosphate buffered saline (PBS) solution. Deferoxamine (DFO) from 

Sigma (St. Louis, MO) was dissolved in DMSO. All chemicals were sterilized through 0.22-µm 

filters and stored in a -20˚C freezer.  

 

Cell culture. MCF10A human breast epithelial cells (ATCC, Manassas, VA) were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM)/Ham’s F-12 (50/50) medium supplemented with 

5% horse serum (Atlanta Biologicals, Flowery Branch, GA), insulin (10 μg mL-1), epidermal 

growth factor (20 ng mL-1), cholera toxin (100 ng mL-1), hydrocortisone (0.5 μg mL-1), and 1% 

antibiotics (penicillin & streptomycin) and antimycotics (amphotericin B) solution (Mediatech, 

Manassas, VA). SkBr3, MDA-MB-453, MCF-7, MDA-MB-231 and Hs 578T human breast 

cancer cells (ATCC) were routinely maintained in complete Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 9% fetal bovine serum (Atlanta Biologicals) and 1% penicillin and 

streptomycin solution. All cell culture media were purchased from Mediatech (Manassas, VA). 

Cells were cultured at 37°C in a humidified 5% CO2

 

 incubator.  

FECH silence by lentiviral shRNA. SkBr3 cells were transduced with human pLKO.1 lentiviral 

shRNAs purchased from Open Biosystems (Lafayette, CO) to silence FECH expression. To 
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increase knockdown efficiency and avoid off-target effect, five different shRNA variants were 

evaluated. The sequence of shRNA variants are shFECH1 (GCTTTGCAGATCATATTCTAA), 

shFECH2 (CCAAGGAGTGTGGAGTTGAAA), shFECH3 

(GCTATTGCTTTCACACAGTAT), shFECH4 (GACCATATTGAAACGCTGTAT) and 

shFECH5 (CAGGGAGACTAAATCCTTCTT). Lentiviruses were prepared by transient co-

transfection of lentiviral vector encoding shRNA targeting sequence with viral packaging vectors 

into HEK 293T cells using calcium phosphate precipitation according to the manufacturer’s 

instruction. Briefly, HEK 293T cells were incubated with FECH shRNA or GFP shRNA (for 

vector control) and viral packaging vectors in complete DMEM at 37°C for 6 h. After shRNA 

containing media were removed, cells were incubated with fresh DMEM for another 36 h. Media 

were then collected and filtered through 0.45-µm filters to obtain virus particles. SkBr3 cells 

were infected at approximately 70% confluence in complete DMEM supplemented with 8 

µg/mL of polybrene. After 48 h incubation, the medium was changed to complete DMEM. 

FECH silencing efficiency was verified by Western blot. 

 

Western blot. Cells were lysed at 70-80% confluency in NP40 lysis buffer supplemented with 

protease and phosphatase inhibitors as described previously (31). Cell lysates were separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically 

transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). Blots were incubated 

with primary antibodies for heme biosynthesis enzymes including ALA synthase (ALAS-H, Cat 

No. sc-365153), porphobilinogen synthase (PBGS, Cat No. sc-271585), porphobilinogen 

deaminase (PBGD, Cat No. sc-166788), uroporphyrinogen III synthase (UROS, Cat No. sc-

365120), uroporphyrinogen III decarboxylase (UROD, Cat No. sc-365297), coproporphyrinogen 

III oxidase (CPOX, Cat No. sc-99858), protoporphyrinogen IX oxidase (PPOX, Cat No. sc-

271768), FECH (Cat No. ab137042) and heme degradation enzyme heme oxygenase (HO-1, Cat 

No. sc-10789). Except for the FECH antibody (from Abcam, Cambridge, MA), all other heme 

enzyme antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX). After the 

incubation with horseradish peroxidase-conjugated secondary antibody (Cell Signaling, Danvers, 

MA), immunoblots were incubated with SuperSignal West Dura extended duration substrate 

(Thermo Scientific) and immunoreactive bands were captured with GE Amersham Imager 600 

(GE Healthcare Bio-Sciences, Piscataway, NJ). The band density of different heme enzymes and 
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loading control (actin) was quantified with NIH ImageJ software and normalized to the intensity 

of corresponding enzymes in vector control cells.  

