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Summary

The inefficient endosomal escape of drugs or macromolecules is a
major obstacle to achieving successful delivery to therapeutic targets. An
efficient approach to circumvent this barrier is photochemical internalization
(PCI), which uses light and photosensitizers for endosomal escape of the
delivered macromolecules. PCI efficacy relies on an understanding of the
endosomal escape mechanism involving the actions of photosensitizers and
carrier systems used (in the case of cell penetrating peptide (CPP)-mediated
PCI). It has been reported that the PCI mechanism is mainly related to
photogenerated singlet oxygen, one of reactive oxygen species (ROS)
generated from photoexcited sensitizers, but the mechanism is still unclear.
The effect of physicochemical parameters such as heat and pH, in endosomal
escape, and PCI associated changes in cells (i.e. intracellular calcium
changes after photo-dependent endosomal release) are essentially needed to
be clarified in mechanism of PCI.

In this study, we investigated the role of heat, pH and calcium ions
in PCI-mediated endosomal escape of CPP-cargo-photosensitizer conjugate
which consists of a cell permeable RNA-binding protein, TatU1A, -cargo, a
shRNA, -photosensitizer (PS), Alexa546 or Alexa633. Our previous study

showed that heat generated from photosensitizers does not contribute



significantly to endosomal escape. The weak evidence is that heat was not
directly measured in the study. Therefore, in this study, we investigated
whether heat is involved in endosomal escape of CPP-cargo-PS by changing
the temperature of the cells and demonstrated that the temperature during
irradiation did not significantly affect photoinduced endosomal escape
efficiency of the conjugate. Since CPP-cargo-PS enter to the cells via
endocytosis pathway, physiological pH condition inside the endosome may
play an important role in photoinduced endosomal escape. Thus, based on
our previous understanding which is endosomal pH increase the several
seconds before the release of CPP-cargo-PS, we proposed that (1)
endosomal pH increase, which is induced by photo-inactivation of
endosomal acidifier ,V-ATPase, causes the endosomal escape, or (2) the pH
increase is not a cause of the endosomal escape. The results of inhibition of
V-ATPase activity and endosomal pH upregulation by NH4Cl treatment
indicated that PCIl-mediated endosomal escape needs endosomal
acidification prior to photoirradiation and supported that pH increase is not
a cause of the endosomal escape but it might be due to photoinduced
destabilization of the endosomal membrane.

As it has been reported that there is a mutual interplay between Ca**

and ROS signaling pathways, calcium ions might involve in the



photoinduced endosomal release of CPP-cargo-PS, which is the
consequence of the ROS-induced membrane destabilization in the
photosensitized cells. In this study, we found that photoinduced [Ca*'};
increase at both 4 °C (at which endocytosis was inhibited) and 37 °C
conditions with TatU1A-Alexa546/shRNA, indicating that the [Ca®'];
increase is not dependent on endocytosis. Imaging of the TatU1A-PS
(Alexa546 or Alexa633)/shRNA and Ca?' ions during photostimulation
further showed that intracellular calcium increase is not the cause of the
endosomal escape of CPP-cargo-PS. By blocking voltage sensitive Ca*"
channel by a blocker, diltiazem, it was showed that the [Ca*'];increase is due
to photoinduced Ca?" influx.

Furthermore, we have also established photoinduced cytosolic
dispersion of RNA (PCDR) method to the studies of embryonic development.
The differentiation of cells into inner cell mass (ICM) and trophectoderm
(TE) in blastocyst stage embryos are important event that affects
implantation of the embryos on mother's uterus. This cell fate decision starts
from the early 8 to 16-cell stage embryos due to the difference of cell polarity
in outer and inner lying cells. As PCDR method using photoresponsive RNA
carrier has an ability to control RNA function in temporal and spatial manner,

introduction of RNAs into the individual cell by PCDR is a very useful



approach in the studies of cell differentiation mechanism in early embryo
development. In this study, we introduced shRNA into a certain mouse
embryonic cell using TatUl1A-PS by photo-dependent manner and showed
that PCDR is one of the promising approaches to the study of developmental

process of early embryos.



Chapter 1

General Introduction



Use of light in therapeutic medicine

Application of light in therapeutic medicine was initially studied by
a number of research groups in early 1900s (1). In 1903, a physician Niels
Finsen was awarded the Nobel Prize in Physiology and Medicine for his
work of phototherapy in the treatment of skin tuberculosis, lupus vulgaris.
Since then, the use of light application in medicine was rapidly developed as
a photodynamic therapy (PDT) which has been widely studied for cancer
treatment modality after discovering of hematoporphyrin derivatives (HpD),
a porphyrin mixture, in tumor detection by Lipson and coworkers in 1961
(2). Later, Kelly and coworker reported the clinical application of HpD as a
photosensitizer for the photodynamic destruction of human bladder
carcinoma (3). As an advancement of photodynamic applications, Berg
group introduced a novel mechanism which they named it as photochemical
internalization (PCI) in 1999 (4). They showed endocytosed molecules, the
type I RIP gelonin and horseradish peroxidase, in combination with
photosensitizer, TPPS2a, can be delivered into cytosol by the light dependent
manner (4). The PCI technology is based on the principles of photodynamic
therapy. By exploiting photodynamic action of a photosensitizer to the light

dependent endosomal membrane disruption in PCI, endocytosed molecules



can overcome the endosomal entrapment problem in therapeutic delivery

approaches.

Role of photosensitizers in PDT and PCI

Photosensitizers (PSs) are photosensitive compounds that produce
reactive oxygen species (ROS), such as singlet oxygen ('O,), when it is
excited by the specific wavelength of light. After a series of photochemical
reaction caused by photoexcited PS, the resultant ROS, mainly singlet
oxygen, oxidize other molecules or photodamage subcellular organelle
where it is located (5, 6).

Most commonly used photosensitizers in PDT are porphyrin
derivatives, 1% generation PSs, such as Photofrin and Photogem. The 2"
generation PSs, such as chlorin (Temoporfin®), are improved to the higher
water solubility and photo-adsorption coefficient (6). The third generation
PSs, which are photosensitizer conjugates by conjugating the PS with
targeting components, have been obtained high specific localization to the
tumor sites (7). For instance, PS conjugated with an antibody which directs
against the tumor antigens showed significant strong antitumor effects and

tumor localization (7, 8).



Localization of PSs play a big role in photoinduced tissue damage of
PDT because 'O, has a short lifetime (<0.04 microsecond) and can migrate
less than 0.02 wm after its formation (9, 10). Photosensitizers also differ from
each other according to their localization selectivity. For example,
hydrophilic PSs localize in endosome or lysosome, the lysyl chlorin p6 for
lysosomes, the monocationic porphyrin and the porphycene monomer
localize in membranes and mitochondria (11). Besides localization of PS,
the photophysical properties are important for photoinduced membrane
damage in which singlet oxygen mainly involved. An efficient
photosensitizer should have following photophysical properties : (1) high
absorption coefficient; (2) a triplet state of appropriate energy (E1=95 kJ mol
" which is efficiently transfer energy to ground state oxygen; (3) high
quantum yield (¢r=0.4) and long lifetimes (tr>1 ps) of the triplet state ; and
(4) high photostability (5). For instance, the first generation PS,
hematopophyrin has a moderate absorption band at 630 nm with high 'O,
quantum yield (¢pa=0.65 in an organic solvent) and Al phthalocyanine-tetra-
sulfonic acid has a strong absorption band at 673 nm and produce 'O, yield
at 0.38 (in water) (5).

As described above, PCI mechanism is dependent on photodynamic

action of PS that trigger endosomal escape of targeted molecules. Thus,



photosensitizers which are used in PCI need to have endosomal localization
ability with a suitable physico-chemical and photophysical properties to
achieve the optimal PCI (12). Most commonly used photosensitizer in PCI
are porphyrin/chlorin photosensitizers such as meso-tetraphenyl porphyrin
disulphonate (TPPS2a) and tetra (4-sulfonatophenyl) porphine (TPPS4),
disulfonated aluminum phthalocyanine (AlPcS2a), and disulfonated
tetraphenyl chlorin (TPCS2a). Recently, our group has studied the
relationship of endosomal escape of cargo molecule to the photophysical
properties of some dyes. From the study, we understood that photoinduced
endosomal escape of cargo was dependent on the 'O, generation from the
dye which was covalently attached to a cell penetrating peptide (CPP). We
also found that not only high 'O, quantum yield photosensitizer, such as Rose
Bengal (br = 0.86 in EtOH), but also weak 'O, quantum yield
photosensitizers, such as Alexa594 (¢a = 0.028 in octanol) and Alexa633
(da=0.043 in octanol), sufficiently rendered an efficient endosomal escape
(13). Therefore, in this study, we used weak 'O, quantum yield

photosensitizers, Alexa 546 and Alexa633, by conjugating with a CPP.



