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Abstract 
 

The advent of TALE and CRISPR/Cas9 technologies has ushered in an era of new 

genome-engineering tools to precisely manipulate the human genome.  These tools 

hold great promise to treat and cure complex human diseases, such as cancer.   In 

the past few decades, cancer immunotherapy has emerged as an attractive cancer 

therapy that harnesses the natural ability of the immune system to treat malignancy.  

Major approaches in cancer immunotherapy include exogenously introducing an 

immune stimulatory gene into tumor cells for use as a tumor vaccine and 

manipulation of immunosuppressive mechanisms.  However, current strategies to 

do so lack advanced techniques to manipulate the immune system in a precise way; 

and thus, compromises therapeutic efficacy or has unforeseen side effects.  

  

In this dissertation, we provide strong evidence for the ability of TALE and 

CRISPR/Cas9 technologies to reprogram endogenous expression of immune 

modulatory genes implicated in cancer immunotherapy.  Overall, TALE-based 

genetic activators potently transactivated two immune stimulatory genes, IL-2 and 

GM-CSF, in which these genes are otherwise completely silenced in epithelial 

cancers.  Furthermore, robust gene activation was linked to chromatin remodeling 
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of silent cytokine gene promoters.  To further enhance TALE potency, we 

engineered a novel multimerized TALE activator and demonstrated that it was 

highly efficient in transactivation of the IL-2 gene in a context-specific manner.  

Moreover, comparative studies exploring CRISPR/Cas9 as genetic activators clearly 

identified TALE technology as a more efficacious strategy.   

 

We also present evidence that TALE and CRISPR/Cas9 technologies can be adapted 

as genetic repressors to regulate immune modulatory genes. For this purpose, we 

developed a collection of TALE and CRISPR/Cas9 genetic repressors and 

interrogated their functions on the IL-2 and CMV gene promoters as proof of 

principle.  We clearly demonstrated that TALE and CRISPR/Cas9 repressors potently 

disrupted IL-2 gene activity when targeted to strong cis-regulatory elements.  

Moreover, we demonstrated that TALE-based repressors regulated genes 

downstream of their primary target.  In conclusion, we have developed a novel 

collection of TALE and CRISPR/Cas9 genetic tools to translate our conceptual model 

in vivo and explore its implication for cancer immunotherapy. 
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Chapter 1 

Introduction  

1.1  Cancer Immunotherapy: A Historical Perspective 

 

“The Father of Immunotherapy” 

 “First, I wish to emphasize the point that the method rests upon a solid foundation of 

accepted and indisputable clinical facts-namely, that in a considerable number of cases of 

inoperable cancers……such tumors have been known entirely to disappear under attacks 

of accidental erysipelas (bacterial toxins), and patients have remained well for many years 

thereafter.” (Coley 1910) 

– Dr. William B. Coley, M.D.   
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Over the past century, the intimate connection between pathogen infection and tumor 

regression has been made by chance observations, controversial experimentation and 

new scientific discoveries.  Today the underlying notion of this connection is being used 

to treat cancer and this field is known as Cancer Immunotherapy.  This form of therapy 

harnesses the natural ability of the host immune system to fight and destroy cancer.  

Currently, it is considered the 4th modality of conventional cancer therapies and is 

preceded by surgery, radiation, and chemotherapy.  

 

The origin of cancer immunotherapy pre-dates modern medicine.  The first 

documented evidence of bacteria-induced cancer regression dates back to 1742 

(reviewed in (Parish 2003)).  A century later from 1866 to 1892, physicians observed 

spontaneous cancer regression in patients exhibiting erysipelas, a condition later found 

to be caused by Streptococcus pyogenes (Parish 2003).  One of these physicians, Dr. 

William B. Coley, a prominent New York surgeon, took great interest in these 

observations and later proved in 1893 with the help of Dr. Robert Koch, that direct 

inoculation of S. pyogenes into cancer patients had a profound therapeutic effect (Coley 

1991).  Ultimately, this would be considered the 1st serious attempt of cancer 

immunotherapy.   
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Subsequently, Dr. Coley introduced a powerful bacterial concoction known as the 

“Coley’s Toxins” to treat malignancy to the scientific community (Coley 1910).  Over the 

next forty years, Dr. Coley used the Coley toxins to treat hundreds of patients.  Indeed, 

this provided irrefutable evidence for a link between pathogen infection and cancer 

regression (Nauts et al. 1946; Nauts and McLaren 1990).  It is important to note that at 

the time of Coley’s work the field of immunology was in its infancy; and not until after 

Dr. Coley’s death in 1936, was the exact mechanism of the Coley’s toxins connected to 

immunology.   In lieu of this, the Coley toxins are considered the first form of cancer 

vaccination and Dr. William B. Coley is regarded as the “Father of Immunotherapy” 

(reviewed in (Kozlowska et al. 2013; Wiemann and Starnes 1994)).   