 

Spectrofluorometric analysis. Cells were implanted in 6-well cell culture plates in complete 

medium and allowed to grow for two days. Cells were treated with ALA alone, DFO alone or 

ALA combined with DFO in the complete medium for 4 h. After the drug-containing medium 

was removed, cells were rinsed with PBS and lysed in 1% SDS solution. Cell lysates were 

collected and centrifuged to obtain supernatants. Fluorescence emission spectra of supernatants 

were measured with Fluoromax-3 fluorescence spectrometer (Horiba JY, Edison, NJ) with 

excitation wavelength at 400 ± 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 treated with or without 

ALA (1 mM) in serum-free DMEM medium for 4 h. After ALA-containing media were 

removed, cells were rinsed with PBS twice and incubated in serum free DMEM medium for 

confocal imaging. Live-cell imaging was performed on a Nikon TiE (Eclipse) confocal 

microscope using a 60× 1.40 NA oil immersion objective as described previously (32). PpIX 

fluorescence was imaged with 405 nm 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 60-mm dishes and allowed to grow for two days. Cells 

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

ALA combined with DFO for 4 h. After the incubation, cells were rinsed with PBS, trypsinized 

and suspended in PBS. Cell suspensions were centrifuged and cell pellets were re-suspended in 

fresh PBS. PpIX fluorescence was measured with a FACSCalibur flow cytometer (BD 

Biosciences) in the FL3 channel (488 nm excitation, 650 nm long-pass 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 96-well plates and allowed to grow 

for two days to reach around 70% confluency. Cells were incubated with complete medium 

containing no drug (for control), ALA alone, DFO alone or ALA in combination with DFO for 4 

h. Cells were then treated with 5 mW/cm2 irradiance of 633 nm light for 10 min, which results in 

a light fluence of 3.0 J/cm2

 

. Light illumination was provided by a diode laser system (High 

Power Devices Inc., North Brunswick, NJ) coupled to a 600 µm core diameter optical fiber fitted 

with a microlens at the end of fiber to achieve homogeneous irradiation. Light intensity was 

measured with an optical power meter (Thorlabs, Inc., North Newton, NJ). Immediately after 

light treatment, drug-containing media were replaced with fresh media. Cell viability was 

determined at 24 h after treatment by CellTiter 96 Aqueous Non-Radioactive Cell Proliferation 

Assay (MTS assay, Promega, Madison, WI) following manufacturer’s instruction. Experiments 

were repeated at least three times. 

FECH activity assay. FECH activity was determined as described with modification (14). About 

2 million cells were lysed with 0.1% Triton X-100 in PBS containing 200 µM palmitic acid. 

After centrifugation at 900 × g for 10 min, cell lysates were taken and incubated with 100 nM 

PpIX and 5 µM zinc acetate for 10 min at 37°C. The resultant zinc protoporphyrin IX (Zn PpIX) 

was detected with Fluoromax-3 fluorescence spectrometer with 400 ± 2.5 nm excitation. Zn 

PpIX fluorescence (emission at 590 nm-550 nm) was quantified using the Zn PpIX standard 

curve. FECH activity was expressed as the amount of Zn PpIX produced by one gram of cell 

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

 

Statistical analysis. One-way or two-way ANOVA with posttests were used to determine 

statistical differences between groups and statistical significance was accepted at P < 0.05. 

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

 

RESULTS 

FECH knockdown resulted in PpIX accumulation in SkBr3 cells 

FECH was silenced in SkBr3 cells using five shRNA variants targeting different FECH gene 

sequences. Western blots were performed to examine the protein level of heme biosynthesis 

enzymes including ALAS-H, PBGS, PBGD, UROS, UROD, CPOX, PPOX, FECH, and heme 
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degradation enzyme HO-1 in vector control and five FECH-knockdown cell lines (Figure 1A). 