PCI of cell penetrating peptide-photosensitizer-cargo
conjugates

The cellular transduction activity of cationic peptides enables to be
used as a carrier in the intracellular delivery of cell-impermeable
macromolecules, such as nucleic acids, proteins and drugs (14). To date,
several peptides have been developed as a CPP such as HIV-1 TAT
transactivation protein, antennapedia from Antennapedia homeodomain,
transportan and synthetic arginine rich-peptides (eg. R9 peptide) (14,15).
Since CPP can fuse or conjugate with fluorophores or fluorescence dyes,
CPP-photosensitizer conjugates have been applied in the light dependent
delivery of macromolecules (16, 17). A significant PCI efficacy was
observed in HNS carcinoma cells when Tat peptide-tetraphenyl porphyrin
conjugate and a protein toxin, saporin, were used (17). While applying a
fluorophore, 5,6-carboxy-tetramethylrhodamine (TMR) and R9 peptide or
TAT peptide in PCI, not photosensitizer alone but also CPP involvement in
destabilization of membrane due to photodamage of membrane lipids, could
synergistically enhance photolytic endosomal release (16,18).

We have developed a CPP photosensitizer conjugate which includes
a cell penetrating peptide, HIV-1 TAT (-YGRKKRRQRRR-) genetically

fused with a small RNA binding domain (RBD), 98 amino acid at its N-
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terminus, of U1 small nuclear ribonucleoprotein A (U1A) and a fluorescent
dye. The TatU1A binds the fluorescence dye by reacting its thiol group with
a maleimide group of the dye. The CPP photosensitizer conjugate, TatU1A-
PS, can noncovalently bind with biological active molecules, such as siRNA
bearing U1 A RBD binding sequence (19) (Fig. 1-2a). The cargo, siRNA, is
needed to be designed as a shRNA structure by adding UlA RBD binding
sequence in its loop region. The TatUlA-PS cargo complexes are
endocytosed and trapped inside the endosomes until they are exposed to
specific wavelength of light (Fig. 1-1). The oxidative damage of membrane
phospholipids by singlet oxygen induction from the reaction of photoexcited
PS and molecular oxygen can cause endosomal membrane destabilization.
After the photoinduced destabilization of endosomal membrane, the
endocytosed complexes are released to the cytosol and actively start their
targeted functions. But, the molecular details of the endosomal escape are
still unknown in PCI mechanism. Based on our previous understanding of it,
e.g. endosomal pH increase was found prior to photoinduced endosomal
escape of CPP-PS/shRNA (13), a number of physicochemical parameters
might have an influence on photoinduced endosomal escape. Thus, we
investigated the relation of PCI to some physicochemical parameters in this

study. The findings of our study are described at Chapter 2.
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Figure 1-1. Schematic illustration of cell penetrating peptide (CPP)-

mediated photochemical internalization.

Photoinduced cytosolic dispersion of RNA (PCDR) and its
application

Applying PCI mechanism, we have developed a light-directed RNA
delivery method by using photosensitive RNA carrier (20). This method is
named as photoinduced cytosolic dispersion of RNA (PCDR) (Fig. 1-2). In
this method, cells are incubated with TatU1A-PS/RNA complex about 2-3 h
in order to occur cellular internalization (Fig. 1-2b). While the complex is
entrapped in endosomes, light is used to disrupt endosomal membrane and

then RNA was dispersed to cytosol. This endosomal escape occurs within a
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few second to a few minutes after irradiating by a suitable light energy (e.g.
10 or 20 J/ cm?) with appropriate wavelength to PS.

Light controllable RNA carrier in PCDR is a very useful for the
studies of complex cellular activities such as cellular differentiation and cell
proliferation process. Moreover, spatial and temporal control of small RNAs,
e.g. controlled release of siRNA for RNAi1 mediated mechanism, is also a
beneficial approach for the precise regulation of gene functions in these
cellular processes. Our group have studied photopatterned RNAi mediated
gene silencing and single cell RNAi, showing spatial gene regulation in
mammalian cell by PCDR (21). In that study, photopatterned EGFP
silencing was performed by light irradiation to the TatU1A-Alexa633 treated
dEGFP-CHO (CHO cell continuously expressing EGFP) through photomask
(Fig. 1-3a). Laser light induced gene silencing in single cell without causing
cellular damages was also demonstrated (Fig. 1-3b).

RNA can be introduced into cytosol with rapid delivery and low
cytotoxicity via photoinduced endosomal escape by PCDR method (22). One
great benefit of PCDR is the repeated introduction of RNAs or the
introduction of two different RNAs in short intervals (< 4 h) by using two
photosensitizers. For example, sequential knockdown of mOrange2 and GFP

by red light induced introduction of TatU1A-Alexa633/shmOrange and NIR

13



induced introduction of TatU1A-DY750/shGFP (22). Recently, our group
has reported that significant increase in apoptotic activity after
photoirradiation while TatBim peptide-photosensitizer (a CPP-PS as a RNA
carrier with apoptotic activity) and a miRNA (miR-34a) which induces
apoptosis were administered by PCDR (23). A number of research groups
have also studied that light-controlled delivery of RNA molecules to the
targeted functions: Oliveira and coworkers have shown that PCI enhanced
the silencing of epidermal growth factor receptor (EGFR) by using PSs,
TPPS2a in vitro and AlPcS2a in vivo with anti-EGFR siRNA lipoplex (24,
25). Moreover, Raemdonck and coworkers have demonstrated that PCI
mediated delivery of siRNA-loaded dex-HEMA-co-TMAEMA nanogels
can significantly improve silencing of luciferase gene expression as
compared to non-PClI treated siRNA loaded nanogel (26). Boe and coworker
have also reported that light induced exogenous gene expression in a human
osteosarcoma cell line by the delivery of EGFP mRNA molecules in PCI
manner, indicating that a potential strategy for the time- and site- specific
control in protein production (27).

Other physical introduction methods such as microinjection and
electroporation can introduce RNAs rapidly in general. However, they have

low transfection efficiency in some cell types such as neuronal cell (28) and

14



may cause cell damages, particularly in the case of multiple RNAs
introduction. Commonly used chemical transfection methods, such as
lipofection, have the limitation in the study of temporal and spatial RNA
functions and rapid control of cellular events.

All the facts described above proved that application of PCI as a
photo-dependent RNA delivery is a promising approach to regional specific
gene regulation in cells. Therefore, we planned to apply this strategy to the
studies of mammalian embryogenesis in which transcriptional and polarity
regulators are spatially involved in cellular differentiation of early embryo.

The details of this study are described at Chapter 3.
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Figure 1-2. Photoinduced cytosolic dispersion of RNA (PCDR): (a)
Structural diagrams of TatU1A-PS and TatU1A-PS/shRNA complex. (b)
Schematic illustration of the endosomal escape of CPP-shRNA-

photosensitizer conjugate.

(@) (b)

Using a Photomask Using Laser light
(1~10 mm) (10~100 pm, single cell)

irradiated

CHO cells were irradiated »
through the photomask

(immediately after irradiation)

TatU1A-PS
GFP silencing

(at 24h after the irradiation)

RNAi-mediated 19h

GFP ssilencing

Figure 1-3. Spatial regulation of specific gene expression by PCDR. (a)
Photoinduced RNA1 mediated EGFP silencing through photomask. Cells
were irradiated through the photomask. Immediately after irradiation,
TatUIA-PS and RNA dispersed within cytosol. At 24h after irradiation,
RNAIi mediated GFP silencing was observed only in the irradiated area. (b)

Single-cell RNAI by laser irradiation. A single dEGFP-CHO cell, indicated

16



by an arrowhead, was irradiated by a laser at 635 nm. At 19 h after irradiation,

GFP silencing occurred only in the irradiated single cell (21).
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Abstract

The inefficient endosomal escape of drugs or macromolecules is a
major obstacle to achieving successful delivery to therapeutic targets. An
efficient approach to circumvent this barrier is photochemical internalization
(PCI), which uses light and photosensitizers for endosomal escape of the
delivered macromolecules. The PCI mechanism is related to photogenerated
singlet oxygen, but the mechanism is still unclear. In this study, we examined
the relation of PCI to heat, pH and Ca** ions using cell penetrating peptide
(CPP)-cargo-photosensitizer (Alexa546 or Alexa633) conjugates. A cell
temperature changing experiment demonstrated that heat (thermal
mechanism) does not significantly contribute to the photoinduced endosomal
escape. Inhibition of V-ATPase proton pump activity and endosomal pH
upregulation indicated that PCI-mediated endosomal escape needs
endosomal acidification prior to photoirradiation. Imaging of the CPP-cargo-
photosensitizer and Ca?** ions during photostimulation showed that
intracellular calcium increase is not the cause of the endosomal escape of the
complex. The increment is mainly due to Ca®* influx. These findings show
the importance of extra- and intracellular milieu conditions in the PCI

mechanism and enrich our understanding of PCI-related changes in cell.

24



Introduction

Endosomal entrapment is a major problem in intracellular
macromolecule delivery methods depending on the endocytic pathway.
Photochemical internalization (PCI) is an efficient strategy for the
endosomal escape of the delivered molecules that uses light and
photosensitizers. (1-3). PCI-mediated delivery of macromolecules like
proteins and nucleic acids in vitro or in vivo has been widely used and
discussed by many research groups. (4-7). PCI efficacy relies on an
understanding of the endosomal escape mechanism involving the actions of

photosensitizers and carrier systems used.

