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Abstract: Apoptosis (programmed cell death) is regarded as ultimate differentiation of
the cell. We have recently demonstrated that a targeted delivery of Dd-MRP4 (Dictyostelium
mitochondrial ribosomal protein S4) suppresses specifically the proliferation of the
human cancer cells, by inducing their apoptotic cell death (Chida er al, 2014,
doi:10.1186/1475-2867-14-56). This amazing fact was discovered, simply based on the
finding that Dd-MRP4 expression is absolutely required for transition of Dictyostelium cells
from growth to differentiation (Chida et al., 2008, doi:10.1186/1471-2156-9-25; Maeda et al.,
2013, doi:10.3390/biom3040943). Dd-MRP4 protein has quite unique structural characters,
in that it is highly basic (pl: about 11.5) and interestingly has several nuclear-localization
signals within the molecule. In this review, we introduce briefly the efficacy of several
apoptosis-inducing substances reported thus far for cancer therapy, and speculate the
possible mechanisms, by which apoptosis is specifically induced by Dd-MRP4, on the basis
of its structural uniqueness. We also discuss several issues to be solved for the medical
application of ectopically expressed Dd-MRP4 in human cancer cells.

Keywords: apoptosis; cell differentiation; cancer therapy; Dd-MRP4 (Dictyostelium mitochondrial
ribosomal protein S4); microRNA (miRNA); mitochondria; Dictyostelim discoideum;
human cancer cells




Biomolecules 2015, 5 114

1. Introduction

Apoptosis is a process of programmed cell death that covers important functions in a wide range of
developmental processes such as morphogenesis, and serves as a major defense mechanism to remove
potentially dangerous cells like cancer cells. A significant number of ribosomal proteins are known to
control the cell cycle and apoptosis through their expression levels. For example, (1) abnormal
expression of human RPL7 and RPL13a interfere with cell cycle progression and induce apoptosis,
interacting with Mdm?2, a ubiquitin ligase that checks on p53 levels; (2) Many eukaryotic ribosomal
proteins (S7, S19, L5, L22 and L23) are involved in p53-mediated apoptosis; (3) in humans, RPS3
induces caspase-dependent apoptosis, and some of ribosomal proteons involved in apoptosis are
over-expressed in cancer cells (reviewed in [1]). Also, overexpression of human RPS27L promotes
pS3-induced apoptosis in several cancer cell lines, while siRNA silencing of RPS27L suppresses
apoptosis [2]. Recently, it has been demonstrated that yeast cells heterogenously expressing human RPL9
(hRPLD9) are resistant to the growth suppressive and lethal effects of externally added copper, while that
overexpression of the yeast RPL9 orthologues, RPL9A and RPL9B, causes reduced cell growth [3].

Mitochondria exert a central role in many pathways leading to programmed cell death, and several
apoptosis-inducing substances have been reported (Table 1) [4—12]. Although the precise mechanisms
underlying the role in apoptosis remain to be elucidated and seem to be somewhat different from one
species to another, it is mainly controlled by mitochondrial proteins. In mammals, activation of caspases
(cysteine proteases that are the main performer of apoptosis) is under the tight control of the Bcl-2 family
proteins that primarily act by regulating the release of caspase activators from mitochondria as the
central administrator of apoptosis (Table 1). As the case of AIF (apoptosis inducing factor), however,
there seems to be a caspase-independent pathway for apoptosis [12].

Table 1. Summary of main substances with apoptotic anti-cancer ability.