ALAS-H is the first and rate-limiting enzyme in the pathway that catalyzes the formation of 

ALA from glycine and succinyl coenzyme A (13). Quantification of Western blot bands showed 

a significant difference in ALAS-H (Figure 1B) and FECH (Figure 1C) levels between FECH-

knockdown cell lines and vector control cells. Compared with vector control cells, FECH protein 

levels in shFECH1-5 cells were reduced to about 22%, 26%, 21%, 4% and 8%, respectively. The 

level of ALAS-H was significantly increased in shFECH4 and 5 cells and a trend of increase was 

also seen in shFECH1-3 cell lines. The silence of FECH resulted in PpIX accumulation in SkBr3 

cells, as indicated by the characteristic PpIX fluorescence emission detected in the cell lysates of 

all knockdown cell lines but not in vector control cell lysate (Figure 1D). Incubation with ALA 

induced PpIX fluorescence in vector control cells and caused greater PpIX accumulation in 

FECH-knockdown cells (Figure 1E), further demonstrating that PpIX was the predominant 

porphyrin metabolite in FECH-knockdown cells. Although some porphyrin metabolites such as 

uroporphyrins and coproporphyrins are also fluorescent, the maximum emission wavelengths of 

these porphyrins are about 10 nm less than the peak emission wavelength of PpIX (see 

Supporting Information). In agreement with spectrofluorometric measurements, confocal 

microscopic imaging showed a detectable PpIX fluorescence in FECH-knockdown cells without 

ALA  (shFECH4 and 5 in particular), but not in vector cells (Figure 2). Stimulation with ALA 

resulted in increased fluorescence in both vector control and FECH-knockdown cells. 

 

FECH knockdown increased PpIX fluorescence and ALA-PDT response in SkBr3 cells 

The PpIX fluorescence intensity with or without ALA stimulation in vector control and FECH-

knockdown cells was measured by flow cytometry (Figure 3A). Knockdown of FECH caused a 

significant increase in the basal PpIX fluorescence intensity (P < 0.05, Figure 3B). With the 

lowest FECH level, shFECH4 cells exhibited the highest basal PpIX fluorescence, and shFECH5 

cells, with the second lowest FECH level, exhibited the second highest basal PpIX fluorescence. 

A similar basal fluorescence was detected in shFECH1-3 cell lines that had a similar level of 

FECH protein. ALA stimulation induced a dose-dependent increase in PpIX fluorescence in both 

vector control and FECH-knockdown cells. Compared with vector control cells, PpIX 

fluorescence in FECH-knockdown cells increased more sharply with the initial increase of ALA 

dose (0.05, 0.1 and 0.2 mM) and reached a plateau at a lower ALA dose. Two-way ANOVA test 
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indicates that shFECH4 cells had a significantly higher PpIX fluorescence than other knockdown 

cells at all ALA doses (P < 0.001), and all FECH-knockdown cell lines exhibited a significantly 

higher PpIX fluorescence than vector control cells after incubation with ALA doses ranging from 

0.1-2.0 mM (P < 0.05).  

Light treatment (633 nm, 3 J/cm2

 

) alone (without ALA) caused a slight decrease in cell 

viability in shFECH4 and 5 cells, but not in other cell lines (Figure 3C). ALA alone (without 

light) at a dose range of 0.1 to 4.0 mM had no significant effect on cell viability in all cell lines 

(data not shown). ALA -PDT induced a dose-dependent decrease in cell viability in both vector 

control and FECH-knockdown cells. However, cell viability appeared to decrease more rapidly 

in FECH-knockdown cells than in vector control cells after PDT with increasing doses of ALA. 

Two-way ANOVA test indicates that shFECH4 cells were more sensitive to ALA -PDT than 

other knockdown cells at all ALA doses (P < 0.05), and all FECH-knockdown cell lines showed 

a higher response to PDT than vector control cells at ALA doses ranging from 0.5-4.0 mM (P < 

0.01). 

Treatment with DFO increased ALA-PpIX fluorescence in SkBr3 and MCF10A cells, but 

not in FECH-knockdown cell lines 

Effects of iron chelator DFO on ALA-PpIX fluorescence emission were examined with a 

spectrofluorometer in MCF10A, FECH-knockdown and vector control SkBr3 cells. Typical 

PpIX fluorescence spectra were detected in the lysates of all cell lines treated with ALA alone or 

ALA in combination with different doses of DFO, confirming that PpIX is the major porphyrin 

metabolite after DFO treatment (see Supporting Information). Effects of DFO on ALA-PpIX 

fluorescence were quantified with flow cytometry and shown in Figure 4. At doses of 10, 100 

and 1000 µM, DFO significantly increased ALA -PpIX fluorescence in MCF10A and SkBr3 

vector control cells (Figure 4A, 4B). However, DFO treatment had no significant effect on ALA-

PpIX fluorescence in all FECH-knockdown SkBr3 cell lines. To indicate the PpIX fluorescence 

ratio between SkBr3 and MCF10A cells after DFO treatment, the fluorescence intensity of vector 

control cells and FECH-knockdown SkBr3 cells was divided by that of MCF10A cells. 