The cell penetrating peptide (CPP)-cargo-photosensitizer conjugate
used in this study includes a TAT CPP, UlA RNA binding protein and a
photosensitizer (TatU1A-PS), and an shRNA as a cargo (8—11). Alexa Fluor
546 (Alexa546) and Alexa Fluor 633 (Alexa633) were attached to the
TatU1A protein to act as photosensitizers. The TatU1A-PS/shRNA complex
enters the cells via endocytosis. However, endosomal entrapment of cargo
molecules hinders its efficient cytosolic delivery until light irradiation. The
entrapped endocytosed CPP-cargo-photosensitizer conjugate can pass
through the endosomal membrane via the PCI mechanism using light

irradiation of the photosensitizer. Several reports showed that the endosomal
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membrane is destabilized due to oxidation by reactive oxygen species
(ROS), especially singlet oxygen ('O,), which can induce lipid peroxidation
of membrane unsaturated lipids, glycolipids and cholesterol (12—-14). We
previously discussed the endosomal release of TatUl1A-PS/shRNA by
focusing on various photophysical parameters of photosensitizers, including
photogenerated 'O,, fluorescence, and heat from weak 'O, quantum yield
photosensitizers, such as Alexa633 and Alexa594 (15). We indicated that
endosomal escape efficiencies are mainly related to photogenerated 'O,, not
heat, from photosensitizers. In addition, we discovered an endosomal pH
increase before the photoinduced endosomal escape (15). However, our
previous report lacks detailed explanations of how these factors are directly
related to endosomal escape. To better understand the CPP mediated PCI
mechanism, it is essential to consider what other factors might influence

endosomal escape efficiencies during PCI.

Physiological pH change associated with endosomal maturation
plays an important role in endo-lysosomal trafficking and endosomal escape
of some enveloped viruses and protein toxins (16,17). During endosomal
maturation, endosomes are acidified (from pH about 6.5 of early to pH about
5.5 of late endosome) (16-18). The acidification relates to the endosomal

trafficking of foreign molecules; for example, low endosomal pH is related
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to the endosomal release of flock house virus into the cytosol (19). The
vacuolar H* ATPase (V-ATPase) maintains acidic conditions in endocytosis
organelles by translocating protons across the membrane (20,21). This V-
ATPase is highly sensitive to an inhibitor, bafilomycin A1 (BA1), which
regulates endosomal pH, and affects endosomal trafficking and maturation
(21-23). In our previous study using CPP-cargo-photosensitizer (TatU1A-
PS/shRNA) conjugate (15), we observed a pH increase inside the endosome
after photoirradiation. Thus, endosomal pH may be related to PCI-mediated
cargo release from endosomes. However, we do not know how pH affects

light-dependent endosomal escape of cargoes.

Calcium ions might be another crucial factor triggering the ROS-
induced endosomal destabilization in the photosensitized cells as some
studies reported a mutual interplay between Ca** and ROS signaling
pathways and photoinduced increase of cytoplasmic calcium ion
concentration ([Ca®*];) in the presence of photosensitizers (24-26). The
source of the increased [Ca?*];is still debated (25). Some studies indicate that
Ca** influx is the main source (26-28). Others claim that the release from
internal Ca?* stores, like the endoplasmic reticulum (ER), endosomes and
mitochondria, plays a large role in the [Ca**];increase (29-31). In the case of

the CPP-photosensitizer conjugate, carboxytetramethylrhodamine-labeled
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TAT peptide (TMR-TAT)-mediated PCI was accompanied by a [Ca*'];
increase, which is thought to be due to endosomal Ca** release (32).
Therefore, it would be interesting to know how the [Ca?"]; increase after
photosensitization relates to PCI with our CPP-cargo-photosensitizer

conjugate.

In this study, we fill in gaps in our previous understanding of
endosomal escape of the CPP-cargo-photosensitizer conjugate (TatUIA-
PS/shRNA) by focusing on the roles of heat, pH and Ca?*. A study recently
concluded that photogenerated heat from photosensitizers is not significantly
correlated with endosomal escape by focusing on photophysical parameters
of photosensitizers (15). In this study, we investigated the involvement of
heat in endosomal escape of TatUlA-PS/shRNA by changing the
temperature of the cell just before photoirradiation. The correlation of PCI
and endosomal pH was investigated under two hypotheses to reveal the
underlying mechanism of pH increase after photostimulation. In addition, we
examined whether the [Ca®]; increase after photoirradiation is related to

endosomal escape of TatU1A-PS/shRNA.
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Results and Discussion

Heat (thermal mechanism) does not significantly contribute to

photoinduced endosomal escape

The mechanism of photoinduced endosomal escape is reportedly
based on endosomal membrane destabilization by photogenerated 'O, from
photosensitizers or photogenerated heat from photothermal agents (e.g., gold
nanoparticles and graphene nanosheets) that can convert photon energy to
vibrational energy (33). To know the contribution of photogenerated 'O, and
heat to endosomal escape by TatU1A-PS, we previously investigated the
correlation between photophysical parameters of multiple photosensitizers
and the endosome escape efficiency of TatU1A-PS/shRNA (15). The
previous study showed that photogenerated 'O, from photosensitizers is
highly associated with endosomal escape efficiencies and that heat generated
from photosensitizers does not contribute significantly to endosomal escape.
Although heat was not directly measured in the previous study, we discussed
using photogenerated heat estimated using fluorescence and 'O, quantum
yields of each photosensitizer. Thus, the conclusion that heat is not relevant

to endosomal escape is only supported by weak evidence.
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Therefore, we investigated whether heat is involved in endosomal
escape of CPP-cargo-photosensitizer (TatUlA-Alexa546/shRNA) by
changing the temperature of the cells. To exclude the influence of
temperature on endocytosis, the cells were incubated for 2 h at 37°C with
TatUlA-Alexa546 and the RNA, and we only changed the temperature
immediately before and during photoirradiation. Cells were irradiated at 10,
20 or 30 °C, in contrast to the normal protocol at room temperature around
20-25 °C. If photoinduced endosomal escape depends on the photothermal
effect generated by TatUlA-Alexa546, temperature change would
significantly affect the endosomal escape efficiency. As a result, there was
no significant difference in the endosomal escape efficiency at any
temperature from 10 to 30 °C (Fig. 2-1). Therefore, we confirmed that heat

does not significantly contribute to photoinduced endosomal escape.
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Figure 2-1. Photoinduced endosomal escape of FAM-labeled RNA at
various temperatures. TatUlA-Alexa546 was used as a RNA carrier and
photosensitizer. (a) Phase contrast and FAM fluorescence images before and
after irradiation. The arrows indicate a representative cell before and after
endosomal escape of FAM-labeled RNA. Scale bars indicate 50 pum. (b)
Endosomal escape efficiencies of FAM-labeled RNA at various
temperatures. Data are shown as the mean + SEM (n = 5; each of the
analyzed areas included 48 cells on average). The statistical analysis was
performed by one-way ANOVA with Tukey's multiple comparison test.
(NS= mean not significantly different from 10°C vs. 20°C, 10°C vs. 30 °C
and 20°C vs. 30°C = P>0.05). A P-values with less than 0.05 was considered

to be statistically significant.
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Correlation between PCI and endosomal pH

In our previous study, endosomal pH increase was observed after
light irradiation and 60—80 s before the endosomal escape of the TatUIA-
photosensitizer/RNA complex (15). The photoinduced pH increase may be
due to (1) 'O,-induced inactivation of the endosomal V-ATPase proton pump
responsible for the pH decrease, or (2) leakage of endosomal protons into the
cytoplasm caused by !O,-induced destabilization of the endosomal
membrane. Based on these two possibilities, we made two hypotheses about
the relationship between pH increase and endosomal escape. (I) Endosomal
pH increase, which is induced by V-ATPase inactivation, causes the
endosomal escape, or (II) the pH increase is not a cause of the endosomal
escape, but a result of photoinduced destabilization of the endosomal

membrane.

To test hypothesis (I), we investigated the influence of bafilomycin
Al (BA1), an inhibitor of V-ATPase (21,22,34). Even after cellular
treatment with 200 nM BA1 for 30 min, endosomal pH increased from ~6 to
~7 (35). Thus, our conditions for cellular treatment (200 nM BAT1 for 1-2 h,
Fig. 2-2a) are thought to induce V-ATPase inactivation and endosomal pH
increase. As a result, BA1 addition to the cells did not induce endosomal

escape of TatUIA-Alexa546/shRNA (Fig. 2-2b “Before” images). If
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hypothesis (I) is valid, BA1 induces V-ATPase inactivation and endosomal
escape of TatU1A-Alexa546/shRNA. Therefore, hypothesis (I) was rejected.
BA1 addition to the cells did not significantly disturb endosomal
accumulation of the TatUlA-Alexa546/shRNA complex, but photoinduced
endosomal escape of the complex was inhibited (Fig. 2-2b “After” images,
and Fig. 2-2c¢). This suggests that the active proton pump is necessary for

photoinduced endosomal escape, which argues against hypothesis (I).
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Figure 2-2. Influence of BA1 on photoinduced cytosolic delivery of FAM-
labeled RNA with TatU1A-Alexa546. (a) Timing of BA1 addition: (1) before

treatment with the complex (1 h) (i1) at the same time as treatment with the
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complex (2 h), or (iii) after treatment with the complex (1 h). (b) FAM
fluorescence images before and after irradiation. The BA1 addition timings
(i, ii, and iii) are as shown in (a). Scale bars indicate 20 um. (c¢) Influence of
BA1 on endosomal escape efficiency. Data are shown as the mean + SEM
(n = 4; each of the analyzed areas included 82 cells on average). The
statistical significance in mean values was determined using one-way
ANOVA with Dunnett s multiple comparison test using BA1(-) as a control
(*** P<0.0001). A P-values with less than 0.05 was considered to be

statistically significant.

