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Through CRISPR/Cas9 Homology Direct Targeting Integration] 
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Date of Degree : [November 2022] 

 

In recent, numerous studies reported that macrophages are crucial for cardiac regeneration 

in zebrafish. But there was not any Cre driver line for tissues specific gene editing 

macrophages of zebrafish to decode the exact genes and molecular crosstalk of 

macrophages for cardiac regeneration. Here in we have generated the stable spatiotemporal 

inducible CreERT2 driver line through CRISPR/Cas9 direct targeting of a 2A-Cre 

recombinase transgene with 48 bp homology arms cassette at the end of exon 2 of mpeg1.1 

gene of zebrafish to restrict the recombinase expression specifically in the macrophage’s 

cells. The expression of CreERT2 was validated through Crossing with Ubi: Switch LoxP- 

EGFP-LoxP:mCherry. The findings demonstrate that the CreERT2 recombinase 

expression is led by the native promoter and regulatory elements of the targeted genes. 

This 2A-CreERT2 macrophage-specific driver could be employed further to exact 

decoding the macrophage molecular crosstalk with cardiomyocyte proliferation and 

regeneration after cardiac injury in zebrafish. 
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 لخص الرسالة م

 
 

    محمد نعیم :الاسم الكامل
 

 CRISPRتطوير خط سائق الزرد الضخم الداخلي المنشأ من خلال تكامل الاستهداف المباشر لـ  :عنوان الرسالة
/ Cas9 

 
 علوم الحياة  التخصص:

 
 2022)نوفمبر(  :تاريخ الدرجة العلمية

 

  ضرورية لتجديد القلب ( macrophagesخلايا البالعات الكبيرة ) في الآونة الأخيرة ، ذكرت العديد من الدراسات أن

الي تعديل جيني في انسجة الخلايا البالعات الكبيرة لاسماك الزرد يقود    creلكن لم يكن هناك أي خط    في أسماك الزرد,

لفك تشفير الجينات الدقيقة والحديث الجزيئي المتبادل بين الخلايا البالعة الكبيرة لتجديد القلب. هنا لقد قمنا بتطوير خط  

cre 2ماني مكاني مستقر من خلال الاستهداف المباشر للجين المتحورمحرض زA-cre recombinase ب كاسيت من

الخاص    exon2في نهاية    CRISPR/cas9بواسطة   زوج من النيوكليوتيدات  48الاذرع المتماثلة التي تتكون من  

داخل الخلايا البالعة       recombinaseسماك الزرد من أجل حصر التعبير الجيني ل جين ال  في أ  mpeg1.1بجين

لجين   الجيني  التعبير  ان  فقط.  مع    CreERT2الكبيرة  العبور  خلال  من  تصحيحه   :Ubi: Switch EGFPتم 

mCherry.  النتائج أثبتت الاتي: التعبير الجيني لCreERT2 recombinase    يقوده المحفز الأصلي والعناصر التنظيمية

الخاص بالخلايا البالعة الكبيرة يمكن استخدامه في فك التشفير الدقيق    2A-CreERT2د  الخاصة بالجين المستهدف. ان الجين القائ 

 للحديث ا لجزيئي المتبادل بين الخلايا البالعة الكبيرة وانقسام الخلايا القلبية وتجددها في اسماك الزرد. 
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1 CHAPTER 1 

INTRODUCTION 

Heart failure is the prominent cause of mortality globally because the human heart cannot 

regenerate or replenish the lost cardiomyocytes after myocardial infarction (MI). Recent 

findings have shown that zebrafish exhibit an extraordinary capacity to repair and 

regenerate the heart muscles after MI. More studies suggested that there is a crucial role of 

immune response in the cardiac regeneration of zebrafish after cardiac injury  (Lai et al., 

2019). Macrophages are the central regulator of the immune system. Different subtypes of 

macrophages, such as polarized M1 and M2 macrophages involve cardiac regeneration 

through proinflammatory after myocardial infarction(Shiraishi et al., 2016). The several 

signaling pathways of cardiac regeneration are directly or indirectly linked with the 

function and polarization of the macrophages(Lafuse et al., 2021). In adult mice, the M2-

like macrophages contain a reparative mechanism after MI(Hilgendorf et al., 2014). A 

further conditional tissue-specific gene activation study is needed specifically for 

macrophages to decode the macrophages' crosstalk with other signaling pathways that are 

crucial for cardiac regeneration. Tissue-specific gene knock-out (KO) or knockdown (KD) 

of macrophage genes would help to explore it as a therapeutic strategy for cardiac failure 

and regeneration. Various types of strategies were introduced for the tissues specific gene 

inactivation or knock-out in zebrafish and mice, such as direct site mutagenesis and Cre/lox 

system.  In the Cre-lox strategy, the first gene of interest is floxed by introducing loxP sites 
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specific sequences on flanking regions of the gene of interest for recombination and 

specifically knocked out after combing it with the Cre driver line. The development of the 

Cre driver line is key in the tissue-specific gene inactivation study. The Cre driver is 

generated through the insertion of Cre gene sequences under the promoter of a highly 

expressed gene for that specific tissue.  

To enhance the spatiotemporal activity ligand inducible CreERT2 (Cre variant) is 

introduced that can be inserted under the gene through Tol2 vector insertion that expresses 

the Cre recombinases in the presence temporally controlled of 4-hydroxytamoxifen. Cre-

recombination is used primarily on zebrafish through spatiotemporal to activate and 

express the gene in specific tissue for cell identification and lineage tracing(Sánchez-Iranzo 

et al., 2018; Kirchgeorg et al., 2018). The system's efficiency and precision are dependent 

on the Cre-expression and recent technical interventions for the combination of many 

recombinants that can render activity for defending the cell population (K. Liu et al., 2020). 

Zebrafish is an organism that lacks the embryonic stem cell methodology(Balciunas et al., 

2006); the Tol2 plasmids are used traditionally to integrate the plasmid DNA into the host 

zebrafish genome to isolate the Cre-driver lines(Carney and Mosimann, 2018). In this 

technique, the promoter gene is cloned under the Cre-recombinase promoter through fusion 

inside the Tol2 promoter(Mosimann et al., 2011). Alternative strategies were adopted 

through Tol2 transgenesis to develop unbiased genome-wide transposons insertions to 

separate new cell types and organ/tissue-specific drivers. The Tol-2 vector editing with 

genes trap is performed by the internal promoter and regulatory portions after the 

engineering of genes. However, the Tol2 promoter for creating Cre-drivers lines is efficient 
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and linked with detrimental effects such as position effects, gene silencing, and highly 

laborious with less positive results(Hans et al., 2009). 

Recent advances in molecular biology and genome editing with site-specific nucleases 

have solved the issues linked with Tol2 transgenic methodology for the isolation of Cre-

driver lines of zebrafish(Yang et al., 2013). The efficiency of these advanced gene-editing 

techniques like CRISPR/Cas9 create  the single-stranded overhangs for the use of DNA 

repair, used to integrate the exogenous DNA at the particular target site by non-

homologous end joining  (NHEJ) and homology-directed repair/integration pathway 

(HDR)(Yang et al., 2013). Figure 1. Early the CRISPR/Cas9  homology direct repair or 

integration pathway was employed to insert loxP sites efficiently around the gene of 

interest with high precision and efficiency(Burg et al., 2018). Recently CRISPR has been 

used to clone the 1kb of homology to integrate the Cre-ERT2 into the upstream under the 

promoter of the otx2 gene(Burg et al., 2018) and in the exon region of ascl1b /oligo two 

genes(Almeida et al., 2021) for the isolation of pre-neural and neuro Cre-driver lines in 

zebrafish. There is a research gap in zebrafish Cre-drivers’ lines, especially in innate 

immunity tissues, to study the cardiac regeneration in the zebrafish for tissues specific 

conditional gene activation.  

Herein we have generated the macrophages-specific 2A-CreERT2 inducible driver line by 

insertion of pRISM-2A-CreERT2-EGFP vector at the end of exon 2 of mpeg1.1 gene 

efficiently through CRISPR/Cas9 direct targeting gene editing technology (Figure 1). To 

validate the CreTER2 function this driver line was crossed with Ubi-switch(loxP-GFP-
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loxP-mCherry) the macrophages with mCherry expression were observed. This 2A-

CreERT2 driver line would be used further to decode the exact molecular crosstalk of 

macrophages for cardiac regeneration in zebrafish.  

 

Figure 1: Schematic illustration of CreERT2 line generation through CRISPR/Cas9 Knock-In (KI) strategy 

In Figure 1, the target site (red) at the end of exon 2 of the mpeg1.1 gene was chosen. The 

48 bp homology arms (purple) upstream (5’) and downstream (3’) are cloned into the donor 

vector.   The donor vector has the universal gRNA (red), at the flanking sites of the donor 

to liberate the knock-In cassette. The Knock-In (KI) cassette contains in-frame 2A-

CreERT2 and insertion marker EGFP (green) driven by γ -Cry (Gray color) eye-specific 

promoter. pA is a transcriptional terminator and polyadenylation sequence (off-white 

color).  
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2 CHAPTER 2 

ZEBRAFISH AS A MODEL ORGANISM TO STUDY 

THE ROLE OF MACROPHAGES IN CARDIAC 

REGENERATION 

The zebrafish (Danio rerio) is a freshwater fish that lives in streams in southeast Asia, 

mainly in India, Pakistan, and Nepal. Zebrafish are members of the Cyprinidae family and 

the Cyprinifrom order. Zebrafish (Life cycle Figure 2) has been used as a research model 

organism in bioscience research laboratories for studying genetic control at the larval and 

adult stages for several decades due to advantages such as small size (3.5 to 4.5 cm), ease 

of microinjection at 1 egg cell stage and spawning, fast growth, and easy to visualize/screen 

transparent embryo. The transparent embryo of zebrafish facilitates in the tracking of 

fluorescence of eGFP/BFP/m-Cherry etc. during the larval stages. In contrast to other 

model organisms such as the mouse, the zebrafish produces larger numbers of offspring 

for genetic analysis. The zebrafish is a vertebrate animal that has a high number of 

conserved human-related genes, through ontology analysis it has been shown that the 71.4 

percent genome is orthologous to human proteins coding genome regions [15,16]. 
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Figure 2:Schematic representation of zebrafish life cycle (D'costa and Shepherd, 2009).  

The zebrafish heart has one atrium and one ventricle, which is simplest than other mammal 

hearts. However, the histological and anatomic behaviors of zebrafish hearts are the same 

as mammals. Poss et al., demonstrated first time that zebrafish can regenerate the heart 

after cardiac injury. They demonstrated that the zebrafish could regenerate their heart after 

20 percent amputation.  The cardiac injury leads to the fibrin clot that remains for 7 to 9 

days post-injury (dpi), after that the fibrin clot is replaced with new cardiomyocytes. After 

50 to 60 dpi the complete new contractile, beating heart reverse back (Poss et al., 2002). 

This paper published in 2000 generates a lot of questions in the scientific mind, what are 

the signaling pathways behind the zebrafish cardiac regeneration? How are these signaling 

pathways regulated during cardiac regeneration in zebrafish? What are the cellular sources 

that lead to cardiac regeneration in zebrafish after an injury?  Over the last 20 years, the 
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scientific community answered the above questions by discovering the signaling 

pathways/cellular sources that’s lead the cardiac regeneration after heart injury and still 

working to give the complete map of signals/regulators that orchestrate the cardiac 

regeneration in zebrafish.   In the last couple of decades, a lot of zebrafish heart-injured 

models developed to study cardiac regeneration through different perspectives. These 

models include ventricular resection, cryoinjury, genetic ablation, hypoxia, explant culture, 

and laser injury. Each model pertains their advantages and disadvantages. In ventricular 

resection, 20 to 25 percent of zebrafish ventricle is removed surgically with a fine scissor.  

A transit collagen deposition occurs after that it is replaced with healthy cardiomyocytes. 

