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Abstract

Features of the expression of membrane importers of 5-ALA, as well as transporters involved in the removal of photoactive precursors of proto-
porphyrin IX (PPIX) (uro-, copro- and protoporphyrinogens), may cause differences in the effectiveness of photodynamic therapy of malignant
neoplasms using 5-aminolevulinic acid (5-ALA). Increased expression of ALA transporters is associated with an increase in the intensity of PPIX
synthesis. When the expression of PPIX exporters increases, there is a decrease in PPIX concentration. The review describes the main transporters
of 5-ALA, uro-, copro- and protoporphyrinogens, provides data on their expression in various tissues, and discusses the possibility of predicting the
effectiveness of photodynamic therapy considering the expression of the corresponding transport proteins in malignant tissues.
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POJIb MEMBPAHHbIX MEPEHOCHYMNKOB B HAKOIJIEHNA
5-AJIK-UHOYUNPOBAHHOTO MPOTOMNMOPDPUPUHA IX
B OMYXOJIEBbIX KJIETKAX

B.A. UsaHoea-Papkesuu', O.M. KysHeuosa', E.B. Dunonenko?

"Pocemitckmin Yumeepeutet npyx6sul Haponos, Mockea, Poccus

2«MoCKOBCKMIT HOYYHO-MCCNENOBATENLCKMIA OHKONOTMYECKMI MHCTUTYT umM. [1.A. Tepuera —
dunman PIBY «HaumoHanbHbIN MEAMUMHCKMIF MCCNEA0BATENLCKUIA LEHTP PAAMONOTMMY
Mwunmcrepcrsa 3agpasooxpanenus Poceuickonn Penepaunm, Mocksa, Poccus

Peslome

OpHOM 13 MPUYMH pa3nnumin B 3GdeKTMBHOCTM GOTOANHAMMNYECKON Tepanun C NPYMeHeHeM 5-aMUHONEBYNIMHOBON KUcnoTbl (5-AJTK) npu
PasfINYHbIX TUMAX 3/10KaYeCTBEHHbBIX HOBOOBPAa30BaHMI MOTYT ObITb 0COOGEHHOCTU SKCMPECCHN B STVX TKaHAX MEMOPAHHBIX TPAHCMOPTEPOB,
yyacTByLWMUX B nepeHoce camoii 5-AJIK B onyxoneBble 1 HOPMarbHble KNETKM, @ TakKe B BbIBEAEHUM 13 KJIETOK NpejLIeCcTBEHHUKOB GOTO-
akTuBHoro npotonopdupuHa IX (MMIX) - ypo-, Konpo- 1 npotonopduprHoreHoB. MoBbieHHas SKCNpeccus NepBbiX CBA3aHa C yBeMYEHNEM
NHTEHCUBHOCTM cuHTe3a MMIX. Mpy NOBbILWEHNN SKCNPECCUY BTOPbIX HAOMIOAAETCA CHMMKEHNE CKopoCcTy cuHTe3a MIMIX. B HacToAwem ob63ope
onuncaHbl OCHOBHbIEe TpaHcnopTepbl 5-AJ1K, ypo-, Konpo- 1 npotonop$uprHOreHoB, NpriBEAEHbI AaHHbIE 06 VX SKCMPECCH B Pa3/INUYHbIX TKa-
HAX, 06CYXXAEeHbl BO3MOXHOCTV NPOrHO3npoBaHua 3$GeKTBHOCTY GOTOANHAMUYECKOW Tepannmn C YYETOM SKCMPECCUM YKa3aHHbIX TPaHC-
NopTEPOB B 3/10KaYECTBEHHbIX TKaHAX.
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Introduction

