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Abstract Renal cell carcinoma (RCC) remains one of the
greatest challenges of urological oncology and is the third
leading cause of death in genitourinary cancers. Surgery
may be curative when patients present with localized disease.
Our previous results demonstrated the autofluorescence of
blood PpIX in primary RCC mouse model and an increase
in fluorescence intensity as a function of growth of the subcu-
taneous tumor mass. In another work, a nice correlation be-
tween the growth of the tumor mass and tissue fluorescence
intensity was found. The aim of this study was to evaluate the
expression profile of porphyrin biosynthesis pathway-related
genes of human kidney cells. We used two kidney cell lines,
one normal (HK2) and another malignant (Caki-1). Endoge-
nous and S-aminolevolinic acid (ALA) induced protoporphy-
rin IX (PpIX) HK2 and Caki-1 cells were analyzed by fluo-
rescence spectroscopy. Real-time quantitative polymerase
chain reaction (QRT-PCR) was used to measure mRNA of
those genes. Emission spectra were obtained by exciting the
samples at 405 nm. For ALA untreated cells the maximum
fluorescence intensity was detected at 635 nm. The mean peak
area of emission spectra in both cells types increased linearly
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in function of cell number. Besides, basal levels of PpIX au-
tofluorescence of each cell concentration of HK2 samples
were significantly lower than those of Caki-1 samples. For
ALA-treated cells the mean PpIX spectra shows PpIX emis-
sion peak at 635 nm with a shoulder at 700 nm. Analysis of
PpIX fluorescence intensity ratio between tumor cells and
HK2 cells showed that fluorescence intensity was, on average,
26 times greater in tumor cells than in healthy cells. gqRT-PCR
revealed that in Caki-1 ALA-treated cells, PEPT gene was
significantly up-regulated and FECH and HO-1 genes were
significantly down regulated in comparison with HK2 ALA-
treated cells. In conclusion, our results demonstrate the pref-
erential accumulation of ALA-induced PpIX in human RCC
and also indicate that PEPT1, FECH and HO-1 genes are
major contributors to this accumulation.
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cells - Caki-1 cells - Porphyrin pathway

Introduction

Renal cell carcinoma (RCC) is the most common type of
kidney cancer in adults and during the past two decades, the
incidence of RCC has increased by approximately 2 % per
year [1]. Kidney Clear cell RCC, the most common RCC
tumor, arises from the proximal tubular epithelial cells
(PTEC) [2]. The malignization process of PTEC is resulted
of accumulation of mutations in the cells that cause alterations
in the proteins functions and in the intracellular signaling path-
ways. These intracellular transformations contribute to tumor
resistance to chemotherapy or radiotherapy. This, in fact, rep-
resents a challenge to the development of therapies.

Surgery may be curative when patients present with local-
ized disease. However, the aggressive nature of RCC leads to
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recurrence and prognosis in these cases is poor. In fact, among
patients choosing excision of a localized RCC, approximately
20 to 40 % will subsequently develop metastatic disease [3, 4].
Extent of resection is accepted as critical to optimal surgical
treatment and patient prognosis.

Fluorescence spectroscopy is currently one of the most
widely used spectroscopic techniques in the fields of biochem-
istry and molecular biophysics. Natural tissue fluorophores
such as NAD-(P)H and FAD, structural proteins such as col-
lagen, elastin, and their crosslinks, and the aromatic amino
acids tryptophan, tyrosine, phenylalanine and porphyrins dis-
play characteristic excitation wavelengths with an associated
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characteristic emission [5, 6]. Biophysical changes that ac-
company malignant transformation process often lead to alter-
ations in the optical characteristics of tissues. Optical technol-
ogies sensitive to these alterations can lead to the development
of quantitative, noninvasive, real-time diagnostic tools [7].
Protoporphyrin, a porphyrin derivative, is the intermediate
metabolic precursor of the heme molecule. The insertion of
ferrous iron into protoporphyrin IX (catalyzed by the enzyme
ferrochelatase) is the last step in heme biosynthesis that is
properly called porphyrin biosynthesis. Protoporphyrin IX
(PpIX) accumulates in cancerous tissues because of tumor-
specific metabolic alterations. Several studies have been
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performed to define the potential of autofluorescence for can-
cer diagnosis and treatment [8—10].

