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中文摘要
誘導式多能性幹細胞 (iPSC) 在再生醫學領域中具備極佳的潛能，它可應用
在疾病的機制探討、新藥開發、幹細胞治療以及組織工程的研究之中。與胚胎幹
細胞不同，誘導式多能性幹細胞避開了道德爭議的問題。然而第一代以病毒製備
的誘導式多能性幹細胞面臨基因突變的可能性與致癌性，從而陸續有研究欲改善
製備的方法。以蛋白質為基礎的方法相較於其他非 DNA 相關的方法具備較高的
穩定性，但是針對細胞的蛋白質輸送現今依然面臨挑戰。
藥物輸送系統相較於傳統的藥物劑型具備許多優點:保護藥物、增加在血液
循環的半衰期、控制釋放速率以及主動標靶等等。奈米粒子是常見的一種藥物輸
送系統，蛋白質被奈米粒子攜帶而進入細胞之中可以大幅增加輸送的效率，並且
保護蛋白質不受酵素破壞。
利用明膠聚丙烯亞胺奈米粒子攜帶以誘導細胞再程序化之功能蛋白質進入
人類纖維細胞中，以製備絕對安全的誘導式多能性幹細胞。在研究中我首先證明
了明膠聚丙烯亞胺奈米粒子蛋白傳送系統的可行性。我製備出的奈米粒子，顆粒
直徑約為 100 nm，表面界面電位為 +43.2。細胞毒性測試中顯示奈米粒子的毒性
是可接受的。在 BSA 結合實驗中證明明膠聚丙烯亞胺奈米粒子，有能力吸附 BSA
在粒子表面，並且在重量比為 1:1 時有最大的結合效率。為了進行近一步蛋白質
功能測試，我利用大腸桿菌系統表現並純化出 His-eGFP 的蛋白質。利用明膠聚
丙烯亞胺奈米粒子投遞 His-eGFP 至細胞中的實驗顯示，確實蛋白質可以順利進
入細胞內部還維持良好功能，順利表現綠色螢光。在建立誘導細胞再程序化之蛋
白質實驗中，在 BL21 菌株中始終得不到理想的蛋白質表現量。再 BL21 StarTM
(DE3)的菌株中表現下，目標蛋白之表現量有顯著的上升。利用冷光素酶檢測法，
確定設計標的 Nanog 啟動子的小 RNA 片段能夠引導在程序蛋白開啟基因表現。
未來，需要進行再程序化之功能蛋白質的細胞遞送實驗進一步測試其功能性。最
終期望以新方法生產安全的誘導式多能性幹細胞，並且在未來應用在臨床上。
iii

doi:10.6342/NTU201603319

Abstract
Induced pluripotent stem cell (iPSC) possesses high potentials in regeneration
medicine. It has been used in several applications such as disease mechanism study,
drug development, stem cell therapy, and tissue engineering. Because of the problem
of ethical controversy which hinders the development of embryonic stem cell research,
iPSC is a better platform for the stem cell research. The first generation of iPSC is
generated from somatic cells by virus infection. Therefore, the safety issue should be
concerned because of the possibility of gene mutation and carcinogenesis. To solve this
problem, there has been different ways to generate iPSC. One of them is the proteinbased method. The research in protein delivery with efficiency and safety is still under
development.
Comparing to the traditional dosage form, drug delivery system has many
advantages such as drug protection, the improvement of half-life, controlling release,
and active targeting. The nanoparticle is one of drug delivery system, which is reported
to enhance the efficiency in protein delivery.
In this study, I try to force express Yamanaka factors in Hs68 by protein-based
reprogramming proteins (RPs) delivery with Gelatin-PEI nanoparticle to generate the
absolutely safe iPSC. First, Gelatin-PEI nanoparticles were produced. The average
diameter of them was about 100 nm, and the zeta potential on the surface was +43.2.
iv
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The MTT assay showed that Gelatin-PEI nanoparticles are safe with the acceptable
cytotoxicity. In the experiment of BSA binding assay, Gelatin-PEI nanoparticles could
bind with BSA, and the highest efficiency was achieved when the wt/wt equal to 1. For
the functional test after delivery, eGFP was cloned and expressed in E.coli system, and
then it was purified by Ni-NTA spin column. The last, in the experiment of eGFP
delivery into Hs68 cell line, Gelatin-PEI nanoparticle was capable of carrying eGFP,
internalizing to Hs68, and helping it escape from endosome. These data indicated
Gelatin-PEI nanoparticle is a high potential Nanocarrier in protein delivery. Next, RPs
was cloned and expressed in BL21. BL21 StarTM (DE3) strain was used to express RPs
with relative high expression level. The small RNA sequence was produced and
identified to guide RPs to activate the Nanog-luc gene expression. Further functional
tests of RPs delivery system should be evaluated in the future. Overall, I expect to
develop a new method to generate iPSC for clinical application.
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Chapter One: Introduction
1.1 Induced pluripotent stem cell
1.1.1 Stem cell
Stem cells are undifferentiated cells that could proceed asymmetric division to
generate cells with different cell fates. Self-renew is one of the significant characters
that stem cells replicate themselves to keep the stem cell pools. On the other hand,
differentiation is another character that stem cells produce progenitors of specialized
cells to repair damaged tissue.
Stem cells are classified into 3 categories, totipotent stem cell, pluripotent stem
cell, and adult stem cell according to their differentiation potency. Totipotent stem cell
could give rise to all embryonic and extraembryonic tissues , and then becomes an
organism (1). Pluripotent stem cell only has the potential to generate any cell type of
three

germ layers, endoderm, mesoderm and ectoderm e.g., embryonic stem cell (2).

