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Abstract 

The monocyte chemoattractant protein-1 (MCP-1/CCL2) is a member of the C-C chemokine family. 

Gene for MCP-1 is located on chromosome 17 and its expression can be induced by a variety of 

mediators. This chemokine regulates the migration and infiltration of monocytes, memory T 

lymphocytes, and natural killer (NK) cells. CCL2 is produced by many cell types, including endothelial, 

fibroblasts, epithelial, smooth muscle, mesangial, astrocytic, monocytic, and microglial cells. It is also 

produced by human hematopoietic stem/progenitor cells (HSPC). CCL2 expression inversely 

correlates with expression of stem cell leukemia/T-cell acute leukemia 1 (SCL/TAL1) transcription 

factor that controls the HSC homeostasis.  Our hypothesis is that in quiescent state when TAL1 

expression is weak, HSPC produce CCL2 to attract monocytes/macrophages thus modifying their 

specific hematopoietic niche.  

In order to prove the hypothesis described above, the goal of this project was to create human MSCs 

that don’t secrete CCL2, using both the shRNA/transduction approach and the CRISPR-Cas 9 

approach. Those cells will be used in a co-culture with HSPC with a knockdown in the TAL1 gene, 

introduced into a scaffold and implanted in mice so that we can see if there is a monocyte attraction. 

Simultaneous expression of luciferase gene permits to visualize these cells when implanted in mice. 

For that purpose, three shRNAs and five sgRNAs were cloned in FUW-Luciferase Cherry and pX458 

expression vectors, respectively. The recombinant shRNA vectors were used to create lentiviral 

particles for the MSC’s transduction. The efficiency of CCL2 knockdown was then evaluated by gene 

expression analysis using RT-Q-PCR. Concerning the CRISPR-Cas 9 experiment, combinations of 

two gRNAs were done to make two double breaks of genomic DNA inside the CCL2 gene. The 

recombinant vectors were then transfected into HEK 293T cells and the DNA damage was evaluated 

by Phusion Hot Start Flex PCR, followed by an agarose electrophorese gel. 

Although the viral DNA has been integrated in the cell genome, there wasn’t a downregulation of the 

CCL2 gene. As for the CRISPR-Cas 9 approach, the expected DNA cuts were successfully observed 

in the electrophorese gel.  

In conclusion, the CRISPR-Cas 9 approach was proved to be successful in damaging the CCL2 gene. 

On the other hand, the shRNA approach will need some improvements, in order to successfully 

achieve the downregulation of CCL2 in MSCs. 
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Resumo 

A proteína quimiotática de monócitos-1 (MCP-1 / CCL2) é um membro da família quimioquina CC. O 

gene para esta proteína está localizado no cromossoma 17, e a sua expressão pode ser induzida por 

uma variedade de mediadores. Esta quimioquina regula a migração e infiltração de monócitos, 

linfócitos T, e natural killer cells (NK). CCL2 é produzido por diversos tipos de células, incluindo as 

células endoteliais, fibroblastos, células epiteliais, musculares, células mesangiais, astrócitos, 

monócitos e células microgliais. Esta proteína também é produzida por células estaminais 

progenitoras hematopoiéticas humanas (HSPC). A expressão de CCL2 está inversamente 

correlacionada com a expressão do SCL/TAL1, o qual é responsável pelo controlo da homeostasia 

das HSCs. A nossa hipótese é que em estado de repouso, quando a expressão do TAL1 é fraca, as 

HSPC produzem CCL2 para atrair os monócitos/macrófagos, modificando assim o seu nicho 

específico hematopoiético. 

De forma a estudar a provar a hipótese descrita acima, o objectivo deste projecto foi a criação de 

MSCs humanas que não secretam CCL2, usando tanto a abordagem do shRNA, como a abordagem 

do CRISPR-Cas 9. Essas células serão depois utilizadas numa co-cultura com as HSPC cuja 

expressão do TAL 1 foi reprimida, introduzidas num scaffold e implantadas em modelos murinos de 

forma a verificar se existe ou não uma atracção de monócitos. A simultânea expressão do gene da 

luciferase permite a visualização das células implantadas. Para o efeito, três shRNAs e cinco sgRNAs 

foram clonados nos vectores de expressão FUW-Luciferase Cherry e PX458, respectivamente. Os 

vectores recombinantes de shRNA foram usados para criar partículas lentivirais para a transdução 

das MSCs. As MSCs transduzidas foram então analisadas por Q-PCR, a fim de avaliar a eficiência do 

knockdown do gene do CCL2. No que respeita à abordagem do CRISPR-Cas, foram feitas 

combinações de dois gRNAs, de forma fazer cortes duplos no gene do CCL2. Os vectores 

recombinantes foram então transfectados para células HEK 293T e os danos do ADN foram avaliados 

por Phusion Hot Start Flex PCR, seguido por um gel de electroforese. 

Embora o ADN viral tenha sido integrado no genoma das células transduzidas, não houve contudo 

uma regulação negativa na produção de CCL2. Relativamente à abordagem do CRISPR-Cas 9, os 

cortes de ADN esperados foram observados com sucesso no gel de electroforese. 

Em conclusão, a abordagem CRISPR-Cas 9 provou ser um sucesso a danificar o gene do CCL2. Por 

outro lado, a abordagem de shRNA precisará de algumas alterações, de modo a alcançar também 

com sucesso a regulação negativa de CCL2 em MSCs. 

 

Palavras-chave: CCL2, shRNA, CRISPR-Cas 9, MSCs 
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0 – INTRODUCTION 

MCP-1 (CCL2), a potent monocyte attractant, was the first discovered human chemokine of the CC 

family. This molecule, composed of 76 amino acids, is approximately 13 kDa in size and its gene is 

found on chromosome 17. As for its expression, it can be induced by multiple mediators, such as 

platelet-derived growth factor, interleukins IL-1 and IL-4, tissue necrosis factor α, vascular endothelial 

growth factor, bacterial lipopolysaccharide, and interferon γ. The main function of MCP-1 is the 

recruitment of monocytes, memory T-cells, and dendritic cells to sites of tissue injury and infection, 

which is extremely important for anti-viral immune responses in the peripheral circulation and in 

tissues. This chemokine is produced by many cell types, including endothelial, fibroblasts, epithelial, 

smooth muscle, mesangial, astrocytic, monocytic, and microglial cells. It is also produced by human 

hematopoietic stem/progenitor cells (HSPC). CCL2 expression inversely correlates with expression of 

stem cell leukemia/T-cell acute leukemia 1 (SCL/TAL1) transcription factor that controls the HSC 

homeostasis. There are evidences that prove that alterations leading to the overexpression of SCL are 

the most common tumor-specific chromosomal abnormalities found in human T cell acute 

lymphoblastic leukemia. 

 Our hypothesis is that in quiescent state when TAL1 expression is weak, HSPC produce CCL2 to 

attract monocytes/macrophages thus modifying their specific hematopoietic niche.  

In order to study cell interaction between human HSPC, MSC and monocytes/macrophages, the goal 

of this project was to create human MSCs that don’t secrete CCL2, using both the shRNA/transduction 

approach and the CRISPR-Cas 9 approach. 
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1 – LITERATURE REVIEW 

1.1 – CCL2/MCP-1: MONOCYTE CHEMOATTRACTANT PROTEIN-1 

1.1.1 – Definition, structure and function  

Chemokines include a superfamily of small molecules with a molecular weight of 8–14 kDa. Regarding 

their structure, most of these molecules have four cysteines in highly conserved positions and three 

distinct domains: an extremely flexible N-terminal domain is attached to the rest of the molecule by 

disulfide bonds that involve the two N-terminal domain cysteines. This region is believed to be 

important for receptor binding and activation. Following the N-terminal domain is an extended loop that 

leads into three antiparallel β-pleated sheets and there’s an α-helix that overlies the sheets. Taking 

into consideration both the number and location of the highly conserved cysteine residues at the N-

terminus of the molecule, we can divide chemokines into four subgroups – the CXC, C, CX3C and CC 

family, to which the CCL2 belongs (Yadav, A. et al, 2010; Deshmane, S. et al, 2009).  Numerous 

genes encoding for chemokines cluster at specific loci. In spite of being some exceptions, CC 

chemokine genes are clustered at 17q11.2-12 and CXC chemokine genes are assembled at 4q13 

(Rollins, B., 1997). 

 These secreted chemokines play a crucial role in many homeostatic and pathological processes in 

the human body. Although they were first identified as regulators of leukocyte trafficking, further 

research has suggested the involvement chemokines in other parts of the inflammatory process, such 

as fibrosis, tissue remodeling and angiogenesis (Yadav, A. et al, 2010). Due to having multiple actions 

and functions, chemokines play a major role in multiple vascular, neoplastic and infectious illnesses, 

as well as allergic disorders, transplant rejections and auto-immune diseases (Gerard, C. and Rollins, 

BJ., 2001; Frangogiannis, NG. et al, 2007). 

MCP-1 (CCL2), a potent monocyte attractant, was the first discovered human chemokine of the CC 

family. This molecule, composed of 76 amino acids, is approximately 13 kDa in size and its gene is 

found on chromosome 17. As for its expression, it can be induced by multiple mediators, such as 

platelet-derived growth factor, interleukins IL-1 and IL-4, tissue necrosis factor α, vascular endothelial 

growth factor, bacterial lipopolysaccharide, and interferon γ. The main function of MCP-1 is the 

recruitment of monocytes, memory T-cells, and dendritic cells to sites of tissue injury and infection, 

which is extremely important for anti-viral immune responses in the peripheral circulation and in 

tissues (Yadav, A. et al, 2010; Deshmane, S. et al, 2009). 
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Although CCL2 is produced by various cell types, such as epithelial, endothelial, smooth muscle, 

fibroblasts, astrocytes and microglial cells, the major source of MCP-1 is monocytes and 

macrophages, whose activity is controlled by IFN-γ, IL-4, IL-10, and IL-13. 

MCP-1 exercises its effects through binding to G-protein-coupled receptors present on the surface of 

the leukocytes targeted for activation and migration. The activation of these receptors triggers a set of 

cellular reactions that result in inositol triphosphate formation, intracellular calcium release, and PKC 

activation. The common CCL2 receptors are the CCR2. Besides CCR2, there are three other 

receptors that also bind to MCP-1, namely D6, the Duffy antigen receptor for chemokines (DARC) and 

US28. However, as opposed to CCR2, they are not specific for MCP-1, binding to numerous other 

cytokines with similar affinity (Nibbs, RJ. et al, 1997; Yadav, A. et al, 2010).  

 

1.1.2 – Role of CCL2 in various pathophysiological conditions involving various organ systems 

 Besides the recruitment and direction of leukocyte movement, some studies suggest that CCL2 might 

have influence in human immune responses, specifically in T-cell immunity. Some evidences include 

the association of this molecule with the development of polarized Th2 responses (Chensue, SW et al, 

1995; Handel, TM et al, 1996) and with the enhancement of the secretion of IL-4 by T cells (Karpus, 

WJ et al, 1997). Another study, by Gonzalo et al, suggested that in Th2 immune-mediated diseases, 

such as asthma, there’s a high expression of CCL2 and its neutralization betters the disease 

(Gonzalo, JA et al, 1998).  