Almost no acidic vesicles were observed when the cells were treated
with BAT (Fig. 2-3), indicating the inhibition of endosomal acidification
rather than the absence of endosomal vesicles since the vesicles were
observed in FAM (Fig. 2-2b) and Alexa546 (Fig. 2-3) images. Inhibition of
endosomal acidification by BA1 resulted in the inhibition of photoinduced
endosomal escape (Fig. 2-2b “After” images, and Fig. 2-2c). These results
indicate that PCI-mediated endosomal escape needs endosomal acidification
prior to photoirradiation. This supports hypothesis (II) that endosomal pH
increase is not the cause of endosomal escape. The photoinduced endosomal
pH increase (15) might be a phenomenon associated with light- and

photosensitizer-induced endosomal membrane destabilization.
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Figure 2-3. Acid vesicles disappeared in the presence of 200 nM BAT1. Acid
vesicles were stained with 2 yM LysoTracker Green (Invitrogen) in T buffer
for 1 h after the treatment (2 h) with BA1 and TatUIA-Alexa546/shRNA

complex. Scale bars, 20 pm.

Another effect of BA1 is the inhibition of endosomal trafficking (23).
To exclude this effect, we treated the cells with BA1 after the endocytosis
step (the condition iii). Even in the condition iii, BA1 interfered with the
photoinduced endosomal escape (Fig. 2-2b). In addition, BA1 did not
significantly inhibit endosomal accumulation of TatU1A-Alexa546/shRNA
(Fig. 2-3 Alexa546 image, and Fig. 2-2 FAM image). These results suggest
that photoinduced endosomal escape was suppressed by the effect of BA1

on endosomal acidification, and not on endosomal trafficking.
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Next, endosomal pH was upregulated by the extracellular ammonium
ion (10 mM NH,4Cl), which quickly raises intralysosomal pH from ~4.8 to
~6.2 within 3 min in the previous report (36). We confirmed the
disappearance of acidic vesicles stained by LysoTracker Green in the
presence of 10 mM NH,CI (Fig. 2-5). As a result, PCI did not occur in the
presence of 10 mM NH4Cl (Fig. 2-4). These results, in addition to the
experiments using BA1 (Fig. 2-2), indicate that acidification of endosomes

prior to photoirradiation is important for causing PCI.
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Figure 2-4. Influence of NH4ClI in the medium on photoinduced cytosolic
delivery of FAM-labeled RNA. After 2 h incubation with TatUIA-

Alexa546/shRNA-FAM, cells were incubated with 10 mM NH,CI for 15 min
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and irradiated. For the rescue experiment, cells were washed once with T
buffer and incubated with T buffer for 5 min before irradiation. Scale bars,

20 pm.

Phase LysoTracker
contrast Green

NH,CI

Figure 2-5. Acid vesicles disappeared in the presence of 10 mM NH,CI.

Scale bars, 50 um.

Rédgel et al. reported that endosomes that become leaky upon
treatment with a TP10-fused protein and photo-induction, exhibit near-
neutral, not acidic intravesicular pH (37). This seems to contradict with our
results, which showed that photoinduced endosomal escape was suppressed
by inhibiting endosomal acidification with BA1 or NH4CI. If near-neutral
intravesicular pH is an important cause of endosomal leakage, inhibition of
endosomal acidification would have enhanced photoinduced endosomal
escape. However, these results are not necessarily contradictory, if near-

neutral intravesicular pH is a result, not a cause of leaky endosomes. In our
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experiments, photoinduced endosomal escape of TatU1A-Alexa546/shRNA

was accompanied by an intravesicular pH increase (15).

Correlation between PCI and [Ca?*]; increase

Previous reports showed that photosenstization of cells accompanied
[Ca**]; increase (25). We investigated the relationship between PCI and
[Ca**]; increase using the TatU1A-PS/shRNA complex. The photoinduced
[Ca**]; increase was also confirmed in our system using the calcium indicator

Fluo-4 AM (Fig. 2-6 and Fig. 2-7, left images).

We investigated whether the [Ca*!]; increase is related to the PCI-
mediated endosomal escape. We imaged Ca** ions after irradiating the cells
treated with TatUlA-PS/shRNA at 4 °C, which is known to inhibit
endocytosis (38). TatU1A endocytosis was inhibited at 4 °C, as shown by
the lack of TatU1A-Alexa633 colocalization with Lysotracker Green at 4 °C
(Fig. 2-8). Endocytosis inhibition at 4 °C resulted in inhibition of cytosolic
dispersion of TatUlA-PS/shRNA complexes (Fig. 2-6 and Fig. 2-7 right,
Alexa images). The 4 °C treatment itself did not significantly affect [Ca**];,
but the 4 °C treatment followed by photoirradiation induced [Ca?*]; increase,

despite the lack of PCI (Fig. 2-6 and Fig. 2-7 right, Fluo-4 images). These
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results suggest that the photoinduced [Ca?*]; increase is not dependent on the

endosomal escape of the TatU1A-PS/shRNA complex.
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Figure 2-6. Correlation of Ca** signal intensity with endosomal escape of
the CPP-cargo-photosensitizer (TatU1A-Alexa633) at 37 °C and 4 °C. Scale

bars, 50 pm.
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Figure 2-7. Correlation of Ca** signal intensity with endosomal escape of
the CPP-cargo-photosensitizer (TatU1A-Alexa546) at 37 °C and 4 °C. Scale
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Figure 2-8. Localization of TatUl1A-Alexa633 at 37 °C or 4 °C before

photostimulation compared to LysoTracker Green. Scale bars, 50 um
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To further investigate correlation of PCI and the [Ca®"]; increase,
cytosolic Alexa signal intensity was plotted against Fluo-4 signal intensity
in individual cells treated with TatU1A-PS/shRNA and photoirradiated.
Figure 2-9 shows that the endosomal release of TatU1A-PS/shRNA did not
correlate with [Ca®*]; increase. The data scatter seen in Figure 2-9 is large;
considerably high Alexa intensity was observed in some cells with low
[Ca**]; intensity, whereas low Alexa intensity was observed in other cells
with high [Ca*']; intensity. These results indicated that photoinduced
cytosolic dispersion of TatU1A-PS/shRNA is independent of the [Ca*'];
intensity inside the cells. This suggests that [Ca*"]; increase does not relate
to PCI. Although only a small fraction of the increased [Ca*']; may relate to
PCI, the results in Figures 2-6, 2-7 and 2-9 suggest that most of the increased

[Ca?]; is neither the cause nor the result of TatU1A-PS-mediated PCI.
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Figure 2-9. Scatter plots between cytoplasmic Alexa signal and Fluo-4
signal after photoinduced endosomal escape of TatUIA-Alexa633/shRNA

(a) and TatU1A-Alexa546/shRNA (b) complexes at 37 °C.

The increased [Ca?*]; mainly comes from extracellular sources

Although the [Ca*!]; increase is almost irrelevant to PCI-induced
endosomal escape in our system, light and TatU1A-PS still cause the [Ca**];
increase (Fig. 2-6, 2-7). We investigated the origin of the Ca** ions resulting
from TatU1A-PS and light treatment. We began by testing the influence of
the extracellular calcium environment. After a 2 h treatment with TatU1A-
Alexa546/shRNA followed by 1 h staining with Fluo-4, the extracellular
calcium environment changed as described in the Figure 2-10 legend. Fluo-
4 signal was detected in the 1.3 mM calcium environment, but the
photoinduced increase of Fluo-4 signal was not observed in a calcium-free
environment (Fig. 2-10). These results suggested that the [Ca®*]; increase
depends on the extracellular calcium. Although the source of the increased
[Ca?]; is still debatable (Ca?* influx or internal Ca’* stores), the main source
seems to be a Ca?* influx in the TatU1A-PS system. Others reported that cell
membrane Ca®* channels might be involved in photoinduced Ca** influx

(39). To confirm the contribution of Ca** channels, the voltage-sensitive Ca?*
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channel were blocked using diltiazem before and after irradiation. As a
result, the photoinduced influx of Ca** was decreased in the presence of
diltiazem (Fig. 2-11). Thus, some fraction of the photoinduced Ca?* influx is
probably due to photodamage of plasma membrane Ca*" channels. Ca*
channel photodamage might be due to TatUlA-PS attached to the cell
membrane while endosomal TatU1A-PS induces photochemical endosomal

escape.
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Figure 2-10. Cytosolic Ca** increase during PCI depend on extracellular

calcium on at 37°C or 4°C. After a 2 h treatment with TatUlA-



Alexa546/shRNA followed by 1 h staining with Fluo-4, the cells were
washed with T buffer (+CaCl,) or T buffer (-CaCl,) and irradiated in the
respective buffer. T buffer (+CaCl,) included 1.3 mM CaCl, and 50 yuM
Fluo-4 AM. T buffer (-CaCl,) included no CaCl,, 0.2 mM EGTA and 50 uM

Fluo-4 AM. Scale bars, 20 um.