Multipotent stem cell, also called adult stem cell, has the narrowest differentiation
capacity to generate the cell type in their lineage(2).
Because of the plasticity of the pluripotent stem cell, they possess high potential
for regeneration medicine. Human embryonic stem cell (hESC), a well-known
pluripotent stem cell, was first isolated from human blastocyst in 1998. hESCs have
unlimited proliferation ability and can differentiate to all three germ layers cells (3).
1
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Thus, hESCs might be a good source for studies and regeneration therapy. However,
the controversy arose because of the ethical issue. Thus, other substitutions for hESC
are needed.
1.1.2 Induced pluripotent stem cell: history, development and application
In the mid-20th century, a theory, called Waddington’s landscape model, was
indicated that the cell fate of lineage-committed cells was permanent (4). However, in
1962, Gurdon’s group isolated somatic nucleus from adult frog, and transferred it into
enucleated egg (5). This process was called somatic cell nuclear transfer (SCNT) (6).
After SCNT, the egg with somatic nucleus started dividing, and became a frog with the
identical genome from the donor. This result indicated the genetic message from
somatic cell can trigger embryo development. Furthermore, epigenetic remodeling of
somatic genomes in donor egg were also reversed and re-modified during the
development (7). Nowadays, not only amphibians but also mammalian were
successfully cloned by SCTN, such as sheep (8) and mice (9).The somatic cell was
genetically constructed with GFP gene linked to oct4 gene, and fused to ES cell. After
cultured, the green fluorescence could be detected in the fusion cells (10). These results
demonstrated that signaling from the hESC could trigger oct4 expression of the somatic
cell. These results implied some cellular materials may increase stem cell properties
and modulate cell fate reprogramming. In 1987, Drosophila transcription factor,
2
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Antennapedia, was verified to induce leg formation instead of antennae when
ectopically expressed (11). In the same year, Davis et.al found out that expressing myoD,
a mammalian transcription factor, in fibroblast would convert it into myocyte (12).
These studies revealed transcription factors were the master regulators in cell fate
decision.
Recently, Yamanaka identified 24 candidates that played the pivotal role in the
maintenance of ES cell identity. They found 4 factors in these 24 genes, as Klf4, Oct4,
Sox2 and c-Myc that could lead somatic cells to reprogram to embryonic stem cell-like
cells (13). These cells are called induced pluripotent stem cell (iPSC). iPSCs exhibit
identical morphology, growth property and specific marker with ESC, and could
differentiate into three germ layers cells. iPSCs could be simply acquired and generated
from patient’s somatic cells, thus, iPSCs would avoid the problem of immunogenity
when transplanted into his own body. Furthermore, somatic cells derived iPSC also
avoid the ethical issue like hESC and might be the ideal cell source of pluripotent stem
cells for regeneration medicine. However, some issues still need to be considered in
iPSC application. First, the efficiency of iPS cell production from somatic cells was
low (less than 1%). Next, the safety issue should be concerned. Previous studies pointed
out that iPSC would result in tumorigenesis when it was applied for stem cell therapy
(14). Therefore, the clinical application of iPSC still remains stagnant.
3
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To solve these problems mentioned above for iPSC, many researchers start to find
out the solution. The tumorigenicity of iPSC was caused by mutagenesis of exogenous
gene insertion by retrovirus or lentivirus infection during Yamanaka factors gene
delivery (15). Therefore, the genomic integrating-free method of gene delivery for iPSC
generation was needed. Integrating-free methods include excisable integrating vector
and non-integrating vectors. Cre-loxP system is an example of excisable integrating
vector that reprogramming factors can be constructed between loxP sequences and
excised by Cre recombinase while LoxP-reprograming factors was inserted into host
genome (16). However, there is one copy of loxP sequence still existing in host genome
and maybe interrupting the gene expression. Another example of excisable integrating
vector is piggybac transposon. It is similar to Cre-loxp system that reprogramming
factors can be constructed between piggybac transposon and excise by transposase.
Notably, there is no sequence remaining in the genome. Nevertheless, piggyback
transposon still has disadvantage that it would increase the possibility of nonconservative deletion by stochastic excision and integration (17, 18). Episome, a nonintegrating segment of DNA, is a safer method for reprogramming factors gene delivery
to generate iPSC. However, the efficiency of this method was lower than 0.001% (19).
Recently, researches are focusing on developing new methods to enhance the efficiency
of iPSC generation. The delivery method based on minicircle vector (20) and Sendai
4
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virus (21) were developed. Sendai virus is a RNA virus without DNA phase. Thus, it
has no risk of genome integration. Nonetheless, there is a problem that the ectopic
expression of reprogramming factors, including oncogene cMyc, in the cytoplasm
might not turn off after iPSC formation. This problem may raise the risk of
tumorigenesis of Sendai virus method.
Some studies developed DNA-free method to generate iPSC, such as
reprogramming mRNAs, miRNA, proteins and chemicals delivery. mRNA of
reprogramming factors was delivered into somatic cell and iPSC was successfully
generated with high efficiency (22). Then, protein-based, microRNA-based and small
molecule methods for iPSC production were reported (23-25). These methods are
virtually safe comparing with DNA-based methods because they prevented the
stochastic integration by DNA fragments. However, the procedures of these DNA-free
methods are complicated that the cells need to be treated with these factors every
several days to maintain reprogramming signaling networks.
Recently, “reprogramming enhancers” were reported to increase iPSC generation
efficiency and these enhancers are involved in maintaining pluripotency. . Tbx3, UTF3,
and SALL4

with four Yamanaka factors could enhance the efficiency of iPSC

generation (26) (27) (28). Estrogen-related receptor-β (ESRRβ) in mouse and NANOG
in human could replace KLF4 (29) for cell reprogramming. A set of microRNAs
5
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including miR-291-3p, miR-294 and miR-295 effectively promoted iPSC generation
by Oct4, Sox2, and Klf4 (30). Moreover, LIN28 and E3 ubiquitin-protein ligase
TRIM71 were able to facilitate the cell reprogramming (31). In contrast to
reprogramming enhancers, some reprogramming barrier factors were reported.
Recently, knocking out tumor suppression gene p53 as well as p21 was dramatically
increased reprogramming efficiency of iPSC generation (32, 33). These results imply
that successful cell reprogramming needs to break through the barriers on the path
toward pluripotency.
iPSC can be applied for the establishment of disease model, especially the rare
diseases.. First, iPSC is generated from patient’s somatic cells, and differentiates into
the specific type of cells. Patient-specific iPSC conserves genetic background of the
patient, which is better than genetically manipulated PSC for disease modeling.
Recently, the molecular mechanisms of genetic disorders such as Lesch–Nyhan disease,
fragile X syndrome, Down syndrome and so on were investigated using patient derived
iPSCs (34) (35) (36). Drug discovery is another field that patient-specific iPSC can be
an applicable platform for drug development (37). In regenerative medicine, iPSC may
be a good cell source for stem cell therapy. Musculoskeletal injury (38), spinal cord
injury (39) and liver injury (40) are benefited from transplantation of iPSC. These
studies implied iPSC technology is a high potential tool for research and clinical
6
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application. However, the safety is still the biggest issue, and needed to be resolved in
the future.
1.2 Drμg delivery system
Drug delivery system becomes an urgent demand for pharmacology or biomedical
engineering. Comparing to the conventional dosage form, drug encapsulated in carriers
dramatically enhances therapeutic effect. A lot of different delivery systems have been
developed such as liposome, micro-particle, nanoparticle, etc. In next section, the detail
of nanoparticles would be introduced.
1.2.1 Nanoparticle
Nanoparticles are particles with 10 to 1000 nm in size. Due to physical properties
of nanoparticles, it has many advantages in drug delivery. The high surface to volume
ratio contributes to the high functional area for drugs or other compounds adsorbing on
(41). Furthermore, the drug encapsulated by nanoparticle can also enhance the
circulation time in vivo by preventing environmental degradation. Nanoparticles are
able to be modified with chemical substances such as polyethylene glycol to prevent
detection by immune system and further increase the circulation time (42). They also
can be modified with antibodies for specific targeting to reduce the side effect (43). The
small size of nanoparticles results in passing through endothelial barrier easily and
increase the efficacy of the drug. Recently, some specially designed nanoparticles were
7
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developed such as thermal-sensitive or PH-sensitive nanoparticles (44, 45).
Cancer therapy has an important and common issue in drug delivery..
Conventional chemotherapy usually leads to serious side effects, so the specific
targeting by drug delivery system is required. Using unique properties in cancers for
specific targeting is one of the common ways to design the drug delivery of
nanoparticles. Angiogenesis, the generation of newborn blood vessels, is one of the
hallmarks for cancers. The endothelial cells of these newborn blood vessels reveal loose
cellular adhesion. Therefore, nanoparticles with small size can simply pass through and
accumulate in tissues or cancers. This phenomenon is called enhanced permeability and
retention (EPR) effect (46), a passive targeting process. In addition to passive targeting,
the active targeting process is feasible. Cancer cells exhibit specific protein expression
on the surface which might be the target for treatment. Therefore, discovering a
molecule specifically binding to cancer specific surface protein and modifying it on
nanoparticles would make modified nanoparticles possess ability to accumulate in
cancer tissues (47). The drug would be released after the nanoparticles breakdown
inside the cell, in addition to the toxicity of the drug, the toxicity of nanoparticles should
also be concerned. Therefore, biodegradable and biocompatible polymer is a common
material in drug delivery of nanoparticles.