Substances Action Mechanisms References
Dd-MRP4 (Dictyostelium mitochondrial ribosomal protein
) unknown [4]
S4 derived from D. discoideum)
cytochome c release through activation of
proapoptotic Bax (Bcl-2-associated X protein) and
p53 (tumor suppressor) ) ) ) [5]
Bak (BRI1-associated receptor kinase proteins to
drive MOMP)
Apoptin (a protein of 121amino acids encoded by chicken o
activation of caspse-3 and -9, but not caspase-8 [6]

anemia virus (CAV))

Cisplatin ((SP-4-2)-diammine-dichloroplatinum; CDDP)
Oleanonic acid (OA) or Ulsolic acid (UA)

Vitamin E (o-tocotrienol) or Vitamin E analog (a-TEA)

Artemisinin (3R,5aS,6R,8aS,9R,12S,12aR)-octahydro-3,6,9-
trimethyl-3,12-epoxy-12H-pyrano
[4,3-j]-1,2-benzodioxepin-10(3H)-one; originally derived
from Artemisia annua)

Apoptosis-inducing factor (AIF: mitochondrion-localized

flavoprotein with NADH oxidase)

caspase activation
elevation of caspase-3 and -8 activities
activation of c-Jun N-terminal kinase (JNK)-mediated

apoptosis

unknown

caspase-independent apoptosis (possibly induced by

elevation of mitochondrial membrane permeability?)

(7]
(8]

[10,11]

[12]
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S29 ribosomal protein (RPS29) has been shown to induce mitochondrial-mediated apoptosis of the
human laryngeal carcinoma cell line (Hep2 cells) through the activation of p38 MAPK and JNK
signaling [13]. Also, some studies have reported several mitochondrial ribosomal proteins (MRPs) as
apoptosis-inducing factors, including the death-associated proteins DAP3 and PDCD9 [14,15]. For
example, mitochondrial ribosomal protein L41 (MRPL41) inhibits the growth of cancer cells in nude
mice, by induction of p53-induced mitochondrion-dependent apoptosis [16]. High expression of the
X-linked ribosomal protein S4 (RPS4X); encoded by human sex-chromosome X), which is implicated
for cellular translation and proliferation, is also involved in less aggressive ovarian tumors [17]. Justly,
the strict “specificity” to cancer cells should be absolutely guaranteed for the medical application of
apoptotic cell death. In this connection, the specificity of apoptosis-inducing substances thus far reported
is not well inspected and remains to be extensively tested.

We have previously demonstrated using a Dictyostelium model system that the Dictyostelium
mitochondrial ribosomal protein S4 (Dd-mrp4) gene expression is absolutely required for the initiation
of cell differentiation: Dd-mrp4-null cells, which were prepared using an unique method, fail to initiate
differentiation [18,19], while the initial step of cell differentiation is markedly enhanced in mrp4°F cells
overexpressing the Dd-mrp4 in the extramitochondrial cytoplasm [20]. In general, growth and differentiation
are mutually exclusive but are cooperatively regulated throughout development. Thus, the process of
a cell’s switching from growth to differentiation is of great importance not only for the development of
organisms but also for malignant transformation, in which this process is reversed. For most cells to
terminally differentiate or die by apoptosis, they must exit the cell cycle. In this connection, we have
precisely specified a critical checkpoint (growth/differentiation transition: GDT point), from which
cells begin to differentiate in response to starvation, in the cell cycle of Dictyostelium cells [21,22].
Coupled with this finding, increasing evidence indicates that mitochondria have novel, essential, and
multiple functions as the regulatory machinery of the initiation of differentiation, cell-type determination,
cell movement and pattern formation, most strikingly evidenced in Dicyostelium development [18].
As suggested, we have recently found that an ectopically expressed Dd-MRP4 is able to suppress
specifically proliferation of human cancer cells, by means of apoptosis induction [4]. Dictyostelium cells
are soil microorganism belonging to a kingdom different far from human, which produce many
pharmacologically active compounds, including polyketides such as DIFs (differentiation-inducing
factors; DIF-1 and DIF-3, etc.) [23]. Recently, Kubohara et al. [23] have reported that DIF-3 and its
derivatives are targeted to mitochondria and suppress growth of tumor cells (HeLa cells), at least partly
by possibly functioning as mitochondrial uncouplers to interfere with mitochondrial activity, though the
specificity of anti-tumor actions and their involvement in apoptosis remain to be elucidated.