Treatment with DFO did not change the PpIX fluorescence ratio in SkBr3 vector control cells, 

which maintained at about 1.3 regardless of DFO treatment (Figure 4C). However, DFO 
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treatment caused a significant reduction in the PpIX fluorescence ratio in all FECH-knockdown 

SkBr3 cell lines (P < 0.05).  

 

Treatment with DFO increased ALA-PDT response in SkBr3 and MCF10A cells, but not in 

FECH-knockdown SkBr3 cell lines 

Effects of DFO on cell viability reduction induced by ALA-PDT were examined. ALA -PDT 

alone significantly reduced cell viability in vector control and FECH-knockdown SkBr3 cells, 

but it did not decrease cell viability in MCF10A cells (Figure 5A). DFO treatment sensitized 

MCF10A and SkBr3 vector control cells to ALA-PDT, resulting in a greater reduction in cell 

viability. However, it had no significant effect on ALA-PDT in all FECH-knockdown cell lines. 

To indicate treatment selectivity toward tumor cells, a selectivity index was calculated by 

dividing the cell viability of MCF10A cells by the tumor cell survival after ALA -PDT alone or in 

combination with DFO. A treatment that selectively reduces tumor cell viability without 

decreasing normal cell survival would lead to a high selectivity index. Treatment with DFO did 

not change the selectivity index of ALA -PDT in vector control SkBr3 cells (Figure 5B), but it 

reduced the selectivity index in all FECH-knockdown cells particularly in shFECH4 and 5 cells. 

The dark toxicity of ALA alone, DFO alone, and ALA in combination with DFO is shown in 

Figure 5C. Neither ALA alone nor DFO alone in dark caused any significant decrease in cell 

viability. ALA combined with 1000 µM DFO induced a slight reduction in cell viability in all 

FECH-knockdown cell lines. 

 

Treatment with DFO induced less enhancement of ALA-PpIX fluorescence in tumor cells 

with lower FECH activity.  

The enzymatic activity of FECH was determined in 4 human breast cancer cell lines including 

estrogen receptor-positive MCF-7 cells, human epidermal growth factor receptor 2 (HER2)-

positive MDA-MB-453 cells, and triple negative MDA-MB-231 and Hs 578T cells. As shown in 

Figure 6A, different tumor cell lines exhibited a significant difference in FECH activity. MDA-

MB-453 cells showed the highest FECH activity, which was significantly higher than MDA-

MB-231 and Hs 578T cells. There was no significant difference between MDA-MB-453 and 

MCF-7 cells in FECH activity (P > 0.05). The effect of DFO (1 mM) on the enhancement of 

ALA -PpIX fluorescence was examined by flow cytometry and shown in Figure 6B. Treatment 
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with DFO had varied effects on the enhancement of ALA -PpIX fluorescence in different tumor 

cell lines. It induced the highest fluorescence increase in MDA-MB-453 cells. Compared with 

MDA-MB-453 cells, DFO-induced PpIX fluorescence increase was significantly less in MDA-

MB-231 and Hs 578T cells. 

DISCUSSION 

Attempts to improve the use of ALA for PDT and fluorescence-guided tumor resection have 

been focused on enhancing tumor cellular PpIX level, which is dependent on PpIX biosynthesis 

and bioconversion at any given time after ALA administration (12). Inhibition of FECH-

mediated PpIX conversion with clinical iron chelator DFO was widely explored for the 

enhancement of ALA -PpIX/PDT. However, both preclinical (33, 34) and clinical (7, 35) studies 

have shown that tumor response to the combination of ALA and DFO is highly variable and 

some tumors exhibit no enhancement at all. Considering that reduced or even negative FECH 

expression has been reported in a variety of tumors, we hypothesized that the variation in tumor 

FECH expression or activity may contribute to the heterogeneity in tumor response to DFO. 

