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Abstract

Protoporphyrin IX (PplX) is an endogenous fluorescent molecule that selectively accumulates in cancer
cells treated with the heme precursor 5-aminolevulinic acid (5-ALA). This cancer-specific accumulation of
PpIX is used to distinguish tumor from normal tissues in fluorescence-guided surgery (FGS) and to
destroy cancer cells by photodynamic therapy (PDT). In this study, we demonstrate that oncogenic
Ras/mitogen-activated protein kinase kinase (MEK) pathway can modulate PpIX accumulation in cancer
cells.

Methods: To identify Ras downstream elements involved in PplX accumulation, chemical inhibitors
were used. To demonstrate the increase of PpIX accumulation by MEK inhibition, different human normal
and cancer cell lines, BALB/c mice bearing mammary 4T1 tumors and athymic nude mice bearing human
tumors were used. To identify the mechanisms of PpIX regulation by MEK, biochemical and molecular
biological experiments were conducted.

Results: Inhibition of one of the Ras downstream elements, MEK, promoted PplX accumulation in
cancer cells treated with 5-ALA, while inhibitors against other Ras downstream elements did not.
Increased PpIX accumulation with MEK inhibition was observed in different types of human cancer cell
lines, but not in normal cell lines. We identified two independent cellular mechanisms that underlie this
effect in cancer cells. MEK inhibition reduced PpIX efflux from cancer cells by decreasing the expression
level of ATP binding cassette subfamily B member 1 (ABCBI1) transporter. In addition, the activity of
ferrochelatase (FECH), the enzyme responsible for converting PpIX to heme, was reduced by MEK
inhibition. Finally, we found that in vivo treatment with MEK inhibitors increased PpIX accumulation (2.2-
to 2.4-fold) within mammary 4T1 tumors in BALB/c mice injected with 5-ALA without any change in
normal organs. Similar results were also observed in a human tumor xenograft model.

Conclusion: Our study demonstrates that inhibition of oncogenic Ras/MEK significantly enhances PpIX
accumulation in vitro and in vivo in a cancer-specific manner. Thus, suppressing the Ras/MEK pathway may
be a viable strategy to selectively intensify PplX fluorescence in cancer cells and improve its clinical
applications in FGS.

Key words: Protoporphyrin IX, fluorescence-guided surgery (FGS), Ras/MEK, ATP binding cassette subfamily B
member 1 (ABCB1), ferrochelatase (FECH)

Introduction

Although chemotherapy and radiotherapy have  treating cancer, surgical resection still remains a
advanced in recent years and are widely used for  primary option for most solid tumors [1]. To achieve
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the ultimate goal of surgical resection and completely
remove cancer without damaging healthy tissues,
diagnostic imaging is critical. Pre-operative imaging
techniques such as magnetic resonance imaging
(MRI), computed tomography (CT) and positron
emission tomography (PET) provide exquisite
structural information of tumors for early detection
and surgery planning [2]. However, to accomplish
complete removal of tumors with a minimal margin, it
is essential to intraoperatively identify tumor borders
and small tumor foci. Fluorescence-guided surgery
(FGS) is an emerging technique that provides
surgeons with intraoperative images to visually
identify these boundaries in real-time for optimal
tumor resection and healthy tissue preservation [3].

Among the tumor-specific fluorescent probes
used for FGS, 5-Aminolevulinic acid (5-ALA) is the
front-runner for tumor-normal border detection with
a good safety profile and minimal side effects [4-6].
5-ALA is a small molecule precursor in the heme
biosynthesis pathway. It is metabolically converted to
protoporphyrin IX (PpIX), an endogenous fluoropho-
re that exhibits red fluorescence (630 nm) under blue
light (405 nm) excitation [7]. PpIX can be preferential-
Illy accumulated in cancer cells compared to normal
cells, due to differences in the metabolic rate of the
heme biosynthesis pathway [3,7]. Therefore, exogen-
ous 5-ALA administration can be used to increase
PpIX accumulation in tumors for use during FGS. In
addition, PpIX can also be used in photodynamic
therapy (PDT), which takes advantage of the property
of PpIX to initiate the generation of reactive oxygen
species (ROS) when excited with visible light, leading
to cancer cell death [3,7]. The combination of FGS for
efficient removal of the tumor mass with immediate
PDT for residual disease may be an effective approach
to achieve optimal treatment for solid tumors.

5-ALA-FGS has been evaluated in multiple
clinical trials with promising results [89]. A
randomized multicenter phase III trial on malignant
gliomas demonstrated that 5-ALA-FGS significantly
improved the success rate of complete tumor
resection and progression-free survival in malignant
glioma patients [10]. Furthermore, 5-ALA-FGS has
succeeded as an in situ diagnostic approach for
superficial bladder cancer (9,10). In June 2017, the
United States Food and Drug Administration (US
FDA) approved 5-ALA-FGS to visualize gliomas
during surgery [13]. As the pipeline between basic
and clinical research is well established, FGS has
become an exciting and promising research area
where outcomes of basic research directly impact
cancer therapy in clinical settings.