Nothing is known about the molecular mechanism of Dd-MRP4 action in human cancer cells as well
as in Dictyostelium cells. In this mini-review, however, we tried to speculate the possible mechanisms by
which apoptosis is specifically induced by Dd-MRP4, based on its structural characteristics. Also, we
will discuss several issues to be overcome for anti-tumor therapy using ectopically expressed Dd-MRP4
in human cancer cells.
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2. Structural Characteristics of Dd-MRP4 and Its Possible Mechanisms for Inducing Specifically
Apoptosis of Cancer Cells

Mitochondrial ribosomes (MRPs) contain bacteria-type proteins reflecting their endosymbiotic heritage.
After reflection on the matter, a subset of these genes is retained within the mitochondrion in eukaryotic
cells, but most of mammalian MRPs are products of nuclear genes. Thus these proteins are synthesized
in cytoplasmic ribosomes by mitochondria for assembly with the mitochondrially encoded rRNA.

Although Dictyostelium is evolutionally far from human, the homology of Dictysteiulm cytoplasmic
ribosomal protein S4 (Dd-RPS4: 267 amino acids) and human choromosome X-linked cytoplasmic
ribosomal protein S4 (Hs-RPS4X; 263 amino acids) is considerably high (66% identity, 92% similarity
in the amino acid sequence). In contrast, Dd-MRP4 differs widely from Dd-RPS4 and Hs-RPS4X.
Here it is of interest to note that Dd-MRP4 differs considerably from Dd-RPS4 in structure and function,
and surprisingly that it has several nuclear localization signals within the molecule (Figure 1; underlined
parts). Actually, Dd-MRP4 overexpressed in the cytoplasm of Dictyostelium cells has been confirmed to
be preferentially transferred to the nucleus [24]. The reason why Dd-MRP4 can be encoded by
mitochondrial genome itself in the cytoplasm of Dictyostelium cells is mysterious and remains to be
elucidated as a chain of evolutionally amazing and rather unexpected incident, because MRPs are
generally encoded by nuclear genome in eukaryotic cells. Dd-MRP4 is highly basic (pI: about 11.5),
just like histone, and easily imagined to bind readily with DNA and/or RNA. Homology of Dd-MRP4
to Dd-RPS4 (cytoplasmic Dictyostelium ribosomal protein) and HRPS4 (human ribosomal protein) is
quite low, as previously described [4], though it has a S4 RNA binding domain that probably mediates
binding to RNA.

Dd-MRP4

I MRQRKNVTKF IKRAYRDMGE LKQYKRYTKT RLNIISNKVFLLKNELYPLOQPKKKRGKRDQ
61 QLKTTYTKKK LKRILSLLFR IGGKIYRKKI KKKKINLKKQ QEPFTQNLTL HRLFRKFYLN
121 LKLKQFKLLY KKYKGNEKVI IQQLEKRVDM VLLRSGFVRS LYEARQIINH KHLLVNGKIA
181 SLPGYMINVG DIISFKEGSM KRKLLKRIKK GLISKKSRKR WITNRNFKFKR FONYKRKRQK
241 KKNKNKVRAT GPNYLEISHS LLLISLIEEP KLTAIKYPFT LQPEKNIKFI TLLKKYKRLR

yellow box: S4 RNA binding domain
basic amino acids (K/R): 90/300a.a.
leucine/isoleucine: 64/300a.a.