Photodynamic therapy (PDT) is widely used in Russia
and around the world for the treatment of tumor and other
diseases [1,2,3,4,5]. Antitumor PDT is based on the selec-
tive accumulation of a photosensitizer in pathological tis-
sue. When irradiated with light of a certain wavelength, the
photosensitizer causes the formation of singlet oxygen and
other cytotoxic compounds that damage the structural ele-
ments of tumor tissue [1,6]. A photosensitizer as part of a
drug can be introduced into the patient’s body, or it can be
synthesized inside target cells from an exogenous precur-
sor. Such precursors (pro-photosensitizers) include 5-ami-
nolevulinic acid (5-ALA). 5-ALA is an endogenous non-pho-
toactive compound, an intermediate metabolite of heme
biosynthesis. 5-ALA enters tumor cells and is included in
heme synthesis after administration into the patient’s body.
5-ALA is quickly converted into heme and is used to build
hemoproteins in normal cells. While in tumor cells the syn-
thesis is inhibited at the last stage due to a deficiency of the
enzyme ferrochelatase, which catalyzes the last reaction of
heme synthesis. An intermediate product, photoactive pro-
toporphyrin IX (PPIX) accumulates in the cell as a result [1,6].

The ability of exogenous 5-ALA to induce the synthesis
of photoactive PPIX depends on the tissue type (in particu-
lar, how well the tissue is vascularized) and the cell type.
One possible explanation for the different intensity of PPIX
accumulation in different cells may be the difference in the
rate of uptake of 5-ALA by cells and elimination of inter-
mediate products of heme synthesis (uroporphyrinogens,
coproporphyrinogens, protoporphyrinogens) by cells [7].

Exogenous 5-ALA can enter the cell by active trans-
port through several transporters, including the peptide
transporters PEPT1 and PEPT2, the amino acid transporter
PAT1, as well as TauT and GAT2 [7]. The question arises:
does increased expression of these transporters affect
the uptake of 5-ALA by tumor cells compared to normal
cells? Will this affect the intensity of PPIX accumulation?
In addition, the role of transporters that remove interme-
diate metabolites of heme synthesis from cells cannot be
neglected [7]. In our review, we would like to discuss the
role of various transmembrane transporters in the accu-
mulation of photoactive PPIX.

PEPT1 (SLC15A1)

The peptide transporter PEPT1 is most widely known
as the transporter of dipeptides and tripeptides formed
during the digestion of proteins through the apical mem-
brane into enterocytes [8]. Theoretically, all chemical com-
pounds that have sufficient steric similarity to dipeptides
or tripeptides are potential substrates for PEPT1 [8]. As a
result, PEPT1 may be involved in the transmembrane trans-
port of many drugs. As a result, PEPT1 may be involved in
the transmembrane transport of many drugs. 5-ALA does
not have a peptide bond but is a high-affinity substrate for
PEPT1/2 due to its ketomethylene group [8].

A direct transfer of 5-ALA across the membrane of
Xenopus laevis oocytes and Pichia pastoris yeast cells
expressing PEPT1 was demonstrated by Doring et al. in
1998 [9].

PEPT1 is thought to be the largest contributor to the
transport of 5-ALA across the intestinal epithelium [10].
In 2016, studies on wild-type mice with the Peptl gene
showed significant permeability of cells in the duodenum,
jejunum and ileum to 5-ALA when taken orally. Moreover,
in mice with Pept1 knockout, the permeability of small
intestinal cells was reduced by 10 times, and the peak
concentration of 5-ALA in plasma was reduced by 2 times
compared to wild-type animals [11]. The study authors
noted that the transport of 5-ALA into small intestinal cells
occurred without apparent contributions from other trans-
porters, including proton-associated amino acid trans-
porter 1 (PAT1). However, PEPT1 had a slight effect on the
distribution of 5-ALA along the periphery tissue [11]. This
may indicate that in peripheral tissues the contribution of
other transporters to the supply of 5-ALA may be more sig-
nificant.

Interestingly, in wild-type mice, the rate of 5-ALA mem-
brane transport in the duodenum, jejunum and ileum was
9-14 times lower than in the colon, and this difference
is consistent with the PEPT1 protein expression pattern
observed in mice [11,12].

In addition to enterocytes, PEPT1 is also expressed in
other tissues: the stomach, bladder, and extrahepatic bile
ducts.

In 2003, 5-ALA was shown to enter cells in human chol-
angiocarcinoma SK-ChA-1 cells via the PEPT1 transporter
[13]. Ten years later, Chung et al. confirmed the transmem-
brane transfer of 5-ALA with the participation of PEPT1 in
cholangiocyte cell lines derived from bile duct carcinoma
[14].