Its advantages included the recovery is very fast and this model has been employed in all 

cell types of studies. This model is limited by no lymphatic regeneration, less like human 

MI, and variable injury size (Raya et al., 2003; Poss et al., 2002).  In the cryoinjury model, 

the pericardiac sac is opened and the ventricle is frozen with liquid nitrogen. Frozen liquid 

nitrogen leads to the death of cells. The advantage of the cryoinjury model is that it is 

highly like human MI. This model is limited by long recovery time and is technically 

challenging (Chablais et al., 2011). In the genetic ablation model the cardiomyocytes are 

genetically altered in such a way that, they produce toxic enzymes that’s leads the death of 

specific tissues. The advantage of genetic ablation model indues; it is employed for cell 

specific study, fats recovery and technically simple. The genetic ablation model is only 

limited by being less similar to human MI (Wang et al., 2011). In 2008, the researcher 

observed that the small immediately-sectioned zebrafish heart remains indistinguishable 

and contractile after isolation. This study offered evidence that an isolated heart is a 
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powerful and simple tool to study zebrafish cardiovascular functions. This explant 

zebrafish cultured system has been adopted to study the functions of many genes. The 

explant culture is the best model for live imaging and has less ethical concerns. This model 

is limited due to gradually decreased heart function and contractility (Hecker et al., 2008). 

Recently a new and advanced model has been developed, laser-induced injury of zebrafish 

heart cells. In which laser is used to injure the specific ventricular cells. Its advantages 

include it having fewer ethical concerns and live imaging can be done. This is only limited 

to the requirement of specialized laser equipment (Cao and Poss, 2016).  

In the last decade, different types of zebrafish cardiac injury models have been developed 

to study the cardiac regeneration in zebrafish after an injured heart. In the last decades, 

multiple types of key players have been identified which play important roles in the cardiac 

regeneration of zebrafish after cardiac injury.  These included epicardium (Cao and Poss, 

2018), immune response (Lai et al., 2017), and different signaling pathways regulated by 

epicardium and immune response factors. Epicardium secretes the various types of growth 

factors and extracellular matrix (ECM) that lead the cardiomyocyte regeneration and as 

well as ECM adds stability and electrophysiological properties of the heart (Chen et al., 

2016). Different types of signaling pathways such as fibroblast growth factors (FGF), 

transforming growth factors beta (TGFb), isoline-like growth factors (IGF), Neuregulin 

(Nrg) (Rasouli and Stainier, 2017), and bone morphogenetic proteins (BMP) (Wu et al., 

2016) during cardiac regeneration majority of above signaling pathways trigger the 

Ras/MAPK signaling pathway that leads the cardiac regeneration after the proliferation of 

cardiomyocytes (Valizadeh et al., 2022). (Figure 3) Cardiac injury activates the epicardium 
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insulin-like growth factor (IGF) that activates the Ras/MAPK. Activation of the above-

mentioned signaling pathways leads to the cardiomyocyte's proliferation and ultimately 

complete regeneration of the injured heart (Beffagna, 2019). 

 

Figure 3: Observation of Cardiac regeneration in the zebrafish after cryo injury. 

Figure 3:  Observation of cardiac regeneration in the zebrafish after cardiac injury.  This 

picture is adopted from Beffagna et al., Front. cardiovasc. Med, 2019 (Beffagna, 2019).  
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3 CHAPTER 3 

THE ROLE OF MACROPHAGES FOR CARDIAC 

REGENERATION IN ZEBRAFISH 

Macrophages are derived from the Greek word “markros phageins” which means large 

eater or to eat.  Macrophages are the part of the immune system especially white blood 

cells that engulf and digest the axenic pathogens. The process of destroying the pathogens 

through macrophages is called, phagocytosis means defending the host against infections 

and injury. Macrophages also participate in chemotaxis, secretions, and antigen-presenting 

to trigger immunity and tissue healing (Hirayama et al., 2017).  

3.1 MONOCYTES: THE BIRTH OF MACROPHAGES  

Monocytes are the crucial component of the immune system that usually differentiate into 

dendritic cells and macrophages.  Monocytes usually migrate from the bone marrow to the 

response of chemokine-binding protein CCR2 (Peet et al., 2020). In the mouse, the 

monocytes are divided into classical and non-classical monocytes. The classical monocytes 

are positive markers for CCR2, and CX3CR1 and non-classical are positive markers for 

Ly6c. After the injury at any site of the mammalian body, the monocytes are the monocytes 

with Ly6chigh(CD14++ CD16-) markers are abundantly recruited at the injured area 

wherever they discriminate into the macrophages that wipe out the wreckage and reduce 
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the extracellular matrix. In the later stages at the inured area after the clearance of debris, 

Ly6clow (CD14+ CD16+) monocytes accumulated at the inured site tend to increase the 

expression of vascular endothelial growth factors (VEGF) that leads to the process of tissue 

healing.  In the different types of comparative studies, it has been shown that the monocytes 

Ly6chigh (CD14++ CD16-) are negatively correlated with cardiac repair after myocardial 

injury (Ingersoll et al., 2010; Boehme et al., 2017; Giger et al., 2004; Tsujioka et al., 2009). 

3.2 M1/M2 MACROPHAGES: 

With the advent of fate mapping techniques researchers highlight the subtypes of 

macrophages, the macrophages are divided into two types, classically activated 

macrophages, or M1, and alternatively activated macrophages, or M2 (Gordon, 2003; 

Gordon and Taylor, 2005). The M1 type of macrophage inhibits the healing process and 

the M2 type of macrophage enhances the healing/regeneration process. This is also referred 

as macrophage polarization, the process by which the macrophages develop distinct 

phenotypes over time during injury and healing. The M1 and M2 macrophages differ in 

their cell surface markers. Through multiple in-vitro studies, the researcher identified that 

the inflammatory cytokines (IFN-γ, TNFA-a), pathogen-associated patterns (PAMPs LPS,), 

damaged associated modular proteins (DAMPs), and ATp promotes the polarization of M1 

macrophages (Fernando Oneissi Martinez et al., 2008; Fernando O Martinez et al., 2006; 

Cheng and Rong, 2018). In contrast, Th2-associated cytokines (IL-4, IL13), anti-

inflammatory molecules (IL-10, glucocorticoids (GCs),) AMP, immune complex, and 



12 

 

 

 

apoptotic cells increase the polarization of M2 macrophages from M0 macrophages. The 

M1 macrophage polarization promotes the immune response by up-regulation of the MHC-

II in the conjugation of Th1 and Th17 (Krausgruber et al., 2011). On the other hand the M2 

macrophage polarization increase the anti-inflammatory cytokines (TGF-B, IL-10 

)(Rőszer, 2015) (Stein et al., 1992), granulocytes, and regulation of T cells through the 

production of chemokines ( Ccl17,Ccl18,Ccl22 an Ccl24) (Orecchioni et al., 2019). 

 

Figure 4: Schematic representation of polarization of macrophages. The figure has been created through 

Biorender.com. 
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3.3 MONOCYTES AND RESIDENT MACROPHAGES  

In contrast to M1 and M2 macrophages polarization of macrophages is also categorized 

into monocytes and resident macrophages. This type of classification is based on their 

origin and function. The monocyte-derived macrophages participate in the inflammatory 

responses after injury. The resident macrophages originate from yok sac progenitor cells. 

These cells proliferation and self-renewal ability decrease over time (Epelman et al., 2014). 

The resident macrophages participate in the formation of various structures. Both resident 

and monocyte-derived macrophages have their unique transcriptome.  Some studies show 

that the resident macrophages and monocyte-derived macrophages share a common 

functions,  the monocytes derive macrophages compensate for the loss of resident 

macrophages in the cells (Dick et al., 2019). Some researcher has classified the 

macrophages based on their markers and function.  (1) the T cell immunoglobulin and 

mucin domain-containing protein 4 (TIMD4), C C-chemokine receptors (CCR2), all these 

macrophages have the self-renewal ability. (2) major histocompatibility complex II (MHC 

II) CCR2, 30 percent of these resident macrophages are replaced by monocyte-derived 

macrophages. (3) MHC, CCR2+Macrophages which are monocytes. There is a clear 

distinction in functions between the M1 and M2 macrophages. The M1 macrophages 

function as destroyers and M2 macrophages promote the regenerative process and maintain 

stability (Bajpai et al., 2018; Mrdjen et al., 2018). 
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3.4 DISPERSAL OF MACROPHAGES IN THE HEART 

It has been reported that white blood cells  (parents of macrophages) are present in 

cardiomyocytes, soft tissues, and the adult heart of mice and zebrafish (F.K. Swirski and 

Nahrendorf, 2018). Macrophages are widely distributed and involved in various types of 

heart functions such as electrical conduction, bold flow, and pumping. In a recent study, it 

has been founded that, macrophages participate in cardiac conduction through the distal 

atrioventricular node. Macrophages are attached to the cardiomyocytes through 43 

connexin proteins. Conditionally knock-out (KO) the 43 connexin gene removes the 

macrophages and delays the cardiac conduction that disrupts the cardiac rhythm and 

ultimately causes the aberration of cardiovascular cells (Hulsmans et al., 2017).   

Macrophages play a critical role in the development of coronary arteries.  In the neonatal 

mouse heart, it has been reported that microphage promotes cardiac recovery and 

angiogenesis after myocardial injury. In one study, it has been reported that macrophages 

are present at the subepicardial area during the E10 stage, which is crucial for the 

development of blood and lymphatic vessels in the heart.  During the blood pumping, in 

the cardiomyocytes, large cell populations of macrophages remain present (Leid et al., 

2016; Gula et al., 2021).   
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3.5 MACROPHAGES FOR CARDIAC REGENERATION 

There are a lot of factors that influence cardiac regeneration and repair including, immune 

response, miRNAs, oxygen stress, ECM, and metabolism. In immune cells the 

macrophages are predominant.  In one study it has been reported that after macrophage 

depletion the salamander limb regeneration was blocked and after dissemination of 

macrophages, the regeneration ability of salamander body parts was regained (Godwin et 

al., 2013). After this many studies have been done on the role of macrophages in cardiac 

regeneration. In one study it has been reported that macrophages activate the fibroblast and 

lysyl oxidase activity which is very important for cardiac repair. In many other studies , 

and macrophage insufficiency is lethal to many mammals that usually leads the heart 

aberration (Aurora et al., 2014). In the context of cardiac regeneration, the macrophages’ 

function is divided into three stages (Figure 5) 1) After the injury the macrophages promote 

the rise of endothelial cells, smooth muscle cells, and fibroblasts by excreting the growth 

factors. In one study researchers identified that the macrophages contribute in the 

development of the capillary network in the myocardium, this was done by releasing the 

VEGF. Moreover, researchers showed that the macrophages differentiated into endothelial 

cell precursors (Fantin et al., 2010; Rehman et al., 2003). 2) the extracellular matrixes 

(ECM) are regulated by macrophages, In the axolotl, the researcher found that fibrosis 

which is crucial for cardiac regeneration is disrupted through the ablation of macrophages. 

The macrophages secrete the TGF-beta and fibroblast growth factors that trigger the 

myofibroblasts to generate collagen for the modulation of ECM. In recent one published 
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research on zebrafish cryogenic models in 2020, by evaluating the transcriptomics data of 

zebrafish after injury (1,2, 3..14 days) and comparing it to the mouse P1 and P7 neonatal 

mouse hearts after myocardial injury shows that collagen and ECM genes are present in 

the macrophages that dirt participates in the fibrosis. Researchers also suggested the 

macrophages can go through a fibroblast-like transition after heart injury (Simões et al., 

2020; Garcia-Puig et al., 2019) . 3) Macrophages promote the proliferation of 

cardiomyocytes through dedifferentiation and re-entering the cell cycle.  In one study, it 

has been shown that the resident macrophages promote cardiac regeneration under hypoxia 

and low oxygen levels (B. Liu et al., 2017). 