theoretical pI: 11.478

Figure 1. Unique structure of Dd-MRP4 molecule. Based on the presence of S4 RNA
binding domain (yellow box), this molecule is categorized into ribosomal protein S4, though
its amino acid sequence is markedly different from Dictyostelium cytoplasmic ribosomal
protein S4 (Dd-RPS4) as a whole. Dd-MRP4 is highly basic (pl: about 11.5) because of
the quite high contents of lysine (K) and arginine (R), and interestingly has several nuclear
localization signals (underlined regions) within the molecule.
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To know the action mechanism of Dd-MRP4, it is of importance to identify substance(s) with
which interacts directly to induce specific apoptosis in cancer cells. The direct targets of Dd-MRP4
molecules may be miRNAs (micro-RNAs), considering from its structural and behavioral characteristics.
miRNAs are a class of small regulatory RNAs that are implicated for a wide range of cellular processes
including apoptosis and cell-cycle control, by means of post transcriptional gene silencing [25]. Human
genome encodes 1000 or more kinds of miRNAs consisting of 22-25 single strand RNAs that guide a
gene silencing complex to an mRNA by complementary base paring, thus resulting in silencing the gene
either translational repression or degradation of the mRNA. A balance between cell proliferation and
apoptosis is often disordered in tumors, thus resulting in uncontrolled growth of cancer cells. The recent
findings of miRNAs have gained an exciting field of medical research including cancer therapy. Various
pathway-specific and cancer-specific miRNAs have been identified during the past several years, suggesting
miRNA-mediated regulation of apoptosis in cancers and its future therapeutic applications. In fact,
several lines of studies have indicated that some miRNAs serve as oncogenes, and that targeting specific
oncogenic miRNAs have therapeutic potentials because of their cancer and pathway specificity [26—28].
The effective utilization of antisense-oligonucleotides prepared against oncogenic miRNAs has also
been noticed for early medical checkup as promising biomarkers of cancer-type determination.

The proposed prediction that the direct targets of Dd-MRP4 are oncogenic miRNAs is quite
adventurous, because its supporting evidence has not been obtained until now. In such a situation,
however, this must be of worth to be intensively tested in future studies, using appropriate methods,
though one is not able to neglect other possibilities about the Dd-MRP4 targets. With respect to
Dictyostelium miRNAs (17 sequences) consisting of 18-26 nucleotides, they were cloned, characterized
and developmentally regulated [29], but their functions remain to be elucidated.

3. Conclusions and Prospect

For future therapeutic applications of Dd-MRP4 by selective apoptosis of cancer cells, the “extremely
high specificity to cancer cells” of its action is quite critical to avoid any side effects to normally growing
or differentiating cells. Regrettably, however, the specificity of the apoptosis-inducing substances
summarized in Table 1 has not been well evaluated yet. Accordingly, in order to examine the availability
of Dd-MRP4 as a potent inducer of apoptosis specific to cancer cells, there are several research subjects
to be solved for the time being. First of all, the most active and shortest regions of Dd-mrp4 gene, which
have extremely high specificity to cancer cell, should be determined. For this, deletion experiments of
Dd-mrp4 gene, using cancer cell lines such as hepatocellular carcinoma (HepG2), will be helpful,
because HepG2 cells exhibited the most striking response to heterogeneously expressed Dd-mrp4 [4].
The protein produced from the most active region of Dd-mrp4 gene is referred to as “MRP4-MC” for
convenience. During the process of groping for the MRP4-MC, one can expect that practically useful
MRP4-MC molecules that are capable of inducing specifically apoptosis of cancer cells, without giving
any side effects on primary cultured cells, will be found out. Such strict “specificity” must be most
critical for clinical cancer therapy. Next, it will be needed to know if MRP4-MC actually functions as a
potent cancer-specific apoptosis inducer, using various kinds of cancer cell lines. In addition, the
transfection efficiency (targeted delivery) of mrp4-mc gene should be outstandingly improved for its
ectopic expression in human cells. Provided that these problems were fortunately resolved, the strategies
presented here should be promising toward preclinical animal studies and then clinical trial for human
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cancer therapy. In this case, it should be carefully checked whether or not the immunological rejection
reaction occurs when MRP4-MC is ectopically expressed in human cancer cells.

It has been sometimes argued that apoptosis is the preferred pathway for therapeutic tumor killing.
That is, are there specific therapeutic advantages to killing cancer cells by apoptosis vs. necrosis or
autophagy? Also, how significant are miRNAs in regulating in these processes? There are precancerous
cells and also cancer cells in their various phases of the cell cycle. Anyway, unless one must target them
all at a given time by some means including specific induction of apoptosis, one would not be able to kill
all the cancer cells at a given time. In days to come, it seems to be most important to kill specifically
CSMs (cancer stem cells), which are characterized by mitochondria with a perinuclear arrangement
and a low amount of mtDNA, consume less oxygen and have reduced levels of ATP and ROS
(reactive oxygen) [30].