 

Surprisingly after Coley’s death in 1936, the field of cancer immunotherapy was on the 

brink of extinction and the Coley’s toxins were abandoned for more broad-spectrum 

treatments such as, chemotherapy and radiation.  This was not surprising as the Coley’s 

toxins were only effective against a small proportion of sarcoma cancers and exhibited 

debilitating side-effects (reviewed in (Wiemann and Starnes 1994)).  To complicate 

matters, new theories regarding immunology were taking form and soon challenged Dr. 

Coley’s work.  In the early 1900s, Dr. Paul Erhlich proposed that “magic bullets” existed 

within the body to fight infection.  This set the stage for discoveries in immunology.  
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However by the late 1920s, scientists became increasingly doubtful for the role of 

immunity in cancer.  For example, Dr. W.H. Woglom absolutely denounced the notion 

that the immune system could recognize and destroy malignant tumors.  He famously 

articulated the following statement as a rebuttal to hundreds of reports describing such 

a link: “It would be as difficult to reject the right ear and leave the left ear intact as it is to 

immunize against cancer”  (reviewed in (Rosenberg 1999)).  Clearly, during this time 

period there were concerns regarding the role of immunology in cancer (Parish 2003; 

Rosenberg 1999). In the late 1940’s, Dr. Burnet published the “Theory of Acquired 

Immunological Tolerance” in which he proposed the concept of self versus non-self 

discrimination (reviewed in (Ada 2008)).  Ultimately, this set the stage for the belief 

that because tumor cells arise from ‘self’ they cannot be recognized by the immune 

system.  This theory was later verified in 1953 by Dr. Medawar (Billingham et al. 1953).  

Hence, the emerging field of immunology challenged the fundamental basis of cancer 

immunotherapy and led to its diminishing popularity.   

 

However as the field of immunology evolved from 1950 to 1960, a new wave of 

immunology theories revitalized the field of cancer immunotherapy.  In the late 1950’s, 

Dr. Burnet’s theory of acquired immunological tolerance in regards to cancer 

immunology was challenged by classical tumor rejection experiments in mice (Baldwin 
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1955; Foley 1953; Klein et al. 1960; Prehn and Main 1957; Riggins and Pilch 1964).  

This was a break-through for cancer immunotherapy, and these scientific discoveries 

led to a new ideology regarding tumor rejection and speculation that tumor rejection 

was due to tumor-associated antigens (TAAs).  By the late 1960s, Dr. Burnet proposed 

the “Immunosurveillance Hypothesis” (Burnet 1967).  Therein, he theorized that the 

immune system was continually safeguarding the body while eliminating cancerous 

cells that were distinguishable from normal cells.  Undoubtedly, this decade gave rise to 

contemporary cancer immunology. 

 

Over the next two decades, several key discoveries reinvigorated the field of cancer 

immunotherapy.  In 1962, Dr. James Gowans discovered that small T-lymphocytes 

circulate throughout the body (reviewed in (Silverstein 2001; Weissman 2010)).  

Following this, Berendt et al. provided evidence for the involvement of T-cells in toxin-

induced tumor regression (Berendt et al. 1978).  This was a critical finding and 

provided support for the role of the immune system in the underlying mechanism of the 

Coley’s toxin; and thus, corroborated Dr. Coley’s work.   Following the discovery of the 

T-cell, Dr. Kendall Smith characterized the interleukin-2 (IL-2) cytokine.  He 

demonstrated that IL-2 was a critical determinant involved in T-cell expansion (Smith 

1988).  By the late 1980s, IL-2 immunotherapy was being used for the treatment of 
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metastatic renal, melanoma, and lung cancer (Lotze et al. 1986; Rosenberg et al. 1985; 

Rosenberg et al. 1998).  As immunology was rapidly evolving, the emergence of 

experimental evidence proving the existence of tumor-associated antigens was a 

second major break-through and also substantiated the immunosurveillance hypothesis 

(Coulie et al. 2014).  This led to development of targeted cancer immunotherapies using 

monoclonal antibodies directed against tumor specific antigens of a variety of cancer 

types.  For example, Trastuzumab (Anti-Her2/neu receptor) was approved in 1998 for 

the treatment of certain breast cancers and Cetuximab (Anti-EGFR) was approved in 

2004 for the treatment of metastatic colon and small cell lung cancers (Vanneman and 

Dranoff 2012).  Concurrently, immune cell-based therapies or cancer vaccines using 

antigen-loaded DCs or adoptive T-cell transfer were also becoming a mainstay (Park et 

al. 2011; Rosenberg 2004). Collectively, these insightful discoveries revived the field of 

cancer immunotherapy and led to development of several novel therapies.  