8
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1.2.2 Biodegradable polymers
Biodegradable polymers are non-toxic materials that are widely used in
biotechnology. In early studies, the first one biodegradable polymer for medical usage
is surgery suture that is made from intestine of sheep. The advantage of biodegradable
polymers is that there is no need to do another surgery to eliminate it, and it would be
degraded by enzymes. Biodegradable polymers include natural polymers and synthetic
polymers. Natural polymers possess great bioactivity because there are some inherent
bio-molecules in the structure that interacts with cells around. However, some studies
pointed out that these bio-molecule are double-edged sword that would lead to strong
immunogenic response (48). Synthetic polymers are more stable than natural polymers
because they are biological inert. Moreover, they have other advantages such as more
predictable properties and batch-to-batch uniformity. However, these polymers are
hydrophobic, which might hinder tissue regeneration due to poor wetting and lack of
cellular attachment and interaction (49)
1.2.3 Gelatin
Gelatin, a kind of natural polymer, is the denature form of collagen. It has been
used for a long time in pharmaceuticals, cosmetics, as well as food products. So, it is
generally regarded as safe (GRAS) by United States Food and Drug Administration
(FDA)(50). There are two types of gelatin: type A and type B according to the process

9
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of production. Type A gelatin is derived from acid-based method, and the pI value is
between 8-9. Type B gelatin is derived from alkali-treated process, and the pI value is
between 4.8 -5.4 (51). Therefore, according to the application, appropriate type of
gelatin is used. Additionally, for the specific modification on the surface of gelatin,
crosslinkers such as glutaraldehyde can be used to form nanoparticles, gels or films
through chemical reaction between amino groups and carboxyl groups for biomedical
application.
Endocytosis is a common way that nanoparticles internalize into the cell (52).
Therefore, the lysosomal degradation of nanoparticles is an inevitable event. How to
avoid the degradation by lysosome is an important issue in the research of
nanomedicine. Previous studies indicated compounds with abundant amino group such
as Polyethyleneimine (PEI) was able to escape from endosome due to their protonsponge effect (53). In 2011, Kuo et.al combined gelatin nanoparticles with PEI to
produce a better carrier of plasmid with excellent quality and stable zeta potential on
the surface. They remarkably enhanced the transfection efficiency comparing to the
gelatin nanoparticle without PEI modification(54).
1.3 CRSPR/Cas9
CRISPR (clustered regularly interspaced short palindromic repeats) /Cas9 is
considered as an attractive technology for gene editing. Comparing to other gene editing
10
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methods e.g., ZFN and TALEN, it is a more simple and convenient way to achieve the
effect. The mechanism of CRISPR-Cas9 mediated gene editing is that a small guide
RNA (sgRNA) which is composed of crRNA and trRNA combined with Cas9 to form
an RNP. Then, the RNP would bind to the interest sequence next to PAM in the host
genome through Watson-Crick base pairing. Cas9, a nuclease, cuts down the sequence
later and results in the double-strand break. Subsequently, DNA repair system for
double-strand break such as non-homologous end joining (NHEJ) or homologous
recombination (HR) is activated (55). Based on the principle of CRISPR/ Cas9, it is
widely applied in a number of studies such as genome editing for disease modeling and
gene therapy. Nowadays, CRISP/Cas9 is considered an excellent gene editing tool with
high accuracy.
CRISPR/Cas9 technology has been developed based on a lot of research
background in these two decades. In early studies, researchers discovered a unique
family of clusters composed of interspaced repetitive sequence (called CRISPR now)
which expressed in >40% sequenced bacteria or >90% archaea (56). But, what the
function of these repetitive sequences was unknown at that time. In 2005, this repetitive
sequence was identified as extra-chromosome and phage-associated substance. Another
study indicated that if the archaea carried the sequence corresponding to virus, the virus
was unable to successfully infect it (57, 58). These results implied that CRISPR may
11
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be related to the immune system in prokaryotes. Cas9 was identified as highly
conserved gene next to the cluster of the repetitive sequence and was suggested to
interact with it. Then, CRISPR and Cas9 protein were found to directly lead to adaptive
immunity in prokaryotes (59). Finally, this system was reproduced in vitro, and
successfully accomplished genome editing in mammalian cells (60).
1.3.1 CRISPR/Cas9 regulates gene expression
In addition to the classical gene editing, CRSPR/Cas9 also possesses the ability to
regulate gene expression. Due to the ability to target interest sequence, it is possible to
exploit it as a scaffold to recruit other factors. Base on this idea, CRISPR interference
(CRISPRi) system and CRISPR activation (CRISPRa) system have been reported in
these three years (61-63). For gene regulation, the nuclease activity of Cas9 should be
eliminated. Qi et.al introduced mutation in the Cas9 protein to disrupt the function of
RuvC and HNH domain to create a nuclease-deactivated Cas9 (dCas9). Through the
guidance of sgRNA, the target sequence was docked by dCas9, and the gene expression
was interfered(61). dCas9 was reported to up-regulate gene expression by fusing with
transactivation domain such as p65 or VP64 (60, 64). Taken together, CRISPR/Cas9 is
a powerful tool to specifically regulate genes that interest researchers.

12
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1.4 Research aim
In this study, I focus on the protein-based method to generate iPSC. Comparing to
other DNA-free methods, protein is relatively stable because mRNA or microRNA is
easily degraded by RNase in the environment. However, there are still some problems
to be resolved in the protein-based method. Many kinds of proteins need to be produced
and purified first, which is complicated, time-consuming and higher cost.
Another problem is that protein with polarity cannot pass through the cell membrane
easily.
To resolve the protein material problems, a super transcription factor which can
activate any gene we want is required. Another way for protein internalizing into cells
is also needed. CRISPRa is an ideal technology as a super transcription factor. Drug
delivery of nanoparticles could be a promising way to increase protein uptake by cells.
Overall, I want to combine iPSC, nanoparticles and CRISPRa technology to
generate absolutely safe iPSC without the risks of integrated mutations.

13
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Chapter two: Materials and methods
2.1 Cell culture
2.1.1 Cell line


HS68 (ATCC® CRL-1635™)
HS68 cell line is a human foreskin fibroblast cell line, and its donor was possibly
suffered from Canavan disease, a deficiency in aspartoacyclase. In this research,
HS68 cell line was bought from Bioresource Collection and Research Center