Despite its successful use in clinical settings and
the FDA approval expanding its applications,

5-ALA-FGS still has room for improvement in certain
aspects. For example, the PpIX fluorescence signal is
often not strong enough to visualize small satellite
tumors around the primary tumor or to clearly
delineate the tumor from adjacent normal tissue
(tumor ends) [3,14]. Furthermore, the fluorescence
signal in tumors is often photobleached with
excessive light exposure [15], which is particularly
problematic in low grade tumors where the
accumulation of PpIX florescence is limited [16]. Thus,
to further improve FGS efficacy and widen its
applications, a novel approach to intensify PplIX
fluorescence is essential.

Ras is a cell signaling molecule that functions as
a molecular switch to transduce extracellular signals
to the nucleus and subsequently regulates cell prolife-
ration, differentiation and survival [17,18]. These Ras
functions are mediated by a broad range of downstr-
eam elements, including mitogen-activated protein
kinase kinase (MEK), phosphoinositide 3-kinase (PI3
K), p38 mitogen-activated protein kinase (p38 MAPK)
and c-Jun N-terminal kinase (JNK) [19]. Nearly 30% of
all human cancers have activating mutations in Ras,
with some variations depending on the cancer type
[20]. Furthermore, activating mutations of upstream
and downstream elements of Ras are also commonly
found in different types of cancer [21,22]. It is believed
that the majority of cancer cells have constitutive
activation of Ras and its downstream elements.
Although oncogenic transformation has been shown
to affect 5-ALA-induced PpIX accumulation [23-25],
the specific role of oncogenic cell signaling pathways
such as Ras in the regulation of cancer-specific
accumulation of PpIX is relatively unknown.

In the present study, we sought to determine
whether and how active Ras signaling influences PpIX
fluorescence accumulation in cancer cells. Our results
demonstrate that MEK, one of the Ras downstream
elements, regulates the heme biosynthesis pathway
and its inhibition increases PpIX fluorescence in a
cancer cell-specific manner.

Methods

Cells and reagents

Human cancer and normal cells used in this
study were obtained from the American Type Culture
Collection (Manassas, VA). Mouse 411 mammary
tumor cells were obtained from Dr. Jean Marshall
(Dalhousie University, Halifax, Canada). All human
cancer cell lines used in this study were authenticated
by STR DNA analysis (DDC Medical (Fairfield, OH))
or by the Center for Applied Genomics (SickKids,
Toronto, Canada). U0126 was purchased from Cell
Signaling Technology (Danvers, MA), PD98059, LY29
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4002, SB203580 and SP600125 from Calbiochem (La
Jolla, CA), Selumetinib from Selleckchem (Houston,
TX) and 5-Aminolevulinic acid from Sigma (Oakville,
ON).

Cell culture

All cell lines used in this study were maintained
with high glucose Dulbecco's modified Eagle's
medium (DMEM) (Invitrogen, Ontario, Canada),
supplemented with 10% fetal bovine serum (FBS) and
antibiotic-antimycotic = mixture (Invitrogen) (100
units/mL  penicillin G sodium). For in wvitro
experiments to determine PpIX formation, cells were
plated in 24 well-plates and treated with 5-ALA (5
mM) for 5 h before PpIX measurement.

Animal studies

BALB/c female mice and athymic nude mice
obtained from Charles River Laboratories (Montreal,
PQ) were housed in a barrier unit within the central
animal care facility in the Health Sciences Centre at
Memorial University of Newfoundland. Animal care
protocols were approved by the Institutional Animal
Care Committee, in accordance with the Canadian
Council on Animal Care guidelines. At 8 weeks of
age, mouse mammary carcinoma 47T1 cells or human
colon cancer DLD-1 cells prepared in cell culture
media were injected (2x106 cells/100 pL) into the right
hind flank of BALB/c female mice and athymic nude
mice, respectively. After the development of palpable
tumors (5-8 mm in diameter), the mice were randomly
assigned to one of the following four groups: 1) U0126
(20 mg/kg body weight (BW) intraperitoneally (i.p.)),
2) ip. vehicle control (dimethyl sulfoxide
(DMSOQ)/saline), 3) oral Selumetinib (150 mg/kg BW),
4) oral vehicle control (0.5% propyl methyl cellulose in
phosphate buffered saline (PBS)). Treatments were
performed at 5 and 8 h prior to sacrifice for the drug
groups (groups 1 and 3), and at 5 h prior to sacrifice
for vehicle controls (groups 2 and 4). In addition, all
mice were injected i.p. with 5-ALA (200 mg/kg BW)
at 2 h before sacrifice. The tumors and normal organs
(brain, colon, kidney, and lung) were then removed
and homogenized in radioimmunoprecipitation assay
(RIPA) buffer. Tissue homogenates were centrifuged
and supernatant was collected for PpIX measurement.