 

At the height of the cancer immunotherapy field in 2000, clinical trials showed that 

despite an effective anti-tumor immune response, the clinical success of these therapies 

were modest and lacked durable therapeutic responses.  In 2001, Dr. Robert Schreiber’s 

group proposed the “Immune Editing Hypothesis”, which partially accounted for this 

discrepancy (Dunn et al. 2002; Shankaran et al. 2001).  Here, they proposed that the 

http://en.wikipedia.org/wiki/Trastuzumab
http://en.wikipedia.org/wiki/Cetuximab
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reason cancer cells evade the immune system is because immune cells select for cancer 

cells which are no longer recognizable by the immune system.  Furthermore, tumor 

evasion could be divided into three distinct stages: (1) Elimination, (2) Equilibrium, and 

(3) Evasion or the “3 E’s” (Schreiber et al. 2011).  This hypothesis was supported by 

experiments in T-cell-deficient murine models (e.g., Rag2 -/-), which were highly 

susceptible to tumor transgressions (Shankaran et al. 2001).  Hence, evolving cancer 

immunology concepts helped to shed light on mechanisms leading to modest results in 

cancer immunotherapy.  

 

Currently, the field of cancer immunotherapy is well accepted, as evidenced by the 

increasing number of clinical trials utilizing strategies to drive tumor-specific immunity.  

A plethora of cancer immunotherapies are available, some of which are in phase I-III 

clinical trials or have received FDA-approval (Mellman et al. 2011; Vanneman and 

Dranoff 2012).  For example, Sipuleucel-T and Ipilimumab were recently FDA-approved 

in 2010 and 2011 for immunotherapy of prostate and metastatic melanoma cancers, 

respectively. More importantly, today’s cancer immunotherapies show improved 

clinical response and survival benefits for certain types of cancers.  For example in 

2013, a recent study by Vom Berg et al. demonstrated that combinatorial cancer 

immunotherapy eradicated gliobastoma in mice with an 80% success rate (Vom Berg et 
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al. 2013).  Despite the improved therapeutic response to cancer immunotherapy, life-

long vaccination against malignancy, which is the promise of cancer immunotherapy 

(e.g., cancer vaccines), still requires additional improvements to effectively establish 

immunological memory (Kozlowska et al. 2013).  A historical timeline of cancer 

immunotherapy events are shown below in Figure 1.1.  
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 Figure1.1  A Historical Timeline of Cancer Immunotherapy.  This is a timeline of important 

 cancer immunotherapy events, which helped to shape the field and led to its general acceptance as a 4th   

 cancer therapy modality.
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1.2  Current approaches to Cancer Immunotherapy 

I will classify the current types of cancer immunotherapies into two distinct groups: 

(1) Targeted and (2) Non-targeted (Figure 1.2).  In the first group, these therapies 

are designed to specifically target the tumor directly or to increase the 

immunological response to the tumor.  Targeted immunotherapies can be further 

divided into three groups: (1) immune cell-based therapies, (2) monoclonal 

antibodies, and (3) cancer vaccines (Figure 1.2).  Conceptually, targeted 

immunotherapies are designed to target tumor-associated antigens (TAAs) and 

assist in immunological response to TAAs.  Because of this, targeted 

immunotherapies hold the promise to specifically eliminate cancer cells, promote 

anti-tumor immunity, and establish lifelong vaccination.    

 

Currently, targeted immunotherapies are being used to target specific pathways 

involved in proliferation, angiogenesis, and cell survival (reviewed in (Shore 2014)).  

Targeting these cellular pathways facilitates activation of antibody-dependent cell-

mediated cytotoxicity (ADCC) and subsequent tumor destruction by natural killer 

(NK) cells.  Tumor cell destruction facilitates antigen spread and establishment of a 

tumor-specific immune response.  For example, monoclonal antibodies targeting the 
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receptors for HER-2 (e.g., Trastuzumab) have been approved for the treatment of 

metastatic breast cancer and colorectal cancers.  Similarly, the FDA-approved 

Cetuximab, which targets the epithelial growth factor receptor (EGFR), is used for 

the treatment of squamous cell cancers. These targeted, monoclonal antibody 

therapies potently destroy cancer cells overexpressing these receptors via ADCC-

mediated NK cell killing (Barok et al. 2007; Oppenheim et al. 2014).    Likewise 

immune-cell based therapies using genetically engineered T-cells that express a 

chimeric, antigen-specific receptor (e.g., CAR T-cell therapy - 19-28z) promote 

enhanced T-cell survival and anti-tumor immunity for B-cell acute lymphoblastic 

leukemia (Shore 2014).  Within the targeted immunotherapies, cancer vaccines 

have been the least effective (Vergati et al. 2010).  Several phase II/III clinical trials 

have shown that despite improved survival benefits, cancer vaccines have failed to 

improve overall clinical response.  For instance, PANVAC-VF, a viral-based cancer 

vaccine for pancreatic cancer, failed to improve clinical response but prolonged life 

expectancy by 3 months (Goldman and DeFrancesco 2009).  In contrast, GVAX, a 

tumor cell-based cancer vaccine for prostate cancer resulted in higher death rates 