5-Aminolaevulinic acid (ALA) is a non-fluorescent amino
acid derivative that is metabolized to PpIX via porphyrin bio-
synthesis pathway of biological systems. This pathway in-
volves multiple enzymatic steps in the mitochondrion and in
the cytosol of the cell and is regulated by a feedback control
system and PpIX does not accumulate [11-15] (Fig. 1). How-
ever, in pathological conditions such as cancer, PpIX accumu-
lates in intracellular compartments by avoiding this feedback
control in the pathway of heme biosynthesis [16]. ALA is
widely used to fluorescence-guide resection of solid tumors
and in photodynamic therapy (PDT) [17].

In a previous study [8], our group demonstrated the auto-
fluorescence of blood PpIX in primary RCC mouse model and
an increase in fluorescence intensity at~635 nm as a function
of growth of the subcutaneous tumor mass. In another work,
tumor-bearing kidneys in different progression stages were
analyzed by ex-vivo spectroscopy, and a nice correlation be-
tween the growth of the tumor mass and fluorescence intensity
was found [9]. Additionally, we demonstrated that the blood
PpIX was positively correlated with metastatic nodule area
vascularization, indicating that fluorescence spectroscopy
could be useful as a biomarker for antiangiogenic can-
cer therapy [18]. The aim of this work was to evaluate
gene expression modulation of enzymes and transporters
involved in the porphyrin biosynthesis pathway in order
to elucidate the molecular mechanisms of PpIX accumu-
lation in human RCC.

Materials and Methods
Reagents

5-ALA was purchased from Sigma (St. Louis, MO, USA). For
each cell experiment, ALA was freshly dissolved in
phosphate-buffered saline (PBS). After the pH was adjusted
to 7.4 and solutions were sterilized by filtration using a 0.2 pm
pore filter and used at a final concentration of 50 pg per ml in
serum free medium.

Cell Lines

HK2 is a proximal tubular epithelial cell (PTEC) line derived
from normal kidney human (American Type Culture Collec-
tion, Manassas, VA). The cells were cultured Dulbecco’s
Modified Eagle Medium (DMEM): Nutrient Mixture F12
(Ham’s) (3:1), supplemented with 100 U/mL penicillin,
50 mg/mL streptomycin, and 10 % fetal bovine (Life Tech-
nologies, Grand Island, NY).

Caki-1 is a human malignant tubular epithelial cell line
(ATCC® HTB-46™) were grown in McCoy’s medium with

L-Glutamine, supplemented with 10 % fetal bovine serum,
10 mM HEPES buffer, 100U/ml penicillin, and 100 mg/ml
streptomycin. (Life Technologies, Grand Island, NY).

Both cell lines were maintained in a chamber at 37 °C in an
atmosphere containing 5 % CO2, 37 °C and 95 % humidity.

PpIX Accumulation in Cells

Both HK2 and Caki-1 cells were divided in two groups, incu-
bated with and without ALA. The cells incubated with ALA
were cultivated in 175 cm? flasks in serum free medium. Be-
fore the experiments, the medium was replaced with 10 mL
fresh serum free medium containing ALA (50 pug/mL) [19].
After 4 h the cells were washed with PBS and detached by the
addition of 0.25 % trypsin. Afterwards cell viability was
assessed using Trypan Blue exclusion method. Cell suspen-
sions were subdivided into three equal aliquots in the quantity

Table 1  Primer sequences for real-time RT-PCR
Gene Primer sequence
PEPTI Foward TCTTCTCTGTCACGGGATTGG
Reverse GCACCGACTTCATGTTGGAA
PEPT2 Foward AAAGAAGCCATCTCCGACAATC
Reverse CACCACAATGAAGGCAATGC
ALAD Foward TCCAACCTCATCTACCCCATCT
Reverse GAGGCTGGTGATAGGCTGTATGT
HMBS Foward CCTGCCCACTGTGCTTCCT
Reverse GGTTTTCCCGCTTGCAGAT
UROS Foward TCAGCACTGCCTCTTCTATTTCC
Reverse GAGCGCTTTTGGCAGGATT
UROD Foward GGGCAGTTGGTGAAGCAGAT
Reverse GGCCCAGGTTGGCAATG
ABCB6 Foward CAGCAGGGACAGGAAGAAACC
Reverse CTTTTGTCACCGTTCCATGGT
CPOX Foward AGGGACTGGGTGCGTTGAT
Reverse ATCGTGTGCCCTCCAAACC
PPOX Foward GGGCAAAGAGCCTGATGAGA
Reverse ACGCCACCTCAGGTCCAA
ABCG2 Foward GGCTTTGCAGCATAATGAATTTTT
Reverse TACAAGGATTGTTTCCTGTTGCAT
FECH Foward GCAGGTGGTGCCCTTCAG
Reverse TACTCTTTGGCAAGATGCATCAG
HO-1 Foward TCCGATGGGTCCTTACACTCA
Reverse TCACATGGCATAAAGCCCTACA
FLVCR Foward TCGCTGGTCAACGCCTTT
Reverse GCAGCAAGGTGACACCGTAGA
ALAS-1 Foward GATGCCAGGCTGTGAGATTTACT
Reverse CGAATCCCTTGGATCATGGA
GAPDH Foward CACATGGCCTCCAAGGAGTAA
Reverse TGAGGGTCTCTCTCTTCCTCTTGT
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Fig. 2 Mean emission spectra of 10 10 _ .
PpIX extracted from Hk2 and HK2 - 1x10° Caki-1 - 1x10°
Caki-1 cells in the wavelength HK2 - 2x10° — Caki-1 - 2x10