Acknowledgments

I thank Tomoaki Abe (Ishinomaki-senshu University) for his fruitful suggestions in preparing this
review. This work was funded by the Mitsubishi Foundation.

Conflicts of Interest
The author declares no conflicts of interest.
References

1. Bhavsar, R.B.; Makley, L.N.; Tsonis, P.A. The other lives of ribosomal proteins. Hum. Genomics
2010, 4, 327-344.

2. He, H.; Sun, Y. Ribosomal protein S27L is a direct p53 target that regulates apoptosis. Oncogene
2007, 26, 2707-2726.

3. Eid, R.; Sheibani, S.; Gharib, N.; Lapointe, J.F.; Horowitz, A.; Vali, H.; Mandato, C.A.;
Greenwood, M.T. Human ribosomal protein L9 is a Bax suppressor that promotes cell survival
in yeast. FEMS Yeast Res. 2014, 14, 495-507.

4. Chida, J.; Araki, H.; Maeda, Y. Specific growth suppression of human cancer cells by
targeted delivery of Dictyostelium mitochondrial ribosomal protein S4. Cancer Cell Int. 2014,
doi:10.1186/1475-2867-14-56.

5. Mihara, M.; Erster, S.; Zaika, A.; Petrenko, O.; Chittenden, T.; Pancoska, P.; Moll, U.M. p53 has
a direct apoptogenic role at the mitochondria. Mol. Cell 2003, 11, 577-590.

6. Rollano Penaloza, O.M.; Lewandowska, M.; Stetefeld, J.; Ossysek, K.; Madej, M.; Bereta, J.;
Sobczak, M.; Shojaei, S.; Ghavami, S.; Los, M.J. Apoptins: Selective anticancer agents. Trends
Mol. Med. 2014, 20, 519-528.

7. Tanida, S.; Mizoshita, T.; Ozeki, K.; Tsukamoto, H.; Kamiya, T.; Kataoka, H.; Sakamuro, D.;
Joh, T. Mechanisms of cisplatin-induced apoptosis and of cisplatin sensitivity: Potential of BIN1 to
act as a potent predictor of cisplatin sensitivity in gastric cancer treatment. /nt. J. Surg. Oncol.
2012, doi:10.1155/2012/862879.



Biomolecules 2015, 5 119

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Yan, S.L.; Huang, C.Y.; Wu, S.T.; Yin, M.C. Oleanolic acid and ursolic acid induce apoptosis
in four human liver cancer cell lines. Toxicol. Vitro 2010, 24, 842—-848.

Sylvester, P.W. Vitamin E and apoptosis. Vitam. Horm. 2007, 76, 329-356.

Singh, N.P.; Lai, H.C. Artemisinin induces apoptosis in human cancer cells. Anticancer Res. 2004,
24, 2277-2280.

Morrissey, C.; Gallis, B.; Solazzi, J.W.; Kim, B.J.; Gulati, R.; Vakar-Lopez, F.; Goodlett, D.R.;
Vessella, R.L.; Sasaki, T. Effect of artemisinin derivatives on apoptosis and cell cycle in prostate
cancer cells. Anticancer Drugs 2010, 21, 423-432.

Cand¢, C.; Vahsen, N.; Garrido, C.; Kroemer, G. Apoptosis-inducing factor (AIF): Caspase-independent
after all. Cell Death Differ. 2004, 11, 591-595.

Saini, N.; Balhara, J.; Adlakha, Y.K.; Singh, N. S29 ribosomal protein induces mitochondria
mediated apoptosis of Hep2 cells via the activation of p38 MAPK and JNK signaling. Int. J.
Integr. Biol. 2009, 5, 49-57.

Koc, E.C.; Ranasinghe, A.; Burkhart, W.; Blackburn, K.; Koc, H.; Moseley, A.; Spremulli, L.L.
A new face on apoptosis: Death-associated protein 3 and PDCD9 are mitochondrial ribosomal proteins.
FEBS Lett. 2001, 492, 166—170.