2.1.2 Cell culture condition
HS68 cells were cultured with Dulbecco’s modified eagle medium (Life
technologe) containing 10% fetal bovine serum (Hyclone) at 37 oC.
2.2 Plasmid construction
2.2.1 Plasmid
The following plasmids were used in protein overexpression in E.coli strain BL21:
pETDUET-1-dCas9vp160 and pETDUET-1-eGFP. dCas9vp160 gene sequences were
got from pAC154-dual-dCas9VP160-sgExpression plasmid (Addgene) throμgh
restriction enzyme digestion, and eGFP was amplified from pEGFP-C1 (Clontech) by
LA taqTM DNA polymerase (Takara). pETDUET-1 (Novagen) was obtained from
Institute of Biochemical Sciences, National Taiwan University. Cloning primers were
designed as Table.1. dCas9vp160 sequence flanked by AgeI and EcoRI was ligated into
14
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the pETDuet-1. eGFP gene flanked by NotI was ligated into pETDuet-1. Because of
the problem of frame shift, an adaptor was needed when dCas9vp160 gene sequence
was inserted in. The adaptor sequence was designed as Table. 1.
2.2.2 Polymerase chain reaction (PCR) condition
Polymerase chain reaction was performed with the following condition: LA Taq TM
DNA Polymerase (Takara, 1%) was mixed with 10x LA PCR buffer (10%), dNTP mix
(16%), Mg2+ (10%), template DNA (4%), each primer (2%) and ddH2O up to total
volume as 50μl.
2.2.3 Gel extraction
After PCR, DNA product was analyzed by 1% TAE agarose gel. DNA was further
purified with Gel/PCR DNA Fragments Extraction Kit (Geneaid) following by kit’s
protocol. In brief, 500 μl DF buffer was added into each tubes which contained gel less
than 300 mg, and then incubated at 60°C for 15 minutes. Then, DF column was placed
in a new collection tube. The sample was transferred to the DF column 800 μl each time
then centrifuged at 15000 rpm for 30 seconds. Discard the solution in the collection
tube. Add 400 μl W1 buffer into DF column and centrifuge with the same condition
again. Discard the solution in the collection tube then add 600 μl wash buffer. The DF
column was centrifuged at same condition and the solution in the collection tube was
discarded again. The empty column was centrifuged at 15000 rpm for 3 minutes. The
15
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DF column was moved to a new tube, and then30 μl ddH2O was added and stood at
room temperature for 2 minutes. The tube was centrifuged at 15000 rpm for 2 minutes.
The DNA sample was preserved at 4°C.
2.2.4 Restriction enzyme digestion
Purified DNA inserts and pETDUET-1 were cleavage with AgeI-HF® (New
England Biolabs ), EcoRI-HF® (New England Biolabs) (for dCas9vp160) and NotIHF® (New England Biolabs) (for eGFP) for 2 hours at 37°C. Reaction mixture
contained Cut smart buffer (10%), restriction enzyme (1%), template (up to 5 μg) and
ddH2O. After restriction process, the reaction mixture was placed in dry bath at 65°C
for 30 minutes to eliminate enzyme activity.
2.2.5 Competent cell preparation
For plasmid preparation and protein overexpression, DH5α, BL21, RossetaTM
(DE3) competent cells were prepared according to the Molecular Cloning (Sambrook,
2001). The E. coli from a single colony were incubated at 16°C for about 40 hours to
reach absorbance of 0.4-0.6 at O.D. 600 nm. Let the culture medium stand on ice for
10 minutes. Medium was centrifuged at 3600 rpm under 4°C for 10 minutes. Added 1/3
total volume transformation buffer (10mM PIPES, 15mM CaCl2．2H2O, 250mM KCl,
55mM MnCl2．4H2O, pH 6.7) then let the tube stand on ice for another 10 minutes.
Centrifuged at 3600 rpm under 4°C for 10 minutes. Added transformation buffer (8%
16
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total medium volume) and DMSO (Bioman, 7 % transformation buffer volume) into
the pellet and resuspend it. Then let liquid nitrogen freeze the sample and stored at 80°C.
2.2.6 Ligation and transformation
The insert and pETDUET-1 were mixed with 2 μl ligation high ver.2 (Toyobo) at
16°C for 2 hours. eGFP and pETDUET-1 should both be treated with shrimp alkaline
phosphatase (sAP) first to prevent self-ligation. After ligation, I added 50 μl DH5α
competent cell into the ligation solution and put the mixture on ice for 10 minutes. Then
the tube was incubated at 37°C for 3 minutes. Let it stood on ice for another 2 minutes.
50 μl SOB (2% bacto tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5mM KCl, 10mM
Mg2+ added after autoclaved) was added into the tube and the transformed cells were
recovered for 5 minutes at 37°C. Transformed cells were further spread out on the LB
plate with ampicillin (5% tryptone, 2.5% yeast extract, 5% NaCl, 2% 1N NaOH, 1.5%
agarose, 100 μg/ml ampicillin) and cultured at 37°C for 14~16 hours.
2.3 Plasmid mini-preparation
The proper colony was picked up and cultured in 2 ml Luria-Bertani (LB) broth
(10 g tryptone, 5 g yeast extract and 5 g sodium chloride in 1 liter dH2O) with ampicillin
at 37°C for 14~16 hours. Then, the medium and the cells were centrifuged at 15000
rpm for 5 minutes. After the supernatant was discarded, 150 μl MP I solution (25 mM
17
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Tris-HCl, 10 mM EDTA, pH 8.0, 50 mM glucose, RNase μg/ml) was added to
resuspend cell pellet. Then, 150 μl MP II (0.2N NaOH, 1% SDS, freshly prepared)
solution was added to lyse pellet and immediately followed by adding 150 μl MP III
(3M potassium acetate solution, pH 5.2) solution III to neutralize the solution. The
mixture was centrifuged at 15000 rpm for 5 minutes and the supernatant was transferred
to the new tube twice. Isopropanol (KANTO KAGAKU, 0.7x total volume) was added,
and then the mixture was centrifuged at 15000 rpm for 15 minutes. The supernatant was
discarded then 150 μl 70% alcohol was added to wash the DNA pellet. The mixture was
centrifuged at 15000 rpm for 3 minutes and the supernatant was discarded again. 150
μl 70% alcohol was added to wash again and the mixture was centrifuged again. Then
the supernatant was discarded. Last, dry out DNA sample for 30 minute. The DNA
sample was dissolved in 20 μl ddH2O and stored at -20°C.
2.4 Plasmid midi preparation
The proper colony was picked up and cultured in 2 ml LB broth first for 14-16
hours, and then 500 μl pre-cultured broth was subcultured in 50 ml LB broth with
ampicillin at 37°C for 14~16 hours. The cultured medium was transferred into the 50
ml centrifuge tube and centrifuged at 7000 rpm for 10 minutes at 4°C. Then, the
supernatant was discarded. Preparation procedures were referred to HiPure Plasmid
Midiprep Kit’s protocol (Invitrogen). The sample was added Suspension Buffer (RNase
18
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added), Lysis Buffer, and chilled Neutralization Buffer, 4 ml for each. Next, the flowthrough was transferred into the column which was equilibrated by 10 ml Equilibrium
Buffer. the flow-through was discarded and the column was washed by 10 ml Wash
Buffer twice.
The column was put onto a new 15 ml centrifuge tube after washing. 5 ml elution
buffer was added into the column to elute the plasmid, and the plasmid was precipitated
by adding 3.5 ml (0.7x sample volume) isopropanol into the centrifuge tube. Then the
tube was centrifuged at 9000 rpm for 30 minutes under 4°C, and the supernatant was
further discarded. DNA pellet was transferred to the eppendorf and washed by 150ml
chilled 70% ethanol. Next, the sample was centrifuged at 12000 rpm for 5 minutes
under 4°C, and then the supernatant was discarded. Wash step repeated again and the
plasmid pellet was dried out before dissolved by 50 μl TE-8.0 (10 mM Tris-HCl, 1 mM
EDTA, pH 8.0).
2.5 Gelatin-PEI production and characterization
Gelatin nanoparticle was prepared by two step desolvation (65). In brief, 10g Type
A gelatin (Aldrich) dissolved in 100 ml ddH2O at 50°C. Then, 100 ml acetone was
added into solution instantly and the mixture was stood at room temperature for 5
minutes to form a large aggregate. The supernatant was discarded, and 50 ml ddH2O
was added to dissolve the pellet at 50°C. Then, the pH value of gelatin solution was
19
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adjusted to 2. The gelatin solution was lyophilized for one day, and the weight of the
powder was measured. Then, the concentration of the gelatin solution was diluted to 10
mg/ml, and 10 ml solution was transferred to another beaker for next step. 30 ml acetone
was drop by drop added into solution with 1000rpm stirring at 42°C. Until the white
particles was seen , 200ul glutaraldehyde (25%, Millipore) was added with 500 rpm
stirring at 42°C for 2 hours to form gelatin nanoparticles. The acetone was evaporated
after particle formation, and then the particle solution was dialyzed in 2L ddH 2O for
one day. The particle solution was further lyophilized to quantify the weight of
nanoparticles in 1ml. For Gelatin-PEI formation, the particle solution was diluted to
2mg/ml and take 10 ml for following procedure. 1mg/ml PEI was added, and 5mM final
concentration of EDC was treated to crosslink nanoparticles and PEI. Gelatin-PEI was
latter dialyzed in 2L ddH2O, and the ddH2O was changed 3 times every 30 minutes.
Finally, Gelatin-PEI was stored at 4-8°C. The diameter and zeta potential of GelatinPEI was subsequently measured by Zetasizer Nano (Malvern).
The measurements were carried out at 25°C with 633nm He-Ne laser at a lightscattering angle of 90◦and performed in triplicate.
2.6 Total protein extraction.
Transformed BL21, Rosetta™(Novagen), BL21 StarTM (DE3) competent cells
were cultured in 50 ml LB broth with ampicillin under 37°C until O.D. 600 reached
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0.4~0.6. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was later added into the culture
to a final concentration of 1mM and cells were cultured at 27°C for several hours
(depends on the experiment). The medium was later transferred into a 15ml centrifuge
tube and spun at 6000 rpm for 10 minutes under 4°C. Then we discarded the supernatant
and added 5 ml lysis buffer (50 mM Na3PO4．12H2O, pH 7.0, 0.1 M NaCl, 0.1 mM
EDTA, 0.2% Triton X-100, added and 20 μg/ml Roche cOmplete protease inhibitor
cocktail before use) to resuspend the pellet. Cells were destructed by sonication
(Misonix Sonicator 3000). During the whole sonication process, the sample should be
placed on ice. The lysate was later transferred into microcentrifuge tubes and spun at
12000 rpm for 20 minutes under 4°C. Collect both supernatant and pellet separately,
then the supernatant should be filtrated with 0.45 μm PVDF filter (Millipore) before
SDS-PAGE and affinity chromatography.
2.7 SDS-PAGE and CBR staining.
The protein samples were mixed with 5x sample buffer (250 mM Tris-HCl, pH
6.8, 10% SDS, 0.5% (w/v) bromophenol, 50% glycerol, 5% β-mercaptoethanol) and
placed on dry bath incubator (Major Science) under 100°C for 10 minutes. The SDSpolyacrylamide gel (10% separation gel and 4% stacking gel) was placed in the tank
filled with TGS buffer (50 mM Tris-HCl, pH 8.3, 380 mM Glycine, 0.1% SDS). The
gel was further stained by CBR solution (1 g coomassie brilliant blue R-250 [Sigma B21
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0149] dissolved in 10% glacial acetic acid and 20% methanol) for 30 minutes and the
stained gel was destained by destain buffer (10% glacial acetic acid, 20% methanol).
2.8 Western blot analysis
PVDF membrane (Roche) and filter papers (Blot Absorbent Filter Paper [extra
thick], Bio-Rad) were rinsed with western transfer buffer (25 mM Tris-HCl, 192 mM
Glycine, pH 8.3). The membranes and gel should be placed on platinum anode of the
cell (Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell, Bio-Rad) in following
arrangement: filter paper, PVDF membrane, SDS-PAGE gel, and filter paper. The
current should be set at 0.06~0.18 A (3 mA/cm2, depends on the membrane size) during
the transferring and the membrane should be transferred for 1.5 hour.
After protein transfer, TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1%
Tween 20) was used to wash the membrane twice. Next, the membrane would be
blocked with blocking buffer (5% steam milk dissolved in TBST) for 1 hour. The
membrane should be washed with TBST twice (10 minutes each) after blocking, then
the membrane was soaked in 1st antibody solution under 4°C for 8-16 hour. Membrane
was washed with TBST three times after 1st antibody application, and the membrane
was soaked in 2nd antibody solution for an hour. The membrane should be washed with
TBST three times after 2nd antibody application and rinsed with HRP substrate
(Millipore WBLUC0500) for 1 minute. Use ddH2O to wash the membrane, and then
22
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the membrane was imaged by BioSpectrum 2D Imaging System (UVP BioSpectrum
800).
2.9 Affinity chromatography
Ni-NTA spin column (Qiagen 31314) and His-Trap gravity column (GE) were
used to purify 6x His fusion proteins, and the experiments were performed according
to each hand book of product. For Ni-NTA spin columns, the Ni-NTA spin column was
equilibrated with 600 μl NPI-10 buffer (50 mM Na2H2PO4, 300 mM NaCl, 10 mM
imidazole, pH = 8.0), and then centrifuged for 2 minutes at 890 g. Loading 600 μl of
the cleared sample onto the pre-equilibrated Ni-NTA spin column. Then spin column
was centrifuged for 5 minutes at 270 g, and collect the flow-through. The Ni-NTA spin
column was washed twice with 600 μl NPI-20 buffer (50 mM Na2H2PO4, 300 mM NaCl,
20 mM imidazole, pH = 8.0), and then centrifuged for 2 minutes at 890 g. Elute the
protein twice with loading 300 μl buffer NPI-500 (50 mM Na2H2PO4, 300 mM NaCl,
500 mM imidazole, pH = 8.0) in the spin column, centrifuged for 2 minutes at 890 g,
and collect the flow through.
For Ni-NTA gravity columns, the His-Trap gravity columns were equilibrated with
10 ml binding buffer (50 mM Na2H2PO4, 300 mM NaCl, 10 mM imidazole, pH = 8.0).
Load 10 ml of the cleared sample into the pre-equilibrated column and collect the flowthrough. Wash the Ni-NTA spin column with 10 ml wash buffer, the concentration of
23
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which was increased in different batch, and collect the flow through. Elute the protein
with 5 ml elution buffer (50 mM Na2H2PO4, 300 mM NaCl, 250 mM imidazole, pH =
8.0) and collect the flow through.
2.10 Protein concentration determination
Different concentration of bovine serum standards (100, 200, 300, 400 and 500
μg/ml) were prepared. Standards and protein samples were added into 96-well
microtiter plate in triplicate. The Dye-Reagent (Bio-Rad 500-0006, diluted 5 folds with
dH2O) was later added to each samples and standards. Samples and dye were mixed
and placed at room temperature for 10 minutes before measured the O.D. 595 nm
(Thermo Multiskan FC).
2.11 Cell viability analysis
Cell viability was measured by MTT (Sigma M5655) assay. MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a water soluble tetrazolium
salt (yellow), and the concentration of MTT stock solution was 5 mg/ml . According to
MTT product applications, after MTT was cleft by active mitochondrial
dehydrogenases of living cells, the soluble yellow dye will be converted to the insoluble
purple formazan. The amount of formazan can be measured by dissolving formazan in
0.08 N HCl in isopropanol, and the absorbance of converted dye was measured at a
wavelength of 570 nm by Microplate Reader (Beckman DTX 880).
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In this experiment, 3 x 104 HS68 cells were seeded on 96 well plates (BD) 12 hours
before adding different amount of gelatin-PEI nanoparticles (Obtained from Dr. Yi-You
Huang and Dr. Min-Ju Chou). Serum-free DMEM should be used during gelatin-PEI
nanoparticles application. Wash with PBS three times after 2 hours nanoparticles
application. HS68 cells were further cultured in 10% FBS DMEM with 24, 48 or 72
hours. Each well was treated with 10 μl MTT stock solution for 3 hours. Remove the
medium and 0.08 N HCl in isopropanol was added. Measure the wavelength of 570 nm
by Microplate Reader (Beckman DTX 880).
2.12 BSA binding assay
300μg/ml BSA was used as the standard. The final volume of the solution was 1ml.
3 experiment group, 1:1, 2:1, and 4:1, was set up according to the weight ratio between
Gelatin-PEI and BSA. BSA and Gelatin-PEI was mixed at room temperature for an
hour, and the mixture was centrifuged. The protein concentration in the supernatant was
estimate by Bradford assay. The binding efficiency was calculated by following formula.
BSA binding efficiency =
BSA in pellet
× 100%
Total BSA