PpIX measurement and high-performance
liquid chromatography (HPLC) analysis

The cell lysates, culture supernatant and tissue
homogenates were diluted in PBS and PpIX
fluorescence was measured using Synergy Mx
Fluorescence plate reader (BioTek Instruments Inc.
VT) with a 405 nm excitation/630 nm emission filter.
PpIX measurements by HPLC were carried out using

a previously described method [26]. Briefly, cells
(4x10¢ cells) were pelleted, re-suspended in 50 pL
DMEM and then diluted in 200 pL of 60:40
methanol/10 mM potassium monobasic solution. Cell
lysate (20 pL) or culture supernatant (20 pL) was
injected into a HPLC (Waters 600E/Waters 717
auto-sampler, Waters, Milford, MA) and was
separated with a Shimadzu Shim-Pack CLC-ODS (M)
15 cm column (Shimadzu Corporation, Japan) using a
buffer consisting of 90% mobile phase A (10 mM
potassium phosphate buffer, pH 4.6) and 10% mobile
phase B (methanol). PpIX was measured with a
fluorescence detector (Shimadzu RF 535 Fluorescence
HPLC monitor, Shimadzu, Japan) with excitation set
at 400 nm and emission at 620 nm. Measured values
were normalized to protein concentration.

Flow cytometry

Cellular PpIX fluorescence was measured on a
FACSCalibur (BD Biosciences, (San Jose, CA) at
excitation 488 nm and emission 650 nm (FL3). The
data was analyzed using Flow]Jo (Flow]Jo LLC, OR).

Confocal microscopy analysis

Fluorescence images of 5-ALA-induced PpIX in
cells were acquired as described before [27,28].
Briefly, cells were fixed with 4% PFA/PBS and then
stained with 4’,6-diamidino-2-phenylindole (DAPI)
and MitoTracker® Orange (M7510) (Thermo Fisher
Scientific). Images were acquired on an Olympus
FluoView FV1000 confocal microscope (Olympus)
using the virtual channel function with two phases:
PpIX (620 nm) and DAPI (488 nm) in phase 1 and
MitoTracker Orange (545 nm) in phase 2. The
acquired images were analyzed using the FluoView
software (Olympus).

Tumor imaging

The tumors were photographed using a Canon
6D camera fitted with 35 mm lens mounted with a
yellow 635 nm emission lens filter for fluorescence
imaging. White light was used for bright field
imaging and a blue light (405 nm) (Storz GmbH,
Tuttlingen, Germany) was used for fluorescence
imaging. A heat map was generated using the heat
map plugin on Image]J. Image analysis was carried out
using Image].

Ferrochelatase (FECH) assay

FECH activity was measured by aerobic
enzymatic formation of zinc-protoporphyrin IX
(Zn-PpIX) using a modified van Hillegersberg
method [29,30]. Cell lysates obtained from DLD-1
cells treated with or without U0126 were incubated
with 200 pM PpIX (Sigma Aldrich) in 200 pL assay
buffer (0.1 M Tris-HCl, 1 mM palmitic acid (Sigma
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Aldrich) and 0.3% v/v Tween 20, pH 8.0) and then 50
puL of 2 mM zinc acetate solution was added. The
mixture was incubated at 37°C for the indicated
period of time. The reaction was terminated by
adding 500 pL ice-cold stop buffer (1 mM ethylene-
diaminetetraacetic acid (EDTA) in 30:70 DMSO/
methanol). The reaction mixture was centrifuged at
14,000 xg for 10 min and Zn-PpIX in the supernatant
was measured using Synergy Mx Fluorescence plate
reader (BioTek Instruments Inc. VT) with a 405nm
excitation/590 nm emission filter. Heat-inactivated
cell lysates were included as a negative control.

Heme assay

Heme concentration in cell lysates was measured
using the Hemin assay kit (Sigma-Aldrich, MO, USA)
by following the manufacturer’s instructions. Briefly,
cells were rapidly homogenized in hemin assay
buffer. A master reaction mix consisting of the
kit-provided enzyme mix, hemin substrate, hemin
assay buffer and hemin probe was prepared and
added to the cell lysate and incubated for 60 min at
room temperature. The absorbance at 570 nm was
measured using a Synergy MX plate reader (BioTek
Instruments Inc. VT) against a reagent blank. Heme
concentrations were calculated using a standard curve
obtained from kit-provided hemin standards.

Quantitative RT-PCR

Cytoplasmic RNA was isolated using TRIzol
(Invitrogen, ON, Canada) according to the
manufacturer’s instructions. RNA (0.5 ng) was reverse
transcribed (RT) to ¢cDNA from random hexamers
using the first-strand c¢DNA synthesis kit from
Amersham Biosciences (PA, USA). Quantitative
RT-PCR (RT-qPCR) was performed using primers
shown in Table S1. Primers were validated using a
5-point, 5-fold dilution series. The absence of
non-specific amplification was confirmed by
observing a single peak in the melt-curve analysis,
confirmation of the expected amplicon size by agarose
gel analysis and the absence of amplification in the no
template control. qPCR was then performed in
triplicate on the StepOne Plus (Applied Biosystems
CA, USA) using Power SYBR Green PCR Master Mix
(Applied Biosystems CA, USA). Cycling conditions
were: 95 °C for 10 min, 40 cycles at 95 °C for 15 s and
60 °C for 1 min followed by melt-curve analysis.

Western blot analysis

Protein samples were prepared and western blot
was conducted and evaluated as previously described
[31]. Anti P-glycoprotein monoclonal antibody (F4) /
ATP binding cassette subfamily (ABC) B member
1(ABCB1) was purchased from Thermo Fisher, anti
ABCG2/CD338 antibody (3G8) from ORIGENE, and

anti ABCB6 and anti GAPDH (6C5) antibodies from
Abcam.