(-)CaCl; +EGTA
(+)Diltiazem

(+)CaCl
)Diltiazem

2h 1h

TatU1A-Alexa546/shRNA Fluo-4

-
.
S~
S~
S~
S~
-
S~

NNNNN Just after wash
& buffer change

Before irradiation  after irradiation

D|It|azem

ﬁ

Dllt[azem
ﬁ

Figure 2-11. Photoinduced Ca?* influx blocked by diltiazem. CHO cells

Fluo-4
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were treated with TatU1A-Alex546/shRNA and stained with Fluo-4. A Ca**

channel blocker, diltiazem was used as follows: after Fluo-4 staining, the cell
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supernatant was replaced with T buffer (without CaCl,) including 0.2 mM
EGTA and 10 uM diltiazem. The cells were light irradiated as indicated in
materials and methods. Ten min after irradiation, the cells were washed again
with T buffer with or without 10 M diltiazem. Subsequently, images were

quickly obtained by the fluorescence microscope. Scale bars, 20 um
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Conclusion

Here, we studied the role of heat, pH and calcium concentration on
PCI-mediated endosomal escape of the CPP-cargo-photosensitizer conjugate
TatU1A-PS/shRNA. The insignificant contribution of heat is confirmed by
our result that the temperature during irradiation did not significantly affect
photoinduced endosomal escape efficiency of the conjugate. The
photoinduced endosomal escape was inhibited by a V-ATPase proton pump
inhibitor. This indicates that the active proton pump is necessary for PCI and
that PCI-mediated endosomal escape requires endosome acidification prior
to photoirradiation. In addition, endosomal pH increase from NH,Cl
treatment prevented PCI, confirming the importance of the endosomal
acidification before photostimulation. Photoinduced [Ca*']; increase was
observed at both 4 °C and 37 °C conditions with TatU1A-Alexa546/shRNA,
indicating that the [Ca*']; increase is not dependent on endocytosis.
Moreover, cytoplasmic Alexa and Ca®* intensities in individual cells after
irradiation were not significantly correlated. These results suggest that the
[Ca**]; increase and PCI-mediated endosomal escape are independent
phenomena in our TatUIA-PS system. Despite that, these phenomena are
photoinduced at the same time. Overall, the findings in our study elucidate

the suitable extra- and intracellular milieu conditions that are required for the
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successful PCI occurrence. Our results might be useful for other PCI studies,
in which a porphyrin/chlorin photosensitizer and cargo are administered
separately. However, this needs to be confirmed by further studies. The PCI
mechanism may partially differ depending on the cargo-delivery system and
characteristics of the photosensitizer, such as its 'O, quantum yield and the
intracellular localization. In addition, this study implies the possibility of
reducing side effects from PCI due to Ca** influx, since it seems to be
independent of PCI in our TatU1A-PS system. Since our study suggested
that photoinduced [Ca?*]; increase depends on extracellular calcium,
unexpected Ca?* influx, which may cause cellular damage, seems to be
minimized by optimizing the culture conditions, without reducing the PCI

efficiency.
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Materials and Methods

Preparation of TatU1A-Alexa

The RNA carrier protein TatU1A, which has a C-terminal Cys residue,
was prepared as previously described. Alexa Fluor 546 or 633 maleimide (Life
Technologies, Carlsbad, CA) was attached to the C-terminus of TatU1A protein
as follows: The purified TatU1A protein and Alexa Fluor 546 or 633 maleimide
were mixed in a buffer containing 50 mM HEPES-KOH (pH 7.5), 100 mM
(NH4)2SO4, 150 mM imidazole, and 20% glycerol, and incubated at 25 °C for 1
h. The resulting TatUlA-Alexa546 or 633 was purified in a Centri-Sep spin
column (Princeton Separations, Freehold Township, NJ) equilibrated with T
buffer (20 mM HEPES-KOH (pH 7.4), 115 mM NaCl, 54 mM KCl, 1.8 mM
CaCl,, 0.8 mM MgCl,, and 13.8 mM glucose). The protein concentration was
determined using a Protein Assay Kit (Bio-Rad, Berkeley, CA). Labeling
efficiencies of the carrier proteins were calculated by measuring the absorbance
of the respective dyes. In all experiments, labeling efficiencies were adjusted to

20% using separately prepared unlabeled carrier proteins.

Short hairpin RNA (shRNA) preparation
A FAM-labeled shRNA was purchased from JBioS (Saitama, Japan).

The shRNA sequence used was 5'- GAU UAU GUC CGG UUA UGU ACA
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UUG CAC UCC GUA CAU AAC CGG ACA UAA UCdT dT -3', with the

U1A binding sequence is underlined. This is a non-specific ShRNA in normal
mammalian cells, but it contains an anti-luciferase sequence. A fluorescent dye
(FAM) was attached at the 3’ -end of the shRNA. The shRNA was annealed
using incubation at 85 °C for 1 min to remove secondary structure and slow
annealing (-1 °C/s) down to 4 °C. An shRNA used in Ca?* imaging is an
unlabeled and non-specific sShRNA with the anti-EGFP sequence 5'- GGC UAU

GUC UAG GAG UGC ACA UUG CAC UCC GUG CGC UCC UGG ACG

UAG CCU U -3', with the U1A binding sequence underlined. This shRNA was

prepared by in vitro transcription as described (11).

Cell treatment with TatU1A-PS/shRNA complexes and photostimulation
Chinese hamster ovary (CHO) cells were cultured in Ham’s F-12
medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal bovine
serum (FBS) (Nichirei Biosciences, Tokyo, Japan), 100 units/mL penicillin, and
100 pg/mL streptomycin (Gibco, Invitrogen, Carlsbad, CA). To treat the cells
with TatU1A-PS/RNA complex, TatUIA-PS (2 uM) and the FAM-labeled
shRNA (200 nM) were mixed in T buffer and incubated at 37 °C for 10 min.
CHO cells were grown on a 96-well plate to 70-80% confluence and treated for

2 h with the TatU1A-PS/RNA complex. After washing, the cells were visualized
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using a fluorescence microscope (IX51, Olympus, Japan). For endosomal
escape of the TatU1A-Alexa546/RNA complex, cells were irradiated with a 100
W mercury lamp (Olympus U-LHI00HG) passed through the MWIG mirror
unit (530-550 nm), a 40x objective lens, and a 12% ND filter. The light dose to
the cells was 10 J/cm?. Unless otherwise stated, the light irradiation conditions
for TatU1A-Alexa546/RNA complex are the same in all experiments in this
study. The photoinduced endosomal escape efficiencies of the FAM-labeled
RNA with each TatU1A-PS were calculated by counting the number of cells in
which FAM fluorescence was dispersed within the cytosol after
photostimulation (NF) and the total cell number (NT) using FAM fluorescence
and phase-contrast images from the same area. The endosomal escape efficiency

was defined as NF / NT x 100 (%).

Photo-dependent endosomal escape of the RNA under various
temperatures

Cells were treated with the TatUlA-Alexa546/shRNA complex,
irradiated, and visualized as described above. Just before photoirradiation, the
cell temperature was regulated (30, 20 or 10 °C) as follows. For 30 °C, after
exchanging the cell supernatant with the 37 °C medium, photoirradiation was

started when the medium reached 30 °C based on the Type K thermocouple data
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logger RX-450K (AS ONE, Japan). The 37 °C medium in the 96-well plate soon
reached 30 °C in the room at 25+1 °C. For 20 °C, after exchanging the cell
supernatant with the 4 °C medium, irradiation was started when the medium
reached 20 °C. For 10 °C, after exchanging the cell supernatant with the 4 °C
medium in a 96-well plate placed on 4 °C block incubator, the plate was quickly
moved onto the fluorescence microscope and irradiation was started when the

medium reached 10 °C.

Influence of a proton pump inhibitor on photo-dependent endosomal
escape of the TatU1A-Alexa546/shRNA complex

The cells were treated with TatUlA-Alexa546/shRNA complex,
irradiated, and visualized as described above. The BAI1l experiment was
performed as follows. The cells were treated with 200 nM BA1 (AdipoGen Life
Sciences, Switzerland) dissolved in T buffer at the following time points; (i)
before treatment with the complex (1 h) (i1) at the same time as treatment with

the complex (2 h), or (iii) after treatment with the complex (1 h).

