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ABSTRACT
The constitutive activation of RAS proteins is closely linked with the aggressiveness of cancer cells. Although RAS 

proteins are effective targets for cancer therapy, the development of drugs targeting RAS proteins has been 

unsuccessful so far due to the absence of a suitable active site for small molecule drugs. RAS mRNA that forms a G-

quadruplex (G4) in the 5′-untranslated region (UTR) has been deemed as a druggable target. In this study, we 

demonstrated the advantages of photodynamic therapy (PDT) for the treatment of cancer using G4 ligands targeting 

RAS mRNA, including our previously reported ligand anionic phthalocyanine ZnAPC.
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INTRODUCTION

Photodynamic therapy (PDT) is a minimally invasive treatment
based on the cytotoxic activities of photosensitizers that can be
controlled by photo-irradiation [1,2].

The characteristics of photosensitizers used in PDT are as
follows:

• Photo-irradiated photosensitizers exhibit high cytotoxicity via
the generation of reactive oxygen species (ROS)

• The photosensitizers are activated by near-infrared light to
penetrate deeper into target tissues; this characteristic is linked
to low side effects in normal tissues, as the activation of
endogenous chromophores is induced by a shorter wavelength

• The photosensitizers selectively accumulate in the cancerous
tissue and exhibit low cytotoxicity in the absence of photo-
irradiation [1].

In this Research, we describe potential photosensitizers for a new 
strategy of PDT that involves the use of G4 ligands. Porphyrins 
and their analogs, phthalocyanines, are well-known G4 ligands 
that are primarily used as photosensitizers in PDT [3,4]. Given 
the fact that several derivatives of porphyrin and phthalocyanine 
cleave RAS mRNA G4 upon photo-irradiation [5-7], such 
compounds might be useful for specifically targeting RAS in the 
tumor tissue during PDT.

MATERIALS AND METHODS

Cell culture and materials

MCF-7 human breast cancer cells were cultured as described in a 
previous report [7]. ZnAPC [zinc (II) phthalocyanine 3,4′,4′′,4′′′-
tetrasulfonic acid tetrasodium salt] and Etoposide (VP16) were 
purchased from Frontier Scientific and Calbiochem, respectively.
Fluorescence microscopy

Immunostaining of Ser139-phosphorylated H2AX (henceforth 
used as γH2AX) was performed as described previously [8]. 
Images were obtained using a confocal microscope (A1R HD25, 
Nikon) and analyzed using ImageJ software (NIH).

RESULTS AND DISCUSSION

Mutations in genes encoding the canonical RAS family proteins 
HRAS, KRAS, and NRAS often occur during tumor 
progression, resulting in the aberrant activation of RAS-signaling 
pathways [9]. G4–forming guanine-rich sequences found in the 
5′-UTRs of KRAS and NRAS are different from the mutational 
hotspots [6,10]. Ligands targeting such G4–forming sequences 
transcribed in the mRNAs of RAS are expected to prevent RAS-
driven cancer progression via the inhibition of the transcription 
and translation of RAS genes. Since certain G4 ligands, such as
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Figure 1: Schematic models of the suppression of cancer growth by
photo-activated TMPyP4 (C14) and ZnAPC.

We have demonstrated the possibility of anionic an
phthalocyanine coordinating Zn2+, ZnAPC, being a prominent
photosensitizer targeting NRAS mRNA [7]. To confirm the low

cytotoxicity of ZnAPC in the absence of photo-irradiation, we 
examined a DNA damage marker γH2AX by immunostaining. 
The levels of γH2AX expression could confirm whether 
ZnAPC leads to a DNA damage response in cancer cells (Figure 
2). The amount of γH2AX increased in response to a DNA 
damaging agent VP16 used as a positive control. However, no 
such results were observed with the ZnAPC treatment. This 
result shows that ZnAPC does not exhibit a genotoxic effect 
unlike other G4 stabilizing agents, such as TMPyP4. Moreover, a 
crucial feature of ZnAPC indicates that the cleavage mechanism 
for the NRAS mRNA-G4 sequence is not dependent on oxygen 
[7]. Taken together, these results support the notion that in the 
presence of photo-irradiation, ZnAPC can prevent cancer 
growth via the suppression of NRAS expression. This effect can 
be observed even under hypoxic conditions or when the cancer 
cells acquire resistance against ROS, which is frequently 
observed (Figure 2).

Figure 2: ZnAPC does not induce DNA damage in the absence of 
photo-irradiation. MCF-7 cells were treated with ZnAPC (10 µM) and 
VP16 (100 µM) as a positive control for 24 h. Confocal image of cells 
stained with an antibody against the DNA damage marker γH2AX 
(red) and DAPI for observing DNA (blue). Scale bar, 20 µm.

CONCLUSION

The mtPDT targeting RAS mRNA with the aforementioned 
photosensitive G4 ligands will exhibit stronger cytotoxic effects 
against cancer cells than the effects exerted by conventional 
PDT. Furthermore, the efficiency of the procedure will be 
observed for the cancer types that cannot be cured by the 
conventional PDT.
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porphyrins and phthalocyanines, can act as photosensitizers 
[3,4], the development of a novel PDT modality targeting RAS 
mRNA G4s with light-sensitive G4 ligands is possible; we 
termed this method as molecularly-targeted (mt) PDT [11].

The topologies of G4 are classified as antiparallel, parallel, and 
hybrid orientations [12]. Almost all RNA G4s adapt the parallel 
G4 topology while DNA G4 topology depends on the factors 
affecting its environment, such as cation species and their 
concentrations, and molecular crowding [13]. Moreover, the 
application of DNA G4 ligands might lead to genotoxic damage. 
Hence, targeting RNA G4 sequences instead of DNA G4s using 
photosensitizers will yield favorable results.

Xodo et al. have shown that the cationic alkyl-substituted 
porphyrins including tri-meso(N-methyl-4-pyridyl)-meso(N-
tetradecyl-4-pyridyl), commonly named as TMPyP4-C14, which is 
a derivative of a well-known G4 stabilizing agent tetra-meso(N-
methyl-4-pyridyl) (TMPyP4), can be the candidate 
photosensitizer targeting KRAS and NRAS mRNAs [5,6,14]. 
TMPyP4 leads to DNA damage response and exhibits 
cytotoxicity even in the absence of photo-irradiation [15]. This 
indicates that TMPyP4 is not suitable as a photosensitizer in 
PDT. In contrast, TMPyP4-C14 has low cytotoxicity in the 
absence of photo-irradiation and its cellular uptake is 
significantly higher than that of TMPyP4 [5,6,14]. When photo-
irradiated, TMPyP4-C14 cleaves the G4s in mRNAs transcribed 
from KRAS and NRAS genes via the generation of ROS. It is 
suggested that photo-irradiated TMPyP4-C14 prevents cancer 
growth through the activation of apoptotic pathways, as well as 
the suppression of RAS-driven aggression of cancer cells via 
ROS production (Figure 1).
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