Statistical analysis

One-way ANOVA with Tukey’s post-hoc test or
unpaired t-test was performed using GraphPad Prism
6.07 (GraphPad Software, La Jolla, CA, USA).

Results

Inhibition of Ras/MEK increases PpIX
accumulation

To determine whether oncogenic Ras and its
downstream elements modulate PpIX accumulation
induced by 5-ALA, we used established chemical
inhibitors against Ras downstream elements include-
ing MEK, PI3K, p38 MAPK and JNK (Figure 1).
Human colon cancer DLD-1 cells were treated with
MEK inhibitor (U0126, PD98059 or Selumetinib), PI3K
inhibitor (L'Y294002), p38 MAPK inhibitor (SB203580),
JNK inhibitor (SP600125) or control vehicle (DMSO)
for 24 h. 5-ALA was added to all groups for the last 5
h. MEK inhibition by U0126, PD98059 or Selumetinib
significantly increased 5-ALA-induced PpIX accum-
ulation in DLD-1 cells (Figure 1A-C), while inhibition
of other Ras downstream elements had no effect
(Figure 1D-F). The increase in PpIX accumulation by
MEK inhibition was confirmed by HPLC analysis
(Figure S1). Confocal microscopy analysis also
revealed that MEK inhibition increased 5-ALA-
induced PpIX fluorescence in DLD-1 cells (Figure 2A).
In addition, PpIX fluorescence co-localized with
MitoTracker, which suggests that the accumulation
occurs within the mitochondria. Flow cytometry
analysis further revealed that the MEK inhibitor
significantly enhanced PpIX fluorescence in DLD-1
cells in a concentration-dependent manner (Figure
2B). These results clearly demonstrate that an
inhibition of the oncogenic Ras/MEK pathway incre-
ases PpIX accumulation in human colon cancer cells.

PpIX increase by MEK inhibition is cancer cell
specific

To broaden our investigation, we sought to
determine whether MEK inhibitors can also increase
PpIX accumulation in different types of human cell
lines. To test this, human normal colon cells
(CCD-18Co), colon cancer cells (DLD-1), normal
breast cells (Hs 578Bst) and breast cancer cells (Hs
578T) were treated with U0126 or DMSO for 1, 5, 10 or
20 h (fold changes (Figure 3A) and absolute values
(Figure S2)). PpIX accumulation was significantly
increased in both cancer cell lines (DLD-1 and Hs
578T cells) after 5, 10 or 20 h treatment with U0126,
while there was no significant change in PpIX
accumulation in normal colon cells (CCD-18Co) or

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 7

2138

normal breast cells (Hs 578Bst). To determine whether
enhanced PpIX accumulation is a common phenom-
enon among similar types of human cancer cells, a
panel of human breast cell lines was tested (Figure
3B). PpIX accumulation was significantly increased in
4 out of 6 human breast cancer cell lines tested (Hs
578T, MDA-MB-231, T-47D, and MCF7), whereas no
significant change was observed in two breast cancer
cell lines (MDA-MB-468 and BT-474) and a normal
breast cell line (Hs 578Bst). An increase in PplIX
accumulation by the MEK inhibitor was similarly
observed in other types of cancer cells (lung and
prostate) (Figure S3). These results demonstrate that
MEK inhibitors increase PpIX accumulation in a
cancer cell-specific manner by targeting cellular
mechanisms commonly present in a majority of
human cancer cells.
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Figure 1. Identification of Ras downstream elements that regulate

PpIX accumulation induced by 5-ALA. Human colon cancer DLD-1 cells
were treated with control vehicle (Vehicle) or with (A) U0126 (MEK inhibitor),
(B) PD98059 (MEK inhibitor), (C) Selumetinib (MEK inhibitor), (D) LY294002
(PI3K inhibitor), (E) SB203580 (p38MAPK inhibitor) or (F) SP600125 (JNK
inhibitor) at the indicated concentrations for 20 h and with 5-ALA (5 mM) for
the last 5 h. Cellular PpIXin cell lysates was measured using a fluorescence plate
reader. Cellular PplX is presented as fold change compared with vehicle
control. Data are expressed as the mean * SE of 3 independent samples.
Statistical analysis was conducted using two-way ANOVA, *p<0.01.

Ras/MEK regulates ABCB1 and FECH activity

Cellular PpIX concentration is a function of the
rate of metabolic conversion of 5-ALA and the PpIX
retention potential of the cell. Therefore, we examined
whether the rate of PpIX efflux from cells was
regulated by MEK. Using DLD-1 cells treated with
5-ALA, we found that the MEK inhibitor U0126
increased PpIX within cells but reduced it in cell