 

Figure 5: Schematic presentation of macrophages' role in cardiac regeneration after cardiac injury. After the 

injury, the resident macrophages are more important in regeneration compared to monocyte-derived 

macrophages. This picture was adopted from Gao et al., Front. cardiovasc. Med., 2021 (Gao et al., 2021).  
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3.6 DIFFERENT ROLES OF DIFFERENT MACROPHAGE CELLS 

After the injury of the heart, various types of macrophages commonly respond in distinct 

ways for cardiac regeneration in zebrafish and mice. Immediately after the cardiac injury 

Ly6C high monocytes are employed from the blood cells and converted into the M1 

macrophage types which firstly clean the debris or dead cells and enhance the production 

of MPPs and modulation of ECM (F. Swirski et al., 2009). The monocytes with the help 

of neutrophils secrete the chemokines and cytokines that increase the process of 

inflammation at the injured site of the heart. The inflammation at the inured sites triggers 

the cardiomyocytes and endothelial cells (Y. Kim et al., 2021). At lateral stages variations 

in the microenvironment stimulate the polarization of macrophages to M2 or alternately 

activated macrophages that trigger the growth factors production, cell proliferation, and 

production of new vessels. Ultimately the M2 macrophages increase the regeneration 

process at the injured site (Harel-Adar et al., 2011). But still, the clear distinction between 

the M1 and M2 transition with their functions is unclear. In a recent study, it has been 

shown that the simultaneous application of inflammatory and anti-inflammatory 

macrophages at inured heart site did not cause the transition of M1 to M2 macrophages. 

The exact crosstalk between the macrophage subtypes is still unknown that needs further 

exploration (Gao et al., 2021).  

As we discussed above the concept of resident and monocyte-derived macrophages 

perform differently after cardiac injury.  The resident and monocyte-derived macrophages 

vary in their quantities in neonatal and adult organisms. The quantities of both types of 
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macrophages in neonatal are equal and monocytes decrease with the passage of time 

(Honold and Nahrendorf, 2018). In recent studies, it has been shown that after cardiac 

injury the resident macrophages produce less inflammation and enhance the proliferation 

regeneration.  Macrophage production occurs early in the neonatal after injury compared 

to adulthood which is slow. But in contrast, the monocyte-derived macrophages replace 

completely the resident macrophages during cardiac regeneration (B. Liu et al., 2017), still, 

further studies are required to decode the exact resident and non-resident macrophage 

crosstalk and their distinctive functions. 
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4 CHAPTER 4 

THE MECHANISM OF CONDITIONAL GENE 

KNOCKOUT THROUGH THE CRE-LOXP SYSTEM 

AND SIGNIFICANCE OF MACROPHAGE-SPECIFIC 

CREERT2 DRIVER LINE IN ZEBRAFISH 

Cre recombinase is a tyrosine site-specific protein encoded by the P1 gene of 

bacteriophages. The Cre enzyme contains the 38-kDa size protein which generates the 

recombination between two specific gene sequences. It recognizes the 34 bp nucleotide 

motif that is recognized as a loxP site which leads to the site-specific deletion of the gene 

in the genome between the Lox-P site (Figure 6). There are a lot of Lox-P sites in the 

genome of bacteriophages (Nagy, 2000; Sauer and Henderson, 1988). The Lox-p sites can 

be introduced in any genome by targeted mutagenesis techniques or Tol2 plasmid. The 

gene harboring the Lox-P sites is called the floxed gene. The Cre recombinase protein 

induces the deletion, inversion, and translocation of DNA sequences between the floxed 

gene depending on the orientation of Lox-p sites. When the lox-P positions are in the alike 

direction, Cre recombinase excises the floxed region of DNA.  When the two Lox-P 

positions are in opposite directions the Cre recombinase generates the inversion of the 

floxed DNA segment.  For tissue-specific knockout of the gene, the Lox-P positions should 

be in the same orientation, which leads to the excision or deletion of the floxed gene (Sauer 

and Henderson, 1988).  For conditional gene knock-out, first, both Cre driver and floxed 
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gene lines are generated separately, then further both lines are combined through breeding 

that leads the expression of Cre which ultimately cause the deletion of the floxed gene. The 

specificity of gene knockout is controlled by the insertion of the Cre gene under the tissue-

specific promoter or gene. 

 

Figure 6: Cre-LoxP working mechanism. The figure has been created through Biorender.com   

4.1 INDUCIBLE CREERT2 -LOX-P SYSTEM  

To get the more precise and time-specific gene knockout at any stage from embryo to adult 

a most sophisticated system has been developed that is called the CreERT2/LoxP system. 

In this system, the Cre recombinase is temporally controlled through a regulatory element 
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or exogenous inducer which is tamoxifen or tetracycline.  The tamoxifen induces Cre 

activation through the fusion of estrogen receptor ERT to Cre (CerERT).  The CreERT 

protein is normally present in the cytoplasm that binds to heat shock protein 90 (HSP90).  

The interaction of CreERT and HSP90 is disrupted due to the addition of tamoxifen (4-

OH).  This causes the translocation of CreERT and Cre interaction with the Lox-P sites of 

floxed genes. Tamoxifen ( 4-OH) is administered sequentially at any stage via injection.  

Recently, a new sensitive version of CreERT is produced, CreERT2. The CreERT2 is 

multiple times more sensitive to CreERT and preferred in many conditional gene knock-

out studies (Kühn et al., 1995; Gossen and Bujard, 1992; Indra et al., 1999).   

For conditional gene knock-out two lines 1) the CrERT2 driver line and 2) floxed gene 

lines are generated through targeted mutagenesis. The Tol-2 plasmids are used traditionally 

to integrate the plasmid DNA into the host zebrafish genome to isolate the Cre-driver lines 

(Koichi Kawakami, 2007). In this technique, the promoter gene is cloned under the Cre 

recombinase promoter through fusion inside the Tol2 promoter. Alternative strategies were 

adopted through Tol2 transgenesis to develop unbiased genome-wide transposons 

insertions to separate new cell types and organ/tissue-specific drivers. The Tol-2 vector 

editing with genes trap is performed by the internal promoter and regulatory portions after 

the engineering of genes. However, the Tol2 promoter for creating Cre-drivers lines is 

efficient and linked with detrimental effects such as position effects, gene silencing, and 

highly laborious with less positive results (K Kawakami et al., 2016). The floxed alleles 

are generated through multiple strategies such as floxed Bacterial Artificial chromosomal 

technique (S.Y. Kim et al., 1998), Gene trap, and CRISPR/cas9 gene knock-In (KI).  In 
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2016, the first time the floxed alleles zebrafish mutant is generated through the 

CRISPR/Cas9 gene targeting strategy (Nakagawa et al., 2016).  

After the isolation of F1 generated of CreERT2 driver line and flexed alleles line. Both are 

crossed to get F2 (Figure 7). In the F2 systemic administration of Tamoxifen, the 

modulation of CreERT2 activity can be modulated at any time of post-fertilization to adult 

or multiple developmental stages. 

 

Figure 7: Schematic representation of Conditional Knock-out through CreERT2/LOX-P system in zebrafish. The 

figure has been created through Biorender.com 
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5 CHAPTER 5 

SIGNIFICANCE OF MACROPHAGE-SPECIFIC 

CREERT2 DRIVER LINE IN ZEBRAFISH 

As above mentioned, macrophages are crucial for the cardiac regeneration of zebrafish. 

The generation of the CreERT2 driver line in macrophages could help in the following 

process.  

1) There are more than 350 genes directly or indirectly linked with the macrophages. 

The macrophages-specific CreERT2 driver line would help in the conditional 

knock-out (KO) of single or multiple genes specifically in the macrophage cells of 

zebrafish.  

2) The Macrophage-specific CreERT2 driver line would help to navigate the exact 

distinction between the M1 and M2 macrophages.  

3) The Macrophage specific CreERT2 driver line would help to identify the exact link 

between the resident and monocyte-derived macrophages and how these both 

coordinate during cardiac regeneration after cardiac regeneration. 

4) The Macrophages specific CreERT2 driver line would help to decode the molecular 

crosstalk of macrophage cells with various types of signaling pathways that directly 

or indirectly participate in the cardiac regeneration of zebrafish after cardiac injury.  
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6 CHAPTER 6 

MATERIALS AND METHODS 

6.1 EQUIPMENT AND MATERIAL  

Table 1: Equipment and materials  

Equipment’s/ Materials  Vendors 

Microloader Tips World Precision Instrument 

borosilicate glass capillaries World Precision Instrument 

Polystyrene Petri dishes Thermo Fisher 

NEB Stable Competent E. coli New England BioLab 

TOP10 Competent E. coli Bacteria Thermo Fisher 

Thermo scientiffic PCR tubes Thermo fisher 

Pierce™ Microcentrifuge Tubes, 1.5 mL Thermo Fisher 

Sutter Instruments Micromanipulator Fisher Scientific 

myGel™ Mini Electrophoresis System Thermo Fisher 

Eppendorf  Thermal Cycler Gradient Eppendorf 
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iBright™ FL1500 Imaging System Thermo Fisher 

Sorvall™ Legend™ Micro 21R Microcentrifuge Thermo Fisher 

NanoDrop™ 2000/2000c Spectrophotometers Thermo Fisher 

Nikon SMZ 25 (Fluorescence stereo 

microscope) 

Nikon 

Modular Stereo Microscope for Fluorescent 

Imaging Leica MZ10 F 

Thermo Fisher 

Fisherbrand™ Isotemp™ Ultra Low 

Temperature Freezer 

Fisher scientific 

6.2 CHEMICALS 

Chemicals Vendors 

Tricaine ( Sigma-Aldrich) Merck 

DNA ladder, 100 bp Thermo fihser 

(6 x) GeneRuler 1 kb DNA Ladder Thermo fisher 

(6X) Orange DNA Loading Dye Thermo fisher 
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TBE Buffer (Tris-borate-EDTA) (10X) Thermo fisher 

DreamTaq Green PCR Master Mix (2X) Thermo Fisher 

Agarose I (Molecular Biology Grade) Thermo Fisher 

Ethanol, Absolute (200 Proof), Molecular 

Biology Grade, Fisher BioReagents™™ Fisher  scientiffic 

LB broth Fisher Scientific Fisher  scientiffic 

Select Agar™, powder Thermo fisher 

Kanamycin Sulfate (White Powder), Fisher 

BioReagents Fisher  scientiffic 

SYBR™ Green II RNA Gel Stain, 10,000X 

concentrate in DMSO Thermo Fisher 

Diethyl pyrocarbonate Sigma  Aldrich/Merck 

TE buffer Thermo Fisher 

UltraPure™ DNase/RNase-Free Distilled 

Water Thermo Fisher 

Remel™ Phenol Red Solution Thermo Fisher 
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Glycerol for molecular biology ≥99.0% Sigma  Aldrich/Merck 

S.O.C. Medium Thermo Fisher 

NEBuffer™ Set (r1.1, r2.1, r3.1 and 

rCutSmart™) New England Biolab 

Phenol red 

 Thermo Fisher 

6.3 ENZYMES AND MOLECULAR BIOLOGY KITS  

Enzymes and Kits Vendors 

Quick Plasmid Miniprep Kit QIAGEN 

Quick Gel Extraction and PCR Purification QIAGEN 

T4 DNA Ligase Thermo Fisher 

MEGAscript™ T7 Transcription Kit Thermo Fisher 

MEGAscript™ SP6 Transcription Kit Thermo Fisher 

QIAquick Nucleotide Removal Kit QIAGEN 
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T4 DNA Polymerase Thermo Fisher 

dNTP Mix (10 mM each) Thermo Fisher 

EcoRV New England Biology 

SpeI New England Biology 

KAPPA PCR Sigma Aldrich 

In-Fusion HD Cloning Kit Takara Bio 

6.4 SOFTWARE’S/WEBSITES  

Software/web Link  

Ensembl Genome Browser  

Genome databases for 

zebrafish/vertebrates  

http://www.ensembl.org/index.html   

 