(Goldman and DeFrancesco 2009).  However in contrast to these findings, some 

cancer vaccines do significantly improve life expectancy.  For instance, Stimulvax, a 

peptide-based cancer vaccine for lung cancer led to an overall survival of 17.3 
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months (Butts et al. 2005).  Overall, targeted cancer immunotherapies are an active 

area of development and further improvements to cancer vaccines are needed. 

 

In contrast to targeted immunotherapies, non-targeted cancer immunotherapies are 

referred to as immune adjuvants because they utilize the powerful immune 

modulatory activities of cytokines or toxins to induce a generalized immune 

response (Figure 1.2). For example, cytokine immunotherapy (e.g., IL-2 

immunotherapy or Aldesleukin) is currently FDA-approved to treat metastatic renal 

cancer and melanoma (Rosenberg et al. 1985; Rosenberg et al. 1998; Rosenberg 

2004). As demonstrated in tumor-bearing mice and humans, systemic IL-2 

injections led to partial or complete tumor regression (Rosenberg et al. 1985; 

Rosenberg et al. 1998).  Conversely, in contrast to tumor antigens, toxins are 

potently recognized by the immune system and thus provide a strong source of 

immune activation.  For example, the BCG toxin leads to potent innate and adaptive 

immune response and tumor infiltrates consisting of granulocytes, NK cells, and 

effector T-cells (Redelman-Sidi et al. 2014).  This therapy is currently used to treat 

bladder cancer (Ahn et al. 2014).  Based on the literature, immune adjuvants can be 

used to achieve a generalized, but potent immunological response.   
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Recent studies show that combinatorial strategies that use targeted therapies in 

combination with immune adjuvants are highly effective and elicit an effective 

immune response (reviewed in (Curran et al. 2012)). For example, the FDA-

approved Sipuleucel-T or Provenge, a dendritic cell (DC) vaccine-based therapy, is 

being used to treat castration-resistant prostate cancer (Small et al. 2006).  

Sipuleucel-T is a combination of antigen-loaded DCs plus an immune adjuvant such 

as Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF).  In phase III 

clinical trials, it has been shown to increase T-cell response by 8-fold after 8 weeks 

of treatment and improves survival.  Overall, cancer immunotherapies using either 

targeted, non-targeted, or combinatorial approaches are being developed and used 

to treat a variety of cancers.  
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Figure 1. 2  Types of Cancer Immunotherapy. Cancer immunotherapy can be 

classified into two distinct categories (green) based on their ability to induce a 

specific or non-specific immune response.  Targeted cancer immunotherapy is 

designed to target tumor-associated antigens (TAAs) subsequently leading to an 

anti-tumor immune response.  In contrast, non-targeted or immunoadjuvant 

immunotherapies strive to boost a generalized immune response.   
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1.3  Challenges in Cancer Immunotherapy 

The overarching goal of cancer immunotherapy is to cure cancer using the host 

immune system and provide lifelong vaccination.  Experimental evidence and 

clinical trials support the notion that cancer immunotherapy can induce an effective 

immune response.  However, cancer immunotherapy has showed only modest 

results in clinical trials and there is little evidence of vaccination.  Based on the 

literature, there are several mechanisms that clearly challenge cancer 

immunotherapy efficacy, such as (1) tumor escape as a result of immune editing, (2) 

an insufficient immune response, and (3) concomitant immunosuppression 

(Rosenberg 2004).   

 

For example, immune editing leads to a population of low immunogenic tumors that 

are not recognized by the immune system (Dunn et al. 2002).  Alternatively, 

immunosuppressive mediators such as, regulatory T-cells suppress T-cell mediated 

immunity (Wang et al. 2014).  In addition, an effective immune response is preceded 

by the ability of immune cells to traffic to the tumor site and subsequently infiltrate 

the tumor tissue.  Collectively, inhibitory aspects of the tumor microenvironment 

challenge cancer immunotherapy efficacy. 
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1.4  Cytokine Immunotherapy 

1.4.1  Overview of Cytokine Immunotherapy 

Cytokine immunotherapy is a subtype of cancer immunotherapy that harnesses the 

immune stimulating properties of cytokines to boost the immune system’s ability to 

fight cancer.   Cytokines are small (<20 kDa), soluble cell signaling factors secreted 

by hematopoietic cells that modulate the innate and adaptive immune response. 