culture supernatant in a concentration- and time-
dependent manner (Figure 4A). This was also
confirmed by HPLC analysis (Figure S4). To further
examine the role of PpIX efflux in the absence of de
novo protein synthesis, cellular PpIX was measured in
DLD-1 cells treated with control vehicle or U0126 after
cycloheximide treatment (Figure 4B). We found that
the cells treated with U0126 retained PpIX for a longer
period compared to those treated with vehicle. These
results clearly suggest that oncogenic Ras/MEK
activity promotes PpIX efflux in cancer cells, and its
suppression leads to enhanced PpIX accumulation.
This appears to be due to a reduction in the expression
of ABCB1, one of the ATP binding cassette
transporters (ABCB1, ABCB6 and ABCG2), which are
known regulators of PpIX efflux [26,32-36]. The
expression of ABCB1, but not ABCB6 or ABCG2, was
reduced in DLD-1 cells at the protein and RNA levels
when the cells were treated with U0126 (Figure 4C-D).
Another possible mechanism that could increase
intracellular PpIX fluorescence is a reduction in its
conversion to non-fluorescent product, heme. [30,37].
Thus, we investigated whether PpIX conversion to
heme is modulated by Ras/MEK. The chelation of
Fe?* into PpIX generates heme, the end product of the
heme biosynthesis pathway, which is catalyzed by the
enzyme FECH. To test the activity of the enzyme, cell
lysates obtained from DLD-1 cells treated with or
without U0126 for 20 h were incubated with
exogenous PpIX and zinc acetate. The synthesis of
Zn-PpIX, which is catalyzed by endogenous FECH,
was measured at various time points. We found that
conversion of PpIX into Zn-PpIX was less efficient in
UO0126-treated cell lysate compared to control cell
lysate at 60, 90 and 120 min (Figure 5A). Moreover,
when DLD-1 cells were treated with the MEK
inhibitor, heme production was decreased in a
concentration-dependent manner (Figure 5B). These
results indicate that MEK inhibition suppresses
FECH-mediated conversion of PpIX to heme,
resulting in an intracellular accumulation of PpIX.
Taken together, inhibition of the oncogenic
Ras/MEK pathway increases PpIX accumulation in
cancer cells by two independent mechanisms, namely
the downregulation of ABCB1 expression that
mediates PpIX efflux and the reduction of FECH
activity that converts PpIX into heme (Figure 5C).

MEK inhibitor treatment enhances PpIX
fluorescence in vivo

Next, we asked whether MEK inhibitors can
enhance PpIX fluorescence in tumors in vivo using a
mouse 4T1 breast cancer model, and human DLD-1
colon cancer model. First, we confirmed the effect of
MEK inhibitors on the mouse cancer cells in vitro. In
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cultured mouse 4T1 breast cancer cells, both U0126
and Selumetinib enhanced 5-ALA-induced PpIX
accumulation, similar to the results in human cancer
cell lines (Figure 6A). To test the effect of these MEK
inhibitors in vivo, BALB/c mice bearing mouse 4T1
breast tumors and athymic nude mice bearing human
colon DLD-1 tumor were treated intraperitoneally
with U0126 or orally with Selumetinib 5 or 8 h before
sacrifice. Control groups received appropriate
vehicles via the same route of administration as their
experimental counterparts. All 4 groups were then
injected intraperitoneally with 5-ALA at 2 h before

A DAPI

Cont

Vehicle
+5-ALA

U0126 (20 pM)
+5-ALA

DAPI

U0126 (20 uM)
+5-ALA

sacrifice. 5-ALA-induced PpIX accumulation was
significantly higher in the 4T1 breast tumors in mice
treated with U0126 at 5 h post-injection than in vehicle
controls (2.7-fold), which reversed to control levels by
8 h post-U0126 injection (Figure 6B). Selumetinib also
significantly increased PpIX accumulation within the
4T1 breast tumors both at 5 h (1.9-fold) and 8 h
(2.0-fold) post-treatment compared to vehicle controls
(Figure 6C). This accumulation was specific to tumors,
as U0126 or Selumetinib treatment did not increase
PpIX accumulation in normal organs (Figure 6D).

PplX Merged

m 5-ALA/UO126 (20 uM)
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Figure 2. MEK inhibition increases PpIX fluorescence. (A) Fluorescence images of a nuclear marker 4’,6-diamidino-2-phenylindole (DAPI) (blue), PpIX
fluorescence (red) and mitochondria marker MitoTracker (green) in DLD-1 cells left untreated (Cont), or treated with DMSO (Vehicle) or U0126 for 20 h and with
5-ALA for the last 5 h. (B) Representative histogram (left) and bar graph (right) of PpIX fluorescence measured by flow cytometry in DLD-1 cells treated as described
above. Data are expressed as the mean + SE of mean fluorescence intensity (MFI) of 3 independent samples. Statistical analysis was conducted using two-way ANOVA,

#p<0.01.
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To further determine whether MEK inhibition
enhances tumor visibility by PpIX fluorescence, the
visual fluorescence signal in resected tumors was
compared under blue light (405 nm). We found that
5-ALA-induced PpIX fluorescence was stronger in
tumors from mice treated with Selumetinib at 8 h
post-treatment compared to vehicle controls (Figure
7). The digital quantification of PpIX fluorescence
signal confirmed the increase in PpIX fluorescence
within tumors by Selumetinib (2.2-fold) (Figure
7C-D), which was similar to the degree of increase
measured in tumor homogenates using a fluorescence

human colon DLD-1 tumors in athymic nude mice
(Figure 7E). These results demonstrate that MEK
inhibitors are capable of efficiently and selectively
enhancing PpIX accumulation within tumors in vivo,
suggesting that it can intensify the contrast between
fluorescence in tumors and the background, which
would be advantageous during FGS.