Miller, J.L.; Koc, H.K.; Koc, E.C. Identification of phosphorylation sites in mammalian mitochondrial
ribosomal protein DAP3. Protein Sci. 2008, 17, 251-260.

Yoo, Y.A.; Kim, M.J.; Park, J.K.; Chung, Y.M.; Lee, J.H.; Chi, S.G.; Kim, J.S.; Yoo, Y.D.
Mitochondrial ribosomal protein L41 suppresses cell growth in association with p53 and p27Kipl.
Mol. Cell Biol. 2005, 25, 6603—6616.

Tsofack, S.P.; Meunier, L.; Sanchez, L.; Madore, J.; Provencher, D.; Mes-Masson, A.M.; Lebel, M.
Low expression of the X-linked ribosomal protein S4 in human serous epithelial ovarian cancer is
associated with a poor prognosis. BMC Cancer 2013, doi:10.1186/1471-2407—-13-303.

Chida, J.; Amagai, A.; Tanaka, M.; Maeda, Y. Establishment of a new method for precisely
determining the functions of individual mitochondrial genes using Dictyostelium cells. BMC Genet.
2008, doi:10.1186/1471-2156-9-25.

Maeda, Y.; Chida, J. Control of cell differentiation by mitochondria, typically evidenced in
Dictyostelium development. Biomolecules 2013, 3, 943-966.

Inazu, Y.; Chae, S.-C.; Maeda, Y. Transient expression of a mitochondrial gene cluster including
rps4 is essential for the phase-shift of Dictyostelium cells from growth to differentiation. Dev.
Genet. 1999, 25, 339-352.

Maeda, Y. Regulation of growth and differentiation in Dictyostelium. Int. Rev. Cytol. 2005, 244,
289-334.

Maeda, Y. Cell-cycle checkpoint for transition from cell division to differentiation. Dev. Growth
Differ. 2011, 53, 463-481.

Kubohara, Y.; Kikuchi, H.; Matsuo, Y.; Oshima, Y.; Homma, Y. Mitochondria are the target
organelle of differentiation-inducing factor-3, an anti-tumor agent isolated from Dictyostelium.
discoideum. PLOS ONE 2013, 8, ¢72118.



Biomolecules 2015, 5 120

24.

25.

26.

27.

28.

29.

30.

Hosoya, K.; Amagai, A.; Chida, J.; Maeda, Y. Unique behavior and function of the mitochondrial
ribosomal protein S4 (RPS4) in early Dictyostelium development. Zoolog. Sci. 2003, 20, 1455-1465.
Betell, D.; Koppal, A.; Agius, P.; Sander, C.; Leslie, C. Comprehensive modeling of
microRNA targets predicts functional non-conserved and non-canonical sites. Genome Biol.
2010, doi:10.1186/gb-2010-11-8-r90.

Palma, C.A.; Sheikha, D.A.; Lim, T.K.; Bryant, A.; Vu, T.T.; Jayaswal, V.; Ma, D.D.
MocroRNA-155 as an inducer of apoptosis and cell differentiation in acute myeloid leukaemia.
Mol. Cancer 2014, doi:10.1186/1476-4598-13-79.

Shimada, M. MicroRNA-mediated regulation of apoptosis in osteosarcoma. Carcinog. Mutagen.
2013, doi:10.4172/2157-2518.S6-001.

Calin, G.A.; Croce, G.A. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6,
857-866.

Hinas, A.; Reimegard, J.; Wagner, E.G.; Nellen, W.; Ambros, V.R.; Séderbom, F. The small RNA
repertoire of Dictyostelium discoideum and its regulation by components of the RNA1 pathway.
Nucleic Acids Res. 2007, 35, 6714-6726.

Ye, X.Q.; Li, Q.; Wang, G.H.; Sun, F.F.; Huang, G.J.; Bian, X.W.; Yu, S.C.; Qian, G.S.
Mitochondrial and energy metabolism-related properties as novel indicators of lung cancer
stem cells. Int. J. Cancer 2011, 129, 820-831.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