Other diseases in which CCL2 has an important role in are cardiovascular diseases. This role is 

particularly important in both the angiogenesis and atherosclerosis (Yadav, A. et al, 2010). The 

binding of CCL2 to its receptor, CCR2, is responsible for the activation of multiple signaling pathways 

that, not only causes chemotactic migration of the target cells, but also the regulation of gene 

expression that orchestrates homoeostatic responses within the heart. This leads to both beneficial 

effects and deleterious ones. Various stimuli in the heart cause the elaboration of CCL2, leading to 

Figure 1 - MCP-1 Structure (Yadav, A. et al, 2010) 
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recruitment of monocytes/macrophages and the induction of MCPIP, which cause an ER stress 

response in the heart (Niu, J. and Kolattukudy, P., 2009). 

There are many other diseases in which CCL2 play an important role in, namely transplant rejections, 

bone remodeling, tumors, nephropathies and other inflammatory illnesses (Yadav, A. et al, 2010; 

Deshmane, S. et al, 2009). 

 

 

1.2 – SCL/TAL1 

TAL 1 is a transcription factor that belongs to the basic helix-loop-helix (bHLH) family. The bHLH 

proteins bind DNA as homodimers or heterodimers, and it is the equilibrium between these complexes 

that controls cell growth and differentiation decisions in many cell types. Contrarily, there are 

evidences that prove that alterations leading to the overexpression of SCL are the most common 

tumor-specific chromosomal abnormalities found in human T cell acute lymphoblastic leukemia (T-

ALL) (Lécuyer, E. and Toang, H., 2004; Robb, L. and Begley, C., 1997).These transcription factors 

include 3 main classes of proteins that differ in terms of their structure, expression patterns, capacity 

to homodimerize or heterodimerize, and DNA binding capacity. Class I proteins, also generically 

referred to as ‘E proteins’, are expressed in many tissues and have the capacity of forming either 

homodimers or heterodimers with other HLH proteins. The DNA-binding specificity of class I proteins 

is restricted to the E-box site. Class II HLH proteins, of which TAL 1 is a member, show a tissue-

restricted pattern of expression and form heterodimers with class I proteins. On the other hand, Class 

I-Class II heterodimers can bind both to canonical and non-canonical E-box sites (Massari, M. and 

Murre, C., 2000).  

 

1.2.1 – Role of TAL 1 

1.2.1.1 – Role in normal hematopoiesis  

Blood cells derive from mesodermal precursors and are produced through a first wave of primitive 

hematopoiesis, which begins in yolk sac (YS) blood islands at around embryonic day 7 (E7) and 

consists mainly of primitive nucleated erythrocytes (Morrison, SJ. et al, 1995). At around E11 these 

cells are thought to colonize the fetal liver, where a second wave of definitive hematopoiesis begins, 

giving rise to the production of adult erythroid, myeloid, and lymphoid cells. Toward the end of 

gestation, the bone marrow becomes the predominant site of definitive hematopoiesis and remains so 

throughout postnatal life (Lécuyer, E. and Toang, H., 2004). 

An essential function of TAL 1 for hematopoietic development was first revealed in a study performed 

by Robb et al, where the TAL 1 gene ablation resulted in embryonic lethality at E9.5, due to a 

complete absence of primitive blood cells (Robb, L. et al, 1995). Further studies established that TAL 
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1 negative embryonic stem (ES) cells are unable to contribute to any hematopoietic lineage in mouse 

chimeras, therefore proving that TAL 1 is required for the generation of primitive and definitive 

hematopoietic cells. Together, these findings identified TAL 1 as one of the earliest-acting regulators 

of HSC specification (Lécuyer, E. and Toang, H., 2004). 

In the bone marrow, the totipotent HSC suffers a progressive differentiation, giving rise to 

hematopoietic progenitors, which then continue the differentiation process to produce precursors that 

are committed to specific cell fates. Within this hierarchy, TAL 1 expression follows a differentiation-

dependent gradient: while it is expressed in HSC and the most primitive progenitors, it becomes 

downregulated as differentiation proceeds into most lineages (Akashi, K. et al, 2000). However, TAL 1 

is continuously expressed in cells differentiating towards the erythroid, megakaryocytic, and 

mastocytic lineages (Pulford, K. et al, 1995). 

 

1.2.1.2 – TAL 1 in T-ALL 

The TAL 1 gene has long been suspected as a vital initiator of T-cell leukemogenesis, being the most 

frequent target of chromosomal rearrangements in patients with T-ALL. While this gene is usually 

downregulated in differentiating cells, due to these rearrangements, TAL 1 becomes inappropriately 

expressed in developing T cells. These rearrangements were initially acknowledged in 12% to 25% of 

T-ALL patients but more recent studies have verified that ectopic TAL 1 expression can be detected in 

a considerable proportion of T-ALL samples that lack any detectable TAL 1 locus rearrangements. 

These evidences reinforce the idea that TAL 1 activation is a major event in T-cell leukemogenesis. 

TAL 1 exhibits weak oncogenicity when expressed in the thymus of transgenic mice. The problem is 

the efficient collaboration of this gene with other oncogenes such as v-ABL, casein kinase II (CKII), N-

Ras, P53, and the LIM-only proteins LMO1 and LMO2 (also known as RBTN1/2 or TTG1/2), inducing 

aggressive T cell tumors in vivo. Among all these oncogenes, LMO1 and LMO2 are also targets of 

chromosomal rearrangements in T-ALL and have been shown to specifically associate with SCL in 

extracts of leukemic cells (Lécuyer, E. and Toang, H., 2004). 
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Figure 2 - “SCL expression and function during definitive hematopoiesis. Within the definitive hematopoietic 

hierarchy, SCL is expressed in HSC, multipotent progenitors, as well as cells of the erythroid, megakaryocytic, 

and mastocytic lineages (gray shading). C Conditional knockout studies (bold lines) have shown that SCL is 

essential for the differentiation down the erythroid and megakaryocytic pathways, whereas its requirement in the 

mast cell lineage remains to be characterized (question marks). Transgenic mice ectopically expressing SCL and 

LMO2 in the lymphoid lineage exhibit a block in T-cell differentiation at the transition of DN to DP cells and 

develop T cell tumors [68,121,125,127], similar to the phenotype observed in E2A/ mice [159]. DN, double 

negative; DP, double positive; SP, single positive cells for CD4/CD8 expression” (Lécuyer, E. and Toang, H., 

2004). 

 

 

1.3 – RNAi 

RNA interference (RNAi) is a natural process through which expression of a targeted gene can be 

knocked down with high specificity and selectivity (D. Rao, D et al, 2009). In spite of being discovered 

around a decade ago, the contribution to the scientific community was so important that there are 

already human clinical trials in progress or planned. Regarding therapeutic applications, a major 

advantage of RNAi versus other antisense based approaches is that it utilizes cellular machinery that 

efficiently allows targeting of complementary transcripts, often resulting in highly potent down-

regulation of gene expression. Despite the excitement about this remarkable biological process for 

sequence specific gene regulation, there are still a substantial amount of challenges and concerns that 

must be overcome before considering RNAi as a real therapeutic modality. Those hurdles include off-

target effects, the triggering of immune responses, competition with endogenous RNA and effective 

delivery in vivo (Aagaard, L. and J. Rossi, J, 2007). 

The applications of RNAi can be arbitrated by two types of molecules: the chemically synthesized 

double-stranded small interfering RNA (siRNA) or vector based short hairpin RNA (shRNA). Despite 

being applied to achieve similar functional outcomes, siRNA and shRNA are two intrinsically different 
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molecules. Consequently, the molecular mechanisms of action, the RNAi pathways, the off-target 

effects and their applications may also be different (D. Rao, D et al, 2009). 

In mammalian cells, the production of siRNAs begins with the cleavage of longer dsDNA precursors 

by the RNase III endonuclease Dicer. Dicer is in a complex with the TAR-RNA binding protein (TRBP) 

and hands off the siRNAs to the RNA induced silencing complex (RISC), which contains the slicing 

protein Argonaute 2. This protein cleaves the target mRNA between bases 10 and 11 relative to the 5’ 

end of the antisense siRNA strand. Despite the siRNAs loaded into the RISC complex being double 

stranded, Ago-2 cleaves and releases the “passenger” strand, leading to an activated form of RISC, 

characterized by a single stranded “guide” RNA molecule that directs the specificity of the target 

recognition by intermolecular base pairing. The selectivity of strand loading into RISC is based upon 

differential thermodynamic stabilities of the ends of the siRNAs. The less thermodynamically stable 

end is chosen for unwinding of the 5’ end of the guide strand which binds to the PIWI domain of Ago-

2. Perfect or near perfect complementarity between the target and the guide RNA leads to the 

recognition and cleavage of the target mRNA by Ago-2. Partial complementarity between a siRNA and 

target mRNA can, in certain cases, cause the repression of translation or the disruption of the 

transcripts, if the binding mimics micro RNA interactions with target sites. Micro RNAs are 

endogenous substrates for the RNAi machinery. They are originally expressed as long primary 

transcripts, which are processed within the nucleus into 60-70 bps hairpins by the microprocessor 

complex that comprises Drosha-DGCR8. The loop is removed by further processing in the cytoplasm 

by the RNase III Dicer and one of the two strands is loaded into RISC. The mature micro RNAs share 

only partial complementarity with sequences in the 3’ UTR of target mRNAs. In spite of the main 

mechanism of action of micro RNAs being translational repression, this can also be accompanied by 

message degradation (Aagaard, L. and J. Rossi, J, 2007).   

 

 

 

 

 

 

 

 

Figure 3 - Diagram of the mammalian RNAi pathway: formation of siRNAs and degradation of target mRNAs 

through the RNA induced silencing complex (RISC). On the right side are represented the multiple entry points for 

artificial DNA-based and RNA-based molecules (Aagaard, L. and J. Rossi, J, 2007) 
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 1.3.1 – siRNA  

siRNA is formed in the cell from shRNA or from long synthetic dsRNA processed by the Dicer enzyme, 

and is later separated into two short strands, one of which binds to the target mRNA and cleaves it, 

preventing the unwanted protein from being made. 

Because siRNA is composed of RNA and is inherently fragile, it is extremely challenging to get into the 

target cell’s cytoplasm and, once there, it is rapidly degraded. Therefore, relatively high doses, in the 

nanomolar range, are needed to achieve the desired level of gene silencing and treatment must be 

ongoing. These higher doses may lead to higher off-target effects, being these effects one of the 

biggest disadvantages of this procedure (D. Rao, D et al, 2009). 

 

1.3.2 – shRNA  

shRNA stands for short hairpin RNA, double stranded RNA (dsRNA) which is created in the cell from a 

DNA construct encoding a sequence of single stranded RNA and its complement, separated by a 

stuffer fragment. This construction allows the RNA molecule to fold back on itself, giving rise to a 

dsRNA molecule with a hairpin loop. In its synthetic form, shRNA suffers from the same limitations as 

the ones highlighted above for siRNA. However, when it is produced inside the cell from a DNA 

construct, not only does it have the positive characteristics of siRNA, but also it is produced 

continuously by the target cell’s own machinery. Besides, shRNA is a valuable mediator of RNAi since 

it has a relatively low rate of degradation and turnover. 