Overall, cytokine immunotherapy has been highly effective in treating 

chemotherapy-resistant cancers such as metastatic renal, melanoma, prostate and 

lung cancer (Rosenberg 2004; Shore 2014).  This form of therapy is characterized by 

a robust T-cell mediated immune response, enhanced antigen presentation, and 

immunological memory.  This is most likely because cytokine immunotherapy has 

pleiotropic effects on the immune system and can modulate both innate and 

adaptive immune responses.  Here, I will introduce the two most common cytokines, 

Interleukin-2 (IL-2) and Granulocyte-Macrophage Colony Stimulating Factor (GM-

CSF), used in cancer immunotherapy.   
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1.4.2  The Biology and Biochemistry of Interleukin-2 

Originally named T-cell growth factor (TCGF) and later Blastogenic Factor (BF), 

interleukin-2 (IL-2) is a cytokine produced by antigen-activated T-cells.  IL-2 

promotes T-cell expansion, differentiation, and survival.   IL-2 signals in an 

autocrine and paracrine fashion to promote differentiation of T-cells into CD4+ 

helper T-cells (Th1 and Th2) and CD8+ cytotoxic T-cells (CTLs) (Figure 1.3).  In 

addition, IL-2 activates other immune cell types such as, NK cells, B-cells, and 

lymphokine-activated killer cells (LAKs).  Helper T-cells produce cytokines, which 

support the cell killing function of CTLs and other immune cell types.  Consequently, 

IL-2 signaling promotes tumor cytolysis, anti-tumor immunity and immunological 

memory; hence, IL-2 is a critical determinant of the innate and adaptive immune 

response.  IL-2 expression is restricted to T-cells.  The activation of IL-2 involves a 

highly coordinated and regulated process controlled at the level of transcription 

(Figure 1.4). To properly activate IL-2 expression in T-cells, two distinct signals 

must be activated.  In the first signal (signal 1), DC-mediated antigen presentation 

engages the T-cell via the T-cell receptor (TCR).  This leads to activation of intrinsic 

cell signaling pathways leading to de novo synthesis of T-cell specific transcription 

factors.   The second signal (signal 2) requires B7-mediated ligation of the CD28 co-

stimulatory receptor on the surface of T-cells.  This leads to chromatin remodeling 
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and increased mRNA stability.  The convergence of these two distinct pathways 

leads to proper IL-2 gene expression.  If not properly stimulated, T-cells become 

anergic or enter a state of unresponsiveness in which the IL-2 promoter becomes 

stably repressed.  In T-cells, IL-2 exhibits an unusual form of mono-allelic gene 

expression in addition to regulation at the level of transcription.  The IL-2 gene 

promoter is maintained in a repressed state and requires extensive chromatin 

remodeling to activate IL-2 gene expression (Attema et al. 2002).  The repressive 

chromatin environment masks important cis-regulatory elements required for 

transactivation of the IL-2 promoter.  The IL-2 core promoter contains a typical 

TATA-box, which serves as an important cis-regulatory element for gene activation.  

In addition, multiple T-cell specific TFs (e.g., NFAT) and ubiquitously expressed TFs 

(e.g., c-rel) are required to potently induce IL-2 gene expression.  On average, 

stimulated T-cells make several hundred picograms per mL of IL-2 protein (e.g., 

100-700 pg/mL) upon proper TCR stimulation (Shuford et al. 1997).  In non-

immune cells, IL-2 expression cannot be activated extrinsically due to lack of T-cell 

receptors.  Furthermore, non-immune cells do not possess T-cell specific 

transcription factors, which are required to transactivate the IL-2 promoter.  As 

shown in MCF-7 cells, the IL-2 promoter is highly methylated and transcriptionally 

repressed (Murayama et al. 2006); therefore, IL-2 expression in epithelial cells is 

inhibited. 
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Figure 1. 3  TCR-mediated IL-2 Activation in T-cells.  A schematic of TCR-

mediated activation leading to IL-2 expression.  The resting or naïve T-cell is 

stimulated via antigen presentation or mimicry TCR agonists (PMA/PHA-L). This 

leads to activation of T-cell receptor (TCR) signaling leading to cytokine expression, 

most importantly IL-2.  Upon production and secretion of IL-2, it binds to the IL-2 

receptor on neighboring T-cells.  IL-2 autocrine and paracrine signaling induces 

expansion and differentiation of T-cells into effector T-cells setting the stage for 

anti-tumor immunity.  
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Figure 1. 4  IL-2 Expression is Highly Regulated in T-cells.  Appropriate antigen 

stimulation of the T-cell receptor (TCR) plus co-stimulatory signals (e.g., CD28) is 

required to induce IL-2 expression.  In naïve T-cells, IL-2 gene expression is silenced 