Primer BLAST  

Used to pick optimized primers  

https://www.ncbi.nlm.nih.gov/tools/primer-

blast/  

CRISPRScan http://www.crisprscan.org/  

http://www.ensembl.org/index.html
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.crisprscan.org/
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The webtool to design guide RNSs for 

CRISPR  

BLAST 

Tool to analyse the guide RNA 

sequence with low numbers of off-

target effects  

https://blast.ncbi.nlm.nih.gov/Blast.cgi  

Biorender  

Website tool to design better 

biological sciences figures 

https://biorender.com/  

SnapGene  

Software to design the gene specific 

primer and for the analysis of Plasmids 

maps 

Bio-edit 

For the analysis of sequencing results  

https://www.snapgene.com/snapgene-

viewer  

 

 

https://www.bioedit.com/  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://biorender.com/
https://www.snapgene.com/snapgene-viewer
https://www.snapgene.com/snapgene-viewer
https://www.bioedit.com/
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6.5 PRIMERS  

Oligonucleotides  Sequances ( 5’ 3’) 

Crert2 Primer F atcagggttaaagatatctcacgtactgacggtggg 

CreERT2 Primer R  agacttaattactagttcttcatcaagctgtggcaggg 

c1qc_gRNA 1 (+ strand) ggtgtctgaaggattgagtgg 

c1qc_gRNA 2 ( + strand)  ggtgtcaccgggcttgat 

c1qc_gRNA 3 (- strand)  gatcagtgtgcatgaatc 

c1qc Primer -F GTTTAGGTCCACATCATTGACAAATAGACC 

c1qc Primer -R GAAGGGCGAAAGAAAGTAGTTCCTC 

M13 Reverse  5'-GGA AAC AGC TAT GAC CAT G-3' 

6.6 PREPARATION OF LAURIA BERTANI (LB) MEDIA 

Measure the 28 g of pre-mixed powder in the flask, I measured the 2.8 for 100 ml distilled 

water. After adding the powder fill it with distilled water or de-ionized water up to 1000b 

my. Suspend or heat it to mix completely. Cover the flask with aluminum foil and 

autoclaved it at (121 ℃) for 15 to 30 minutes. While autoclaving, prepare the plates and 

clean them with 70% ethanol solution. After autoclaving cool it in a water bath at 60 ℃, 

poured the agar nutrient on the 1/3 area of the plate. If necessary the Antibiotics such as 
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Kanamycin or Tetracycline were added ( 50 ug/ml) before its usage.  Place the plates for 

more than 30 minutes to solidify the gel. 

6.7 PREPARATION OF LB-AGAR PLATES 

1. For the preparation of 20 agar plates, I prepared the 400 ml solution by adding 10 g 

of LB and 6 g of agar A and poured it into the 1-liter bottle. 

2. Then I put the autoclave tape on the bottle after it I placed it in the autoclave 

machine and set the 30 minutes for autoclave.    

3. After removing it from the autoclave, I cooled it in a water bath to normal 

temperature. 7After its cooled down I added the 400 µl kanamycin and swirl it. 

4. I already put the 36 Petri dishes in a Hepa filter under UV lights for sterilization.  

5. Then I poured the prepared media into 1/3 area of plates.  

6. I placed these plates for 20 to 40 minutes, and the agar plates were ready for 

bacterial growth,  

As aforementioned, LB medium was prepared, but before autoclaving, 15 g/L agar was 

added. It has been cooled to about 55°C after autoclaving. The solution was placed into 

Petri dishes after antibiotics (if required) were added. Plates were flipped after hardening 

and kept at +4°C (in the case of tetracycline the storage is in the dark). 
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6.8 PLASMID TRANSFORMATION TO BACTERIA DH5A 

COMPETENT CELLS 

1. I thawed the DH5a competent cells for 2 minutes by tapping.  

2. I transferred the 50 µL of competent cells to each 1.5 ml tube after transferring 

the cloned plasmids through infusion.  

3. I incubated both plasmids, TagBFP and EGFP in ice for 30 minutes.  

4. Then I give heat shock for 50 to 60 sec and transferred to ice for 20 minutes.  

5. I added the 250 µL SOC medium to each plasmid tube.  

6. I placed both tubes in growth room for bacterial growth for 1 hours, from 4:45 

PM to 5:45 PM.  

7. Then I spread the plasmid on kanamycin resistance plates.  

8. I put the plates in growth room at 37 Cᵒ for 16 to 18 hours.  

6.9  AGAROSE GEL ELECTROPHORESIS 

 

Electrophoresis is employed to separate DNA fragments for size and quality checks. 

Agarose gels with various concentration from 1.0% to 2.0% were prepared based on the 

expected size of the DNA fragments. Before loading, the samples are accompanied through 

loading dye and fluorescence dye , and the electrophoresis is performed in 1xTAE 

electrophoresis buffer with an electric field intensity of 3 -5 V/cm. In parallel, an proper 
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DNA marker (DNA ladder, NEB) was loaded to determine the size and amount of the DNA 

loaded samples. 

6.10 DNA DIGESTION 

 

The DNA is digested by sequentially adding DNA ( 1 to 10 μg), 10 μl  of buffer, 2 μl  

restriction enzymes and adjusting the water up to to 50 or 100 μl. The all reactions were 

incubated at the 37 °C  for 1 to 2 hours ( time varies with experimental need). 1 to 2 μl from 

digestion solution loaded (with loading dye) on gel electrophoresis for analysis.   

6.11 DNA ISOLATION FROM GEL ELECTROPHORESIS 

For cloning purposes such as cloning of CrERT2 into the pRISM-Cre-gcry-TagBFP.  The 

DNA amplified by PCR or digested were separated on gel electrophoresis. The band 

containing the desired fragment of DNA is cut through the scissors  and then purified with 

the PCR QIGEN clean up KIT by following the manufacturer protocol.  
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6.12 POLYMERASE CHAIN REACTION (PCR)  

PCR is a technique for amplifying DNA fragments from genomic DNA or plasmids. 

Depending on the application, two enzyme systems were used. When no proofreading 

activity was required (for 39 example colony PCR tests), ordinary Taq polymerase was 

used. Proof-reading polymerases were used to amplify DNA fragments for cloning 

purposes. The PCR was carried out in accordance with the user manuals supplied with the 

enzymes, with the annealing temperature and elongation time adjusted according to the 

primers used and the size of the amplified fragments. All PCRs were carried out on a 

thermocycler (Biozym Scientific). 

6.13 ZEBRAFISH MICROINJECTION PROTOCOL  

A day before Microinjection 

6.13.1 NEEDLE PULLING  

• First turn on the needle pulling machine then follow parameters   

• Velocity: 230 

• Pull Index: 270  

• Heat index: 390  

• After adjusting above parameters, put the needle and click on start button.  
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• I‘ve already prepared the 10 needles for microinjection by following the 

the above parameters. 

 

6.13.2 INJECTION PLATE PREPARATION  

• Prepared the 2% agarose and poured it into standard-size Petri dishes and 

put the plastic mould on it to create the troughs for embryo holding 

(Figure 1). 

• After 20 to 30 minutes remove the plastic mould, and your injection plate 

would be ready, store it at -4Cᵒ.  

• I prepared three plates following above method.   



36 

 

 

 

 

Figure 8: Preparation of Injection plate through plastic mould for microinjection. 

6.13.3 SEPARATION OF MALE AND FEMALE ZEBRA FISH IN 

CROSSING RACKS A DAY BEFORE MICROINJECTION  

• Identify the male and female zebrafish, the male has a slender body compared to a 

wider or fatter body of a female. The female also has clear presence of urogenital 

pore.  

• Prepared the tank by putting the egg collector and separator.  

• Put the 2 pair into the each tank, 2 males in one side of separator and 2 female in 

other side of separator in one tank.  
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• Label it with microinjection data, variety of fish and place it in crossing rack 

portion over night for next day microinjection.   

6.13.4 NEXT DAY MORNING  

• You have to prepare the microinjection stuff (injection solution, switch on the 

microscope, and put a needle into the micromanipulator) before crossing the male 

and female zebrafish.  

6.13.5 INJECTION SOLUTION  

• An injection solution should be prepared by checking the concentration of your 

plasmids/gRNA/Cas9 etc, usually, one nanoliter or 1/3 size of the cell is injected 

per embryo at one time.  

 

6.13.6 BACKFILLING THE NEEDLE  

• Spin the injection solution before loading it into the needle (I have loaded the 3 µl 

0.05% red phenol into the needle).  

• Load the injection solution into the needle with the Eppendorf micro loader tip.  

• There should be not any air bubbles in the needle. 

• Don’t touch the end of the needle. When loading has been done, introduce the 

needle into the needle holder on the micromanipulator. 
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6.13.7 BREAKING THE NEEDLE  

• The needle can be broken without a microscope or under the microscope.  

• Only a small end portion of the tip can be broken.  

• Press the injection paddle to know the flow of the red phenol/injection solution.  

6.13.8 CALIBRATING THE NEEDLE TO ESTIMATE THE AMOUNT OF 

INJECTING 

• The injection drop inside the embryo should be 1/3 size of cell, you can calibrate 

by pressing the injection paddle and injection pressure.  

6.13.9  INJECTION PROCESS  

Magnification: First the resolution should be adjusted through fine adjustment.   

Organization of Embryos: Then you‘ve to organize the embryo in a way that the cell 

membrane of the first cell cytoplasm should be perpendicular to the needle.  

Injection: Carefully extend the needle through the chorion and into the yolk and press the 

injection pedal. 
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Figure 9:   Schematic demonstration of Microinjection into the Zebrafish Embryo 

at the one-cell stage.  

• If the needle is within the yolk, the injection solution will not diffuse 

immediately. 

• If the needle has extended through the yolk and lies outside of the embryo, the 

phenol red will diffuse immediately. 

• If the injection is successful, you will see a red spot in the yolk or cytoplasm. 

 

• You should have two labeled plates with egg water, one for egg collection and the 

other for embryo after microinjections.  

• The injected embryo should be placed at 28 Cᵒ and change its water/remove the 

dead embryo after 2 hours post microinjection. 
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7 CHAPTER 7 

RESULTS 

7.1 CLONING OF ERT2 DOMAIN INTO THE PRISM-CRE--

GCRY-TAGBFP/EGFP THROUGH IN-FUSION CLONING  

First, we cloned amplified the ERT2 domain sequence containing the 1437 bp from the 

cmlc2-CreERT2 available vector and then cloned into the pRISM-Cre-gCry-

TagBFP/EGFP plasmid through the infusion cloning method summarized in (Figure 10).  

 

 

Figure 10: Schematic Representation of Cloning ERT2 domain 
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7.1.1 PREPARATION OF INSERT AND RESTRICTION DIGESTION OF 

PLASMIDS  

In the first step, the Insert (ERT2) clone was amplified through insert-specific primers, 

CreERT2-F and CreERT2 R primers from the cmlc2-CreERT2 available plasmids. The  

Table 2: Preparing the Insert (CreERT2)                   

 

Table 3: Restriction Digestion of both  Plasmids,pRISM-Cre-EGFP/BFP 

 

After the preparation of Insert ( ERT2) and linearized vectors (pRISM-Cre-

TagBFP/EGFP), both linearized vector and insert DNA concertation were measure 

Components  µL 

Cut smart buffer 5 

BFP/EGFP  plasmid  12 µL 

RE EcoRV 1 

RE SpeI 1 

H20 31 

Total  50 

Components  µL 

  H2o 70 

5* Phusion Buffer  20 

10 mM dNTPs 2 

CreERT2 primer F ( 0.5 mM)  5 

CreERT2 primer R (0.5 mM) 5 

Phusion HF Poll 1 

Plasmid (CreERT2) 0.6  

Total 1000 
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through Nanodrop, given in (Table 3)  

Table 4: Quantification of Insert/plasmids (pRISM-Cre-TagBFP/EGFP) through Nanodrop 

 

 

Table 5: Infusion Reaction of TagBFP and EGFP plasmids 

(A)                                                                    (B) 

 

After the preparation of insert (ERT2) and linearized both plasmids ( pRISM-CreERT2 -

Tag BFP/EGFP). Bothe insert ( ERT2) and both linearized plasmid infusion ligation was 

done at room temperature for 2 hours. The infusion cloning reaction reagents concertations 

are mentioned din the Table number 4, A) for pRISM-Cre-EGFP and B) for pRISM-Cre-

TagBFP. 