Discussion

It is known that 5-ALA treatment induces PpIX
accumulation more efficiently in cancer cells than in
normal cells due to their high metabolic activity and

reader (Figure 6C). Selumetinib treatment also  activation of the heme biosynthesis pathway
increased 5-ALA-induced PpIX accumulation in  [34,38,39]. Since earlier studies have shown that
oncogenic transformation increases
5-ALA-induced PpIX accumulation
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unexpected, we were intrigued by the
potential of using this property of MEK
inhibitors to facilitate PpIX accumula-

. tion selectively in cancer cells, which
o would improve its utility in cancer
therapies such as FGS and PDT. Our
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manner, as the same treatment did not
increase PpIX in normal cell lines in
vitro and in normal organs in vivo. We
also discovered that MEK inhibitors
increase PpIX accumulation in cancer
cells by targeting pathways that
effectively reduce the intracellular PpIX
concentration by way of export
(ABCB1) and metabolic conversion to
non-fluorescent heme (FECH). Most
importantly, we demonstrated that in
vivo treatment of MEK inhibitors can
| enhance PpIX fluorescence selectively

Cancer

Figure 3. MEK involvement in PpIX accumulation in normal and cancer cell lines. (A)
Normal colon cells (CCD-18Co) and colon cancer cells (DLD-1), and normal breast cells (Hs 578Bst)
and breast cancer cells (Hs 578T) were treated with or without U0126 (20 pM) and with 5-ALA (5
mM). (B) Normal breast cells (Hs 578Bst), breast cancer cells (Hs 578T, BT-474, MDA-MB-468, MCF7
and T-47D) were treated with or without U0126 (20 pM) for 20 h and with 5-ALA (5 mM) for 5 h.
Cellular PplX was measured using a fluorescence plate reader. Cellular PpIX is presented as fold
change compared to vehicle control (CTR). Data are expressed as the mean+SE of 3 independent

samples. Statistical analysis was conducted using two-way ANOVA, *p<0.01

in tumors. This suggests that MEK
inhibitors may be valuable in combin-
ation with existing PpIX-dependent
cancer therapies.

Our study found that MEK
inhibition decreases ABCB1 expression,
resulting in reduced PpIX efflux from

cells. Ras/MEK inhibition is known to
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suppress ABCB1 expression at its transcriptional [40],
posttranslational [41] and functional levels [42]. In
agreement with these previous reports, we found that
ABCBI expression is downregulated in cancer cells at
both RNA and protein levels by MEK inhibition
(Figure 4C-D). In contrast, other primary transporters
of PpIX, namely ABCB6 and ABCG2, were not
modulated by MEK. Previous studies have also used
ABCG2 inhibitors to increase PpIX accumulation in
cancer cells and to promote the efficacy of 5-ALA-PDT
in vitro [43,44]. In contrast, ABCB6 overexpression
increases PpIX accumulation [36]. We found some
critical differences between the effects of inhibiting
ABCG2 or MEK when tested on a panel of cell lines
(Figure S5). We found that the ABCG2 inhibitors
increase the PpIX accumulation more rapidly (5 h)

and that different types of cell lines were sensitive to
the ABCG2 or the MEK inhibitor. More importantly,
the effect of ABCG2 inhibitors was not specific to
cancer cell lines, as they significantly increased PpIX
accumulation in both cancer and normal cell lines,
while the MEK inhibition effect was selective to
cancer cells. These suggest that ABCB1 expression,
which is upregulated by oncogenic Ras/MEK, rather
than ABCG2 may underlie the cancer-specific increase
of PpIX accumulation induced by MEK inhibitors. To
support this, we found that ABCB1 expression was
higher on cancer cells than on normal cells (Figure
S6A). In addition, when PpIX efflux was compared
between normal and cancer cells, MEK inhibition
reduced PpIX efflux in cancer cells but not in normal
cells (Figure S6B).

A B * *
* *
_ r— r— S * * ]
2] <] ~— ~— =1
£1. xEg14 5
25 ] ¥ e x 8
o> o b= 00_- o
= 9 = 2 T
so B i % o - =] &% |-e Vehicle+5-ALA
r - =
ES £ & =8 | © U0126+5-ALA
25 25 o>s
%; 3o =]
2 2o £
G LV O 0 O O © lh ) [} o= 0 - L c -
§598 § 85 o 88 s 8F o 85 3 9% ° 8 8 3 8§
2 Ss 2 S5s ¢ %S £ 355 85 3 %E‘ Time after
= =1 =1 = =1 s CHX treatment (min)
wn o o o~ o o
= = ) e o <
C + . D
[0] [}]
s & vg &5
E, 5 § T 53 ABCB1 ABCBS6 ABCG2
(o] w
ABCBA1 - — — — _ e T 1
e —
1.00 073 0.84 053 £
81 1 1
ABCB6 o -
100 1.06 096 1.03 %
s g
ABCG2 3--5 5 !
G [ el
P - o
1.00 104 093 1.05 = i 5 0
L
PERK i e S —— L 8 2 8 2 &
= o = o = o
IERK e o s as— > > > - > =