due to a repressive chromatin environment and lack of required de novo 

synthesized transcription factors.  Upon antigen stimulation, T-cell specific 

transcription factors are de novo synthesized, the IL-2 chromatin structure is 

remodeled, and the stability of mRNA is enhanced.  Non-immune cells lack IL-2 

expression because they lack T-cell receptors and T-cell specific transcription 

factors such as, NFAT.   
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The IL-2 gene is located on chromosome 4 and produces a ~5 kb pre-mRNA 

transcript.  The IL-2 pre-mRNA is spliced to form a mature 822 bp mRNA transcript 

that consists of four exons. The full length IL-2 mRNA encodes a 153 amino acid 

glycoprotein that has a predicted molecular mass of ~15.5 kDa.  Alternative splicing 

of the IL-2 gene produces two dominant negative variants, which lack exon 3 or 

exon 4.  Structurally, the IL-2 protein and its family members exhibit a classical 

cytokine fold, which consists of a bundle of four alpha helices.  The IL-2 protein is 

post-translational modified at threonine 3 with an O-linked sugar moiety (Ju et al. 

1987).  Functionally, the N-terminus (1-20 amino acids), C-terminus (121-133 

amino acids) and two cysteine residues (58 and 105 amino acids) are critical 

regions for IL-2 function.  Mutagenesis of specific amino acid residues within these 

regions (e.g., Leu17 and Trp121) abolished up to 99% of IL-2 bioactivity.  These 

mutants were also unable to bind to the IL-2 receptor (Ju et al. 1987).  The 

structural integrity of IL-2 is mediated by intra-molecular disulfide bond formation 

between two cysteine residues located at amino acids 58 and 105.  These cysteine 

residues are involved in stabilization and bioactivity of the IL-2 protein.    

 

IL-2 is involved in autocrine and paracrine signaling.  It binds the IL-2 receptor (IL-

2R) on the surface of immune cells.  The heterotrimeric IL-2 receptor is composed of 
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α, β, and γc chains.  The IL-2Rα and IL-2Rβ chains together confer a high-affinity 

receptor for IL-2 ligand binding (Kd = 10-50 pM), whereas the IL-2Rγ chain 

facilitates intracellular transmission of the growth signal.  As shown in Figure 1.5, 

IL-2 engagement of the IL-2R activates multiple intrinsic pathways through 

activation of JAK-STAT signaling.  JAK-STAT signaling through PI3K and STAT5 leads 

to production of more IL-2 and other inflammatory cytokines such as, IFN-γ.  This 

promotes T-cell differentiation to a Th1 or Th2 phenotype, and activation of NK and 

B-cell functions.  Thus, IL-2 induced expression in T-cells modulates the innate and 

adaptive immune response.   
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Figure 1.5  Classical IL-2 signaling.   IL-2 binding to the IL-2 receptor activates 

JAK-STAT signaling pathways leading to activation of downstream pathways which 

modulate gene transcription, cell survival, and cell differentiation.  In addition, other 

cytokines and inflammatory mediators are produced as a result of IL-2 signaling.   
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In 1992, the FDA approved the recombinant IL-2 Aldesleukin for the treatment of 

chemotherapy-resistant metastatic renal and melanoma cancer.  In clinical trials 

from 1985 to 1993, IL-2 immunotherapy exhibited a ~20% overall objective 

response rate for metastatic renal cancer, with similar results for melanoma (Atkins 

et al. 1999; Atkins et al. 2000; Fyfe et al. 1995).  For those patients who achieved a 

complete response (~5%), some remained cancer-free a decade later (Rosenberg 

2004).  Studies showed that tumor regressions were correlated with T-cell 

infiltration, composed of both CD4+ T-cells and cytotoxic CD8+ T-cells (Rosenberg 

2004).  However, high-dose, recombinant IL-2 therapy exhibited substantial side 

effects such as capillary leak syndrome and sepsis-related mortality (Atkins et al. 

1999; Fyfe et al. 1995).  In subsequent years, strategies to reduce generalized IL-2 

toxicity have been achieved by restricting IL-2 to the tumor microenvironment 

using retroviral-mediated IL-2 gene transfer into tumor cells.  In experimental 

studies, this strategy led to constitutive IL-2 expression in cancer cells (Gansbacher 

et al. 1992).  However, one limitation of this strategy is the potential risk of 

insertional oncogenesis upon transgene integration, and thus, presents a safety 

concern (Modlich et al. 2008).   Therefore, developing new strategies to restrict IL-2 

expression to the tumor cell are needed in the field of IL-2 immunotherapy.    
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1.4.3  The Biology and Biochemistry of GM-CSF 

Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) is a cytokine that 

stimulates the growth and differentiation of various hematopoietic precursor 

lineages. Specifically, GM-CSF has been shown to stimulate granulocytes, 

macrophages, and T-cells. De novo synthesis of GM-CSF is triggered by pathogen 

infection and inflammatory mediators such as, LPS and cytokines (Fleischmann et al. 