The production of shRNA by the target cells depends on specific DNA sequences introduced to the 

cell through a small gene cassette that travels to the nucleus. In the nucleus, the introduced DNA 

either becomes part of the cell’s own DNA or persists in the nucleus, instructing the cell to produce the 

specific shRNA, which is then converted by Dicer to siRNA and continues along the RNAi pathway via 

RISC to silence the gene. The fact that shRNAs integrate the endogenous miRNA pathway results in a 

significant increase in their efficiency. 

Regarding the length of the knockdown, it is known that whereas less than 1% of the introduced 

siRNA duplexes remain in the cell 48 h after administration, shRNA can be continuously synthesized 

by the host cell, therefore contributing with more durable effects. 

As for the concentrations necessary for effective gene knockdown, while the concentrations are 

usually in the low nanomolar range for most siRNAs, shRNA needs less than 5 copies integrated in 

the host genome in order to offer continual knockdown effect. This contributes to less off-target effects 

(D. Rao, D et al, 2009). 
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1.3.3 – RNAi delivery 

Viral vectors are often used for laboratory delivery of shRNA due to their high transfection efficiency 

and effective integration of exogenous DNA. One very particular case are lentiviral vectors, which are 

capable of transducing non-dividing cells, therefore representing a suitable system for both somatic 

and germ-line transduction (Aagaard, L. and J. Rossi, J, 2007). However, in recent years, some 

concerns regarding their safety and immunogenicity have surfaced. One particular situation happened 

in 2000, when two children suffering from SCID developed a leukemia-like disorder after being 

injected with the MLV vector carrying the gene encoding the γ-c chain cytokine receptor (E. Check). A 

viable alternative for siRNA and shRNA vectors are the non-viral polymeric delivery systems, in 

particular those with biodegradable components, since they have much better safety profiles than their 

viral counterparts (no biochemical, hematological and histopathological abnormalities) . Nevertheless, 

their transfection efficiency is generally much lower. For instance, comparing with adenoviral vectors, 

gene expression following cationic DNA-liposome complex transfection is approximately 20-fold lower. 

Cationic preparations are the most common non-viral delivery systems of siRNA and shRNA. Due to 

their positive charge, they are capable of not only forming complexes with negatively charged nucleic 

acids, but they can also bind to the negatively charged glycocalyx present on outer cell membranes, 

thus promoting endocytosis. Once inside the cell, the vector's positive charge facilitates an early 

escape from the endosome. Although the transfection efficiency is improved due to the positive charge 

of these vectors, that same charge is also linked with increased toxicity. In order to counteract this 

relation, some strategies are being drawn and tested, like shielding the positive charge. On the other 

hand, in order to address the different challenges associated with the delivery of siRNA and shRNA, a 

large variety of potential vectors are being designed, such as synthetic polymers, 

natural/biodegradable polymers and lipids (D. Rao, D et al, 2009).  

 

1.3.4 – RNAi applications 

1.3.4.1 – Genetic disorders 

Since shRNA therapy uses a low amount of copies to provide continual and long lasting gene 

knockdown effect, it makes it a very suitable procedure to battle chronic, life threatening disorders, 

where low doses are desirable. Genetic disorders represent a potential therapeutic target of RNAi. An 

example of these disorders is the amyotrophic lateral sclerosis (ALS) caused by mutations in the Cu 

and Zn superoxide dismutase (SOD1) gene: through the injection of an adeno-associated virus (AAV-

2), Miller et al were able to knockdown the SOD1 mutant gene, delaying loss of grip strength in a 

mouse model of ALS (Miller, T et al., 2005). 

It is extremely important to selectively knockout/eliminate only the expression of the mutant transcript, 

since the wild-type SOD1 performs important functions, such as the production of the superoxide 

dismutase enzyme, which is responsible for binding to Cu and Zn and breaking down the toxic 

superoxide radicals, produced by some cell processes. Therefore, Schwarz et al. tested siRNAs in 



16 
 

order to verify if they were able to discriminate wild-type alleles from mutant ones. “Their findings 

support the idea that single nucleotide polymorphisms may indeed suffice to make mutant specific 

siRNAs if mismatches are rationally placed.” This discovery allows for the achievement of selective 

degradation of a mutant allele encoding SOD1, providing a potential therapeutic application for the 

treatment of ALS. 

Another potential target for the RNAi approach may be degenerative neurological diseases. “Since 

delivery of siRNAs and viral vectors expressing siRNAs to affected regions of the brain is technically 

feasible, the promise of clinical use of RNAi for treatment of degenerative, neurological diseases may 

approach reality very rapidly (Aagaard, L. and J. Rossi, J, 2007).” 

 

1.3.4.2 – Viral diseases 

Regarding viral infections, the use of RNAi techniques have already been shown to work effectively 

against this type of diseases, targeting them at different stages, such as the prevention of the 

infection, suppression of the transcription of the viral genome, the blockage of viral replication, the 

delay of the assembly of viral particles and the silencing of viral accessory genes. As for the 

prevention of the infection, one example is the Influenza virus, a RNA virus with no DNA 

intermediates, which infects epithelial cells in the upper airway and the lungs. Through the introduction 

of siRNAs into cultured cells and chicken embryos before virus infection, McManus et al were able to 

inhibit influenza virus production, especially those encoding NP and PA, proteins required for influenza 

virus transcription and replication (Honglin, L et al; 2002). 

Activation of RNA silencing is allegedly involved in the inhibition of viral replication, with positive 

results achieved both in vitro and in vivo. The West Nile virus (WNV) represents an illustrative 

example of the blockage of viral replication. McCown et al constructed siRNAs specific for WNV 

capsid or NS5 ORF in the pHH21 plasmid, containing the RNA polymerase I promoter, and then 

transfected them into 293T cells. Afterwards, the treated cells were infected with the virus. As a result, 

WNV protein expression, genomic RNA synthesis, and infectious virus production were all largely 

reduced by the constructed siRNAs (McCown, M. et al; 2003). 

Another example is the first demonstration of RNAi efficacy in vivo. It involved the hydrodynamic co-

delivery in mice of an hepatitis B replicon and a pol III expression unit encoding an anti-hepatitis B 

virus (HBV) shRNA, which shown a significant knockdown (99%) of the HBV core antigen in liver 

hepatocytes (Aagaard, L. and J. Rossi, J, 2007). 

 

1.3.4.3 – Cancer  

The treatment for cancer, as for many other diseases, faces some challenges, such as finding good 

targets, delivery of the treatment and minimizing toxicity. One of the most noteworthy work in this field 
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targeted Ewing's sarcoma cells in a mouse xenograph model through the use of non-lipid based 

nanoparticles containing transferin. 

There are reports that attest to the efficiency of mouse xenograft models in limiting tumor growth. 

Some recent examples include “adenoviral or retroviral delivery of shRNAs targeting Hec1 that 

promoted efficacy on adenocarcinoma-induced tumor growth, aptamer-siRNA chimeric RNAs that 

resulted in tumor regression by specific delivery to prostate cancer cells by aptamer binding to surface 

expressed tumor cell marker (PSMA), atelocollagencomplexed siRNA that effectively silenced 

Vascular endothelial growth factor (VEGF) and limited angiogenesis and tumor growth in vivo, and 

transferrin receptor targeted cyclodextrin nanoparticles that delivered anti-Ews-Fli1 siRNAs to human 

Ewing's tumors, effectively blocking metastasis.”  

Besides, RNAi can also be used to silence pathways that facilitate the effects of traditional cancer 

drugs, such as targeting of the multidrug resistance gene (MDR1) for re-sensitization to chemotherapy 

or silencing of double-strand break repair enzymes for enhanced effects of radio and chemotherapy 

(Aagaard, L. and J. Rossi, J, 2007). 

 

 

1.3.5 – RNAi challenges and limitations 

Apart from the viral delivery concerns, there are still some other challenges to overcome for this 

procedure to be considered as a safe genomic manipulation, namely the off target effects, the 

stimulation of immune responses and the competition with the endogenous RNA. 

 

1.3.5.1 – Off-target effects 

It is now well established that most shRNA and siRNA molecules are probably not as specific as we 

once though, leading to the existence of off-targets for many of these molecules. The silencing of 

these off targets is extremely undesired, since we don’t know and can’t predict its cellular 

consequences. 

 Recent work has shed more light on off targeting, and suggests that although there are multiple ways 

to induce off targets, miRNA-like binding in the 3’UTR represents one of the major causes of siRNA off 

targets. Consistent with these findings, chemical modification of nucleotides in the seed region of a 

siRNA can effectively reduce off targets that are a match to the seed in the 3’UTR (Caffrey, D. et al, 

2011). Another potential cause may be, surprisingly, the transfection agent (Aagaard, L. and J. Rossi, 

J, 2007). 
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However, the biggest problem is that we are far from being able to predict the exact off targets, as a 

large number of genes with good complementary to the seed region remain unaffected (Aagaard, L. 

and J. Rossi, J, 2007). 

In order to solve the off targeting problem, possible solutions are already being tested, such as 

siRNAs with a 2′ O-Me modification at the second base (Jackson et al., 2006). Another possible 

solution is to reduce the concentration of the siRNA/shRNA to a low effective dose, where the 

intended target is still effectively silenced but the off target effects are reduced (Caffrey, D. et al, 

2011). 

 

1.3.5.2 – Stimulation off immune responses 

Initially was though that transfecting cells with dsRNA less than 30 nucleotides without inducing 

cellular toxicity. However, recent studies have suggested the existence of a number of so-called 

“danger motifs”, which are GU-rich regions that have been shown to enhance the stimulation of  innate 

immune responses and lead to the secretion of inflammatory cytokines in a cell-type and sequence-

specific manner (Aagaard, L. and J. Rossi, J, 2007). Recently, a study by Reynolds et al. showed that 

in cell culture assays, even siRNAs with 23 nucleotides may affect cell viability and invoke interferon 

responses. In this same study, they also demonstrated that sensitivity to long siRNA varies from cell 

type to cell type, making it difficult to foresee the outcome of Dicer substrate siRNAs in vivo (Reynolds 

et al., 2006). 

One example occurred in 1999, when Jessie Gelsinger, an 18 year-old with a partial deficiency in 

ornithine transcarbamylase (OTC), dyed with multi-organ failure after participating in a clinical trial at 

the University of Pennsylvania. Jesse was injected with an E1 and E4 deleted adenovirus vector 

containing the gene for OTC. His autopsy showed that although the vector had been administered 

directly to the liver through the hepatic artery, substantial amounts of vector were found in his spleen, 

lymph nodes and bone marrow, which triggered a massive inflammatory response (E. Thomas, C et 

al). 

 

1.3.5.3 – Competition with endogenous RNA 

When bioactive drugs depend on cellular processing to exercise their action, there is always the risk of 

saturating such pathways and hereafter perturbing the natural system. Since shRNA/siRNA relies on 

the endogenous miRNA machinery in order to achieve target silencing, these procedures face the 

exact same risks – high doses of ectopic RNA might clog the miRNA pathway.  

One illustrative example is a study by Grimm et al., where their mice died 2 months after they were 

injected with shRNA-expressing viral vectors. On one hand, inflammatory cytokines were not present 

above normal levels in the mice, therefore ruling out immune responses. On the other hand, the fact 
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that many different shRNAs caused lethality suggested that the phenotype was independent of 

sequence, excluding off-target effects as a potential cause. The adverse effects seem instead to be 

associated with reduced expression of liver-specific miRNA, a consequence of competition with the 

endogenous microRNA pathway for post-transcriptional gene regulation (Aagaard, L. and J. Rossi, J, 

2007; Snøve, O. and J. Rossi, J, 2006). 