Using FECH-knockdown cells and wild-type cancer cell lines with varied FECH activity, we 

demonstrated in the present study that FECH activity played an important role in determining 

tumor response to the enhancement of DFO. 

To reduce FECH level, we used shRNA to generate FECH-knockdown cells. Silencing FECH 

caused a remarkable increase in both basal and ALA-stimulated PpIX fluorescence in SkBr3 

cells. The increase in PpIX fluorescence correlated well with the reduction of FECH in 

knockdown cell lines, underscoring the importance of FECH in controlling cellular PpIX 

concentration. The decrease of FECH (thereby reducing the production of heme) induced an 

upregulation of ALAS-H (a rate-limiting enzyme in the heme biosynthesis pathway), 

demonstrating a negative feedback regulation (13). Incubation with ALA resulted in a dose-

dependent increase in PpIX fluorescence in both FECH-knockdown and vector control SkBr3 

cells. However, PpIX fluorescence increase was much greater in FECH-knockdown cells than in 

vector control cells, rendering knockdown cells more sensitive to ALA -PDT. These results, in 

agreement with previous reports (14-18), demonstrate that inhibiting PpIX bioconversion by 

reducing tumor FECH level greatly enhanced ALA-PpIX fluorescence and PDT response. 

Interestingly, FECH deficiency in FECH-knockdown cells completely abolished the 

enhancement effect of DFO. Since DFO did enhance ALA-PpIX/PDT in vector control cells, the 
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loss of enhancement effect in knockdown cells suggests the involvement of FECH in 

determining the efficacy of DFO enhancement. We further evaluated FECH activity and ALA-

PpIX fluorescence enhancement by DFO in wild-type cancer cell lines. Our results showed that 

different cancer cell lines exhibited a significant variation in FECH activity and response to DFO 

treatment. Importantly, we found that cancer cell lines with lower FECH activity were 

significantly less responsive to DFO treatment than cancer cells with higher FECH activity. Why 

DFO treatment effectiveness is dependent on a robust FECH activity remains an open question. 

This phenomenon could be due to the saturation of FECH enzyme, which renders iron level 

reduction by DFO ineffective for further PpIX fluorescence increase. Cell lines with low FECH 

activity are more likely to have FECH enzyme activity saturation after ALA treatment, thus 

making them less sensitive to the enhancement by DFO.  

To evaluate the selectivity of DFO treatment, we compared the effects of DFO on ALA-PpIX 

and PDT in SkBr3 breast cancer cells versus MCF10A breast epithelial cells. By chelating 

ferrous iron, DFO is known to reduce iron-mediated oxidative stress (36). However, when DFO 

is used in combination with ALA, chelation with iron may increase PpIX accumulation by 

inhibiting PpIX conversion to heme, resulting in the enhancement of PpIX fluorescence and PDT 

effects. DFO has been shown to enhance ALA-PpIX/PDT in PC-3 prostate (37) and U251 

glioma (38) tumor models. Here, we found that DFO significantly increased ALA-PpIX 

fluorescence and PDT response in SkBr3 breast cancer cells. However, similar enhancement was 

also seen in MCF10A cells, resulting in no net increase in the selectivity towards SkBr3 tumor 

cells. In FECH-deficient SkBr3 cells, the combination of ALA and DFO even led to a reduced 

selectivity because DFO sensitized MCF10A cells, but not FECH-deficient tumor cells, to ALA. 

Since successful use of ALA for either PDT or fluorescence-guided tumor resection depends on 

selective PpIX accumulation in tumor cells, effects of DFO treatment on normal cells need to be 

considered with its effects on tumor cells to achieve an optimal tumor response. 

Despite observations of DFO-induced ALA-PpIX/PDT enhancement in some tumors, it is 

clear that not all tumors respond to this enhancement treatment (33, 34). For tumors with FECH 

deficiency, DFO in combination with ALA even reduced the selectivity of ALA treatment alone 

as shown in this study. Heterogeneity in tumor response to DFO treatment is also evident in 

clinical trials. For instance, although overall negative results were reported in a pilot clinical 

trial, 3 out of 8 patients showed more than 50% increase in ALA-PpIX fluorescence after DFO 
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treatment (7). Thus, a patient stratification biomarker is needed to identify patients who would 

benefit from this treatment. Our finding that FECH activity plays an important role in 

determining tumor response to the combination of ALA and DFO suggests the use of FECH 

activity as a biomarker for predicting tumor response to this combination therapy. Future studies 

should focus on correlating tumor FECH activity with tumor response to ALA in combination 

with DFO in a large set of tumor samples.  
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FIGURE LEGENDS 

 

Figure 1. FECH knockdown resulted in the accumulation of PpIX. (A) Western blot images 

showing the level of heme biosynthesis enzymes in vector control and FECH-knockdown SkBr3 

cells. (B, C) The band intensity of ALAS-H (B) and FECH (C) was quantified and shown (n=3). 