1986).  GM-CSF is produced by activated T-lymphocytes, macrophages, and 

fibroblasts (Shi et al. 2006).  Similar to IL-2, GM-CSF expression is a highly 

coordinated and regulated process at the level of transcription.  Extensive 

chromatin remodeling to the GM-CSF promoter is required prior to ensuing gene 

activation.  Antigen-activated T-cells can secrete up to 7 ng/mL of GM-CSF protein.  

GM-CSF has pleiotropic effects on both the innate and adaptive immune response.  

As shown in Figure 1.6, GM-CSF induces differentiation of monocytes to 

macrophages and dendritic cells (DCs) and thus enhances antigen-presentation.  

Secondly, GM-CSF differentiates granulocytes into basophils, neutrophils, and 

eosinophils and thus improves phagocytosis (Fleischmann et al. 1986).  

Furthermore, GM-CSF stimulates T-cells to differentiate into helper T-cells and 

specialized effector T-cells and thus enhances T-cell mediated immunity.  However, 

overexpression of GM-CSF can alter the fine balance between the Th1 and Th2 
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response and in some instances abrogate cytokine regulation (Shi et al. 2006).  

Overall, GM-CSF links innate and adaptive immune responses.  
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Figure 1. 6  GM-CSF is a pleiotropic cytokine.  GM-CSF stimulates proliferation 

and differentiation of granulocytes, monocytes, and T-cells.  This leads to enhanced 

phagocytosis (e.g., granulocytes), antigen presentation (e.g., dendritic cells), and T-

cell mediated immunity.   
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GM-CSF is located on chromosome 5 and is encoded by a ~2.4 kb transcript.  In 

humans, GM-CSF is expressed as a 144 amino acid glycoprotein and has a predicted 

molecular weight of ~16 kDa.  GM-CSF is secreted as a 23 kDa monomeric protein 

but in its active form exists as a homodimer.    Similar to IL-2, GM-CSF exhibits a 

typical cytokine fold, consisting of a bundle of four alpha helices (Hansen et al. 

2008).  Post-translational modification of GM-CSF renders it heavily glycosylated.  

The human GM-CSF shares 56% amino acid identity to the murine GM-CSF protein. 

 

GM-CSF expression is triggered by pathogen infection and inflammatory cytokines 

and is regulated at the transcriptional level (Shannon et al. 1995). The GM-CSF 

promoter and a distal enhancer require extensive chromatin remodeling prior to 

gene activation.  Similar to IL-2, the GM-CSF promoter requires de novo synthesis of 

specific T-cell specific transcription factors to transactivate its promoter.  At the 

post-transcriptional level, AU-rich elements (AREs) in the 3’-UTR of the GM-CSF 

gene regulate the stability of GM-CSF transcripts.  Thus, GM-CSF expression is a 

tightly controlled and regulated process.   

 

The GM-CSF receptor (GM-CSFR) is expressed on monocytes/macrophages, 

granulocytes, lymphocytes, endothelial cells, and fibroblasts.  The GM-CSF receptor 
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is composed of two chains: α and βc (Hansen et al. 2008).  GM-CSF binds with high 

affinity to GM-CSFR with a dissociation constant (Kd) of 20-100 pM. The structure of 

the ternary GMCSF/GMCSFR complex forms a dodecamer on the cell surface to 

facilitate intrinsic cell signaling.  Binding of GM-CSF to its cognate receptor (GM-

CSFR) leads to activation of intrinsic JAK-STAT signaling pathways (de Groot et al. 

1998).  This consequently activates Ras/MAPK and PI3K signaling.  As shown in 

Figure 1.7, coordination and convergence of these pathways at the GM-CSF 

promoter leads to cell survival, proliferation, and differentiation of immune cells.   

 

In cytokine immunotherapy, GM-CSF is a critical immune adjuvant that promotes 

innate and adaptive immunity.  Since the 1990s, experimental and clinical trials 

have exploited GM-CSF as an immune adjuvant due to its pleiotropic effects on the 

immune response.  GM-CSF has been used as a monotherapy or in combination with 

chemotherapy, oncolytic viruses, suicide genes, and cancer vaccines as an immune 

adjuvant to boost host immunity (Elsedawy and Russell 2013; Schneble et al. 2014; 

Shi et al. 2006).  In the tumor microenvironment, exogenous expression of GM-CSF 

in tumor cells promotes infiltration of granulocytes, macrophages, and dendritic 

cells. As a result, GM-CSF increases antigen presentation.  Subsequent studies have 

shown that GM-CSF also promotes activation of natural killer T-cells in a CD1d-
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dependent manner, and potentiates inflammatory cytokine production (Shi et al. 