One approach that can contribute to minimize the competition with endogenous RNA and the 

saturation of the miRNA pathways is to opt for controllable or moderate promoter systems in 

conjunction with siRNAs that are efficient at low doses. Therefore, a smaller amount of RNA is 

required for the gene knockdown, reducing the probability of occurrence the clog of those pathways. 

 

 

1.4 – CRISPR-CAS 9 

Another process of manipulating the genome is the CRISPR procedure. CRISPR stands for clustered 

regularly interspaced short palindromic repeats. CRISPR loci often have groups of conserved protein-

encoding genes, named cas genes, in their neighborhood. Based on computational analyses, it’s 

predicted that Cas proteins identifiable domains characteristic of helicases, nucleases, polymerases, 

and RNA-binding proteins. This fact led to the initial theory that they may be part of a novel DNA repair 

system. There are ten main Cas proteins that diverge in their distribution, function, process where they 

participate and cas operon organization. There are three types of CRISPR-Cas systems, based on 

phylogeny, sequence, locus organization, and content of the CRISPRs and associated cas genes – 

type I is characterized by the presence of Cas 3 helicase/nuclease protein, type II is defined by the 

presence of the Cas 9 protein and type III by the RAMP, Cas 10 protein. These systems are part of 

many bacteria immune system and are used to protect them from foreign nucleic acids, such as 

viruses or plasmids (Sander, J. and Joung, J., 2014). The difference between this system and the 

vertebrates’ immune system is that it has the novel ability to incorporate short sequences of foreign 

genetic material, known as spacers, at specific locations within CRISPRs in the host genome. Those 

spacers are then transcribed and processed into small noncoding RNAs, which, in conjunction with 

specific Cas protein complexes, bind to incoming foreign genetic material if there is a close or absolute 

sequence match between the small RNA and incoming nucleic acid. This sequence-specific 

recognition process culminates in destruction of the invading nucleic acid and requires several Cas 

proteins. The surveillance and attack process exploits previous exposure to a virus or plasmid to 

target incoming foreign DNA (or RNA). 

This provides the host heritable immunity to recently detected foreign DNA and hence has been 

termed an adaptive or acquired immune system (Bhaya, D. et al, 2011). 
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1.4.1 – Mechanism 

The mechanism of CRISPR-Cas adaptive immune system consists in three distinct stages. The first 

stage is called CRISPR spacer acquisition. In this stage specific fragments of double-stranded DNA 

from a virus or plasmid are acquired at the leader end of a CRISPR array on host DNA. A CRISPR 

array comprises unique spacers interspaced between repeats. Cas 1 and Cas 2, encoded in the cas 

locus, are essential for the acquisition process. These proteins are usually located in the surrounding 

area of the CRISPR array. The second stage entails the CRISPR expression. This stage comprises 

the transcription of the pre-CRISPR RNA from the leader region, by RNA polymerase, and its further 

cleavage into smaller crRNAs that contain a single spacer and a partial repeat by Cas proteins. The 

final stage is the CRISPR interference. Here, the crRNA containing a spacer that has a strong match 

to incoming foreign nucleic acid (plasmid or virus) initiates a cleavage event. Cas proteins are 

responsible for the cleavage process. DNA cleavage interferes with virus replication or plasmid 

activity, therefore imparting immunity to the host. This mechanism is described in Figure 4, which is 

based on the CRISPR-Cas system in Streptococcus thermophilus, an organism that represents a well-

studied and relatively simple CRISPR-Cas system (Bhaya, D. et al, 2011). 

 

 

Figure 4 - CRISPR Mechanism (Bhaya, D. et al, 2011) 
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1.4.2 – Delivery 

Viral vectors such as adeno-associated virus are commonly used for delivering genes of interest in 

vivo or into cell types resistant to common transfection methods, such as immune cells, mainly due to 

their low immunogenic potential, reduced oncogenic risk from host-genome integration and well-

characterized serotype specificity. However, the most frequently used Cas9 nuclease-encoding gene 

from Streptococcus pyogenes is over 4 kb in length and, since these viral vectors have a 4.7 kb 

packaging capacity, it becomes difficult to transduce using them. On the other hand, non-viral 

approaches for introducing CRISPR reagents in vivo present a rich ground for developing novel 

delivery strategies, such as liposomes, aptamers, cell-penetrating peptides and the molecular Trojan 

horse (Niewoehner et al., 2014). Though, viral approaches are still highly desirable due to their low 

immunogenicity and wide array of characterized tropisms (Zhang, F. et al, 2014). Lentiviral vectors 

have also been used to constitutively express Cas9 and/or gRNAs in cultured human and mouse cells 

(Haft, DH. et al., 2005; Hale, CR. et al., 2009). 

Other less frequent delivery methods comprise electroporation, nucleofection and lipofectamine-

mediated transfection of non-replicating plasmid DNA to transiently express Cas9 and gRNAs, in 

cultured mammalian cells. Besides animal models and cell lines, Cas9 has been successfully used in 

multiple plant species including wheat, rice, sorghum and tobacco, using a range of standard delivery 

methods including PEG-mediated transformation of protoplasts, Agrobacterium-mediated transfer in 

embryos and leaf tissue, and/or bombardment of callus cells with plasmid DNA (Bhaya, D. et al, 

2011).  

 

1.4.3 – CRISPR-Cas 9 in genome editing 

To this date, three different variants of the Cas9 nuclease have been adopted in genome-editing 

protocols, as shown in Figure 5. The first variant is the wild-type Cas9, which can site-specifically 

cleave double-stranded DNA, activating the double strand break (DSB) repair machinery. DSBs can 

be repaired by the cellular Non-Homologous End Joining (NHEJ) pathway, which results in insertions 

and/or deletions (indels) therefore disrupting the targeted locus. On the other hand, if a donor template 

with homology to the targeted locus is supplied, the DSB may be repaired by the homology-directed 

repair (HDR) pathway allowing for precise replacement mutations to be made (Overballe-Petersen, S., 

et al., 2013; Gong, C., et al., 2005). 

The other variant was developed by Cong and colleagues, who took the Cas9 system a step further 

towards increased precision by developing a mutant form, known as Cas9D10A, with only nickase 

activity. This means it cleaves only one DNA strand, and does not activate NHEJ. Instead, when 

provided with a homologous repair template, DNA repairs are conducted via the high-fidelity HDR 

pathway only, which results in reduced indel mutations. Cas9D10A is even more attractive in terms of 

target specificity when loci are targeted by paired Cas9 complexes designed to generate adjacent 

DNA nicks (Cong, L., et al., 2013). 
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The third variant is a nuclease-deficient Cas9. Mutations H840A in the HNH domain and D10A in the 

RuvC domain inactivate cleavage activity, however, they do not prevent DNA binding. Hence, this 

variant can be used to sequence-specifically target any region of the genome without cleavage. 

Instead, by fusing with various effector domains, dCas9 can be used either as a gene silencing or 

activation tool. Furthermore, it can be used as a visualization tool (Qi, L.S., et al., 2013; Perez-Pinera, 

P., et al., 2013).  

 

 

 

Figure 5 - CRISPR-Cas9 System Applications (Reis, A., et al, 2014) 
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2 – MATERIALS AND METHODS 

2.1 – shRNA APPROACH – LENTIVIRAL VECTORS AND TRANSDUCTION OF HUMAN 

MESENCHYMAL STROMAL CELLS 

2.1.1 – Selection of the target sequences 

The CCL2 genome has three exons. For this procedure, a 21 nucleotide sequence of each exon was 

used in the construction of the shRNAs, as shown in Table 1. 

 

Table 1 - Nucleotides sequences used for the construction of the shRNAs 

 

Three shRNAs, the expression of which is driven by H1 promoter were cloned in pFUW-

Luc/Puro/mCherry vector. In order to recover the H1 promoter DNA, oligonucleotides coding for 

shRNAs were chemically synthesized, annealed and subcloned in pSuper-RNAi plasmid. 

 

2.1.2 – Annealing of the oligonucleotides 

For this process, the OligoEngine procedure was followed. The oligonucleotides were dissolved in 

sterile, nuclease free H2O to a concentration of 3 mg/ml, as showed in Table 2. 

 

Table 2 – Oligonucleotides used for the annealing procedure 

 

The samples concentration was evaluated by NanoDrop spectrophotometer. 

shRNA Exon Nucleotides Sequence 

shCCL2 1 1 TCATAGCAGCCACCTTCATTC 

shCCL2 2 2 CCCAGTCACCTGCTGTTATAA 

shCCL2 3 3 GATGTGAAACATTATGCCTTA 

Oligonucleotides Number Weight (µg) H2O added (µl) Concentration (µg/µl) 

334 (up) 198 66 

3 

335 (low) 224 75 

336 (up) 206 69 

337 (low) 226 75 

338 (up) 221 74 

339 (low) 277 92 
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 The annealing reaction was assembled by mixing 1 µl of each oligonucleotide (up + low) with 48 µl of 

annealing buffer, fulfilling a final volume of 50 µl. The samples were then incubated at 95°C for 4 

minutes, 70°C for 10 minutes, 37°C for 10 minutes and 10 minutes at room temperature (RT). 

 

 

2.1.3 – Vector linearization – double digestion of the pSuper plasmids with Hind III and Bgl II 

restriction enzymes 

Solutions used: 

 NEBuffer 2: 10 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl, 1 mM dithiothreitol (pH 7,9 @ 25°C) 

 NEBuffer 3: 50 mM Tris-HCl, 10 mM MgCl2, 100 mM NaCl, 1 mM dithiothreitol (pH 7,9 @ 25°C) 

 pSuper Plasmid solution (conc. = 533 ng/µl) 

 Hind III enzyme (20000 U/ml) 

 Bgl II enzyme (10000 U/ml) 

 

To make a restriction digest, a mixture containing 33 µl of H2O, 5 µl of 10X Buffer 2 (NEB), 4 µg of 

pSuper plasmid and 2 µl of Hind III was prepared. The sample was incubated at 37ºC, for 60 minutes. 

After the incubation period, it was added to the sample 2 µl of Bgl II enzyme and 2,5 µl of NaCl (1 M) 

and 2 µl of Tris HCl (1 M and pH 8) (in order to change the buffer from Buffer 2 to Buffer 3), and the 

sample was incubate for another 60 minutes at 37ºC. A simple Hind III digestion and a Bgl II digestion 

were also performed as a control. 

The digestion efficiency was analyzed using agarose gel electrophoresis. 4 μl of the digested plasmids 

were mixed with 1 μl of 5x DNA loading buffer, loaded on 1% agarose gel and run in 1xTAE buffer at 

100 V. The DNA digestion fragments were stained with Ethidium Bromide, were visualized using 

BioCapt analyzer and compared with running 1 Kb Plus DNA Ladder (Life Technologies). 

 

 

2.1.4 – Gel purification of the linearized pSuper plasmids 

Linearized pSuper plasmids were visualized under an UV-illuminator, the corresponding band was 

excised and DNA was extracted using the freeze-thaw method. The Eppendorf tube containing the gel 

slice put on GF/C glass filter was submersed into liquid nitrogen for a few seconds and then it was left 

to melt at room temperature. After this cycle was repeated a second time, the tube was pierced, put 

into a second tube and centrifuged at 12800 x g for 2 minutes to recover the liquid content. 
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2.1.5 – Ligation of DNA duplexes and linearized pSuper plasmid 

For each one of 3 the annealed oligonucleotides, two ligation reactions were performed – one using a 

1/10 dilution of the original annealing reaction and another one using a 1/20 dilution, to get 

approximately 1/6 and 1/3 plasmid/duplex ratio. 