. . 6
range of 575-725 nm in three g HK?2 - 5x10° g — Caki-1 - 5x10

different cell number (1x10%, 2%
10° and 5x10° cells)

lintensity (103 a.u.)

T
575 600

of 1x10° 2x10% and 5x10° cells. Cells were pelleted by
centrifugation (5000 rpm /5 min) and the pellets were proc-
essed to quantitate PpIX. All the experiments were done in
triplet.

PpIX Extraction

To each cell pellet I mL of analytical-grade acetone was added
and thoroughly mixed. The mixture was then centrifuged at
4000 rpm for 15 min. The clear supernatant was transferred to
a clean tube and maintained at 4 °C, protected from light, until
spectrofluorimetric analysis.

Flourescent Spectral Analyses

The emission spectra of the samples from the in vitro assay
were analyzed with a 1-mm path length and studied on a Jobin
Yvon (Longjumeau, France) Fluorolog-3 spectrometer with
front-face collection geometry and a 0.2-nm resolution. The
bandwidth for emission was 2 nm.

RNA Extraction and ¢cDNA Synthesis

Total RNA was extracted from 5x10° cells using Trizol re-
agent (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instruction. Total cellular RNA was eluted in 35 pl

Table 2 Mean area of emission spectra of PpIX extracted from Hk2
and Caki-1 cell lines in the wavelength range of 575—725 nm

Cell number HK2 Caki-1 P

1x10° 10,160+2713 22,090+8,454 <0.05
2x10° 18,838+5468 40,326+4,074 <0.01
5%10° 56,991+2878 140,000+10,721 <0.01
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DEPC-treated H,O (Invitrogen®), quantified on a Nanodrop®
spectrophotometer (ND-100, Thermo Fisher Scientific Inc.
Waltham, MA, USA) after which samples were stored at -
80 °C until analysis.

cDNAs were synthesized from 2 pg of total RNA by
the addition of 2 pg of oligodT (Invitrogen®), 8 ul 5x
FS buffer (Invitrogen®), 2 pul dNTP (10 mM), 2 ul
DTT (0.1 M, Invitrogen®), 2 ul RNAseOUT (40 U/pl,
Invitrogen®) and 2 ul M-MLV (200 U/ul, Invitrogen®).
The final 40 pl reaction mixture was incubated at 20 °C
for 10 min, 42 °C for 45 min and 95 °C for 5 min. The
Synthesized ¢cDNAs were stored at —20 °C for further
expression analysis.

¢RT-PCR

gqRT-PCR was performed to measure the expression of Peptide
transporter 1 (PEPT1), Peptide transporter 2 (PEPT2), Delta-
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Fig. 3 Mean emission spectra of PpIX extracted from Hk2 and Caki-1
cells (5% 10°) incubated with 50 pg of ALA for 4 h

T
625 725



J Fluoresc (2015) 25:1363—-1369

1367
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aminolevulinic acid dehydratase (ALAD), Hydroxymethylbilane
synthase (HMBS), Uroporphyrinogen III synthase (UROS),
Uroporphyrinogen III decarboxylase (UROD), ATP-binding
cassete, subfamily C (ABCB6), Coproporphyrinogen oxidase
(CPOX), Protoporphyrinogen oxidase (PPOX), ATP-binding
cassette, sub-family G, member 2 (ABCG2), Ferrochelatase
(FECH), Heme oxygenase-1 (HO-1), Feline leukemia virus
sub-group C receptor (FLVCR), 5-aminolevulinatesynthase-1
(ALAS1). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as housekeeping gene. The sequences of
primers used for gRT-PCR are listed in Table 1. Amplification
was carried out by real-time PCR (7300 System, Applied
Biosystems®) as follows: denaturation at 94 °C for 1 min, an-
nealing at 60 °C for 1 min, and extension at 72 °C for 1 min.