Sample ID Conc. Unit 260/280 Sample Type 

Insert ( CreERT2)  2496.2 ng/µl 1.87 DNA 

pRISM-Cre-gcry-eGFP 390 ng/µl 1.88 DNA 

pRISM-Cre-gcry-eGFP 452 ng/µl 1.89 DNA 

Components  µL 

Insert  0.6 (20.5 ng) 

Plasmid EGFP 1 (50 ng)  

ddH2O 0.4  

Infusion enzyme  0.5  

Total  2.5  

Components  µL 

Insert  0.5 (12.5 ng) 

 Plasmid TagBFP  1 ( 30 ng)  

ddH2O 0.5  

Infusion enzyme  0.5  

Total  2.5  
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7.1.2 COLONY PCR FOR CONFIRMATION OF NEW PLASMID 

CONSTRUCT (PRISM-CREERT2-GCRY-TAGBFP/EGFP) 

After the Ligation the Bacterial Transformation was done into the DH Alpha 50 bacteria 

through the heat shock method. The next day colonies were observed and 10 colonies of 

each plasmid were picked for colony PCR.   

 

 

 

 

(A)                                                                           (B) 

 

 

 

Figure 11: Colony PCR results analysis on gel 

electrophoresis  

TagBFP Colonies  EGFP colonies   
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The colony PCR was done with primer M13 rev as a forward and insert specific plasmid 

CreERT2 primer R as a reverse at specific 55 C ᵒ annealing temperature the expected band 

was 2.3 KB. A) For Tag-BFP randomly 10 colonies were picked for colony PCR. The 

Colony PCR number 5 plate was picked and further confirmation of cloning of CreERT2 

insert was done through sequencing (Figure 12) B) For EGFP randomly 10 colonies were 

picked for colony PCR. The Colony PCR number 7 plate was picked and further 

confirmation of cloning of CreERT2 insert was done through sequencing (Figure 12). 

 

 

 

With expected band (2.3 KB) were observed in 5 number colony of TagBFP and 7 

number colony of EGFP.  The colonies were sent for sequencing.  

(A) 

 

(A’) 

 

(B) 
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(B’) 

 

(C)  

 

Figure 12:  Cloned ERT2 domain sequencing results of pRISM-Cre-EGFP/BFP plasmids   



46 

 

 

 

Sequencing results of Colony number 5 of Tag-BFP with insert specific CreERT2-Farward 

primer (A’) Annotation of CreERT2-Farward primer with constructed pRISM-CreERT2-

gcry-TagBFP plasmids Map. (B)Sequencing results of Colony number 5 of Tag-BFP  with 

insert specific CreERT2-Reverse primer (B’) Annotation of CreERT2-Farward primer with 

constructed pRISM-CreERT2-gcry-TagBFP plasmids Map.  (C). Generated Consensus 

sequences through Bio-edit software (D). Final constructed Plasmid map, pRISM-

CreERT2-gcry-TagBFP/EGFP.  

 

                                                                                                                                                  

Figure 13:Final engineered pRISM-CreERT2-gcry-TagBFP map. 
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7.2 IN VITRO SYNTHESIS OF C1QC GRNA AND TESTING 

After the Generation CrERT2 engineered plasmids, the guide RNAs were ordered and 

synthesized in vitro through T7 in vitro Mega Script Transcription Kit.  

 

 

Figure 14: C1QC gene map with guide RNA, 1,2 and 3. 

Table 6: Primers and gRNA sequances  

Oligonucleotides           Sequences (5’-3’) 

gRNA 1 (+ strand) ggtgtctgaaggattgagtgg 

gRNA 2 ( + strand)  ggtgtcaccgggcttgat 

gRNA 3 (- strand)  gatcagtgtgcatgaatc 

c1qc Primer -F GTTTAGGTCCACATCATTGACAAATAGACC 

c1qc Primer -R GAAGGGCGAAAGAAAGTAGTTCCTC 
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C1QC guide RNA sequences  

aattatgtaaaaaattctctcacaatacaaaatattatagaaaattatgttacttatttataggtataatttatacttctagatatttattggggacccacggatttccggggtcctcagtg

gccgcttaccttgcttagttggttaaatcccaccctgcatttagataatatttttcactaaaatgcaataaaacaaatattaaaaacaagaacaattatcaagcatacgttcattcatttg

taaagaacatagttaaattaacgttttgacttcaaaaaactttttaaatctgaaattgatgtaataacccagacttttgattctcttatcttaacatgagatgaaaacagatacacagac

ataaccagataaaaaaatgtaacagcacttatatgctaatgtgaaatattatttgattaatgaaaataatctttgtttaggtccacatcattgacaaatagaccaatttctggtgtagttg

tcaacaggacctgttgtaaactttatatgaaatgaagagttttgttagaacgcagttttatataagataagtgcaacacacgcaaagaaaaagaggaagcgtgactgtgatttacT

TGTTCTTGTGTGTAAGATTTCAGAGCTCGGTGTCTGAAGGATTGAGTGGCTCTGCTTCTACCGTCGCTCGA

AAGCAAACATGTTTGGCGGTCACCTCATTTTAGTAAGCCTTTTGTCGGCTTCTCTCTGCCTCTGTCTGGCCT

CTGCTGACACCTGTCCTGCCGGAGCGATGCCTGGTCTGCCCGGTATTCCTGGATTTCCCGGACGCGATGG

AAGGCAAGGAATGAAGGGAGAGAAAGGAGATCTTGgtaaggtttttaaaataagggattacgagtgctttaaattgtggaaaccgagacttt

ctagttatgaagctgttcaatgtttagaattcagcgtctcgcgtgttatgggcaaatgactcttatgaacagaatctttcagtgagtcgtatacagctcatctcttttttttttttttttgctg

ttttttttttttttttttataggtcgatcaaatacaattacatacatagagacaaataatacaaataaataaacaaatgcacagaatgattctgctgatgagttgttttggcacagtgaaca

atatcagttttatttgttggtagtaaaaataattaaataaaagacgttatcaccaggggcggatttaaccaataaacaaggcaagcagccgcttagggccccagaaaacatgagg

gcccccaaatagaagcacatacatattaataacattgtttttatcatattttgtatgatgtgtgtgtaatttaaattttttatttaaattgaacgtaattattacatctgcgcaaatgtgtgcc

ccaccttcaatcatggaccagtctaggagtcaaataaagatttagtttttaaaatgagatagttaatttattatttttagcgatgaatctattttaacaaaacaaatagttttaaatgtttta

caagatgctttatgttgctatgataatttatatttttgcattaagaaaatgtagaaaaggagatcgaatgatacaagaaaaaaaactgtatataataataataataataataataataat

aataataataataataataataataaataaagtacaaagggtgcattttagaatttttgaaccccatggctggaattgcatagggccccaaaatcacttaaatcacccctgtttatca

ctatgatatctacagaaacaagttgctctaatttgatttgcattattaaccatattttctttacttctcacatgaatgacacacattattgagcatatgaaacataaagtctttatttatcatc

accaatccacaagcttattacagactgcttcaaaattatttaattgggatatttatgaccttttcaagtttattttgcctctgccctaactttatttgcagagttgcagtcattgaaatcaaa

atttgtttatatttcaagaatacaatttatagatataactatttttgtttatttgttttcagcttcacattattgagaatttaaatatcaaataaaattgtttttttcattatcattatcaggctatcat

tcatcagtatgtgtgtgtttgtggtcagtgattataaaaaacaaggctataattgtgacttctttgacagtgaaaataacattcacaggccaaacaagattgtctgattataatctttatt

ataccttcaaaagtcattagcatattgaatagcatgagtttgtggaaactcttgcagcaatttaaatgtaattaatatattttttctatgtatgaatagggtgattatccctgcaagaaga

tgtaatctcttcttcaaatgtgtattttgaactcaactatacctttcacttcatttaattttaaaaaatgaagcgcagttttaaagcaatcaatgtgtctcaacagGAATTCCTAT

CAAGCCCGGTGACACCGTTAAAAAAGGAGAAAGGGGGGCATTTGGTCTGAAAGGACCACCTGGAAAGA

GAGGTCCCCATGGAGATCCTGGCATAATGGGACCACCAGGCCCTCCAGGGGAGCCCGGCGAAGCAGGCC

TTGTAGATGTATCCGGATCTCAACTGCAGTCTGCATTCAGTGTGTTCCGTCACACAAGAATTCCTCCTGAT

GCCAATAAGGTGATACGCTTCAGCAAGGTTATCACCAATCCTCAAGGCCATTTCAGTACCGATGAGAGCA

AATTTGTTTGCAAAATTCCTGGCACTTATTATTTTGTGTTTCATGCATCGTCTCATGATAAAAAGCTGTGT

GTTATCCTAGTGCATGATGATAAGAATCTAGTGAGTTTCTGTGATCACACACAGAGGGGCAGCCAGCAGG

TGAGCTCTGGTGGACTGTCTCTCTATTTGAAGGAGAATGAGAAAGTCTGGCTGATGACAAATGCCCTTAA

TGGCATGTATGCAACAGCAGACAGGGCAGACAGTGTTTTCTCAGGTTTCCTGATTCATGCACACTGATTG

TTGCACTGTTTTGAACTATATACTTCAATACTGAGTGATAAGACAGGATTATTAAACTGTTGTGTTTTGAA

AAGCTACTAACCAAATCAAATAAAATATTGCTTGAATAAAAtgtttgtctcaagttttatgaatacagccatatcgcactgctactcgtgt

gataatgcttttatacaacagtatgaaggcacaattgtgtgagtctaaaaacccttttgtaagaggaactactttctttcgcccttcattcacatgcagctgatgtcagaacagcaga

aactgttacaaattcaccactaattcacattataattaccatttgaatgatttttctgaataatgtctgtaatgtaatgtaatgtgtatttatatagcgcgtttattgtgtatggccatacaat

catacaatgtatggctttacaatcatgtgaggggtctctccacaccaccaccagtgtgcagcatccacttggatgatgcaatggcagccacaggacaacggcgccagtgcgct

caccacacaccagctattggtggagtggagagacagtgatagagccaattcggtggaaggggatgattttgaggccatgatcgtaagggccgataaagggactttagccag

gacaccggggttacacccctgctctttcacgagaagtgccatgggatttttaatgaccacagggagtcaggacctcggtttaac   

Figure 15. Grey shading denotes the -600 bp upstream and 600 downstream bp, Red 

shading denote the sgRNA target sites. Yellow shading denote the PAM sites of spCas9 

NGG and turquoise color represent the primer.  
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7.2.1  C1QC GRNA TEMPLATE GENERATION  

The first step in the in-vitro guide RNA generation is the DNA template generation after 

the gap filling.  The three guide RNAs were DNA template were generated by following 

the table 6 reagents concentration.  

Table 7: Template generation reaction mixture.  