In order to perform the ligation reaction, a mixture containing 2 µl of purified pSuper plasmid, 1 µl of T4 

DNA Ligase, 1 µl of T4 Ligase 10X Buffer and 1 µl of the respective annealed oligonucleotides was 

prepared. Nuclease free water was added, fulfilling a final volume of 10 µl.  

The negative control contained 1 µl of nuclease free water instead of the annealed oligonucleotides. 

These mixtures were incubated overnight, at 16°C. 

 

2.1.6 – Bacterial transformation 

One Shot® TOP10 Chemically Competent E.coli (Invitrogen) were transformed with 1 μl of the ligation 

mixture to amplify obtained pSuper-RNAi constructs. 

 

25 μl of competent cells were mixed with 1 μl of the ligation samples. The mix was kept on ice for 20 

min, heat shocked for 30 seconds at 42°C and kept for 2 min on ice. 

250 μl of pre-warmed S.O.C medium were added to each vial and the mix was incubated at 37°C for 

60 min with mild shaking. 20 μl of each sample were plated on agar plates containing ampicillin and 

incubated overnight at 37°C, to get resistant bacterial colonies. 

 

A  Puc plasmid was also used as a positive control of the transformation procedure. 

 

2.1.7 – Colonies selection – RED Taq PCR  

 

To check the insertion of DNA duplexes into pSuper plasmid, the bacterial colonies were analyzed by 

RED Taq PCR (Sigma Aldrich) using primers complementary to 5’ and 3’ regions around the insertion 

site: 

 Forward: GCGTAATACGACTCACTATAG 

 Reverse: TAACCCTCACTAAAGGGAAC 

 

For each one of the three inserts transformed, 8 colonies were picked from the incubated agar plates, 

added to 10 μl of nuclease free water and boiled for 10 minutes, at 95ºC, to isolate DNA. 2 μl of boiled 

bacterial cells were used in RED Taq PCR mixture, as showed in Table 3. PCR cycle conditions are 

shown in Table 4. 
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Table 3 - RED Taq PCR solution composition 

Solutions 1 Tube – Volume (µl) Final Concentration 

10X Buffer 2 1x 

dNTP 10 mM 0,4 200 µM 

pr F 10 µM  1 0,5 µM 

pr R 10 µM  1 0,5 µM 

RED Taq DNA Polymerase 20x  1 1x 

DNA 10 - 

H2O 4,6 - 

Total Volume 20 - 

 

 

Table 4 - RED Taq PCR cycle conditions 

Step Temperature (°C) Time (min) Number of cycles 

Denaturation 94 °C 1 min 

30 Annealing 55 °C 2 min 

Extension 72 °C 3 min 

Final Extension 72 °C 5 min 
1 

Final hold 22 °C ∞ 

 

Afterwards, length of the amplified DNA fragments was compared with the control on an agarose gel. 

Bacteria containing plasmids with insertions were amplified in liquid culture. 

 

2.1.8 – Plasmid extraction 

Plasmid DNA isolation was done using the QIAprep Spin Miniprep Kit (Qiagen).  This procedure 

comprises alkaline bacteria lysis, neutralization and precipitation of genomic DNA and plasmid DNA 

isolation on QIAprep columns.  

 

2.1.9 – DNA sequencing of the recombinant plasmids – Sanger sequencing  

 

Plasmid concentrations were adjusted to 50-80 ng/μl and the samples of interest were sent to GATC 

Company (Köln) for sequencing (Sanger method).  

As all the insertions are between Bgl II and Hind III restriction sites (928 and 934, respectively) we 

used commercial T7 and T3 primers for the best sequence resolution (Table 5).   

 



27 
 

Table 5 - Primers used for the Sanger Sequencing 

Primers Nucleotide Sequence Binding Site 

T7 forward primer AATACGACTCACTATAG 627-643 

T3 reverse primer GAAATCACTCCCAATTA 1005-989 

 

 

2.1.10 – Transfer of H1-shRNA cassette into the Luciferase Cherry vector (pFUW-Luc/Puro/mCherry) 

2.1.10.1 – EcoRI digestion of the Luciferase Cherry plasmid and the pSuper-RNAi constructs 

Luciferase Cherry Vector and pSuper–RNAi plasmids were digested in a 50 µl reaction mixture 

containing:  

 5 µl of 10X NE EcoRI Buffer: 100 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl, 0,025% Triton X-100 

(pH 7,5 @ 25°C) 

 2 µl of EcoRI enzyme (20000 U/ml) 

 5 µg of plasmids 

 Nuclease free water, to fulfill the reaction volume 

 

The samples were incubated at 37ºC, for 90 minutes. Digestion efficiency was analyzed on 1% 

agarose gel.  Linearized Luciferase-Cherry vector and H1-shCCL2 cassettes were isolated using 

QIAQuik Gel Extraction Kit (Qiagen).  An H1-shCTRL control cassette was digested and isolated from 

the pTRIP/ΔU3-MND-GFP vector used in the laboratory. Control hairpin sequence (shCTRL) targets 

human hepatitis B virus RNA, absent in healthy cells. 

 

2.1.10.2 – Vector dephosphorylation and ligation  

Dephosphorylation of linearized Luciferase Cherry vector was performed, to avoid the self-ligation. 

Therefore, a mix of 39 µl of the digested Luciferase Cherry vector (3,9 µg) and 3,9 µl of AP FAST 

phosphatase was incubated at 37ºC for 15 minutes, with 10s rotation cycles at 500 rpm, from 40 to 

40s. Phosphatase was then deactivated at 80ºC, for 20 minutes. 

For each one of the three H1-shCCL2 and for the H1-shCTRL cassettes, two ligation reactions were 

performed – one with 1/3 and another with 1/6 vector/insert ratio. 

10 µl of ligation mixtures containing vector, insertion fragments, 1 µl of T4 Ligase 10X Buffer and 1 µl 

of T4 DNA Ligase were incubated for 180 minutes, at room temperature and 2 µl of mixtures were 

used for bacteria transformation. 

Recombinant vectors were extracted as described earlier, analyzed by EcoRI digestion and 

sequenced using primers presented in Table 6.  
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Table 6 - Primers used for the Sanger Sequencing of the recombinant Luciferase Cherry vectors 

Primers Nucleotide Sequence 

Forward primer CGTGACCGCCGACGTGGAGG 

Reverse primer AGTTAAGAATACCAGTCAAT 

 

 

2.1.11 – Preparation of the viral particles, HEK 293T cells transfection and virus titration 

Lentiviral particles were produced by transient calcium phosphate cotransfection of HEK 293T cells 

with a packaging plasmid p8.91, envelope expression pCMV-VSVG and one of shRNA vector. HEK 

293T cells were seed at 1x10
6
 cells per flask 175cm

2
 to get 70-80% of confluence on the day of 

transfection. Cells were cultured in standard DMEM medium containing pyruvate, Glutamax, 1% 

Penicilline/Streptomycine, 10% of Fetal Calf Serum and geneticin G418 (250µg/ml). Culture medium 

was changed by 12 ml of G418-free medium 4h before the transfection. 

For one 175 cm
2
 flask, the following plasmid mixture was prepared: 

 33,3 μg of vector 

 23,3 μg VSV-G plasmid  

 33,3 μg of 8.91  plasmid  

 416,7 μl of 1 M CaCl2 

 H2O till 1667 μl of total volume 

 

Precipitation: 

1667 μl of 2X HBS Buffer (pH 7,2 at room temperature) was put into 15 ml Falcon tube and plasmid 

mixture was added by drops with permanent mixing. Precipitate was formed during 20 min at RT. 3,3 

ml of obtained precipitate was transferred to one flask of HEK 293T cells for transfection. Cells were 

incubated 4h at 37°C, and then the transfection medium was replaced by 20 MCS medium. This 

medium containing viral particles were collected 3 days post-transfection, centrifuged at 1200 rpm 5 

min, supernatant was filtered, aliquoted and frozen.  

The viral particle production was then evaluated through using a FACS analysis. 

 

 

2.1.12 – Transduction and sorting of MSCs 

MSC cells were seed in 6-well plate and transduced by different volumes of virus-containing media. 

The transduced cells were harvested 2 days later, counted, the population of Cherry expressing cells 

was estimated by Fluorescence-activated cell sorting (FACS) analysis, using the LSRII cytometer (BD 
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Biosciences). When Cherry positive cell population achieved 30%, one viral integration per cell was 

established. 

Transduced Cherry-positive MSCs were sorted on BD INFLUX sorter and plated in 6-well plates to 

eliminate dead cells.  

 

2.1.13 – Efficiency of knockdown – in vitro functional tests 

Two days after the plating of the sorted cells, RNA was isolated, using the MIRVANA RNA isolation kit 

(Life Technologies). 200 ng of RNA were used for cDNA synthesis using SuperScript VILO cDNA 

Synthesis kit (Invitrogen). The reaction mix (Table 7) was incubated 10 min at 25°C, then 60 min at 

42°C. 

  

Table 7 - Mixture used for the cDNA synthesis 

Solutions 

2 µl of 5X Buffer and RNase inhibitors 

1v of 10X Superscript enzyme mix 

200 ng of RNA 

DEPC-treated water 

 

 

The cDNA mixture was diluted 5 times and 5 μl were used in Q-PCR reactions with specific CCL2 

primers targeting two neighbor exons of the transcript. 

 Forward: AGTCTCTGCCGCCCTTCT 

 Reverse: GTGACTGGGGCATTGATTG 

CCL2 expression was normalized to β2m housekeeping gene expression amplified with following 

primers: 

 Forward: CACAGCCCAAGATAGTTAAGT 

 Reverse: CCAGCCCTCCTAGAGC 
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2.2 – CRISPR-CAS 9 APPROACH 

2.2.1 – Cloning of the 5 sgRNAs into the PX458 vector for co-expression with Cas 9 

2.2.1.1 – Annealing of the oligonucleotides 

Before annealing the oligonucleotides, they were re-suspended in sterile, nuclease free H2O at 100 

mM concentration. The oligonucleotides used are shown in Table 8. 

 

Table 8 - Oligonucleotides used for the CRISPR-Cas 9 approach 

Primers Sequence 

CCL2_12-34F CAC-CGC-AGC-AGC-CAG-AGG-AAC-CGA-G 

CCL2_12-34R AAA-CCT-CGG-TTC-CTC-TGG-CTG-CTG-C 

CCL2_18-40F CAC-CGT-CTC-AGC-CTC-TCG-GTT-CCT-C 

CCL2_18-40R AAA-CGA-GGA-ACC-GAG-AGG-CTG-AGA-C 

CCL2_148-170F CAC-CGC-CTG-GCT-GAG-CGA-GCC-CTT-G 

CCL2_148-170R AAA-CCA-AGG-GCT-CGC-TCA-GCC-AGG-C 

CCL2_223-245F CAC-CGA-TGG-ACC-ATC-CAA-GCA-GAC-G 

CCL2_223-245R AAA-CCG-TCT-GCT-TGG-ATG-GTC-CAT-C 

CCL2_232-254F CAC-CGC-TGT-GGG-TAC-CAC-GTC-TGC-T 

CCL2_223-245R AAA-CAG-CAG-ACG-TGG-TAC-CCA-CAG-C 

 

The annealing reaction was assembled by mixing 1 µl of each oligonucleotide (forward + reverse), 1 µl 

of 10x T4 Ligation Buffer, 1 µl of T4 PNK and 6 µl of nuclease free water, fulfilling a final volume of 10 

µl. The samples were then incubated at 37°C for 30 minutes, 95°C for 5 minutes, and ramped down to 

25ºC at a rate of 5ºC/min. 