2.13 Intracellular protein delivery of gelatin-PEI nanoparticles
Purified eGFP and gelatin-PEI nanoparticles were mixed with weight ratio as 1:1
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(final eGFP concentration = 12 μg/ml). The mixed solution was kept in dark and stood
at room temperature for an hours. HS68 cells were cultured in 6 well plate (Corning)
with cover glass (Deckgläser 18 mm) for 12 hours. Gelatin-PEI nanoparticles and eGFP
mixture were added into each well with different concentration (0 and 12 μg/ml eGFP).
Serum-free DMEM should be used during gelatin-PEI nanoparticles application. Cells
were washed with PBS three times after 24 hours nanoparticles application and were
observed and recorded by fluorescence microscopy.
2.14 sgRNA template synthesis and in vitro transcription
sgRNA scaffold sequence was cloned from pAC154-dual-dCas9VP160sgExpression plasmid (Addgene) by scaffold primers (Table 1), and the DNA template
of sgNanog was produced by overlap PCR. In brief, the PCR mixture (10% PCR buffer,
0.25mM dNTP, 0.3μM sgNanog oligo, 100ng sgRNA scaffold, 0.3μM T7 primer,
0.3μM scaffold reverse primer, 1.5mM MgCl 2, 1% LA-Taq) was prepared, and PCR
was performed with the condition in Table 2. The DNA product was purified by gel
extraction.
In vito transcription was performed after the DNA template purification. In brief,
the mixture (10% 10x Reaction buffer, 10mM ATP, 10mM UTP, 10mM CTP, 10mM
GTP, 10% T7 RNA polymerase Mix) was prepared, and then stayed at 37°C for 24
hours. The sgRNA was purified by MEGAclear™ Transcription Clean-Up Kit (Thermo
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Fisher Scientific).
2.15 Nanog promoter luciferase assay with sgNanog delivery
pCDH-His-dCas9vp160 was transfected in HEK293T cells, which was pre-seeded
in 6cm cell culture dish, by jetPRIME (PolyPlus) , and cells were selected by puromycin
until the cell confluence is 80%. 1.5x10 5 pre-transfected cells were then seeded in 12
well cell culture plate, and 0.5μg pGl4-Nanog promoter plasmid, 0.5 μg pmCherry, and
different concentration of the combination of sgNanog (sgNanog 1, sgNanog 2,
sgNanog3) were subsequently transfected in each well by jetPRIME. The cells were
cultured at 37°C for 24 hours, and the luminescence was detected by MicroLumat LB
96P.
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Chapter three: Results
3.1 The properties of Gelatin-PEI nanoparticles
For Gelatin-PEI nanoparticle production, the procedure was referred to previous
study (54). After the manufacturing procedure, some nanoparticles formed in beakers
and the appearance of the solution was foggy. Next, the particle property such as particle
diameter and the zeta potential was analyzed by Nano-ZS. The diameter of Gelatin-PEI
was about 100 nm and there was no significant difference between gelatin nanoparticles
with and without PEI modification (Figure 1). The zeta potential on the surface of
Gelatin-PEI was +43.2 and it is obviously more positive than the control group (Figure
2). These results were consistent with previous research and indicated the Gelatin-PEI
was suitable as a carrier for the delivery experiment.
3.2 Gelatin-PEI nanoparticle is a vector with low cytotoxicity
.