g

GAPDH

Figure 4. MEK inhibition suppresses PplX efflux by decreasing ABCB1 expression. (A) DLD-1 cells were treated with DMSO (Vehicle) or U0126 at the
indicated concentrations for the indicated time periods and with 5-ALA (5 mM) for the last 5 h. At 1 h before the time points, the cells were washed with PBS and
incubated with PBS, and then the PpIX amount in the culture supernatant was measured using a fluorescence plate reader. (B) DLD-1 cells were treated with or
without U0126 (20 pM) for 20 h and with 5-ALA (5 mM) for 5 h, and then treated with cycloheximide (CHX) (10 pg/mL, time 0) to block de novo protein synthesis.
Cellular PpIX amount was measured at the indicated time points by flow cytometry. (C) Western blot analysis using antibodies against ABCBI, ABCB6, ABCG2,
phosphorylated ERK (pERK), total ERK (tERK) and GAPDH on cell lysates obtained from DLD-1 cells treated with DMSO (Vehicle) or U0126 (20 uM) for 20 h and
with 5-ALA (5 mM) for 5 h. Numbers below bands are density values relative to GAPDH compared to that of vehicle control. (D) qRT-PCR analysis for ABCBI,
ABCB6 and ABCG2 expression in DLD-1 cells treated with DMSO (Vehicle) or U0126 (20 uM) for 20 h. The expression levels were normalized to GAPDH and
presented as fold change of vehicle control. Data are expressed as the mean # SE of 3 independent samples. Statistical analysis was conducted using unpaired t-test,

*p<0.01.
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Figure 5. MEK inhibition suppresses FECH activity to convert PpIX into heme. (A) The amount of Zinc-PpIX (Zn-PpIX) was measured at 30, 60, 90 and
120 min after exogenous PplX was added to the cell lysates obtained from DLD-1 cells treated with or without U0126 (20 pM) for 20 h. (B) The amount of cellular
heme was measured in cell lysate obtained from DLD-1 cells treated with or without U0126 (5, 10 or 20 pM) for 20 h. Data are expressed as the mean * SE of 3
independent samples. Statistical analysis was conducted using two-way ANOVA, *p<0.01, Control vs. U0126. (C) Schematic diagram illustrating the cellular
mechanisms for increasing PpIX accumulation by MEK inhibition.
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Figure 6. Increase of PplIX fluorescence by MEK inhibitors in vivo. (A) Mouse mammary carcinoma 4T1 cancer cell line was treated with U0126 (20 uM)
(left) or with Selumetinib (20 pM) for 1, 5, 10 and 20 h and compared with their respective vehicle controls. 5-ALA (5 mM) was added for the last 5 h. PpIX in tumor
homogenates was measured using a fluorescence plate reader. PpIX fluorescence is reported as fold change compared with vehicle control. Data are expressed as the
mean * SE of 3 independent samples. Statistical analysis was conducted using unpaired t-test, *p<0.01. (B, C) Effect of MEK inhibitors on 5-ALA-induced PpIX
accumulation in 4T1 tumors in BALB/c mice. Each symbol denotes an individual mouse. Mice were treated with (B) U0126 (20 mg/kg BW i.p.) or (C) Selumetinib (250
mg/kg BW oral) at 5 and 8 h before sacrifice. Controls were treated with their respective vehicle at 5 h before sacrifice. All mice were injected with 5-ALA (200 mg/kg
BW) at 2 h prior to sacrifice. Statistical analysis for in vivo studies was conducted using two-way ANOVA, #*p<0.05. (D) PpIX fluorescence in various organs from mice
treated with U0126 for 5 h, Selumetinib or vehicle for 8 h and 5-ALA for 2 h before sacrifice. Fluorescence in tissue homogenates was measured using a fluorescence
plate reader.
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Figure 7. In vivo imaging analysis of PpIX fluorescence. Fluorescence images of 4T1 tumors obtained from BALB/c mice treated with Selumetinib (250 mg/kg
BW) or control vehicle at 8 h and with 5-ALA (200 mg/kg BW) at 2 h prior to sacrifice. (A-C) Tumor images under white light (A), visual PpIX fluorescence image
under blue light (B) and heat map images of relative fluorescence intensity in the tumors (C). (D) Quantitative analysis of the heat map images. Total fluorescence of
each tumor was measured using the metric: integrated density of the tumor — (average background integrated density x area of the tumor). Each circle represents a
mouse (5 mice/group) and the bar represents average tumor fluorescence of the group. Statistical analysis was conducted using unpaired t-test, *p<0.05. (E)
Fluorescence (left) and heat map (right) images of DLD-1 tumors obtained from athymic nude mice treated with Selumetinib (250 mg/kg BW) or control vehicle for

8 h and 5-ALA (200 mg/kg BW) for 2 h prior to sacrifice.