Oligoes  Volume  Oligoes   Volume  Oligoes   Volume  

gRNA 1 oligo   

(100 µM) 

 1 µl gRNA 2 oligo   

(100 µM) 
 1 µl gRNA 3 oligo   

(100 µM) 
 1 µl 

Constant oligo 

(100 µM)             

 1 µl Constant oligo 

(100 µM)             
 1 µl Constant oligo 

(100 µM)             
 1 µl 

H20   8 µl H20   8 µl H20   8 µl 

Total 10 µl Total 10 µl Total 10 µl 
11  

 

Table 8: Gap fill-in reaction mixture              

Ingredients  Volume  

dNTPs (10mM) 2.5 µl 

10 x NEB buffer 

2.12                             

2 µl 

T4 NEB DNA 

polymerase                     

0.5 µl 

H 2O                                                           5 µl 

Total  10 µl in each  

 

Figure 15: gRNA DNA template 

generated gel analysis  
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After the template generation, all three guide RNA were analyzed on gell electrophoresis 

with an expected band around 120 ( Figure 15). Then quantification of the DNA template 

generated was done on nanodrop. The contraction measured and given in  

Table 9: Quantification of generated template DNA through nanodrop.  

 

The gel electrophoresis analysis  ( Figure 15) of c1qc guide RNA (1,2,3) DNA template 

generated after gap fill reaction mixture of, dNTPs (10mM), T4 NEB DNA Pollymerase 

in 10 x NEB buffer. The expected band size was around 120. The band sizes were 

brighter. 

Table 10: In vitro transcription reaction 

 

For three c1qc gRNAs, three reaction were set up in three tubes with mentioned (Table 9) 

reaction mixture in each and these were placed overnight. Next day high speed 

centrifugation was done of all three tubes. Supernatant were removed and the RNA was 

Sample ID Conc. Unit 260/280 

c1qc-gRNA 1- template  141  ng/µl 1.86 

c1qc-gRNA 2 -template  200 ng/µl 1.89 

c1qc-gRNA 3-template  261 ng/µl 1.92 

Ingredients  T7 RNA polymerase (per rxn) 

ATP 1.0 

  

GTP 1.0 

UTP 1.0 

CTP 1.0 

10X buffer 1.0 

T7/SP6 enzyme mix 1.0 

Template (1 - 2 µg) 4 

Total reaction volume 10 ul  
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eluted in 20 ul in each tube. 2 ul of each tube was loaded on nanodrop to measure the 

concentration of RNA ( Table 10)  

Table 11: Quantification of RNA through Nanodrop. 

 

 

 

 

 

 

 

 

 

 

The RNA genrated after invitro transciption transcription using MEGAscript T7 invitro 

transcription kit. The expected band size was 200bp.  The generated gRNA were placed 

at -80 for long storage.   

Sample ID Conc. Unit 260/280 Sample Type 

c1qc-gRNA-1 2496.2 ng/µl 2.01 RNA 

c1qc-gRNA-2 1823.8 ng/µl 1.98 RNA 

c1qc-gRNA-3 1515 ng/µl 1.89 RNA 

Figure 16: The gel electrophoresis analysis of  of c1qc guide 

RNA (1,2,3)  
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7.3 UNIVERSAL GUIDE RNA GENERATION 

The generation of universal gRNA (U gRNA) was crucial for the snipping out of the insert 

from the vector, pRISM-CreERT2-gcr-TagBFP. The sequence of Universal guide RNA is 

 

5’GGGAGGCGUUCGGGCCACAGGUUUUAGAGCUAGAAAUAGCAAGUUAAAA

UAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCGGA

UC-3’ 

7.3.1 TEMPLATE GENERATION  

Table 12: Reaction mixture of U gRNA with New oligos (**), old oligos (*), and C1QC 

gRNA 1 as a template. 

Oligos  Volume  Oligos   Volume  Oligoes   Volume  

C1QC gRNA 

1 oligo   (100 

µM) 

 1 µl **UgRNA 2 

oligo   (100 

µM) 

 1 µl *U gRNA 3 

oligo   (100 

µM) 

 1 µl 

Constant oligo 

(100 µM)             

 1 µl Constant oligo 

(100 µM)             
 1 µl Constant oligo 

(100 µM)             
 1 µl 

H20   8 µl H20   8 µl H20   8 µl 

Total 10 µl Total 10 µl Total 10 µl 

 

 

Note: * with old oligoes and ** with new oligoes  
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7.3.2 GAP FILL-IN                                    

Table 13:  Gap fill in reaction mixture  

Ingredients  Volume  

dNTPs (10mM) 2.5 µl 

10 x NEB buffer 2.12                             2 µl 

T4 NEB DNA 

polymerase                     

0.5 µl 

H 2O                                                           5 µl 

Total  10 µl in each  

 

 

Table 14: Quantification of DNA template 

 

 

 

 

 

Sample  Conc. Unit 260/280 

C1qc gRNA-1   238  ng/ul 1.89 

U gRNA (new oligo) 244 ng/ul 1.90 

U gRNA (old oligo) 216 ng/ul 1.88 

Figure 17: Universal gRNA (U gRNA) DNA 

template generation  
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7.4 In vitro transcription                                                         

Table 15: In vitro transcription reaction mixture 

Ingredients  T7 RNA polymerase (per 

rxn) 

ATP 1.0 

GTP 1.0 

UTP 1.0 

CTP 1.0 

10X buffer 1.0 

T7/SP6 enzyme mix 1.0 

Template (1 - 2 µg) 4 

Total reaction 

volume 

10 

 

The gel electrophoresis analysis of 

universal guide RNA ( U gRNA with new (**) and old (*) oligos) DNA template 

generated after gap fill reaction mixture of, dNTPs (10mM), T4 NEB DNA Polymerase 

in 10 x NEB buffer. The expected band size was around 120. The band was brighter. At 

this point, we have generated both the gRNA for specific genomic targeting and 

Universal gRNA to liberate the 48 bs of homology arms upstream and downstream. Now 

the next step was to microinject at the first cell stage.  

 

 

 

 Figure 18: The Universal gRNA generated 

analysis on gel electrophoresis  
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7.4.1 IN VITRO TESTING OF C1QC GRNA 

Table 16: In vitro testing of gRNAs mixture                          

Components  Amount  Range  

Cas9 protein  150 ng 50-200ng 

 gRNA  100 ng 30 to 200 

ng  

Target DNA  60 ng 50 to 100 

ng 

NEB 2/2.1 

Buffer  

1 ul   

Nuclease 

Free water  

to 10 ul   

 

 

The In -vitro testing of c1qc gRNA (1,2,3), has been showing that only 1 and 3 are 

working well compared to guide RNA 2.  

 

Figure 19: The In -vitro testing of c1qc gRNA 

(1,2,3), it has been shows that, only 1 and 3 are 

woking well compared to guide RNA 2.  
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7.5 MINIPREP THE T1_PRISM-CREERT2-GCRY-TAGGFP AND 

T1_PRISM-CREERT2 

 

Figure 20: gene structure of mpeg1.1 with annotated gRNA 1 and gRNA 4 target 

from Maura’s Lab.  

Table 17: mpeg1.1 gRNA 1 and gRNA 4 with homology arms 3’/5’ sequences  

 

 

 

 

 

Oligonucleotides           Sequences (5’-3’) 

gRNA T1 (- strand) CCACUUAUUCGUCCUAAUAA 

gRNA T4 ( - strand)  UUAUGAGAGUAGUUGUUGAU 

T1- 5’ Homology Arm  CTGCTGTTTTATCAGTGTCTGCAACCTGCATCCACTTATTCGTCCTAA 

T1- 3’ Homology Arm  TAATGGACTGCGATTGTGCCGCAAAAACTCAAGTTTGACAGCACTGGA 

T4- 5’ Homology Arm  TTGAGATTGAACAAGAGCAGAATGAAGCTGCAAATGAAAACCCCAATC 

T4- 3’ Homology Arm  AACAACTACTCTCATAACAGTCGTTTTAAGATCAACGTCCAGAGACTT 
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AACATGGCAGGACAAAGACAGTTTTTTGTTCACTCAACCTCAGATATTTTAGGTCAGTGCAAC

TGATGTTTACAAAGGTTGTATGCATGTCAACACCAATGGTGTAGTGATTAGTGTGTTGACACA

AGGCACTCCAGTGTTCACACTGATGCTGGTTTGATTCCCACATCGATGTCCTTTGCTAATCCTG

CCTCTCTCCCCATGCTTTCCTGTCTATACTCTCTACTGTTGTGTCAATTAAAGGTGAAAAAAGT

TAAGCACAAAAGAAAAATCTAAGGATATAAGGATTATGTTTTTTTTTGTTCACTCAAAATCAG

GCATTCCAGTTCTGCAGACAAAAAATGTTCAGTTGGCACAACTTAAAAAGTTTTGTTACAGAG

TAGTTCACCTCTCCAGAAAACTAATAATCTTATGTTAACCCAACTAAATGTTTTTACTGAAAAA

TAATTGAATGTCAGTGCAGCTGATGTTTTTTTAAAAGTGGAGAGAACAAAAAAAGTGAAAGG

AAATAAGGATTCATTGTTGTACCGACTTATTTTTTTGAAGAAAATTCTGCTATAGGGCTTTCAT

GATCCCCTATGCTCACAGCAGTTTTAGGAGATGCTTATAATAAAGAGGATTTGAAAAACCTGC

TAATCTTGTACATTTCTAAAACAAGAAGCCAACCAATTTCAATTCCTCCTCTTTCAAAGCCAAT

GGAAAATTTAAAACGCACAGTCTCTTGCGTCATCAAAACCATTCTGAAGACTCATCAAAATCC

TTCGTAGCTTTAAATATAAATCTATTATTGAACAGATCATACTTCACAAAAAATATAAATATA

TTTGATTCATTCACTTCATGAAATTGTCCTTCAACTTAACGTTTGAACGCAAGGTACCAAAACA

CAAAGAGGAACCTCATAGTCTCATGACCCTTCCCCCACGGATTTGAAACTGAGAAGTGGTTTT

ATTGAGGAACTCAGCAAAATCTATAATCACCATATTTGATTGAAAATCACATTAGTGCAGGAG

ACAGCAAAACACCCATCTGGCGATCATGAAGTCAAGAGCATTTCACCTGCTGATGCTCTGCTG

TTTTATCAGTGTCTGCAACCTGCATCCACTTATTCGTCCTAATAATGGACTGCGATTGTGCCGC

AAAAACTCAAGTTTGACAGCACTGGAGGTTCTACCAGGCGGAGGATGGGATAACCTGCGCAA

CATAGACATGGGCAGAGTGATGAATCTGAGCTATTCTCAGTGTCAGACCACAGAAGATGGAG

TCTATCTCATTCCAGATGAAGTCTTTGTCATTCCACAAAAAGTGAGCGGAGTGGAGACAAACT

CAGAGATCATCATGTCGTGGCTGGAACAGAAAAGCTCAACTTCAAGCTCCGTTAATGCTGATG

TTTCCTTCTTCTCAGTACTCAATGCAAAATTCTCCACAGAAAACCAGCGCATGAAGACCCACC

AAGTGAAAGAGGGTTCTGTTACAGCACGGGTTCAAgtaagtacaaaataatgataatgaaaaaaagagctatatgtatatg

atagttatacatatgtaggcccgcacggaatctgtgcatgcagaaagcccatcattgagtctatttatttacttgtgtgtaaattactaattattcaatcttcaaatta

acttcagtaataatattgactaatataaaagtgttcatatgatttatctacaatacagtttaaaataatatgtgatgaactagctttgtttaccaaataaGTGGAT