Influence of NHj*-induced increase of endosomal pH on photoinduced

endosomal escape

The cells were treated with the TatU1A-Alexa546/shRNA complex for
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2 h as described above. The cell supernatant was replaced with T buffer with 10
mM NH,CI. After a 15 min incubation at 37 °C in the buffer with 10 mM NH,CI,
the cells in the NH4C1 environment were irradiated and visualized as described
above. To remove NH4Cl, cells were washed once and incubated with T buffer
for 5 min. Irradiation was performed in the NH4Cl-free environment.
Ca? imaging

The cells were treated with TatUlA-Alexa546 or Alexa633/shRNA
complex as described above, except for the incubation temperature (37 °C or 4
°C). The cells were stained with 50 M Fluo-4 AM (Dojindo, Japan) in T buffer
for 1 h. The staining was performed at the same temperature (37 °C or 4 °C) as
TatUlA-Alexa546 or Alexa633/shRNA treatment. Cellular images were
obtained using a confocal laser scanning microscope (FLUOVIEW FV1000,
Olympus, Japan) or an epifluorescence microscope (IX51, Olympus, Japan).
Fluorescence images were obtained through 60x objectives lens with the
following settings: Alexa633 (hex = 633 nm, Aery = 650-750 nm), Alexa546 (A
= 543 nm, Aem = 555-655 nm) and Fluo4 (Aex = 488 nm, ey = 500-530 nm).
Escape of the complex from the endosomes was induced by laser scanning (70%
intensity) at 633 nm for TatUlA-Alexa633 or 543 nm for TatUlA-Alexa546.
Cytosolic Alexa and Fluo-4 signal intensities in individual cells were analyzed

with Olympus Fluoview software (FV10-ASW 4.2 version).
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Abstract

The cell fate decision to inner cell mass (ICM) and trophectoderm
(TE) in blastocyst stage embryo starts from the early 8 to 16-cell stage due
to the difference of cell polarity in outer and inner lying cells. Understanding
the molecular mechanism of these cellular differentiation in embryogenesis
will be a great help for further development of assisted reproduction
techniques (ART) such as in vitro fertilization. Recently, the photoinduced
cytosolic dispersion of RNA (PCDR) using TatUlA-photosensitizer
conjugate in cultured cells has been established by our group. As PCDR
method using photosensitive RNA carrier has an ability to control RNA
function in temporal and spatial manner, introduction of RNAs to the
individual cell by PCDR is a very useful approach for studying cell
differentiation mechanism in early embryogenesis. In this study, PCDR was
firstly confirmed in mouse embryos by using TatUlA-Alexa546/FAM
shRNA. Photo-dependent knockdown of d1EGFP was demonstrated in 4-
cell embryos, indicating that spatial regulation of gene expression in mouse
embryo was achieved by PCDR method. Finally, anti-aPKC shRNA, related
to Par6-aPKC polarization, was introduced into a single blastomere of four-

cell embryos and down regulation of PKC in early embryos development
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was briefly discussed. Our findings showed that PCDR is a promising

approach for the study of the developmental process of early embryogenesis.

Introduction

The first two cell lineages in preimplantation embryo: inner cell mass
(ICM) and outer cell trophectoderm (TE) differentiation occurs at the fourth
cleavage of embryos from 8 to 16 cell transition. Initialization of these two
cells population is generally assumed by two models, inside-outside model
that proposed the cell fate decision is dependent on the position of cells (1)
and a polarity model that proposed ICM and TE differentiation is aligned by
subcellular distribution of cell polarity due to asymmetric division of cells
(2). A number of studies have agreed to both models (3) but there is still
needed to understand molecular details of each proposed models. In fact, a
series of transcriptional factors and polarity regulators control mouse embryo
development (4).

During preimplantation, embryo development occurs as a serial
event (Fig. 3-1). As a first cell cleavage, a fertilized egg divides into two
daughter cells. While the cleavage is repeated up to 8-cell stage, all
blastomeres (cells are known as blastomeres) are morphological identical,

except embryos undergo compaction, which of each cell obtaining cell-cell
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contact basolateral domain and contact-free surface domain. The contacting
cell to each other is sufficient to the establishment of polarity but not
necessary for the maintenance of polarity (5). After the cell polarity starts
arising along with compaction to apical surface of 8-cells (known as early
morula stage) (6) and passes from 8 to 16 cells transition due to asymmetric
cell division, the first two cell lineages are formed at 16-cell embryos
depending on polarity inheritance or absence (Fig. 3-1). But some embryos
undergo symmetric cell division and both daughter cells inheriting polarity
retain as the outside cells (7).

There are three subfamilies of PKC isoforms (serine/threonine
kinases family) according to their difference in sensitivity to activators and
co-factors such as negatively charged phospholipids, calcium and
diacylglycerol (DAG). The conventional PKCs (cPKCs) are a, I, BII, and
v, the novel PKCs (nPKCs) are 0, 0, 1, € and ., and atypical PKCs (aPKCs)
are A or L and T (8,9). The partitioning defective (Par) and aPKC form a
complex which largely regulate apical cell polarity during embryogenesis.
Two Par molecules, Par6 and Par3, and aPKC are restricted to the contact-
free surface of outer cells (10) and also regulate cell-cell contact localized
proteins such as Parl/EMK, Scribble and Lgl (5,11). The molecular

mechanism that regulates cell fate-controlled genes expression is governed
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by position- and polarity- dependent Hippo signaling (11). Thus, the
establishment of Par6-aPKC polarization at the outer edge of the cells relates
to Hippo signaling. For example, the Par6-aPKC defected embryos blocked
Yap location to nucleus by activating Hippo signaling at 32-cell embryos
(11). The proposed molecular mechanism is as follow (Fig. 3-1): at 32-cell
stage embryos, while Par6-aPKC system is active, Hippo signaling becomes
weak in the outer cells. Polarized Par6-aPKC sequester Amot to inactivate
Lats protein kinase and nuclear translocation of Yap, which is a coactivator
of Tead4, was occurred (12). Consequently, activated Tead4 triggers
expression of Cdx2 in these cells (13). In the inner cells, Cdx2 is not
expressed due to the phosphorylated Amot which leads to activation of Yap
gene while Hippo signaling is active. Cdx2 is one of the prominent TE
specific marker genes as like as Eomes and Gata3 (14,15). As mutual
suppression is found between Cdx2 and either Oct 4 or Nanog in each other,
expression of Oct 4 and Nanog are restricted to ICM while Cdx2 is off in
that blastomere (16,17). Since it has been found that Cdx2 fails to express in
polarized cells, some researchers suggested that the expression of TE-regular
Cdx2 in outer cell is controlled by Par6-aPKC polarization (3 4).

Absence of certain transcription factors that regulate cell fate

specification and cell polarity regulators that allocate cell in the correct
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positions cause failure of implantation and eventually lead to embryonic
lethality after implantation. For example, both of Eomes and Cdx2
homozygous mutant embryos die around the time of implantation (18). The
aPKC M\ depleted cells induced destabilization of cell polarity (19) and
potentially lead to incorrect allocation of cells to inner cell mass (20).
Inhibition of PKCs at 4 to 8 cell transition with cPKCs inhibitor, sphingosine
and nPKCc inhibitor, calphostin C prevent compaction and polarization (21).
The Par6B deficient embryos cause no blastocoel formation (22), and the
aPKC deficient embryos die after implantation (23). Therefore, first cell
differentiation in early embryo is a critical event that affects implantation of
the embryo on mother's uterus and even survival of embryos after
implantation.

We have developed the photoinduced chemical internalization of
RNA (PCDR) method by using photosensitive RNA carrier (24). We have
reported that PCDR approach can facilitate delivery of RNA to the cytosol
with no significant cytotoxicity. The RNA carrier molecule is composed of
a cell-penetrating peptide (CPP), an RNA-binding protein (RBP), and a
photosensitizer (PS). As it was already mentioned in chapterl, a Tat CPP
which is genetically fused with U1A from the RNA binding domain of Ul

small nuclear ribonucleoprotein A and dyes, such as Alexa 546 or 633, as a
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PS have been used to deliver small RNAs by light irradiation. Since we have
reported that PCDR is an efficient approach to the spatial regulation of gene
expression, e.g single cell RNAi (25), application of this technique to study
of regional specific gene functions in early cell differentiation of mouse
embryo will be a merit for further development of assisted reproduction
techniques (ART). Although some findings of evidences have reported that
there is an interplay between the Par-aPKC system and Cdx2, in cell lineage
specification, but it is still controversial (11, 26, 27). Moreover, how these
polarity and transcription regulators assigned cells to ICM and TE
specification is also unclear. Therefore, in this study, we will evaluate role
of Par6-aPKC polarization in the regulation of TE-specific maker, Cdx2 in
embryogenesis by photo-dependent introduction of anti-aPKC shRNA
(hereafter referred to as shaPKC), to an outside or inside single blastomere
of embryos. Cell differentiation to TE or ICM will be tracked by fluorescent
markers and embryos will be diagnosed by its shape and immunostaining of

differentiation markers (Cdx2, Oct4, etc.)
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Figure 3-1. The role of Par6-aPKC polarization in early mouse

embryogenesis
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Results and Discussion
Photoinduced RNA internalization by single cell of mouse
embryo

Previously, we have studied photoinduced delivery of shRNA by
PCDR in culture cells. We have demonstrated that photo-dependent delivery
of TatUIA-PS/ Fluorescein (FAM)-labeled RNA (shLuc-FAM) conjugate
into CHO cells (28). After endosomal release of shLuc-FAM by light
irradiation, the fluorescence intensity of FAM was increased in cytosol,
where pH is around 7.2, a higher pH than inside endosome (24). The
fluorescence increase of shLuc-FAM was due to pH difference between
endosome and cytosol. To confirm this PCDR approach in mouse embryo,
TatU1A-Alexa546 was used to deliver shLuc-FAM into 4-cell embryos by
laser irradiation. Zona free 4-cell embryos were incubated in TatUIA-
Alexa546/shLuc-FAM complex solution for 3h in order to enter the complex
into the cells via endocytosis. After irradiation at a single cell by 546-nm
laser of confocal microscopy, TatU1A-Alexa546 was released to the cytosol
of an irradiated cell and FAM labelled shRNA was internalized by that
irradiated single cell, showing dispersion of photosensitizer and FAM
fluorescence in cytosol while others of 4-cell embryo were detected no

apparent fluorescence of both (Fig. 3-2). Embryos were kept growing to
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blastocyst stage (~32-46 cells), which is a late stage of preimplantation
embryo. There were no significant disturbances in development of embryos
to this stage after photostimulation. This result indicated that efficient
delivery of a certain cargo molecule to a targeted cell could be achieved by
light controlled manner and PCDR has a potency to regulate specific gene

expression without intervening the progress in embryonic development.