FECH is another well-established target for
increasing PpIX accumulation to promote 5-ALA-PDT
efficacy [30,45-47]. FECH is the terminal enzyme in
the heme biosynthesis pathway, which inserts a
ferrous ion (Fe?*) into PpIX and converts it into heme.
Inhibiting FECH by RNAi knockdown or a chemical
inhibitor has been shown to increase PpIX fluores-
cence and 5-ALA-PDT efficacy in human cancer cells
[46,47]. Furthermore, vitamin D3 treatment increases
PpIX accumulation by suppressing FECH expression
[48]. We also identified FECH as another target of
MEK. Our results show that MEK inhibition reduces
the catalytic activity of FECH and the subsequent
formation of heme in cancer cells (Figure 5B). How the
Ras/MEK pathway downregulates FECH activity
remains to be seen, as, to the best of our knowledge,
there is no literature on their interactions. It should be
noted that kinase inhibitors can reduce FECH activity
in a non-specific manner as FECH is their common
off-target [49]. However, this is not the case in our
study, as we used three different MEK inhibitors, all
of which induced similar increases in PpIX accumul-
ation. Furthermore, kinase inhibitors against other
Ras downstream elements (LY294002, SB203580 and

SP600125) had no effect on PpIX accumulation. In
addition, in silico docking studies demonstrated that
the binding affinity of the MEK inhibitors to FECH
was significantly lower than that of an established
FECH inhibitor (MK2461) and similar to the kinase
inhibitors against other Ras downstream elements
used in Figure 1 (Figure S7). Thus, our study provides
another mechanism by which FECH-mediated conv-
ersion of PpIX can be modulated. In summary, MEK
inhibitors increase PpIX in cancer cells by targeting
two essential limiting factors of PpIX accumulation.
Oncogenic Ras/MEK may modulate other steps
in the heme biosynthesis pathway such as 5-ALA
uptake and activities of the different heme
biosynthesis enzymes, which remain to be determined
in future studies. Furthermore, as inhibition of only
MEK, but not other Ras downstream elements,
increased PpIX accumulation, the Ras/MEK pathway
should have unique regulatory mechanisms for
ABCBI1 and/or FECH, which is essential to be elucid-
ated. It should be also noted that although other Ras
downstream elements were not involved in increasing
5-ALA-induced PpIX accumulation, their inhibitors
have been reported to improve efficacy of PDT by
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targeting other mechanisms such as increasing
photosensitizer uptake, promoting cancer cell
apoptosis and decreasing metastasis [50-54].

Among the breast cancer cell lines tested, the
increase in PpIX accumulation by MEK inhibition was
not observed in MDA-MB-468 and BT-474 cells even
though the MEK inhibitor effectively suppressed the
Ras/MEK signaling in these cell lines (data not
shown). The breast cancer cells used in this study
included triple negative (Hs 578T, MDA-MB-468 and
MDA-MD-231), luminal A (ER+, Her2-) (MCF7 and
T-47D) and luminal B (ER+, Her2+) (BT-474)
subtypes. As MDA-MB-468 and BT-474 cells do not
belong to a common subtype, it is unknown at this
stage why these cell lines did not respond to the PpIX
increase induced by MEK inhibition. As tumor
heterogeneity is one of the major problems limiting
the efficacy of targeted therapies in clinical settings, it
is essential to conduct further studies and identify the
resistance mechanisms to the PpIX increase induced
by MEK inhibition.

As aberrant activation of the Ras/MEK pathway
often found in cancer cells contributes to
tumorigenesis, this pathway has been a target of
intense research to identify anticancer drug targets,
and there are chemical inhibitors targeting the
Ras/MEK pathway already being used in clinical
settings. For example, two Ras/MEK inhibitors,
Trametinib and Cobimetinib, have been approved for
treating advanced and metastatic melanoma with a
BRAF V600E mutation [55,56]. Furthermore, several
second generation Ras/MEK inhibitors including
Selumetinib are currently being tested in clinical trials
[57]. Our study suggests that some of these Ras/MEK
pathway inhibitors may be useful as enhancers of
fluorescence signal in 5-ALA-FGS, an innovative
technique that can provide surgeons with accurate
real time tumor images. One potential application is
the surgical removal of gliomas (grades III or IV), a
procedure approved by the FDA [13]. For gliomas,
however, it is essential for MEK inhibitors to cross the
blood brain barrier (BBB) to penetrate into the CNS.
To this end, MEK inhibitors (PD0325901 and SL327)
[57-59], which can cross the BBB, need to be evaluated
in animal models for their efficacy in enhancing
5-ALA-induced PpIX florescence in animal brain
tumor models.

In conclusion, the present study provides
evidence that oncogenic Ras/MEK can modulate the
heme biosynthesis pathway, and its inhibition
increases PpIX fluorescence by 2-3-fold in a
cancer-specific manner in vitro and in vivo. This is the
first study to show involvement of an oncogenic cell
signaling pathway in the regulation of PpIX
accumulation. Potentiating PpIX fluorescence only in

cancer cells would be of advantage in the precise
identification of tumor borders and small satellite
tumors, which remains a challenge in current
5-ALA-FGS. While further preclinical studies are
needed to determine whether the results from animal
cancer models could be translated into clinical
settings, the combined use of MEK inhibitors with
5-ALA represents a promising strategy for improving
PpIX-dependent cancer therapies.
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