CTAGATCGATTTGCATTGTAAACATTGAATAAAAGTTAGTATAGCTTAAGTTTTTAGTCACGAT

ACTCCCAAAATAATTCCACATAAATCCACAGATTTTGTTTTATTATTATTATTTTTTTTACAAA

ATTCTCAGCAGAAGTAGCAAAAAATGTCCACAAATACTGACTGGCCCTAGTTATATGTAACCT

TGAATGACAAATTCTCATATAGCTACGTACATAAACAGCTAAATAAAATATGGCTAACATTTT

AGTTGAATTACCTACAGTATTCATAGTAGTAACTGTGTATAAACTGCATATTAGTAAGATTCT

GGCTGTATGATCTTTTTTAACTTCCCTAATCTTACCCAATACCTAAACCCAACAAGTACCTTAC

TAACTAATAATAAGCAGCAAACTAGTCATTTATTAAATAAAAATAAAAGTCGTAGATAATGGT

GGTTTATAGTATAAGTTGTACCTTAAAATAAATATTGACCATATTTCCGCATTTCATGTGCATA

GAATTTTTTTCTTTTCTTCAAAAAATGTTTAAAGTAAATGATGGAATTCAATTGCAATACTGAC

TGTCCTTGGTTCATTTTCTTAAACTATGAAAAATTTGTTTCTCAGGTCCGTAACCATCTGTACA

CAGTAAAGGCGTATCCTGACTTCACTCTGGACTCCCGCTTTGCAAAACAGGCAGAAGAAATCG

CTGACGCCATTGAAAACAATCAAACACGTCATGCTAATTATTTGTCAGAGAAACTCGTACTTG

ATTACGGCACCCATGTCATCACAAGTGTTGATGCTGGAGCCACATTGGTGCAAGAAGATTATT

TAAAAATGTCTTATATCTCCAACAGTCAGTCAGACAAGTCTTCTGTTTCAGCATCAGCCGGCG

CTAACTTCTTTGACAAAGTTAAATTTGATATTGGTGGGAATACCTCCCAAGGCAGCTCTCAAA

GCAGTAGTTATCAGGGCAACATCACCTATTCTTTAATTCAGAGCCACGGAGGAGCTTTATTCT

ACCCAGGCATCACTCTGCAGAAGTGGCAACAAAGTACGCTCAATAATCTGGTGGCAATTGAC

CGCTCTGGGCTGCCGCTGCACTATTTTCTTAATCCATCAACATTCCCAGACCTCCCAACACCAA

CAGTGAACAAATTGGCTTCAACAGTGCGTAAAGCAGCAGAGCGTTACTATAAAGTGAACACC
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ATTCCAGGTTGTGTAAATGTGGATTCCCCAAACTTCAACTTTCAGGCAAATGTAGACGATGCA

TCTTGTGAGGGTCCGATCACCAATCTTAGCTTTGGTGGCATTTACCAAAGATGCACTCCACTG

ACTCCAGATGGAAACATCATCTGTGATGAAACAGCACAGAAAAACCCAGCCACCGGTGGTTA

TTCTTGCCCTCAACATTACAACACCACCTTGTTACACTCTGAGATAGTGGAAAAAGGCTTTAA

TCATTATGAATGCCACACCCACTGCCATTCCTGTGGTTTCTTAGGGTTGTCTACTTGTTGTGAC

AAAACATGTGGTGATTCTTACCACGTCCGTCGTGCTAAACTTGAAACGCTCTGGTGCTCTTCA

ACACATAAAACCCCTGAGAACTCTGGATATCTCTTTGGAGGTCTGTTTGGACCAGGCATCCAA

AACCCATTGACCAAATCCAGCAGTTGTCCTCCAAGTTACTTCACCCAACGCTTCTTGTCTAATG

GCATGATGATTTGTATGAGCAATGATTATGAGATTGGAACAAGATTCTCAGTGCCATTTGCTG

GGTTTTTCAGTTGTCAATCTGGCAACCCTCTTTCAAATGGTCAATCTCGCTGTCCGCCTCAGTT

CAGCCAACATCTCGCTGCCATCAGTGATGGCTGTCAGGTTTTGTACTGTGTCCAGTCTGGTGTG

TTCAGTGGTGGTCATTTAAAACCAGTTCGTCTTCCACCGTTCACAAGACCACCAGTGGTCGGC

ATGATTGCGACAAACACAGTGGCTGTAATGACAGAAGGTGAGCGTTCTTGGGTGAGAGTTGG

AGAGACTAAAATGTGGCGATTGGCAAAGCCTGGTGACATTAAACAAATGCAATCAATACTCG

ATGCCTCTGAGATGTCTGGAGGAAAAAAGGCTGGAGTAGCCATTGGTATAATAGTCCTGGTTG

CTCTCGTTGTCGCAGGCACTGTGGTTATAATGAAAAGAAGAAATAGGTTCTCTAGTCTAAAGC

TGAACAGAGGTTATGAAGAGATTAGTGAGGGACGAAATGAGAGCAGTGTTGAGATTGAACAA

GAGCAGAATGAAGCTGCAAATGAAAACCCCAATCAACAACTACTCTCATAACAGTCGTTTTA

AGATCAACGTCCAGAGACTTATAGTTAAACTTCATAACATTTTAATGAATATTAGAAGTATAG

TGATTACTAAAAGTTGTCTGAATTGTCTAAATGTTGTCTTGCTTTACAACCAACAGTTGAAACA

AAGAAAAAAAAAATGTTTCTATTAAATGTCTCTGTCATTATAAAAATATAAAAATGATTTAGT

TAAATATGAGGAAAGACTGTATAAAGTATGTTTTACTACATACGTGTAAGTGTTATATATTTTT

TGTTTTGAAACAAGTGTTCATTACTCTGAAATGAATTAGTTTTGGGGAATCTATGAATTATAGG

TTTAAACGCAAAATTATTTTCAATGGATTTATACTTTTTTTCCCCAAATTTATGTAGATCGGTG

TGCTTTTTCTGACTAATAAAGAGTTCTTGAGCATACACAAGGACATGAAATCTTGAGTTTTAAT

TCTGTTGTTTTAACCTAATATTAGGGTAATTGTAATAGACAAGAGAAACACTCTAACAACACT

GTAAAAAAGTTGACTCAACTTAAAACTTTATGGCAACCAGCTTAAGGACATTTATGAGTTTAC

TCAACTTAAATCAAGTGCAGTATTAAGGTTTACAGTTGAATCAACTCAAAAAAGATCTGCACC

AAGTTGCCTTACAATTTTGAATTGAGTGAACTTGTATTTACAGTGATGTGATGTGACAATTAAT

CTACAAATCTCGGCTACTTCTGTTCCTCTATTGGTTATCTTACATCCATTTTCCTCTTAATAGTG

TCTTTTTTCACAACTCAATATGGCACCACTTATCTGTTGTAATTTGCATTTACATGACAAGAAA

GTATTGTTTCACAAAGAAACCATCATGGTTTGCTCACATGAACAATCAGATATTTTAATTTCAT

TTCACACAGAAGAACAGGAATTAGGAAAGTTCTAGGTAAGTGATAGGAACTACCTACCACCT

ACCTATTTAGTAGTAAATACCTAATAGTAGAAAATTACTTCCATTTCATAAGTTACTGTATTCA

CAGCTACTAT 

 

Figure. Grey shading denotes the -600 bp upstream and 600 downstream bp, Red 

shading denote the sgRNA target sites. Yellow shading denotes the PAM sites of spCas9 

NGG. The upstream and downstream homology arms in (Green colour). 
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7.6 MINI-PREP OF T1/T4_PRISM-CREERT2-GCRY-EGFP  

After receiving the plasmids from Maura’s lab on tissue paper, Transformation was done 

in DH-alpha 50 E-coli bacteria. Then I did Mini prep and finally, the quantification of the 

T1/T4 vector was done on Nanodrop instruments.  

Table 18: Concentration measurement of Target 1 and Target 4 plasmids of Maura’s lab  

Plasmids  Conc. Unit 260/280 Sample Type 

mpeg1.1 T1, pRISM-CreERT2-gCry-

EGFP  548.2 
ng/µl 

1.90 
DNA 

mpeg1.1 T4, pRISM-CreERT2-gCry-

EGFP 406 
ng/µl 

1.90 
DNA 
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Figure 12: T1_pRISM-CreERT2gcry-eGFP plasmid with cloned homology arms to 

target the exon number 1 of mpeg1.1 gene in zebrafish.  After Miniprep through 

QIAGEN Miniprep Kit, The concertation of T1_pRISM-CreERT2gcry-eGFP plasmid 

was 548 ng/ul.  
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Figure 13: T4_pRISM-CreERT2gcry-eGFP plasmid with cloned homology arms to 

target at the end of exon 2  to conserve the gene expression of  of mpeg1.1 gene in 

zebrafish.  After Miniprep through QIAGEN Miniprep Kit, the concertation of 

T1_pRISM-CreERT2gcry-eGFP plasmid was 406 ng/ul.  
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7.7 MICRO-INJECTION 

7.7.1 MPEG1.1 T1 TARGETIN 

Table 19: T1 injection solution 

        

    

 

 

Components  Volume 

(ul) 

Final 

conc per 

cell  

T1 Plasmid 

(408 ng/ul) 

0.048 ul  5 pg/nl 

Cas9 mRNA 

(1000 ng/ul) 

0.375 ul 75 pg/nl 

T1 gRNA 

(1500 ng/ul) 

0.0416 12.5 

pg/nl 

U gRNA  

(1900 ng/ul) 

0.032 12.5 

pg/nl 

H2O 3.75  

Phenol red  0.5  

Total  5 ul   

Figure 21: TheT1_pRISM-CreERT2gcry-eGFP 

microinjected embryos at 0 dpf.   
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Figure 22 : T1_pRISM-CreERT2gcry-eGFP microinjected embryos viability   

The viability of  T1_pRISM-CreERT2gcry-eGFP microinjected embryos in consecutive 

3 microinjections compared to un-injected embryos. The viability is 60%, 78% and 80 % 

in microinjected embryos compared 90% of un-injected embryos. 

 

Figure 23: mpeg1.1 T1 construct injected zebrafish screened at 4 dpf with background of 

mpeg1.1:mCherry.  
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Figure 24: The mutant confirmation was done with the presence of green eye color due to 

γ-crystalline eye marker 

The mpeg1.1 T1 construct injected zebrafish screened at 4 dpf with a background of 

mpeg1.1:mCherry. The mutant confirmation was done with the presence of green eye color 

due to the γ-crystalline eye marker. Out of 400 injected 130 are potential founders (P-

founder) with expected mpeg1.1 T1 targeted construct insertion.  The confirmation and 

validation of CreERT2 presences in expected mutants were done through Cre-specific 

primers (Figure 24). Al the potential founder was screened through Cre-specific primers 

with an expected band of 200 bp. The Cre 200 brighter band was observed in all the P-

founders which validates the presence of Cre or CreERT2 presence under the promoter of 

mpeg1.1. (Figure 25). The pie chart shows the total potential founder (expected mutants) 

and non-mutants, the green eye color was observed in 130 (33 %) mpeg1.1 T1 construct 

injected larvae out of 400.  Out of 130 potential founders, only 70 were raised to F1.  
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Figure 25: Pie chart representation of the total potential founder (expected mutants) and 

non-mutants.  

7.7.2 MPEG1.1 T4 TARGETING 

Table 20: T4 microinjection solution  

  

 

             

Components  Volume (ul) Final Conc per 

cell  

   

T4 Plasmid (548 ng/ul) 0.065 5 pg/nl 

Cas9 mRNA (1000 

ng/ul) 

0.375 75 pg/nl 

T4 gRNA (1500 ng/ul) 0.0416 12.5 pg/nl 

U gRNA  (1900 ng/ul) 0.032 12.5 pg/nl 

H2O 3.75  

Phenol red  0.5  

Total  5 ul   
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Figure 26: T4 microinjected embryos.  

 

 

Figure 27: T4 microinjected embryos viability   
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The T4_pRISM-CreERT2gcry-eGFP microinjected embryos at 1 dpf (Figure 26)  The 

viability of  T4_pRISM-CreERT2gcry-eGFP microinjected embryos in consecutive 3 

microinjections compared to un-injected embryos. The viability (Figure 27) is 63%, 80% 

and 85 % in microinjected embryos compared 90% of un-injected embryos.  