Afterwards, the phosphorylated and annealed oligonucleotides were diluted to 1:200, by adding 1 µl of 

oligonucleotides to 199 µl of room temperature nuclease free water. 

 

 

2.2.1.2 – Enzymatic digestion of the PX458 plasmid and ligation 

As opposed to the shRNA approach, in the CRISPR-Cas 9 protocol, the digestion of the PX458 vector 

and the ligation procedure are part of the same step. The components for this step are represented in 

Table 9. The Enzymatic Digestion/Ligation cycle conditions are shown in Table 10. 
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Table 9 - Components for the Enzymatic Digestion/Ligation Mix 

Components Amount (µl) 

PX458, 100 ng 2 

Diluted oligo duplexes 2 

Tango Buffer, 10X 2 

DTT, 10 mM 1 

ATP, 10 mM 1 

Fast Digest BbsI 1 

T7 Ligase 0,5 

ddH2O 11,5 

 

Table 10 - Cycle conditions for the Enzymatic Digestion/Ligation step 

Cycle Number Conditions 

1-6 37°C for 5 min. and 21°C for 5 min. 

 

 

The ligation reaction was then treated with PlasmidSafe exonuclease to digest any residual linearized 

DNA. For this procedure, a mixture containing 11 µl of ligation reactions, 1,5 µl of 10x PlasmidSafe 

Buffer (N4), 1,5 µl of ATP (10 mM) and 1 µl of PlasmidSafe Exonuclease was prepared. 

The PlasmidSafe reaction was then incubated at 37 °C for 30 min, followed by 70 °C for 30 min. 

 

2.2.1.3 – Transformation of Stbl3 competent cells 

The PlasmidSafe-treated recombinant plasmids were transformed into a competent E.coli strain, 

according to the protocol supplied with the cells. 2 µl of the treated plasmids were added into 20 µl of 

ice-cold chemically competent Stbl3 cells, incubated on ice for 10 min, heat-shocked at 42 °C for 30 s 

and returned immediately to ice for 2 min. Afterwards, 100 µl of SOC medium was added, the sample 

was plated into a LB plate containing 100 µg/ml ampicillin and incubated overnight at 37 °C.  

 

2.2.1.4 – CRISPR/-Cas 9 recombinant plasmids extraction and sequencing 

For the extraction procedure, 2 colonies were picked from de agar plates, for each one of the five 

recombinant plasmids. The extraction of the plasmidic constructions from E.coli was done using the 

QIAprep Spin Miniprep Kit (QIAGEN). 

Sequencing of the recombinant plasmids was done using U6-FWD primer (Table 11) 
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Table 11 - Primer used in the Sanger Sequencing of the Recombinant CRISPR-Cas 9 Vectors 

Primers Nucleotide Sequence 

U6-Fwd primer GAGGGCCTATTTCCCATGATTCC 

 

 

All plasmids contained correctly inserted gRNAs were amplified in Stbl3 bacteria and the quantity of 

plasmid was extracted using Plasmid Midi-Prep extraction kit (Macherey-Nagel) 

 

2.2.2 – Functional validation of the sgRNAs: transfections of the recombinant vectors to HEK 293T cell 

culture 

Transfections of the Recombinant Plasmids into HEK 293T cells were done with Lipofectamine 2000 

(Invitrogen) according the standard protocol, in 24-well plates.  HEK293T cells were seeded at 5x10
4
 

and 3x10
4
 cells per well and transfected with 0,5 μg of plasmid per well with plasmid/lipofectamine 

ratio 1/3. 

Genomic DNA was isolated using QIAamp DNA Mini (Qiagen). The DNA concentration was then 

evaluated by NanoDrop spectrophotometer. 

 

2.2.3 – Phusion Hot Start Flex PCR 

A Phusion Hot Start Flex PCR was performed in order to amplify the targeted genomic regions.  

Two couples of primers were used in this analysis with corresponding amplicons of 581 and 646 bp of 

WT genomic DNA. 

 cas9_CCL2_F1: ACA-TCT-GTG-GTC-AGT-CTG-GG 

 cas9_CCL2_R1: TTC-T AG-TTC-AGG-CTC-TGC-CG 

 cas9_CCL2_F2: GTC-TGG-GCT-TAA-TGG-CAC-CC 

 cas9_CCL2_R2 : GGG-AGT-AAC-TGC-GCT-GAG-TG 

The components used for the PCR mixture are represented in Table 12. The cycle conditions of the 

PCR are described in Table 13. 
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Table 12 - Components used for the Phusion Hot Start Flex PCR mixture 

Components Volume (µl) 

H2O 11,5 

5x GC Buffer  5 

DNTPs 0,5 

DMSO 0,75 

Phusion Hot Start Flex DNA Polymerase 0,25 

Primers 1 2,5 

Template DNA 4,5 

Total 25 

 

 

Table 13 - Cycle conditions for the Phusion Hot Start Flex PCR 

Step Temperature (°C) Time  Number of cycles 

Denaturation 98 °C 10s 

35 Annealing 55 °C 20s 

Extension 72 °C 40s 

Final Extension 72 °C 10 min 
1 

Final hold 4 °C ∞ 

 

Afterwards, the amplified DNA fragments were separated by an agarose gel electrophoresis, stained 

with Ethidium Bromide and compared with “1 kb Plus” DNA ladder (Invitogen). 
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3 – RESULTS AND DISCUSSION 

3.1 – SHRNA APPROACH 

3.1.1 – Construct for the subcloning of the sh oligonucleotides 

The choice of the pSuper plasmid for the subcloning of the sh oligonucleotides was based on the need 

of the H1 promoter for the endogenous production of the shRNAs. This promoter, as a type III RNA 

pol III promoter, do not require additional sequence elements and therefore is a good candidate for in 

vivo delivery systems of siRNA. On the other hand, Pol III dependent RNA synthesis is terminated by 

TTTTT sequence (included in 3’ of upper oligonucleotide).  It permits to produce shRNAs giving rise of 

exact 22 nt sise siRNA species. 

Table 14 - Overview of the plasmid construction for the subcloning of the sh oligonucleotides 

Plasmid Construct General features 

 

Length: 3176 bp 

Vector Features 

f1(+) origin: 441-135 

H1 promoter: 708 - 934 

pUC origin: 1373-2040 

Ampicillin resistance ORF: 3048-2191 

Key Sites 

BglII: 928 

HindIII: 934 

EcoRI: 707 

 

 

3.1.2 – Choice of the sh oligonucleotides 

For the choice of the oligonucleotides, the genomic sequence of the human CCL2 was taken into 

account. This gene has three exons. Therefore, a 21 nucleotide sequence was taken from each exon, 

in order to construct the three sh oligonucleotides, as shown in Figure 6. Each sh oligonucleotide had 

the following sequence: BamHI sequence – shRNA sequence – spacer fragment – shRNA sequence 

– EcoRI sequence – Hind III sequence. The BamHI and Hind III sequences were used in the digestion 

of the oligonucleotides, in order to subclone them right after the H1 promoter in the pSuper plasmids 

while the EcoRI cuts were used in the cloning of the H1-shRNA cassettes in the Luciferase Cherry 

plasmid. Although BamHI and Bgl II have different recognition sequences, they produce the same 

GATC sticky ends, therefore, the BamHI sequence can be used for the Bgl II digestion. 

 



35 
 

 

 

 

 

 

 

 

3.1.3 – SUBCLONING IN PSUPER-RNAI PLASMID TO RECOVER THE H1 PROMOTER 

 

3.1.3 – Subcloning in pSuper-RNAi plasmid to recover the H1 promoter 

Before ligation to the annealed oligonucleotides, pSuper plasmid was doubly digested with Hind III and 

Bgl II restriction enzymes and the digestion efficiency was checked by agarose gel electrophoresis. 

Since the insert between the Hind III and Bgl II sites is only 6 bp, the expected size of the linearized 

vectors would be around 3 kbp, presented as a single band, which was confirmed by the gel of Figure 

7.  

 

 

 

 

 

 

 

 

 

 

 

After a purification step of the pSuper linearized plasmids, the ligation step, using T4 DNA ligase was 

performed. Two molar ratios of insert/vector were used – 3/1 and 6/1. After the ligation, 1 μl samples 

Figure 7 - 1% Agarose gel electrophoresis of the pSuper plasmids digested with Hind III and Bgl II. a) Non-

digested plasmid, b) Hind III digested plasmid, c) Bgl II digested plasmid, d) Hind III/Bgl II digested plasmid. 

The single digestion were performed as a control, in order to check the action of the two restriction enzymes. 

Figure 6 - Nucleotide Sequences chosen for the construction of the shRNAs 
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were transformed into chemical competent E.coli and plated on LB plates supplemented with 

ampicillin. To select the bacterial colonies producing the recombinant plasmids, a direct screening of 

ampicillin-resistant colonies using RED Taq PCR analysis of crude DNAs sorted from the boiled 

bacteria was performed. Using a couple of primers designed in outside regions of plasmid digestion 

sites, allowed the recognition of colonies containing the insertions, by the comparison of fragment 

mobility on agarose gel (Figure 8 and Figure 9). Since the amplified regions are composed by the H1 

promoter and the sh oligonucleotides, the expected size was over 300 bp.  

 

 

Figure 8 - 1% agarose gel electrophoresis of the amplified inserts. a) control sample (300 bp), b) amplified sh1 

inserts and c) amplified sh2 inserts. The four samples underlined in blue and red represent the sh1 and sh2 

colonies chosen for the sequencing process, respectively. 

 

Figure 9 - 1% agarose gel electrophoresis of the amplified inserts. a) control sample (300 bp), c) amplified sh2 

inserts and d) amplified sh3 inserts. The four samples underlined in green represent the sh3 colonies chosen for 

the sequencing process. 
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After the PCR step, four recombinant plasmids from each shRNAs were selected for extraction and 

amplification. 

 

3.1.4 – DNA sequencing of the recombinant plasmids – Sanger sequencing 

 

 In this approach, the forward primer T7 and the reverse primer T3 were used. The sequencing results 

on Tables 15, 16 and 17 show that, with the use of both forward and reverse primers, it was possible 

to sequence H1 promoter + sh sequences with only three differences. The errors observed are not 

problematic since they probably occur due to the low peak resolution that typically exists in the end of 

the sequencing reactions. Most likely our genes of interest don’t have any mutations. 