(1) Zona pellucida was removed

(2) The embryo was incubated with TatU1A-PS and RNA

(3) A single cell was irradiated Embryo developed
(48 h post irradiation)
DIC Fluorescein-  Taj] A-PS Blastocyst
labeled RNA (~32 cell)

Figure 3-2. Photoinduced RNA internalization by a single cell of mouse

embryos
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Photo-dependent knockdown of EGFP in mouse embryo

Next, in order to demonstrate photo-dependent regulation of specific
gene expression, we aimed to silence enhanced green fluorescence protein
(EGFP) expression in mouse embryos. Before performing photo-dependent
knockdown of EGFP, first we confirmed EGFP silencing efficiency of anti-
EGFP shRNA with U1A binding sequence (hereafter referred to as shGFP)
to exogenously expressed destabilized EGFP (d1EGFP) in mouse embryos
by microinjection. In this study, single cell embryos were used to coinject
shGFP and in vitro-synthesized d1EGFP mRNA. To compare EGFP
knockdown efficiencies, the non-targeted shRNA (shCtrl) with U1 A binding
sequence was injected together with dIEGFP mRNA. As a result, after 24h
microinjection, the significant reduction of EGFP fluorescence was observed
at two-cell stage shGFP microinjected embryos (Fig. 3-3a). The results
indicated that exogenous EGFP mRNA expression was inhibited by
microinjection of shGFP.

As our purpose is to establish photoinduced RNAi in mouse embryo,
the similar EGFP knockdown experiment was performed by PCDR. In this
study, BFP and d1EGFP mRNA were initially expressed in single cell of 4-
cell embryo by microinjection. When both BFP and EGFP signals were

clearly detected in the single cell, about 3h after microinjection, TatU1A-

71



Alexa546/shGFP or shCtrl treated embryos were irradiated by laser light at
546nm (Fig. 3-3b). As a result, specific silencing of EGFP was observed at
30h after light irradiation while BFP fluorescence signal was still detected in
it (Fig. 3-3b). The laser irradiation neither cause cellular damages nor
interfere the development of embryos. Thus, this result provided an evidence
that regional specific regulation of gene expression via photoinduced RNA1

in mouse embryo could be achieved by PCDR.

(a) Phase contrast EGFP Merge

Negative
control |

shCtrl
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(b) DIC BFP EGFP BFP+EGFP Merge

30h post laser irradiation

DIC BFP EGFP BFP+EGFP

60pm

SshGFP — 30h post laser irradiation

shCtrl <

.

Figure 3-3. EGFP silencing in mouse embryos. (a) EGFP knockdown was
performed by microinjection of shGFP. Coinjected shGFP or shCtrl with
d1EGFP mRNA to single cell embryo. At 24h after microinjection, EGFP
silencing was observed at 2-cell embryos. Scale bar represents 60 um. (b)

EGFP knockdown occurred through photoinduced RNAi by laser irradiation.
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At 3h after microinjection of BFP and EGFP mRNA, a single cell expressing
BFP and EGFP, indicated by a circle, was irradiated by a laser at 546nm.
The EGFP silencing was observed at 30 h after the laser irradiation. Scale

bars represent 60 pm.

Reduction of aPKC expression at apical cortex of outside cells

To study the role of Par6-aPKC polarization in TE and ICM cell
differentiation mechanism in early mouse embryogenesis, we targeted to
down-regulate aPKC A in 4-cell stage. The studies of various PKC isotypes
in preimplantation mouse embryo were previously discussed that the
expression and localization of isoforms are different, and change associated
with development of embryos (8,9). Among the isotypes, the aPKC A is one
of the highly expressed isotypes from unfertilized eggs (maternal) to
blastocyst stage (9). Thus, we aimed to investigate whether interfering the
expression of aPKC through RNAIi at a single blastomere of the 4-cell
embryo, at which apical polarization was not yet established, cause any
abnormality in the outside progeny of the injected blastomere due to polarity
defects. We used H2BmCherry mRNA as a cell tracer and co-injected
together with shaPKC to a random single blastomere of 4-cell embryo. Since

aPKC localized to the apical cortex of outer cells, its knockdown effect was
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examined, (based on H2BmCherry expressed cells), at the outer cells of
morula and blastocyst stage embryos (Fig. 3-4 and 3-5). The results showed
that significant reduction of aPKC fluorescence at the apical region of outer
cells in shaPKC injected embryos when compare to the apical cortex of
outside cells in shCtrl injected embryos (Fig. 3-4a and Fig. 3-5c¢). The
decrease of cell numbers in shaPKC injected embryos was observed at
morula stage, indicating that even aPKC depletion in a blastomere can delay
the development of embryo (Fig. 3-4b). The H2BmCherry expressed cells
were assumed as progeny cells of ShRNAs injected cells. When embryos
were observed at blastocyst stage, progeny of shaPKC injected cells of
embryos were also detected at outside position with a reduction of apical
aPKC expression (Fig. 3-5b). It seems downregulation of aPKC in a single
blastomere could not cause significant impact on the allocation of cells to
TE. But there may need further confirmations, i.e. staining embryos with TE/
ICM specific makers such as Cdx2 and Oct4, to reach a certain conclusion.
In this study, the results of microinjection of shaPKC and H2BmCherry
mRNA also showed that we can trace the injected cells with a significant
aPKC knockdown efficiency. These results encourage us to apply a similar
experimental condition for the study of photo-dependent aPKC regulation by

PCDR method in future.
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Figure 3-4. Effects of aPKC knockdown on late morula stage embryos. (a)
Reduction of aPKC expression at the apical region of outer cells in shaPKC
injected embryos. The H2BmCherry mRNA (red) was co-injected with
shaPKC or shCtrl. Embryos were immunostained with aPKC A (Green)
antibody and the nuclei were stained with DAPI (green). (b) Reduction of
cell numbers in shaPKC injected embryos. Error bars represent standard

deviation of the mean value (n=5 each).
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Figure 3-5. The aPKC expression was reduced at apical cortex of shaPKC

injected progeny cells which were lying outside. (a) Schematic illustration

of RNA microinjection experiments in this study. (b) Reduction of aPKC at

apical cortex of TE cells. The H2BmCherry mRNA (red) was coinjected

with shaPKC or shCtrl. Embryos were immunostained with aPKC A antibody

and the nuclei were stained with DAPI (green). Right panel images are

magnified from the square box indicated region of DAPI+mCherry+PKC

images. (¢) Quantification of aPKC fluorescence intensity in the apical

cortex of TE cells of shCtrl and shaPKC injected embryos (n =4 each). **
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P= 0.0015, unpaired Student’s t-test for comparison of shaPKC against

shCtrl injected cells. Bar charts display mean+SD.
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Conclusion

In this study, we introduced shRNAs into a single cells of mouse
embryo using TatU1A-PS by photo-dependent manner, and also evaluated
the effects of aPKC down-regulation on morula and blastocyst stage
embryos. Photoinduced RNA internalization by single cell of mouse embryo
was demonstrated by using TatU1A-Alexa546/FAM shRNA. The result of
photoinduced EGFP knockdown via a single cell RN A1 indicated that spatial
regulation of gene expression in mouse embryo was achieved by PCDR
method. Finally, anti-aPKC shRNA, related to Par6-aPKC polarization, was
microinjected into a single cell of four- cell embryos. The aPKC down
regulation in early embryos development was studied. In the absence of
aPKC, some degree of the injected cells allocated to trophectoderm. It may
be because interference of aPKC in a single blastomere before establishing
the aPKC polarity at apical domain may not have a significant impact on
segregation of TE and ICM cells at blastocyst embryos. Although disruption
of aPKC polarization in single blastomere leads to a slight reduction of cell
number in morula stage, embryos retained similar cell numbers to control at
the blastocyst stage (data not described). These findings are in line with
previous report which suggested that aPKCA defective embryos re-establish

correct number of inner cells at blastocyst stage (19). It seems aPKC depleted
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cells have remaining capacity to segregate as a TE cell. Together, all these
data provided that PCDR is a promising approach for the study of regional
specific gene function in developmental process of embryos and aPKC
polarization is an interested mechanism to be clarified its essential role in
embryogenesis. In the future, we will study the effects of aPKC down-
regulation by photo-dependent manner, in order to provide a strong evidence
that PCDR is a promising approach towards the studies of developmental

biology.