In studies on human gastric cancer cells KKLS, NKPS
and TMK-1, the effectiveness of 5-ALA-induced PDT was
also associated with high expression of PEPT1 and simul-
taneously low expression of the ATP-binding cassette
transporter ABCG2 (involved in the clearance of PPIX
through the membrane). The expression of these trans-
porters together determines the efficient formation and
accumulation of PPIX after exogenous administration
of 5-ALA [15]. Similar results were obtained in a study of
bladder tumor samples: the accumulation of PPIX was due
to increased expression of PEPT1 and decreased expres-
sion of ABCG2 [10].

An interesting observation was made by Lai et al. [16]:
while PEPT1 was highly expressed in normal lung cells
WI38, PEPT1 was not expressed in non-small cell lung can-
cer cells A549.

PEPT2 (SLC15A2)

PEPT2 is widely expressed in the tissues, especially kid-
ney, brain and lung [11]. PEPT2 has been shown to play a
central role in the reabsorption of 5-ALA from the glomeru-
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lar filtrate in human renal proximal tubular cells [17] and is
also involved in the uptake of 5-ALA by astrocytes in new-
born mice [18].

PAT1 (SLC36A1)

The amino acid transporter PAT1 is involved in the
membrane transport of small neutral amino acids such
as proline and y-aminobutyric acid (GABA). In its chemical
structure, 5-ALA is like GABA. This is the basis for the pos-
sibility of 5-ALA transport through the GABA membrane
transporters [19]. Several experimental studies provide evi-
dence for the involvement of PAT1 in 5-ALA transport. Thus,
Xenopus laevis oocytes expressing PAT1T more actively
absorb 5-ALA [20].

In a study by Lai et al. [16], as well as for PEPT1, showed
a difference in the expression of PAT1 in normal and malig-
nant cells originating from the same organ: expression
was quite high in healthy prostate cells PrEC, while it was
almost absent in prostate cancer cells DU145.

TauT (SLC6A6) and GAT2 (SLC6A13)

In addition to PAT1, GABA is also a substrate for the
TauT and GAT2 transporters, raising questions about
whether they are involved in the transmembrane trans-
port of 5-ALA [7]. According to some data, both transport-
ers are highly expressed in many human tissues, especially
in brain and liver cells [21]. Studies by others show that the
highest levels of GAT2 mRNA are found in the liver and kid-
neys, whereas levels in the cerebellum and cerebral cortex
are low [22]. In addition, high levels of the transporters are
found in the stomach and retina [23].

In their study, Tran et al. assessed 5-ALA-induced pro-
toporphyrin accumulation in DLD-1 colon cancer cells,
Hela cells, and HEK293. PPIX was not synthesized in the
absence of exogenous 5-ALA. The authors used GABA
homologs to evaluate the efficiency of 5-ALA trans-
fer. The inhibitory effect of GABA homologs on 5-ALA-
induced PPIX accumulation in Hela cells was less than
that observed in DLD-1 cells. Knockdown of GAT2 in Hela
cells resulted in a slight decrease in PPIX levels, suggest-
ing the presence of alternative transporters in these cells.
Simultaneous knockdown of TauT and GAT2 in Hela cells
resulted in a significant decrease in PPIX levels, indicating
an important role of TauT in 5-ALA transport in these cells
[24]. The authors also note that HEK293 renal adenocarci-
noma cells, when overexpressed with either TauT or GAT2,
induced a significant increase in PPIX production. The
results of the described experiments confirm the signifi-
cant contribution of the TauT and GAT2 transporters to the
penetration of 5-ALA into the cell [24,25].

Neoplastic cells exhibit an increased requirement for
certain metabolites, including amino acids, and adapt to
this requirement not only through increased expression of
transporters, but also through the expression of isoforms
not found in normal tissues. Based on the overlapping
specificities of amino acid transporters and neurotrans-
mitters, increased expression of these transporters may
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explain the greater accumulation of PPIX in various cancer
cells, including Hela cells [24].