 

Table 15 - Results of the Sanger sequencing for H1 promoter + shCCL2 1 inserts 

Insert Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

1.1 
T7 Fwd 35 – 326 0 

Complete 
T3 Rev 3 – 294 0 

1.2 
T7 Fwd 16 – 307  0 

Complete 
T3 Rev 1 – 253  0 

1.3 
T7 Fwd 4 – 272  1 

Complete 
T3 Rev 1 – 252  1 

1.4 
T7 Fwd 15 – 306  0 

Complete 
T3 Rev 11 – 302  1 

 

 

Table 16 - Results of the Sanger sequencing for H1 promoter + shCCL2 2 inserts 

Insert Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

2.1 
T7 Fwd 15 – 306 0 

Complete 
T3 Rev 1 – 278  0 

2.2 
T7 Fwd 10 – 301  0 

Complete 
T3 Rev 1 – 254  0 

2.3 
T7 Fwd 1 – 270  0 

Complete 
T3 Rev 1 – 284  0 

2.4 
T7 Fwd 26 – 317  0 

Complete 
T3 Rev 1 – 284  0 
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Table 17 - Results of the Sanger sequencing for H1 promoter + shCCL2 3 inserts 

Insert Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

3.1 
T7 Fwd 1 – 290  0 

Complete 
T3 Rev 1 – 283  0 

3.2 
T7 Fwd 1 – 268  0 

Complete 
T3 Rev 1 – 288  0 

3.3 T7 Fwd 24 – 315  0 Complete 

3.4 
T7 Fwd 1 – 270  0 

Complete 
T3 Rev 4 – 295  1 

 

Since all inserts were successfully sequenced, two recombinant plasmids per shRNA were chosen to 

the cloning in Luciferase Cherry Vector process. 

 

3.1.5 – Cloning of the inserts in Luciferase Cherry vector 

Before the ligation procedure, pSuper plasmids were digested with EcoRI restriction enzyme, in order 

to recover the H1 promoter + sh inserts. The Luciferase Cherry vector was also digested with the 

same restriction enzyme and the digestion effectiveness was checked by agarose gel electrophoresis. 

As seen in Figure 10, there are two distinct bands – one, around 3 kbp, representing the linearized 

pSuper plasmids and the other, around 300 bp, representing our inserts of interest. Regarding the 

digested Luciferase Cherry vector in Figure 11, there is a clear distinction between the non-digested 

plasmid and the digested one (linear form). Therefore, an assumption can be made that the digestion 

was complete. 

 

 

 

 

  

 

Figure 10 - 1% agarose electrophoresis gel of the EcoRI digested pSuper plasmids. a) 

H1+shCCL2 1 inserts, b) H1+shCCL2 2 inserts, c) H1+shCCL2 3 inserts and d) pSuper 

plasmids without the inserts 
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Figure 11 - 1% agarose gel electrophoresis of the EcoRI digested Luciferase Cherry plasmids. e) Non-digested 

Luciferase Cherry plasmid and f) Digested Luciferase Cherry plasmid 

 

After a purification step of the inserts of interest, the ligation step was performed. Since in the 

digestion of the Luciferase Cherry plasmid only EcoRI restriction enzyme was used, there is the 

possibility of self-ligation of the vector. Therefore, in order to avoid that possibility, a dephosphorylation 

step with AP FAST phosphatase was applied to the digested vector. After the ligation, 1 μl samples 

were transformed into chemical competent E.coli and plated on LB plates supplemented with 

ampicillin. In order to confirm that the transformed colonies have incorporated the right DNA 

recombinant plasmids, six colonies of each shRNA were selected for extraction, followed by EcoRI 

digestion and analytical electrophoresis analysis. 

 

 

 

Figure 12 - 1% agarose gel electrophoresis of the EcoRI digested Luciferase Cherry plasmids. a) Digested MND-

GFP plasmid (control), b) H1+sh1 inserts and c) H1+sh2 inserts 
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Figure 13 - 1% agarose gel electrophoresis of the EcoRI digested Luciferase Cherry plasmids. c) H1+sh2 inserts 

and d) H1+sh3 inserts 

 

  

 

Figure 14 - 1% agarose gel electrophoresis of the EcoRI digested Luciferase Cherry plasmids. e) H1+shCTRL 

inserts 

 

As seen in Figures 12, 13 and 14 there are two distinct bands – one, around 12 kbp, corresponding 

the linearized Luciferase Cherry plasmids and the other, around 300 bp, representing our inserts of 

interest, which confirms the presence of the inserts of interest in the recombinant Luciferase Cherry 

plasmids. Consequently three samples per shRNA were chosen and gene insertion, after the H1 

promoter was then confirmed by sequencing. 
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3.1.6 – DNA sequencing of the recombinant plasmids – Sanger sequencing 

Since the digestion of the Luciferase Cherry was done using only one enzyme, the inserts may have 

been inserted in the backbone vector in two different directions – sense and anti-sense. Hence, the 

aim of this sequencing was, not only verify the presence of the right insert, but also check the direction 

of insertion. The sequencing results on Tables 18, 19, 20 and 21 show that, with the use of both 

forward and reverse primers, it was possible to sequence H1 promoter + sh sequences with only four 

differences. The errors observed are not problematic since they probably occur due to the low peak 

resolution that typically exists in the end of the sequencing reactions. Most likely our genes of interest 

don’t have any mutations. As for the direction of insertion, apart from the shCTRL, there were 

recombinant plasmids with the inserts in both directions, for each shRNA. In shRNA 3.1, instead of 

one insert, there is a double insertion in the recombinant Luciferase Cherry vector. 

 

Table 18 - Results of the Sanger sequencing for H1 promoter + sh1 inserts in Luciferase Cherry recombinant 

vector 

Insert Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

1.1 
GATC Fwd 30 – 313  0 Complete 

Anti-sense GATC Rev 26 – 316  0 

1.2 
GATC Fwd 3 – 385  0 Complete 

Sense GATC Rev 2 – 391  2 

1.3 
GATC Fwd 1 - 385 0 Complete 

Sense GATC Rev 1 – 380  2 

 

 

Table 19 - Results of the Sanger sequencing for H1 promoter + sh2 inserts in Luciferase Cherry recombinant 

vector 

Insert Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

2.1 
GATC Fwd 79 – 308  0 Complete 

Anti-sense GATC Rev 31 – 260  0 

2.2 GATC Rev 87 - 316 0 
Incomplete 

Sense 

2.3 GATC Rev 82 – 311  0 
Incomplete 

Sense 
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Table 20 - Results of the Sanger sequencing for H1 promoter + sh3 inserts in Luciferase Cherry recombinant 

vector 

Insert Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

3.1 

GATC Fwd 
1 – 316  

309 – 669 

0 

0 
Complete 

Sense 

2x Insert GATC Rev 
1 – 319  

312 – 673  
0 

3.2 
GATC Fwd 30 – 313  0 Complete 

Anti-sense GATC Rev 29 – 319  0 

3.3 
GATC Fwd 28 – 311  0 Complete 

Anti-sense GATC Rev 28 – 318  0 

 

 

Table 21 - Results of the Sanger sequencing for H1 promoter + shCTRL inserts in Luciferase Cherry recombinant 

vector 

Insert Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

Ctrl1 
GATC Fwd 25 – 248  0 Complete 

Sense GATC Rev 110 – 335  0 

Ctrl2 GATC Rev 72 – 297  0 
Complete 

Sense 

Ctrl3 GATC Rev 100 – 325  0 
Complete 

Sense 

 

 

Taking into account the Sanger sequencing results, six of the sequenced recombinant plasmids were 

chosen for the further functional tests – shCCL2 1.1 and shCCL2 1.2, in order to check if the direction 

of insertion was meaningful to the knockdown of the CCL2, shCCL2 2.1, shCCL2 3.1 and shCCL2 3.2, 

to check if the double insertion was meaningful to the CCL2 knockout and shCTRL1. 

 

3.1.7 – Efficiency of knockdown – in vitro functional tests 

Lentiviral particles were produced by transient calcium phosphate cotransfection of HEK 293T cells 

with a packaging plasmid p8.91, envelope expression pCMV-VSVG and one of the shRNA vectors 

selected. After transfection, the cells were incubated 4h at 37°C, and then the transfection medium 

was replaced by 20 MCS medium. This medium containing the viral particles was collected 3 days 

post-transfection centrifuged at 1200 rpm 5 min and the supernatant was filtered, aliquoted and 

frozen. The viral particle production was then evaluated through using a FACS analysis. 
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Figure 15 - Virus Titration 

 

Taking into account the results of the titration procedure, the five viruses with the largest percentages 

of transduction were chosen for the MSC’s transduction procedure – Luciferase Cherry, shCCL2 1.2, 

shCCL2 2, shCCL2 3.2 and shCCL2 CTRL. In this transduction there were used 6 wells – 5 wells 

were transduced with 1 ml of viruses and 1 well was left non-transduced in order to check the state of 

the cells. 2 days later, the cells were counted and a FACS analysis was performed in order to estimate 

the population of Cherry expressing cells.  
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Figure 16 - FACS analysis of the transduced MSCs 

 

Table 22 - Percentage of transduction of the transduced MSCs 

 Percentage of transduction 

Luciferase Cherry 11,4 

shCCL2 CTRL 9,97 

shCCL2 1.2 11,9 

shCCL2 2 15,8 

shCCL2 3.2 19,3 

 

As seen from the FACS results, the percentages of transduction were very low for all the transduced 

cells. This fact may be due to low virus titer. Some causes for the low virus titer are the inadequate 

confluence of the cell upon transfection or the distance between the 5’ LTR and the 3’ LTR. If a gene 

is very large, the increased distance between the LTRs may reduce the packaging efficiency. Usually, 

wild-type lentiviruses have a 9.7 kb genome from the start of the 5' LTR to the end of the 3' LTR. 

Constructs with a distance between LTRs larger than that might results in unstable viral particles and, 

consequently, a low virus titration. The HEK 293T cells were around 70%-80% confluent at the time of 
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transfection, which is a good confluence for this procedure. However the Luciferase Cherry vector is 

around 12 kb long, which may have caused the distance between LTRs to be long enough to give rise 

to unstable viral particles. 

 

For the results of the functional analysis to be significant, the percentage of transduced cells has to be 

much larger than the ones obtained. In order to achieve a larger percentage of Cherry expressing 

cells, the transduced Cherry-positive MSC were sorted and plated to eliminate dead cells. As seen in 

Figure 17, the sorting successfully gave rise to Cherry-positive MSC’s populations above 90%. 

 

 

Figure 17 - FACS analysis of the sorted Cherry-positive MSCs. a) shCTRL, b) shCCL2 1.2, c) shCCL2 2 and d) 

shCCL2 3.2 
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 Afterwards, RNA was isolated and used for cDNA synthesis. Finally, a Q-PCR was performed in order 

to check the downregulation of the CCL2 gene. CCL2 expression was normalized to β2m 

housekeeping gene and its expression was related to shCTRL. 

 

 

Figure 18 - Q-PCR results - CCL2 downregulation 

 

As seen in Figure 18, there wasn’t a down regulation of the CCL2 gene. Since, after the sorting, the 

percentage of mCherry positive cells was above 90%, then it’s safe to conclude that the viral DNA has 

been integrated in the cell genome. Therefore, it remains the question as to why the integrated DNA 

isn’t being expressed. Does it express hairpin RNA that is successively processed? Or there are 

problems with shRNA sequences? Since it was the first time using the FUW-Luc vector in laboratory, 

can the vector be the problem? 
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3.2 – CRISPR-CAS 9 APPROACH 

3.2.1 – Construct for the cloning of the 5 sgRNAs 

The plasmid construct used for the cloning of the 5 sgRNAs is the PX458.  