80



Materials and Methods

Embryo collection and culture

Mouse Zygotes were collected from super-ovulated 8- to 12-week-
old BDF1 female mice. Females were injected with 5 IU of pregnant mare
serum gonadotrophin (PMSG), followed by 5 IU of hCG (human Chorionic
Gonadotropin) 48hrs after PMSG. Embryos were obtained by mating the
super-ovulated females with BDF1 males. For isolation of fertilized zygotes,
super-ovulated females were euthanized 16 hrs post-hCG and zygotes were
dissected out of the ampulla in the oviduct. The embryo-cumulus complexes
were treated with 300 mg/ml of hyaluronidase to disperse the cumulus cells,
washed in MII medium and cultured at 37°C in 5% CO,. All animal
procedures were performed according to research animal protocols approved

by the Animal Care and Use Committee of the Okayama University.

Synthetic mRNA preparation

Histones H2B was amplified by PCR and ligated to EGFP-bearing
pcDNAG6vector (pcDNA6/Myc-His B; Invitrogen, Carlsbad, CA, USA).
d1EGFP mRNA from 12XCSL-d1EGFP plasmid (Addgene Item #47684)
and BFP mRNA from pTagBFP-N vector (Cat #FP172) were prepared in

vitro as follow. To produce template DNA for mRNA preparation, d1EGFP
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or BFP was amplified by PCR from the respective plasmids using following

primers: 5° CCG GGT AAT ACG ACT CAC TAT AGG GAC ACA ACT

GTG TTT ACT TGC 3" and 5 GATGCTATTGCTTTATTTGTAAC 3" for

d1EGFP and 5° CCG GGT AAT ACG ACT CAC TAT AGG TCT ATA

TAA GCA GAG CTG G 3" and 5° GTT AAC AAC AAC AAT TGC ATT
C 3® for BFP. The sequence for T7 promoter (underline sequence) is added
at the 5" end of all forward primers. The PCR was performed using 0.5uM of
each primer and 100ng of plasmid in a reaction mixture containing 0.2 mM
dNTPs, 12.5 U/mL KOD Dash DNA polymerase (Toyobo, Japan) and 10 uL
of 10x buffer, under the following temperature program: 95 °C for 60 s;
followed by 25 cycles of 95 °C for 30 s, 58 °C for 2 s, and 73 °C for 30 s.
The resultant DNAs were purified by phenol/chloroform extraction and
ethanol precipitation. The mRNAs were prepared by in vitro transcription
using Invitrogen mMessage mMACHINE T7 transcription kit (# AM1344)
and poly (A) tailing with Invitrogen (# AMI1350) poly(A) tailing kit
according to manufacturer’s protocol. The transcribed mRNA was purified

by phenol/chloroform extraction and ethanol precipitation.
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Short hairpin RNA preparation

Anti-GFP RNA (shGFP) (5'- GGC UAU GUC UAG GAG UGC
ACA UUG CAC UCC GUG CGC UCC UGG ACG UAGCCU U -3') was
synthesized by transcription as follows. To generate DNA templates for
transcription, primer extension was performed using 1 mM of each primer
(5'- CCG GGTAAT ACG ACT CACTAT AGG CTA TGT CTA GGA GTG
CAC ATT GCA C -3"and 5'- AAG GCT ACG TCC AGGAGC GCA CGG
AGT GCA ATG TGC ACT CCT AG -3’) in a reaction mixture containing
0.2 mM dNTPs, 12.5 U/mL KOD Dash DNA polymerase (Toyobo, Japan)
and 10 pL of 10x buffer, under the following temperature program: 94 °C
for 120 s; followed by three cycles of 94 °C for 30 s, 56 °C for 5 s, and 74 °C
for 20 s. The resultant dsSDNA was collected by precipitation with 2-propanol.
The transcription reaction was carried out at 37 °C for 6 h in a reaction
mixture containing 40 mM Tris-HCl (pH 8.0), 20 mM MgCl2, 5 mM
dithiothreitol (DTT), 10 mM GMP, 2 mM each NTPs, 5 U/ml
pyrophosphatase (Sigma-Aldrich, MO, U.S.A.), 20 pg/mL T7 RNA
polymerase, and 10 pg/mL DNA template.

The sequences for anti-aPKC shRNAs: shaPKC-m and shaPKC-L19

are 5’-CCA AAC AUU UCU GGA GAA UCA UUG CACUCC.GAU UCU

CCA GAA AUG UUU GGU U -3’ and 5°- UGU ACU GCU AGA CUC
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UGA ACA UUG CAC UCC GUU CAG AGU CUA GCA GUA CAU U -

3", respectively. Primers for preparing transcription templates are as follows:
5-CCG GGT AAT ACG ACT CACTAT ACC AAACATTTC TGG AGA
ATC ATT GCA C-3" and 5°- AAC CAA ACATTT CTG GAG AAT CGG
AGT GCA ATG ATT CTC CAG AAA -3 for shaPKC-m and 5°- CCG GGT
AAT ACG ACT CAC TAT ATG TAC TGC TAG ACT CTG AAC ATT
GCA C-3" and 5°- AAT GTA CTG CTA GAC TCT GAA CGG AGT GCA
ATG TTC AGA GTC TAG -3 for shaPKC-L19 were used to generate
template DNA. A scramble shRNA was used as control shRNA. The

sequence of shCtrl is 5-GAG CGA CUA AAC ACA UCA ACA UUG CAC

UCC GUU GAU GUG UUU AGU CGC UCU U -3". Following forward and
reverse primers were used to produce template DNA for shCtrl: 5°-CGA
AAT TAA TAC GAC TCA CTA TAG AGC GAC TAA ACA CAT CAA
CAT TGC -3" and 5°- AAG AGC GAC TAA ACA CAT CAA CGG AGT
GCA ATG TTG ATG TGT TTA GTC GCT CTA -3". The primer extension
and in vitro transcription were performed as described in shGFP preparation.
The shRNA transcripts were purified in an 8% denaturing polyacrylamide
gel. All shRNAs were annealed by incubation at 85 °C for 1 min to remove

secondary structures, followed by slow annealing (-1 °C/s) to 4 °C.
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Embryo microinjection

RNA solution was loaded into glass micropipettes and RNAs were
delivered into embryos using piezo-driven micropipette unit (Prime Tech,
Japan). For an effective concentration of RNAs, 1:1 ratio of 150 ng/ul
shRNAs and/ or 400ng/ul mRNAs were co-injected or injected alone,
respectively. Manipulation was carried out in M2 medium containing 5
mg/ml cytochalasin B (Sigma). The volumes injected typically ranged from

2 to 10 pl, which is 1-5% that of the cell.

RNA delivery by PCDR method

TatU1A-PS was prepared as described in materials and methods
section of chapter 2. The prepared TatUlA-PS (Alexa 546) (2 uM) and
shControl or shGFP (400nM) were mixed in T buffer containing 0.1 % of
PVA and incubated at 37 °C for 10 min. The embryos were dissolved with
enzyme, pronase, to remove zona pellucida and after thoroughly washing 2
times with T buffer (+ 0.1% PVA), zona free embryos were treated for 3h
with TatUlA-Alexa546/shRNA complex at 37C, 5% CO, incubator.
Embryos were washed 2 more times with M2 medium before adhering to the
glass base dish mounted with M2 Medium and irradiated under confocal

laser scanning microscope (FLUOVIEW FV-1000, Olympus, Japan) as

85



follow. A single blastomere of four cell-stage embryos was selected by using
region of interest tool in software, follow by photobleaching through 40x oil
objective lens. A selected single cell was irradiated by a laser at a wavelength
of 546 nm. Photobleaching settings were as follow: - type of bleaching: Clip

Tornado, laser intensity: 20% or 70%, repetition: 200 or 400 frames.

Immunofluorescence staining

Blastocyst embryos were fixed in 4% paraformaldehyde/PBS for 20
min at room temperature and washed in 1X PBS three times. Embryos were
permeabilized in 0.25% Triton X-100/PBS for 20 min at room temperature,
followed by washing three times in 1X PBS and transferred to blocking
buffer (1% bovine serum albumin/PBS) for 1h at room temperature.
Embryos were incubated with primary antibody, mouse monoclonal anti-
PKCA (BD Transduction, 1:200 dilution in blocking buffer) at 4C overnight.
After washing three times with 1X PBS, embryos were incubated with
secondary antibodies: anti-mouse Alexa 488 (ThermoFisher, 1:1000 dilution
in PBS or Alexa 568) for 1h at room temperature. Embryos were stained with
DAPI (1:200 dilution, in PBS) for 15min. Immunofluorescence images were

obtained by confocal laser scanning microscope (FLUOVIEW FV-1000,
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Olympus, Japan). Z-stack images were taken at Sum (step size) intervals with

40x oil objective lens.

Quantification of fluorescence intensity

Fluorescence intensities of cell-contact-free surface (apical surface
of the outside cells) of aPKC immunostained embryos were analyzed with
Olympus Fluoview software (FV10-ASW 4.2 version). For quantification of
aPKC fluorescence intensity, mean fluorescence intensities of outside
progeny injected cells were divided by the mean fluorescence intensity of all

non-injected outside cells.
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