TSPO1/2

The TSPO protein is also involved in the transmem-
brane transport of 5-ALA. It exists as two isoforms: TSPO1
is mainly localized in the outer membrane of mitochon-
dria, while TSPO2 is found in the plasma membrane of red
blood cells. The work of Manceau et al. [26] showed that
the intensity of 5-ALA-induced accumulation of PPIX in
erythroleukemia cells (UT-7 and K562) decreased when
a specific competitive inhibitor TSPO1/2 was added to
the medium (inhibitor code PK 11195). PK 11195 did not
change the activity of heme biosynthetic enzymes. From
the data obtained, the study authors concluded that the
limiting factor in heme synthesis was the penetration of
5-ALA through the plasma membrane. However, PK 11195
had no effect on porphobilinogen (PBG)-induced PPIX
accumulation, suggesting that TSPO2 is a selective 5-ALA
transporter. Further evidence for the role of TSPO2 in mem-
brane transport of 5-ALA is the fact that overexpression
of TSPO2 on the plasma membrane of erythroleukemia
cells increased 5-ALA-induced accumulation of PPIX [26].
The described patterns are rather important for determin-
ing the mechanism and the possibility of influencing the
development of congenital sideroblastic anemia, however,
potentially, data on the expression of TSPO2 in other tis-
sues can be used to predict the effectiveness of PDT in tis-
sues expressing TSPO.

ABCG2

ABCG2, a protein used to transport compounds against
their concentration gradient using ATP hydrolysis as an
energy source, has been identified as an exporter of PPIX
and heme in mammals [27]. These data are supported by
experiments with ectopically expressed ABCG2, which
exports ZnMP (zinc-containing mesoporphyrin, used as a
heme analog in experimental models) into K562 cells [28].
ABCG2 is expressed in a wide range of tissues, including
hematopoietic stem cells and erythroid progenitor cells.
High protein concentrations are found in the duodenum,
small and large intestines, rectum, seminal vesicles and
endometrium. The distribution of the transporter in tissues
that have a predominantly secretory or barrier function
leads to the idea that ABCG2 plays an essential role in con-
trolling the distribution and tissue exposure of the different
chemical compounds, such as antibiotics, sterols, immuno-
suppressants (including anti-HIV drugs), fluorescent dyes
(for example, Hoechst 33342), photosensitizers (pheophor-
bide A and PPIX). Increased expression of ABCG2 has been
associated with multidrug resistance in cancer [29].

The level of ABCG2 expression is especially high in the
early stages of hematopoiesis [30]. Like FLVCR1-mediated
heme export, ABCG2 possibly exports and transfers heme
to extracellular heme-binding proteins such as albumin
[31]. However, unlike FLVCR1, ABCG2 has a wide range of
substrates, including porphyrin and non-porphyrin sub-
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strates, suggesting that ABCG2 may not be a functional
backup to FLVCR1.

The activity of ABCG2, which is used for PPIX trans-
port, also affects the fluorescence intensity of PPIX. Thus,
the combined use of 5-ALA and Ko143, a specific inhibi-
tor of ABCG2, on a model of cultured cancer cells MCF-7
and MDA-MB 231 increased the fluorescence intensity of
PPIX compared to cultured non-cancerous MCF10A cells
[32]. And in the study by Hagiya et al. [10] showed that the
selective accumulation of PPIX in bladder cancer cells is
caused precisely by an increase in the expression of PEPT1
and a decrease in the expression of ABCG2.

ABCB6

ABCB6 is a heme-binding ATP-dependent transport
protein that can interact with various tetrapyrroles, such
as heme, coproporphyrin Ill, PPIX and plant porphyrin,
pheophorbide A. ABCB6 can be localized both in the outer
mitochondrial membrane and in the plasma membrane
[33]. The basal level of metabolites of heme synthesis
metabolites is maintained by ATP-independent transport-
ers, this level is sufficient for the survival of the organism.
But under stress conditions, the work of ATP-dependent
transporters, such as ABCB6, is necessary. When the level of
the transporter is low, the synthesis of zinc protoporphyrin
IX occurs, so it can be assumed that this transporter is also
involved in iron homeostasis [33].

High concentrations of the transporter are found in the
gallbladder, testes and epididymis [23].