 

Figure 28: mpeg1.1 T4 construct injected zebrafish screened at 4 dpf with background of 

mpeg1.1:mCherry zebrafish. 

 

 

Figure 29: The confirmation and validation of CreERT2 presences in expected 

mutants were done through Cre-specific primers. all the potential founder was 

screened through Cre-specific primers with an expected band of 200 bp 

The mpeg1.1 T4 construct injected zebrafish screened at 4/5 dpf with a background of 

mpeg1.1:mCherry zebrafish. The mutant confirmation was done with the presence of green 

eye color due to the γ-crystalline eye marker. Out of 400 injected 140 are potential founders 
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(P-founder) with expected mpeg1.1 T1 targeted construct insertion (Figure 28). The 

confirmation and validation of CreERT2 presences in expected mutants were done through 

Cre-specific primers. all the potential founder was screened through Cre-specific primers 

with an expected band of 200 bp (Figure 29). The Cre 200 brighter band was observed in 

all the P-founders which validates the presence of Cre or CreERT2 presence under the promoter of 

mpeg1.1. C). The pie chart shows the total potential founder (expected mutants) and non-mutants, 

the green eye color was observed in 140 (33 %) mpeg1.1 T1 construct injected larvae out of 400.  

Out of 130 potential founders, only 80 were raised to F1 (Figure 30) . 

 

 

 

 

 

 

 

 

 

Figure 30: Pie chart of T4 microinjected construct mutant and non-mutant  

 

 

 

 

 



69 

 

 

 

8 CHAPTER 8 

VALIDATION OF CREERT2 FUNCTION 

 

Figure 31: The mechanism of CreERT2 function under the treatment of 5 uM 

Tamoxifen B). 

 

 

Figure 32: Treated with 4-OH- tamoxifen at 5 dpt , injured tail of F0 zebrafish at 16 dpf 

under a microscope 
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Figure 33: Treated with 0.001% DMSO at 5 dpt as a control, injured tail  of F0 at 16 dpf 

zebrafish under a microscope. 

The overall experiment showed that the CreERT2 is working under the treatment of 

tamoxifen that changed the EGFP to mCherry in macrophage cells upon treatment of 5 

uM tamoxifen compared to control with 0.001% DMSO separately.  

CHAPTER 9 

DISCUSSION  

Reverse genetics in zebrafish has transformed the genetic/genomics studies of any specific 

gene and their molecular role in the development of character. Initially, TILLING, and 

antisense morpholinos were  recruited to screen out the a pool of genes which are involve 

in the growth and development of living organisms. (Moens et al., 2008). Following that, 

gradually researcher discovered the gene targeting approaches in zebrafish opened the door 

to more focused research,  and the latest developed CRISPR/Cas9 specific and precise gene 

editing technology is revolutionizing the  developmental biology field through 

understanding  and decoding the zebrafish genomic architecture.  
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Efficient generation of mpeg.1.1 Cre driver line through CRISPR/Cas9 Mediated 

Knock-in of 2A-CreERT2 Cassette into the mpeg1.1 gene  

The most recently developed CRISPR/Cas9 technique is based on the design of short guide 

RNAs with minimal off-target effects. This specific guide RNA assists the Cas9 nuclease 

enzymes to locate the target site and generate double-strand break (DSB) in the DNA. 

Normally, damaged DNA is repaired through NHEJ (non-homologous end joining), which 

may result in indel mutations. In the presence of a DNA template, damaged DNA will be 

repaired by the HR (homology-directed repair) mechanism. Due to its high efficiency,  less 

cost, and robustness especially in the zebrafish, we choose the CRISPR /Cas9 direct 

homology bases integration method developed by  Welker et al.(Welker et al., 2021) to 

insert the around 6kb insert (pRISM-CreERT2-gcy-TagBFP) in frame at the end of Exon 2 

of mpeg1.1 gene. The 2A-CreERT2 construct, or cassette contains the secondary 

fluorescent green marker with γ-crystallin (γ-cry) promoter driving EGFP expression, 

which drives the EGFP green color specifically in the eye of zebrafish to differentiate 

between CRISPR/Cas9 edited and non-edited zebrafish larvae. The successful gene knock-

in at the end of zebrafish gene mpeg1.1 exon 2 was done through in vivo liberation of 5’/3' 

Homology arms  or flanking cassettes. The construct with flanking cassettes was released 

from the plasmid after Cas9 cutting instructed by the Universal guide RNA (U gRNAs). 

The plasmid (pRISM-2A-CrERT2-Tag-EGFP) generated in McGrail’s Lab (cite) was co-

injected with UgRNA, gene-specific gRNA, and Cas9 mRNA (Table 18) into the first cell 

stage of the zebrafish embryo.  At 3 to 5 days post fertilization (dpf), the injected larvae 

were screened under the microscope for the expression of a lens-specific marker, γcry: 
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EGFP (Fig 18). The positive larvae were raised to adulthood for germline 

transmission.  All the F0 injected larvae with the expression of green color, EGFP 

marker in the eye (Figure proved the target integration of 2A-CreERT2 cassette at the 

target exon number 1 and exon at the end of exon number 2 of mpeg1.1 gene of 

zebrafish.  The evidence of this somatic targeted integration was confirmed by Cre-

specific PCR (Figure 29) and junction PCR results in the 15- 20 F0 dpf zebrafish.  

 

 

Testing the 2A-CreERT2 function in F0 CRISPR/Cas9 edited zebrafish Larvae.   

To test the somatic integration of the 2A-CreERT2 cassette, where it led to the 

expression of CreERT2-based recombination after 4-OH-Tamoxifen treatment or not 

in the early stages of Cre line development, we injected the genomic sgRNA/U 

gRNA/Cas9 and pRISM-CreERT2-Tag EGFP vectors into the first cell stage embryo of 

transgenic zebrafish, ubi:Switch floxed reporter line Tg(ubi:loxP-EGFP-loxP-mCherry). 

At the 26 dpf the 20 embryos were treated with the 4-OH-tamoxifen (5M)  as an 

experimental sample and 20 larvae t 26 dpf were treated with 0.001% DMSO as a control 

( Figure 18)  The tail was injured through scissors to trigger for the recruitment of macrophages 

to the site of injury, not differentiation for tail regeneration The injected mosaic F0 Tg(Ubi:loxP-

EGFP-loxP-mCherry) embryos showed a switch in the expression from EGFP to mCherry 

in the macrophage at the tail region ( Figure 32). These results suggested that the 2A-
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CreERT2 cassette inserted through CRISPR/Cas9 is working and recombination is 

inducible by 4-OH-Tamoxifen at any stage specifically in the macrophage cells.  The 

CreERT2 recombination activity leads to the recombination of Lox-P sites and excision of 

EGFP was done. The expression EGFP was replaced with mCherry (red color) ( Figure 

32). This result shows that even with CRISPR/Cas9 the recombination function of CrERT2 

can be observed and characterized efficiently. These results show that the target integration 

of 2A-CreERT2 cassette through CRISPR/Cas9 would be an effective method to generate 

the endogenous CreERT2 driver line in macrophages cells that promoted the spatially 

temporally macrophages cell specific recombination.  

 

Generation of stable F1 CreERT2 driver line and Testing the CreERT2‑loxP 

recombination in the macrophage’s cells.  

My subsequent work was carried out by Khai-Lone and Vivian in Ben’s lab (Memebers of 

Ben's lab  IBMS) to generate the F1 zebrafish by crossing the F0 with the wild type in 

Ben’s lab.  Seven F1 stable 2A-CreERT2 driver lines were obtained through junction PCR 

and confirmed with sanger sequencing. The F0 adults were crossed with the Ubi: Switch 

line. The larvae were treated with DMSO as a control and 4-OH-Tamoxifen as a treated 

sample. The offspring were imaged at 4 to 5 days post-treatment (dpt) under the 

fluorescence microscope.   The results indicated that the mpeg1.1:2A-CreERT2 driver line 

switched the expression from EGFP to mCherry specifically in the macrophage cells, at 

the lower portion of the tail. These results indicate the CreERT2 expression led to efficient 
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recombination at the Ubi: Switch transgene loxP sites and excision of the floxed EGFP 

cassette. 

There are many macrophage reporter lines in zebrafish but not the mpeg1.1:2A-CreERT2 

driver line. we have generated for the first time the spatiotemporal inducible CreERT2 

macrophage-specific driver line that expresses the CreERT2 recombinase specifically in 

the macrophages for conditional gene editing.  We targeted exon 1 and at the end of exon 

2 of the mpeg1.1 gene. We have being able to identify the specific in-frame insertion of the 

2A-CreERT2 cassette at the end of exon 2 after screening the F1 generation. The 

sequencing results show that after in-frame insertion of the 2A-CreERT2 cassette, the genes 

of a sequence of mpeg1.1 remains intact/undisrupted. This is another advantage; the gene 

expression could be conserved by the insertion of construct 2A-CreERT2 at the end of exon 

2. This line can be generated efficiently by following the above-mentioned methodology 

with materials.  

Two Cre driver lines are commercially available in the mouse and are based on monocytes. 

Macrophage markers such as LysM, colony-stimulating factor 1 receptors (CSF1R), and 

CX3C chemokine receptor 1. None of any macrophage mouse line is specific to 

macrophages, its expression was identified in all monocyte cells, macrophages cells, 

granulocytes, dendritic cells, and beta cells (Shi et al., 2018). In contrast to above mention 

Cre driver lines in mice, our developed macrophage-specific mpeg1.1:2A-CreERT2 driver 

line is highly specific to macrophages. However, macrophage populations in the zebrafish 

and mouse species are highly heterogeneous. Further research on gene profiling and 
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specific marker gene for macrophage subpopulations is required to produce Cre driver lines 

that is only specific to macrophage cell populations. 
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CHAPTER 10 

FUTURE PROSPECTS 

There is a great role of macrophages in wound healing, and tissue regeneration in zebrafish 

and mice. Recent studies highlighted the crucial role of macrophage cells in cardiac 

regeneration by mediated with inflammation and immunity in zebrafish and as well as in 

mice.  The different phenotypic populations of macrophages that are adapted to different 

environments perform distinct functions for the cardiac regeneration of zebrafish and mice.  

Recently various studies have been performed to decode the macrophage's polarization 

function and its role as a cardiac regeneration in different organisms. There are various 

signaling pathways such as NRG1/ErbB, Notch, Hippo/YAP, and Wnt/β-catenin which 

participate in the cardiac regeneration of zebrafish and mice model organisms (Valizadeh 

et al., 2022; Whitehead and Engler, 2021). These studies show that signaling pathways are 

directly and indirectly linked with the macrophage’s polarization. Still, the cross-talk of 

macrophage polarization with various types of signaling pathways which are crucial for 

cardiac regeneration in zebrafish is unknown. Our developed Tg(2A-CreERT2:mpeg1.1) 

macrophage-specific driver line would help to decode the exact macrophage cross-talk with 

the cardiac regeneration signaling pathways through conditional gene editing or knock-out 

specifically in macrophage cells of zebrafish. Still, the exact macrophage phenotypic 

polarization is completely unknown, the our developed 2A-CreERT2 driver line would play 

a key role in the determination of exact gene-to-polarization phenotypic relation through 

conditional gene editing specifically in the macrophages cell with 2A-CreERT2 driver line.  
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In the latest study, it has been revealed that the macrophages directly trigger cardiomyocyte 

proliferation by increasing the VEGA expression in larvae o zebrafish. But the exact 

molecular mechanism between the cardiomyocyte’s proliferation and macrophage is still 

unknown (Bruton et al., 2022), our developed macrophage 2A-CreERT2:mpeg1.1 driver 

line would help to find out the molecular mechanism of cardiomyocytes proliferation with 

macrophage polarization through sequentially knockout the genes specifically in 

macrophages cells.  Moreover, our developed driver line would help to decode the exact 

molecular nature of other organ regeneration in zebrafish through conditional gene editing 

specifically in the macrophages. 
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