 

Table 23 - Plasmid Construct used for the CRISPR CCL2 Knockout 

Plasmid Construct General features 

 

Length: 9289 bp 

Vector Features 

f1 origin: 6784-7090 

hU6 promoter: 10 - 242 

pBR322 origin: 8624-9243 

Ampicillin resistance ORF: 3048-2191 

 

 

3.2.2 – Choice of the 5 sgRNAs 

The recruitment of the gRNA/Cas9 complex to the target sequence is done by the base-pairing 

between the gRNA sequence and the complement to the target sequence in the genomic DNA. For 

successful binding of Cas 9, the genomic target sequence must also contain the correct Protospacer 

Adjacent Motif (PAM) sequence directly following the target sequence. The binding of the gRNA/Cas 9 

complex directs the Cas 9 to the genomic target sequence so that the wild-type Cas9 can cut both 

strands of DNA causing a Double Strand Break (DSB). Cas9 will cut 3-4 nucleotides upstream of the 

PAM sequence. Therefore, it is necessary to find target sequences+PAM with the less matches 

possible in the target genome, in order to reduce the possibility of off-target effects. For the choice of 

the sgRNAs, the CRISPRdirect program was used. This program takes in the genomic sequence of 

the human CCL2 and finds all the possible sgRNAs with this sequence. Within all the possible 

sgRNAs, a choice was made, using as criteria the number of off-target sites columns. In this case, the 

smaller number, the better it is to avoid off-target editing. Therefore, the five sgRNAs chosen had 1 

match in the 20mer+PAM column and the lowest possible < 20 bp matches presented in the other two 

columns.  
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3.2.3 – Cloning of the 5 sgRNAs into the PX458 vector for co-expression with Cas 9 

The previously phosphorylated and diluted annealed sgRNAs were ligated to the PX458 in a one-step 

digestion + ligation procedure. The PX458 plasmid was digested with Fast Digest BbsI restriction 

enzyme and ligated to the inserts, using the T7 ligase. The ligation reaction was then treated with 

PlasmidSafe exonuclease to digest any residual linearized DNA, transformed into Stbl3 competent 

cells and plated on LB plates supplemented with ampicillin. After an overnight incubation at 37ºC, two 

colonies of each of the five recombinant plasmids were selected for extraction and amplification. Gene 

insertion was the confirmed by Sanger sequencing. 

 

3.2.4 – DNA sequencing of the recombinant plasmids – Sanger sequencing 

 In this approach, the U6 was used. The sequencing results on Table 24 show that, with the use of 

both forward and reverse primers, it was possible to sequence U6 promoter + sgRNAs sequences with 

no differences. However, only the sgRNAs 1.1, 1.2, 2.2, 4.2 and 5.1 were correctly inserted in the 

PX458 plasmid. Therefore those were the samples used in the further procedures. 

 

Table 24 - Sanger sequencing results of the recombinant PX458 plasmids 

Vectors Primers Reliable block sequenced Nº of differences in the reliable sequence Conclusion 

2.2 

U6 Fwd 

1 – 100  0 Complete 

3.1 1 – 100  0 Complete 

4.2 1 – 100  0 Complete 

5.1 1 – 57  0 Complete 

 

The selected plasmids were amplified, through the transformation of Stbl3 cells, extracted by MidiPrep 

Maquerey-Nagel Plasmid DNA purification Kit and then used for the functional validation tests. 

 

3.2.5 – Functional validation of the sgRNAs 

The goal of these tests was to make two double breaks of genomic DNA inside the CCL2 gene. So, 

combinations of 2 sgRNAs were used.  
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3.2.5.1 – Transfection to an HEK 293 cell culture 

For the transfection procedure, the Life Technologies protocol was used. For the transfection, two 24-

well plates were used – one to check the percentage of transfection (FACS analysis) and the other to 

be used for functional analysis. In each plate, two transfection essays were performed – one with an 

HEK cell culture with 5x10
4
 cells and the other one with 3x10

4
 cells. Therefore, there are four 

replicates for each duplex combination, so the transfection mixture was prepared for five replicates (as 

a precaution measure). The composition of the transfection mixture is represented in Table 25. 

 

Table 25 - Composition of the mixtures for the HEK 293 cells transfection 

Components/Mixes 1/3 1/4 1/5 2/3 2/4 2/5 3/4 3/5 CTRL - 

Optimem (µl) 467,5 467,5 467,5 467,5 467,5 467,5 467,5 467,5 467,5 

1.2 (µl) 12,5 12,5 12,5 - - - - - - 

2.2 (µl) - - - 12,5 12,5 12,5 - - - 

3.1 (µl) 12,5 - - 12,5 - - 12,5 12,5 - 

4.2 (µl) - 12,5 - - 12,5 - 12,5 - - 

5.1 (µl) - - 12,5 - - 12,5 - 12,5 - 

PX 458 (µl) - - - - - - - - 25 

Lipofectamine (µl) 7,5 7,5 7,5 7,5 7,5 7,5 7,5 7,5 7,5 

Plus Reagent (µl) 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 

 

The mixtures were vortexed and incubated for 30 min and afterwards transfected, by adding 100 µl of 

the respective mixture to each well, as represented in Figure 19. 

 

 

 

 

 

 



50 
 

Figure 19 - HEK 293 Transfection plates 

 1/3 1/4 1/5 2/3  

2/4 2/5 3/4 3/5 CTRL - NT 

1/3 1/4 1/5 2/3 2/4 2/5 

 3/4 3/5 CTRL - NT  

 

 

Two days after the transfection, one of the two plates was analysed by fluorescent microscopy and by 

FACS, in order to evaluate the transfection efficiency.  

 

 

5x10
4
 cells 

3x10
4
 cells 
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Figure 20 - FACS results of the transfected HEK 293T cells 

 

Through the analysis of Figure 20, the wells with 3x10
4
 cells (HEK 30) were concluded to have the 

higher rate of transfection, therefore those were the samples used for the functional analysis. Genomic 

DNA was isolated from those samples, and a Phusion Hot Start Flex PCR was performed in order to 

amplify the targeted genomic regions. The primers chosen for this procedure were in 5’ and 3’ regions 

outside of the targeted region of CCL2 gene. The PCR fragments amplified from this region were then 

compared to those on non-treated cells. Afterwards, the amplified DNA fragments were separated by 

agarose gel electrophoresis, in order to check the existence of DNA damage. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 - Agarose electrophoresis of the Phusion Hot Start Flex PCR samples. a) Positive-negative view and b) Normal 

view 
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In Figure 21, the expected DNA cuts are visible, when in comparison with the negative control (two 

last lanes). Therefore it can be concluded that the sgRNAs are functional and the PX458 is a good 

expression plasmid for those sgRNAs. 
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4 – CONCLUSIONS AND FUTURE WORK 

 

The main goal of this project was to create human MSCs that don’t secrete CCL2 using both the 

shRNA/transduction approach and the CRISPR-Cas 9 approach.  With that in mind, the first part of 

this study leaned mainly over a long molecular biology work in an attempt to get the most correct and 

reliable shRNA and sgRNA sequences cloned on the Luciferase Cherry and PX458 plasmids already 

mentioned. The second part of this study focused on the functional analyses of the recombinant 

plasmids.  

Regarding the shRNA approach, although the shRNAs were successfully cloned into the Luciferase 

Cherry plasmid and the viral DNA has been integrated in the cell genome, there wasn’t a down 

regulation of the CCL2 in the treated cells. Therefore, it remains the question as to why the integrated 

DNA isn’t being expressed. Concerning this problem, there are two hypotheses to consider – either 

there are problems with the shRNA sequences or FUW-Luc Cherry isn’t an adequate expression 

vector. Since, we had no previous experience with this expression vector before, an adequate test 

would be to clone the H1+shRNA cassettes into the pTRIP-MND-shRNA vector, which has already 

been successfully used in gene knockdown experiments. With that experiment, it would be possible to 

understand if the chosen shRNAs aren’t efficient or if the problem is with our expression vector. 

Concerning the CRISPR-Cas 9 experiments not only the sgRNAs were successfully cloned into the 

PX458 vector, the CCL2 gene was successfully damaged in HEK 293T cells. Since this approach was 

successful in HEK 293T, a future step would be to transfer it to MSCs. For that, the sgRNAs could be 

cloned in the lentiviral vector CRISPR-Cas 9, followed by a MSCs transduction step. The positive cells 

could be sorted or the puromicine resistant cells could be selected, in order for us to achieve a high 

percentage of MScs with the viral DNA integrated in their genome. The final step would be a functional 

analysis, to verify the CCL2 knockdown efficiency – gene expression would be targeted, using RT-Q-

PCR. 

Unfortunately, along this project it was not possible to successfully down regulate CCL2 in MSCs, but 

our results significantly advanced this study, regarding the discovery of the final solution. However, it 

was certainly a very good learning experience regarding the basics of genes handling, cloning, 

transformation, cells culture, transfection, transduction and other techniques used. 
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APPENDIX I – MATERIALS AND METHODS 

1 – CONSTRUCTS USED 

1.1 – PSUPER PLASMID 

Vector Specifications 

VECTOR: pSUPER.basic 

CATALOG#: VEC-PBS-0001/0002 

Length: 3176 bp 

Key Sites 

BglII: 928 

HindIII: 934 

EcoRI: 707 

SalI: 949 

XhoI: 955 

 

 

 

 

 

 

 

 

Vector Features 

f1(+) origin: 441-135 

H1 promoter: 708 - 934 

pUC origin: 1373-2040 

Ampicillin resistance ORF: 3048-2191 

T7 primer binding site 

(AATACGACTCACTATAG): 627-643 

T3 primer binding site 

(CTTTAGTGAGGGTTAAT): 989-1005 

M13(-20) primer binding site 

(GTAAAACGACGGCCAGT): 600-616 

M13 reverse primer binding site 

(CATGGTCATAGCTGTT): 1023-1038 
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1.2 – FUW-LUC MCHERRY PURO PLASMID 

Insert: Firefly luciferase, E2A, mCherry, T2A, puromycin resistance 

Creator: Andrew L. Kung 

Reference: Kimbrel EA, Davis TN, Bradner JE, Kung AL. In vivo pharmacodynamic imaging of 

proteosome inhibition. Mol Imaging 2009, 8: 140-147. 

 

Backbone vector: FUW 

Description: 3
rd

 generation lentiviral vector 

Host: Bacterial plasmid 

Selection: Ampicillin 

Backbone originator: David Baltimore 

Reference: Lois C, Hong EJ, Pease S, Brown EJ, Baltimore D. Germline transmission and tissue-

specific expression of transgenes delivered by lentiviral vectors. Science 2002, 295: 868-72. 
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1.3 – PX458 PLASMID 

BACKBONE 

Vector backbone: PX458 

Vector type: Mammalian Expression, CRISPR 

GROWTH IN BACTERIA 

Bacterial Resistance(s): Ampicillin 

Growth Temperature: 37°C 

Growth Strain(s): Stbl3 
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APPENDIX II – RESULTS AND DISCUSSION 

2 – FLUORESCENSE MICROSCOPY RESULTS 

HEK 293T cell culture with 3x10
4
 cells per well – Normal view vs Positive/Negative cells view 

 

  

 

 

HEK 293T cell culture with 5x10
4
 cells per well – Normal view vs Positive/Negative cells view 

 

  

 