To examine the cytotoxicity of Gelatin-PEI nanoparticle, different concentrations

of Gelatin-PEI nanoparticles were added in the 96-well pre-seeded Hs68 cells, and then
the cell survival rate was measured by MTT assay. Only 65% survival rate of the Hs68
cells treated with 300 μg/ml Gelatin-PEI was found (Figure 3). 30 μg/ml Gelatin-PEI
with 80% survival rate was chosen for the following experiments.
3.3 Gelatin-PEI nanoparticle is able to bind with BSA
To determine whether Gelatin-PEI nanoparticle could bind to protein through the
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electronic interaction, Gelatin-PEI nanoparticles were mixed with BSA at room
temperature for one hour, and then they were centrifuged. If Gelatin-PEI nanoparticle
could bind to the protein, the protein would be pulled down with nanoparticles by
centrifugation. Therefore, the amount of protein could be measured in the supernatant
by Bradford assay .The result demonstrated that Gelatin-PEI nanoparticle is capable of
adsorbing protein, and the highest binding efficiency was achieved when the weight
ratio of Gelatin-PEI nanoparticle and BSA equaled to 1 (Figure 4).
3.4 The overexpression and purification of eGFP
To do the further functional test of the protein delivery system, eGFP was chosen
as a model protein because it was easy to be observed. In order to produce eGFP protein
for the following experiment, E.coli system was chosen. First, eGFP gene from pEGFPC1 plasmid was cloned by PCR and then ligated into the pETDuet-1 plasmid (Appendix)
which has T7 promoter to trigger the downstream gene expression. 6x His tag sequence
in the pETDuet-1 plasmid was present for simple identification and purification.
To identify whether the pETDuet-1-eGFP plasmid was able to overexpress eGFP
protein, it was transformed into BL21 strain of E.coli and then cultured in LB medium
with IPTG induction. Next, eGFP was extracted by sonication and identified by western
blot with anti-His antibody. Figure 5A illustrated that His-eGFP was exactly
overexpressed in the BL21.
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To find out the best eGFP expression level, I decided to test which induction
duration is the most suitable condition. In Figure 5B, the best condition for eGFP
expression was that pre-transformed BL21 cultured for 12 hours after IPTG induction
at 25°C
Next, Ni-NTA spin column was used for the eGFP purification. In the beginning,
eGFP purification was performed according to the protocol of Ni-NTA spin column,
however, the result of CBR staining was shown that the purification efficiency was poor
(data not shown). Thus, the procedure of purification was optimized. Because imidazole
is a competitive substance of 6x his tag that could bind to Ni-NTA column and separate
non-specific protein. The increased concentration of imidazole in washing step was
tested to get the appropriate condition. CBR staining (Figure 6) revealed that the
purified sample washed by 50 nM imidazole buffer had the best purity. The target band
obviously existed at the position about 32kDa that is the theoretical molecular weight
of eGFP. After confirming the best condition for purifying eGFP, eGFP protein was
prepared by using this optimized procedure.
3.5 The protein delivery capacity of Gelatin-PEI in vitro
In order to determine whether Gelatin-PEI nanoparticle is able to carry protein
inside the mammalian cell, His-eGFP was delivered into the cell by Gelatin-PEI and
observed by fluorescence microscopy (Figure 7). Green fluorescent signals were seen
30

doi:10.6342/NTU201603319

in the Gelatin-PEI group comparing to the control group. This result revealed that
Gelatin-PEI binding with eGFP was uptake by Hs68 cells. Moreover, the green
fluorescence from eGFP was still observed after endocytosis. Based on these results,
Gelatin-PEI could be a protein carrier.
3.6 The overexpression and purification of dCas9vp160
To investigate the capacity of cell fate conversion through CRISPR activation
system delivery by Gelatin-PEI. First, the purified dCas9vp160 protein and sgRNA
have to be prepared. dCas9vp160 gene was cloned from pAC154-dual-dCas9VP160sgexpression plasmid, and subcloned to pETDuet-1 plasmid. Due to the problem of the
frame shift, the adaptor sequence was inserted in the pETDuet-1 to adjust the reading
frame. To check whether the cloning process was successful, the final plasmid was
digested with restriction enzyme and analyzed by electrophoresis. There was a
schematic diagram of the pETDuet-1-dCas9vp160 (Figure 8A). If the plasmid is correct,
there were three bands: 1466 bp, 3600 bp, and 4900 bp after BglI restriction enzyme
digestion. Figure 9B illustrated that 8 lanes out of 10 had 3 bands that were consistent
with our expectation. This result confirmed that pETDuet-1-dCas9vp160 plasmid was
successfully constructed.
pETDuet-1-dCas9vp160 was transformed into the BL21, and protein expression
was induced by IPTG treatment. Western bolt (Figure 9A) revealed that dCas9vp160
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was expressed in the supernatant or pellet of E. coli lysate, but the expression level was
low. In order to optimize the expression level of dCas9vp160, the time curse induction
test was evaluated. The data (Figure 9B) showed that the highest expression level was
achieved when BL21 was cultured for 12 hours after IPTG induction at 25 oC.
Due to low production rate of dCas9vp160, different culture variables such as
induction temperature, IPTG concentration and so on was evaluated to optimize the
manufacturing process. However, the effect was ambiguous. I suspected that the
problem probably was the strain of E.coli, so the different strain of BL21 was evaluated.
Western blot (Figure 10) revealed that BL21 StarTM (DE3) obviously enhanced the
expression level of dCas9vp160 comparing to the result in BL21, and the best induction
condition was also identified as 8 hours at 16°C after IPTG treatment (Figure 11).
. According to the experience in the experiment of eGFP purification, the best
washing step condition needed to be evaluated. CBR staining (Figure 12) demonstrated
that when the concentration of imidazole was about 100 nM, the eluted sample was the
best. Therefore, the preparation of purified dCas9vp160 has performed.
3.7 small guide RNA function verification
Before the CRISPRa RNP delivery by Gelatin-PEI for iPSC generation. The
function of sgRNA produced by in vitro transcription had to be evaluated. To this end,
luciferase assay was performed. First, the pGl4-Nanog promoter plasmid was
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constructed, and the function of it was estimated after pCDH-4F plasmid transfection.
Exactly, the luciferase gene was activated, and the signal, which was detected after the
treatment of the substrate, was significantly elevated (Figure 13A). To activate the
luciferase gene in pGl4-Nanog promoter plasmid by CRISPRa, small guide RNA was
designed for Nanog promoter targeting (Table 1) and then produced by in vitro
transcription. In the beginning of the experiment, cells were transfected by pCDHdCas9vp160 and was selected by puromycin treatment. Then, pGl4-Nanog promoter,
pmCherry, and sgNanog were transfected in the cells, and the signal was detected after
24hr culturing. Figure 13B revealed that the signal in 50nM, 100nM, and 150nM
sgNanog group was significantly elevated comparing to the control group. It indicated
that the sgNanog treatment was able to guide the ectopic expressed dCas9vp160 to
activate the luciferase gene in pGl4-Nanog promoter.
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Chapter four: Discussion and conclusion
To establish protein delivery system, Gelatin-PEI was produced with 100 nm in
diameter, +43 charge on the surface, and low toxicity. The charge on the surface arose
an idea that whether it could be a protein carrier through electronic interaction. To
determine whether Gelatin-PEI is able to carry protein cargo, BSA binding assay was
evaluated and showed the possibility of protein adsorption. For functional test, eGFP
was chosen as the model protein. Then, eGFP gene was cloned in pETDuet-1 plasmid
for protein overexpression, and His-eGFP was exactly detected by western blot in the
protein extract after IPTG induction. Moreover, the best duration of IPTG induction
was 12 hours. For His-eGFP purification, Ni-NTA spin column was used. The best
concentration of imidazole in washing step is 50mM.