Bars represent the standard deviation (SD). ** P < 0.01, *** P < 0.001, compared with vector 

control. (D, E) Fluorescence emission spectra of PpIX standard (125 ng/mL) and cell lysates 

without (D) or with (E) ALA (1 mM for 4 h). All f luorescence spectra were measured using 400 

± 2.5 nm excitation. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

 

This article is protected by copyright. All rights reserved 

 

Figure 2. Confocal microscopic images of PpIX fluorescence and corresponding DIC. Cells with 

or without ALA (1 mM, 4 h) stimulation were imaged with a confocal microscope. Fluorescence 

images of vector control and shFECH1-3 without ALA were adjusted to the same background 

level in order to make fluorescence in shFECH1-3 cells visible. All other fluorescence images 

were not adjusted. Bars, 20 µm. 

 

Figure 3. FECH knockdown enhanced PpIX fluorescence and ALA -PDT response. (A) Cells 

were incubated with or without ALA for 4 h and PpIX fluorescence was measured with a flow 

cytometer (n=3). Basal fluorescence without ALA is shown in (B). Bars represent SD. * P < 

0.05, *** P < 0.001, compared with vector control by one-way ANOVA. (C) Cell viability after 

ALA -PDT. Cells were incubated with different doses of ALA for 4 h and treated with 3 J/cm2

 

 

light of 633 nm. Cell viability was determined by the MTS assay at 24 h after treatment and 

presented as a percentage of untreated dark control in the corresponding cell line (n=3). Bars 

represent SD.  

Figure 4. Effects of DFO on ALA-PpIX fluorescence. Cells were incubated with ALA (1 mM) 

alone or in combination with DFO for 4 h. (A) PpIX fluorescence was measured with a flow 

cytometer and shown. (B) PpIX fluorescence intensity after ALA in combination with DFO was 

normalized to the fluorescence intensity after ALA treatment alone to show the percent change 

caused by DFO treatment. (C) PpIX fluorescence intensity of vector control and FECH-

knockdown SkBr3 cells was divided by the fluorescence intensity of MCF10A cells to show the 

fluorescence ratio. Compared with the corresponding ALA treatment alone, DFO caused a 

significant decrease in the PpIX fluorescence ratio in all FECH-knockdown cell lines (Asterisks 

are not shown in the figure for clarity). Data are presented as mean ± SD from 3 or 4 

experiments. ** P < 0.01, *** P < 0.001, compared with the corresponding ALA treatment 

alone. 

 

Figure 5. Effects of DFO on ALA-PDT response. Cells were incubated with ALA (1 mM) alone 

or in combination with DFO for 4 h and treated with 3 J/cm2 light of 633 nm. (A) Cell viability 

was determined by the MTS assay at 24 h after treatment and presented as a percentage of 
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untreated dark control in the corresponding cell line (A). PDT selectivity index was calculated by 

dividing the cell viability of MCF10A cells by the viability of tumor cells (B). ** P < 0.01, *** 

P < 0.001, compared with the corresponding ALA treatment alone. (C) Dark toxicity of ALA 

alone, DFO alone and ALA combined with DFO. ** P < 0.01, *** P < 0.001, compared with 

untreated dark controls in the corresponding cell lines. All data are presented as mean ± SD from 

3 experiments. 

 

Figure 6. (A) FECH activity in different human breast cancer cell lines. (B) Effects of DFO on 

ALA -PpIX fluorescence. Cells were incubated with ALA (1 mM) in combination with DFO (1 

mM) for 4 h. The intensity of PpIX fluorescence was measured with a flow cytometer. * P < 

0.05, ** P < 0.01, *** P < 0.001. All data are presented as mean ± SD from at least 3 

experiments. 
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