The statistical analysis of the qRT-PCR results was per-
formed using the ACt value (Ctgene of interest-Clealibrator)- Rela-
tive gene expression was calculated according to the AACt
method (ACtsmple-ACtgappn) using the control group as a
reference for comparison. To convert between AACt and rela-
tive gene expression levels, the fold change was calculated
using the following equation: 274",

Statistical Analysis

The results are presented as means + SE. Comparisons be-
tween groups were performed by Student’s ¢ test. The differ-
ence between groups was considered statistically significant
when probability was equal or less than 0.05.

Results and Discussion

The survival rates in patients that were treated with partial or
radical nephrectomy depends on the complete removal of

tumor cells. Therefore, the development of new treatments
tools are very important to management of RCC.

In this work we performed in vitro experiments with cell
lines derived from normal (HK2 cells) and tumor human tis-
sue (Caki-1 cells).

In all experiments, cell viability was never below 95 % in
both cell lines.

Initially fluorescence spectroscopy was used to estimate
intracellular basal levels of PpIX in the Hk2 and Caki-1 cell
lines. PpIX was evaluated in samples consisting of three dif-
ferent cell number (1x10°, 2x10° and 5x 10° cells) that were
excited at 420 nm, and emission was collected between 575
and 725 nm. The spectral curves for the normal and cancerous
cells are displayed in Fig. 2 where it can be noticed a light
scattering attributed to the long wavelength tails of short
wavelength emitting fluorophores, such as proteins,
NAD(P)H, fatty acids, vitamin A, and lipopigments [20].
Moreover, an emission peak at 635 nm was observed. This
peak in the red is assumed to be predominantly caused by
PpIX[8, 9]. It can be seen that the mean peak area of emission
spectra in both cells types increases linearly as a function of
cell number. Besides, basal levels of PpIX autofluorescence of
each cell concentration of HK2 samples were significantly
lower than that of Caki-1 samples. (Table 2) These data indi-
cated that kidney tumor cells have altered regulation of heme
metabolism. Then, the next step was to verify the accumula-
tion of PpIX in these cell types after ALA treatment.

The fluorescence spectra recorded in the range 575—
725 nm, for the normal and cancerous cells under excitation
at 405 nm show the light scattering from the shorter wave-
length fluorescence.

Intracellular accumulation of PpIX was quantified in HK2
and Caki-1 cell lines after ALA treatment for 4 h in serum free
medium [18]. PpIX spectra shows PpIX emission peak at
635 nm with a shoulder at 700 nm. (Fig. 3) Mean emission
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peak area was 3.78E6+7.45E5 nm for HK2-ALA cells and
1.00E8+1.19E6 nm for Caki-1-ALA cells. So that, ALA-
induced PpIX accumulation was approximately 26 times
higher in RCC than normal cells. This finding corroborates
our previous in vivo results, showing a good correlation be-
tween emission band intensity at 635 nm and the size of the
tumor area [9].

The preferential accumulation of PpIX in tumor cells has
been found in many kinds of malignant cells [21-23]. How-
ever, the mechanism of preferential accumulation of PpIX in
these cells remains obscure. To elucidate the mechanisms of
PpIX accumulation in the Caki-1 cells, the expression of rel-
evant enzymes of the porphyrin pathway was studied by RT-
gPCR. To determine the differentially expressed genes a fixed
fold-change cut-off (2-fold) was used [24].

figure 4 shows the mRNA expression levels of HK2
and Caki-1 ALA-treated cells. PEPT1 mRNA levels
were significantly higher in Caki-1 cells than in HK2
cells (3.9-fold, P<0.0001) which suggests that this H'-
coupled oligopeptide transporter plays an important role
in the transporter system for the uptake of ALA into
human RCC cells. The expression of this ALA influx
transporter has been found in a variety of human cancer
such as bladder, pancreatic and gastric [25, 26].

mRNA levels FECH and HO-1 genes were significantly
lower in Caki- cells than in HK2 cells. (Fig. 4) Decreased
mRNA levels of these enzymes can be correlated with large
amounts of PpIX found in Caki-1 cells. The transition from
PpIX to heme is controlled by FECH activity and down-
regulation or loss of enzymatic activity correspond with an
enhanced PpIX fluorescence [27]. Finally, it is known
that HO-1 catalyzes degradation of PpIX via heme path-
way. Low levels of HO-1 lead to an increased amount
of intracellular PpIX [28].

Conclusion

To the best of our knowledge, this is the first report that de-
scribes the expression profile of porphyrin biosynthesis
pathway-related genes of a human RCC cell line. PEPTI,
FECH and HO-1 genes are major contributors to RCC PpIX
accumulation.
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