Finally, the pure His-eGFP was

prepared. Subsequently, His-eGFP was delivered into Hs68 cell line by Gelatin-PEI and
was observed by fluorescent microscopy. The result showed the capacity of GelatinPEI as a protein carrier.
To generate safe iPSC, CRISPRa system was needed to enter into somatic cells to
open genes for cell reprogramming. To build up CRISPRa system, dCas9vp160 gene
was cloned into pETDuet-1 and expressed in the BL21 after IPTG induction. In
manufacturing process, the best induction condition is 12 hours at 25oC. However, the
expression level was low. To resolve this problem, BL21 Star TM (DE3) was used to
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improve the efficiency. The protein expression level in BL21 StarTM (DE3) was
remarkably enhanced and the best induction condition was 8 hours at 16 oC. For
dCas9vp160 purification, Ni-NTA spin column was used, and the best condition in
washing step is 100 mM imidazole. In the future, the function of CRISPRa system after
delivering by Gelatin-PEI should be further evaluated.
Induced pluripotent stem cell is considered a high potential technology in the
biomedical application. However, the first generation of it had the possibility of
mutagenesis or carcinogenesis. DNA-free method for iPSC production was developed
to overcome these problems. Among them, the protein-based method is more stable and
more controllable. The protein-based method was first reported in 2009. Yamanaka
factors fused with cell penetrating peptide (CPP) were produced in E.coli system or
mammalian system and successfully generated iPSC although the efficiency was low
(24). The reason for the low efficiency was suggested that these proteins were degraded
by lysosomes after entering into cells by CPP-mediated pathway. In 2013 Majad et.al
combined the drug delivery system with the protein-based method to generate iPSC
(65). After the protein delivery by this method, the efficiency is elevated from 0.001%
by the CPP-mediated method to 0.05%. The possible speculation of the remarkable
difference between them is that nanoparticles might protect the protein against the
digestion in the lysosomes. So, the combination of drug delivery system and protein35
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based method seems a promising way to generate iPSC. However, there is a potential
problem with this method. Multiple proteins need to be produced and purified. These
processes are complicated and technically difficult. CRISPRa system was reported to
activate gene expression with only transactivation domain-fused dCas9 protein and the
corresponded sgRNA (63). Therefore, if this tool apples in iPSC generation, only one
master transcription factor is required to activate the Yamanaka factor genes. It will be
an efficient way to simplify the protein-based method for iPSC generation.
However, the off-targeting modification of the CRISPR technology is usually
happened and this phenomenon will enhance the risk of tumorigenesis in iPSC
formation. Nevertheless, the off-targeting modification actually just happened when the
gene editing is accomplished by virus infection or plasmid transfection instead of
protein-based delivery(66). Therefore, protein-based CRISPRa is believed to be a safe
way to apply in iPSC formation
Nanoparticles have been used in the plasmid, siRNA delivery for a long time.
However, seldom studies used it as a protein carrier. The reason is that the diverse
proteins possess different properties such as charge, molecular weight, polarity and so
on. Therefore it is hard to find a universal way to carry all of the proteins. Secondly,
protein delivery is more complicated than plasmid delivery because the purified protein
is needed to deliver into cells for several times to sustain the effect, and the condition
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for the storage of the protein is more rigorous than the plasmid. Thus, the high potential
protein delivery technology is still under development.
About the protein deliver by nanoparticles, protein is usually encapsulated inside
the particles through emulsion, nanoprecipitation, self-assembly etc., according to the
characteristic of the polymers and proteins (67). To generate the biological effect by
protein delivery, the sufficient amount of protein is significant. Therefore, it is a key
factor whether the protein loaded inside the nanoparticles is enough or not. To further
increase the loading of the nanoparticle, I suggested that protein cargo carried by
nanoparticles through electronic interaction was a promising way due to the large
surface area of the nanoparticle. Actually, John et.al has used the cationic liposome to
carry Cas9 protein and sgRNA by electronic interaction for gene editing (68). In
addition, in the experiment of eGFP delivery in this study, eGFP with negative charge
on the surface in the culture medium according to its pI value (6.5) was carried by
Gelatin-PEI through electronic interaction and internalized into cells. These results
indicated the possibility of the protein delivery by nanoparticles through electronic
interaction.
Endosomal escape is an important issue in nanomedicine. Endocytosis is the
most common way for cells to uptake the biological agent, and then the agent was
transferred into the endosome and degraded by the enzyme. Previous studies
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demonstrated that the synthetic biomimetic peptides and polymers helped plasmid
escape from endosome and could facilitate the therapeutic effect (69). PEI is one of
endosomal escape polymer which was reported to enhance the transfection efficiency
(70). The hypothesis is that PEI composed of several amine groups might be capable of
being a great proton receptor which blocked the process of acidification in lysosomes.
In this study, PEI is expected to help protein escape from endosome. eGFP delivered
into cells by Gelatin-PEI exactly was observed by fluorescent microscopy, and this
result implied that eGFP was successfully escaped from the endosome, so the eGFP
was not destructed and expressed green fluorescence.
Protein purification is the toughest process in this study. dCas9vp160 protein
expression in BL21 is inefficient. To solve this problem, many parameters are adjusted
for enhancing the expression level. The duration of IPTG induction is an important
factor of the expression level. Therefore, I tried to optimize the duration of IPTG
induction. However, there was little difference of expression level when the time point
was 12 hours after IPTG treatment. After purification, the amount of protein was not
enough for the following experiment. The problem of low expression level might be
due to the rare codon in E.coli (71). The codons for Arginine (AGG, AGA, CGA),
leucine (CTA), isoleucine (ATA), and proline (CCC) are rare in native E.coli. Therefore,
the translation of the gene with these codons is hindered. dCas9vp160 has many rare
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codons in the gene sequence. Previous studies revealed that the heterologous gene
inefficiently expressed in E.coli usually could be forced expressed in tRNAsupplemented E.coli which proceeded translation more smoothly (72). RosettaTM is a
modified BL21 strain with additional tRNA codon, Thus, I tried to use Rosetta TM to
overexpress dCas9vp160. But, no significant difference with the situation in BL21 was
seen. I suggested that dCas9vp160 might be a protein with translational difficulty. As a
result, the improvement of whole basal translation level was a possible solution. BL21
StarTM (DE3) is a modified BL21, of which the enzyme for mRNA degradation is
knocked-out. Some data from Biotech Company demonstrated that the overexpression
level of the protein in BL21 Star TM (DE3) is 5-10 times higher than native BL21. Hence,
I tried to overexpress dCas9vp160 in this strain, and the result indicated the expression
level was significantly up-regulated.
The CRISPRa function has to be evaluated before iPSC induction. Theoretically,
the dCas9vp160 protein will be guided by sgRNA and activate the following gene
expression. Therefore, I designed a luciferase assay to identify the function of the
CRISPRa system. sgRNA is an unstable substance that it is simply digested by the
RNase in the environment. Additionally, the sgRNA sequence was designed according
to the expectation of the software online. Therefore, It is required to identify whether
the sgRNA is worked or not. After the sgNanog delivery, the ectopic expressed
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dCas9vp160 exactly activate the luciferase expression. It indicated that the production
and the design of the sgNanog is reasonable.
In the future, the function of dCas9vp160 protein function should be also identified
by luciferase assay or qPCR. If the delivery is worked, I will try to use this optimized
way to induce Yamanaka factors gene expression and generate iPSC. If so, the
procedure of iPSC induction should be further test for the highest efficiency. For
instance, it was reported that sequential introduction of Yamanaka factors significantly
increase the efficiency of iPSC formation (73). Therefore, if I sequentially deliver the
dCas9vp160-sgRNA complex corresponding to the procedure in that article, the
efficiency of iPSC formation maybe remarkably increased. In addition, the best
proportion to the combination of Gelatin-PEI, dCas9vp160, and sgRNA should be
further examine to achieve the optimized gene activation.
Overall, I would like to develop a new method to generate the absolutely safe iPSC
for clinical application in the future. Due to the plasticity of CRISPRa system, this
method is expected to be widely used in the researches and becomes a powerful tool in
biomedical science.