FLVCR1

FLVCRT1 is an export protein and has a narrow spectrum
of substrates, including heme, PPIX and coproporphyrin.
FLVCR1 is localized on the surface of the plasma membrane
[34]. FLVCR1 is actively expressed in various hematopoietic
cells, and low-level expression is found in the fetal liver,
pancreas, and kidneys [35]. Ectopic expression of FLVCR1
reduces intracellular concentrations of PPIX. This is sup-
ported by experiments using ZnMP, which mediates PPIX
efflux in K562 rat kidney epithelial and hematopoietic cells
[34]. FLVCR1 is predicted to normally export heme when
macrophages phagocytose senescent erythrocytes. Given
that PPIX is also a substrate of FLVCR1, it is possible that
PPIX efflux is mediated by this transport protein. Alves et
al. showed that in nucleated erythrocyte progenitors from
human bone marrow, FLVCR1 expression increased during
erythropoiesis and reached a maximum level at an inter-
mediate stage of maturation under conditions in which the
heme oxygenase system was defective [36]. It is possible
that FLVCR1 may export excess PPIX or heme to prevent
toxicity under conditions in which heme degradation is not
fully induced.

In addition to full-length FLVCR1 (FLVCR1a), there is
another isoform, FLVCR1b, which is a smaller protein pos-
sibly localized to mitochondria [37]. Overexpression of
FLVCR1b increases cytosolic heme concentration, whereas
knockdown of FLVCR1b results in heme accumulation in

mitochondria, indicating that FLVCR1b is an exporter of
mitochondrial heme and possibly PPIX [37].

Increased expression of FLVCR1, according to several
authors, is found in hepatocellular carcinoma and is associ-
ated with a higher stage of the disease and vascular inva-
sion. FLVCRT1 also plays a key role in cell survival, growth
and migration in esophageal squamous cell carcinoma
[38]. Given the high degree of homology between FLVCR2
and FLVCR1 [39], it is possible that FLVCR2 also promotes
PPIX and heme efflux. FLVCR2 is expressed in a wide range
of human tissues, including fetal liver, brain, and kidney
[40]. However, the direct physiological role of FLVCR2 in
PPIX and heme transport is currently unclear.

MFRN

Mitoferrins (MFRN) are transporters involved in the
transport of iron ions into mitochondria. Transported
iron ions are also used for intramitochondrial heme syn-
thesis. According to Hayashi et al. [41], the level of iron in
the mitochondria of tumor cells can be significantly lower
than in normal cells. This is one of the reasons (besides the
low activity of ferrochelatase) why the excess PPIX formed
upon exogenous administration of 5-ALA is quickly uti-
lized in normal cells and persists for a longer period in
tumor cells. This difference in iron levels can be explained
by decreased expression in tumor cells of mitoferrins,
which transport iron across the mitochondrial membrane.
A practical application of the results of this study may be
to increase the effectiveness of PDT by additionally intro-
ducing iron supplements during the treatment period: in
normal cells this can lead to a decrease in PPIX induced by
exogenous administration of 5-ALA, but in tumor cells (due
to low expression of mitoferrins) there is no such effect will
be [41].

Practical use

Assessment of the expression level of the transporter
proteins genes for 5-ALA and porphyrinogens (primarily
PEPT1 and ABCG2) under certain conditions can be used
to predict the rate and intensity of accumulation of 5-ALA-
induced PPIX [8]. And in tumor tissues this may correlate
with the effectiveness of PDT.

In addition, as some studies have shown [16], the
expression of 5-ALA transporters in normal cells may be
higher or like that in tumor cells of similar origin. For exam-
ple, normal lung cells (WI38) express much more PEPT1
than their malignant counterparts (A549) [16]. According
to the authors of the study [16], for such cells PDT can be
less effective and the risk of developing phototoxicity can
be higher. The study authors suggest that the application
of appropriate transporter inhibitors to be used with PDT
may be promising. Experimental results show that this
strategy leads to an increase in the fluorescent contrast
between malignant and normal cells: in normal cells with
high expression of the transporter, the inhibitory effect is
more pronounced [16].
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