40

doi:10.6342/NTU201603319

Table 1. Primer List
Sequence (5’- 3’)

Name
Adaptor forward

GAT CAC TCG AGT GCA ACC GGT G

Adaptor reverse

GAT CCA CCG GTT GCA CTC GAG T

eGFP forward

TTGCGGCCGCTTATGGTGAGCAAGGGCGA

eGFP reverse

AAGCGGCCGCTTATCTAGATCCGGTGG

T7 oligo

CACTAATACGACTCACTATA

Scaffold forward

GTT TTAGAGCTAGAAATAGC

Scaffold reverse

AAAAAAGCACCGACTCGGTGCC

sgNanog1 oligo

CACTAATACGACTCACTATAGGATTAAGAAAAA
GGCCGGGCGGTTTTAGAGCTAGAAAT

sgNanog2 oligo

CACTAATACGACTCACTATAGGAATCAGGAATA
TGGTTCAACGTTTTA GAG CTA GAAAT

sgNanog3 oligo

CACTAATACGACTCACTATAGGGCCACGGCCT
CCCAATTTACGTTTTAGAGCTAGAA AT

Table 2. PCR condition for sgRNA template synthesis
Temperature (°C)

Time

95

00:03:00

95

00:00:30

50

00:00:30

68

00:00:20

68

00:07:00

4

∞

X 25
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Gelatin Nanoparticle

Gelatin-PEI

Figure 1. The size distribution of Gelatin-PEI analysis by DLS. The
diameter of Gelatin-PEI is about 100nm. Upper panel is the size distribution of
gelatin nanoparticles. Under panel is the size distribution of gelatin
nanoparticles modified by PEI
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Gelatin Nanoparticle

Gelatin-PEI

Figure 2. The zeta potential of Gelatin-PEI was measured by Nano-ZS. The
zeta potential of the Gelatin-PEI is +43.2. Upper panel is the zeta potential of
gelatin nanoparticles. Under panel is the zeta potential of gelatin nanoparticles
modified with PEI.
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Gelatin-PEI toxicity test in Hs68 cell line
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Figure 3. The toxicity test of the Gelatin-PEI in Hs68 cell line. The
concentration of Gelatin-PEI up to 300 μg/ml causes about 35% cell death. n=6
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binding efficiency (%)

BSA binding assay
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Figure 4. BSA binding assay. When the weight ratio of Gelatin-PEI and BSA
equal to 1, up to 80% BSA is pulled down with Gelatin-PEI by centrifugation.
The weight of BSA is fixed in 300μg. Total volume is 1ml.
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Figure 5. His-eGFP overexpression in BL21 was analyzed by western blot.
(A) 1mM IPTG treatment for 6 hours after transformed BL21 cultured to
O.D.600 = 0.6. (B). optimize the duration of IPTG treatment for the highest
expression level of His-eGFP at 25 oC. The antibody used in western blot for
detecting His-eGFP is mouse anti-His antibody (1/5000). The amount of protein
per well is 30μg.
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Figure 6. His-eGFP was purified by Ni-NTA spin column. (A) CBR staining.
(B) Western blot. The amount of protein per well is 30 μg. Antibody used in
western blot is mouse anti-His antibody (1/5000). Ctrl: protein extract after cell
sonication. P: purified protein.
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Figure 7. The intracellular delivery of His-eGFP by Gelatin-PEI in Hs68 cell
line. The Gelatin-PEI is able to carry eGFP and internalize into Hs68 cell. The
concentration of his-eGFP and Gelatin-PEI is 12μg/ml. White arrows indicate
the cell with green fluorescence.
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(A)

(B)

Figure 8. pETduet-dCas9vp160 construction and verification. (A) Simple
Gene map of pETduet-dCas9vp160 for verification by restriction enzyme
digestion. Blue line indicate the position of dCas9vp160 gene sequence. (B)
Agarose gel electrophoresis after BglI.digestion
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(A)

(B)

Figure 9. dCas9vp160 overexpressed in BL21 was identified by western
blot. (A) IPTG treatment for 16 hours after O.D.600 = 0.6. (B) Optimize the best
duration of IPTG treatment for the highest dCas9vp160 expression level. pET:
pETDuet-1 plasmid. pET-dCas9: pETDuet-dCas9vp160 plasmid. S: the
supernatant of the protein extract after cell sonication. P: the pellet of the protein
extract after cell sonication. 30μg protein is loaded in a well. Mouse anti-His
antibody (1/5000) is used to detect His-dCas9vp160. The temperature in IPTG
induction is at 25oC
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Figure 10. dCas9vp160 overexpression in BL21 StarTM (DE3). pETDuetdCas9vp160 was transformed in BL21 StarTM (DE3), and different colony was
picked up to test the overexpression level of dCas9vp160 by western blot. Ctrl:
BL21 StarTM (DE3) transformed by pETDuet-dCas9vp160 without IPTG
induction. Mouse anti-His antibody is used for detection. 20μg protein is loaded
in every well.
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Figure 11. IPTG induction time optimization for the highest expression
level of dCas9vp160 in BL21 StarTM (DE3). (A) IPTG induction under 16oC.
(B) IPTG induction at 25oC. (C) and (D) Quantification of the result in (A) and
(B). 1mM IPTG is used in these experiment. Quantification is done by Image J.
Mouse anti-His antibody is used for detection in western blot.
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Figure 12. The purification of dCas9vp160 expressed in BL21 Star TM (DE3)
is detected by CBR staining. 100nM imidazole is the best condition in
washing step, and the purity of the protein after eluting by elution buffer is
excellent. Ctrl 1: Protein extract without IPTG treatment. Ctrl 2: Protein extract
with IPTG induction for 8 hours at 16oC. Every time the volume of buffer in
washing step is 600ul. The volume of the buffer in elution is 100ul. Red arrows
indicated dCas9vp160.
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(A)

(B)

Figure 13. Nanog promoter Luciferase assay. (A) pGl4-Nanog promoter
plasmid functional analysis. (B) Nanog promoter small guide RNA functional
analysis by luciferase assay. pCDH-4F: pCDH plasmid with Yamanaka four
factors gene. sgNanog: the combination of

sgNanog1, sgNanog2, and

sgNanog3.
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Appendix
The gene map of pETDuet-1 plasmid which was used to overexpress all of recombinant
proteins in this study.
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