2006).  Consequently, GM-CSF facilitates CD4+ T-cell mediated immunity and 

antibody production (Shi et al. 2006). Hence, GM-CSF is a potent modulator of anti-

tumor immunity.  Several studies have shown that GM-CSF used as a monotherapy 

inhibits further cancer progression, exhibits an increased survival benefit and, in a 

few instances, is curative (Kaufman et al. 2014).   Similar to IL-2, GM-CSF 

immunotherapy also exhibits adverse immunological responses when not restricted 

to the tumor microenvironment.   
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Figure 1. 7  Classical GM-CSF Signaling.  GM-CSF binds to its cognate receptor, GM-

CSFR and induces JAK-STAT signaling leading to activation of MAPK and PI3K 

signaling.  Subsequent activation of these pathways induces a transcriptional 

program that regulates immune cell differentiation (e.g., STAT/JNK/ERK), 

proliferation (e.g., ERK/p38/JNK), and cell survival (e.g., AKT/p70S6K). 
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1.4.4  T-cell Mediated Anti-tumor Immunity  

Successful immunotherapy requires a strong and enduring anti-tumor response.  

The anti-tumor response is mediated by specialized components of the innate and 

adaptive immune response.  Collectively, the innate and adaptive immune response 

must be able to recognize and capture invading tumor cells, mount an efficient 

tumor destruction program, and adapt the immune system against future attacks.   

This process involves a conglomerate of immune effector cells involved in innate 

and adaptive immunity, including dendritic cells/macrophages, granulocytes, 

natural killer (NK) cells, helper CD4+ T-cells and cytotoxic CD8+ T-lymphocytes 

(CTLs).   Tumor associated antigens provide a targeted source to eradicate 

malignancy using the host immune response.   At the heart of the immune system 

are specialized immune modulatory agents such as cytokines (e.g., IL-2 and GM-CSF) 

that orchestrate crosstalk between components of the innate and adaptive immune 

response geared at tumor eradication. Here, I will give a stepwise account of the 

anti-tumor response relevant to cancer immunotherapy.   

 

The first step in anti-tumor immunity involves cancer-antigen presentation 

mitigated by the innate immune system (Figure 1.8B).  The innate immune system 

is the first line of defense against neoplastic cells.  This arm of the immune response 
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is comprised of immune cells, such as dendritic cells (DCs), which engulf pathogens 

by phagocytosis. Upon phagocytosis, DCs and macrophages present fragments of 

these pathogens on their cell surface (peptide epitopes) complexed with the Major 

Histocompatibility Complex (MHC) class I/II proteins.  Cells that perform this task 

are called Antigen Presenting Cells (APCs) and this process is known as antigen 

presentation.  Antigen presentation is used to prime T-cells to establish an antigen-

specific T-cell response to malignancy. However, low tumor immunogenicity as a 

result of immune editing leads to tumor cells often going unnoticed by the innate 

immune system and consequently escaping immune surveillance.   

 

The second phase of anti-tumor immunity involves the development of a T-cell 

mediated immune response (Figure 1.8A).  During this phase, T-cells differentiate 

into tumor-specific effector T-cells.  The establishment of specialized effector T-cells 

requires T-cell receptor (TCR) stimulation via APC-mediated MHC class I/II 

presentation in addition to activation of co-stimulatory receptors (e.g., CD28).   

Following stimulation by APCs, T-cells differentiate into helper CD4+ T-cells and 

cytotoxic CD8+ T-cells (CTLs).  The CD4+ T-cells produce inflammatory cytokines 

such as, IL-2 or GM-CSF.  Cytokines coordinate the activities of the innate and 

adaptive immune response and support a strong CTL response. Indeed, anti-tumor 
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immunity is supported by a strong CTL response (Ochsenbein et al. 2001).  Hence, 

T-cell mediated immunity is critical for the establishment of a potent anti-tumor 

environment.   

 

However, the tumor microenvironment is rich in various immunosuppressive 

processes that counteract T-cell mediated immunity.  Therefore, the third step in 

anti-tumor immunity is to counteract immunosuppression mechanisms, which 

dampen the anti-tumor immune response (Figure 1.3C). In the tumor 

microenvironment, immunosuppression can lead to inactivation of T-cell function 

and thus tumor escape.  For example in activated T-cells, CTLA-4 and programmed 

cell death protein 1 (PD1) inhibit T-cell mediated tumor cell killing by disrupting T-

cell activation (Lines et al. 2014).   In fact, targeting CTLA-4 or PD-1 using 

monoclonal antibodies has yielded promising results in clinical studies (Lines et al. 

2014).  Likewise, regulatory T-cells (Tregs) also present a challenge for anti-tumor 

immunity, as they suppress the anti-tumor functions of activated T-cells.  A recent 

study showed that Treg activity inhibits T-cell mediated anti-tumor immunity and 

immunological memory (Wang et al. 2014).  These immunosuppression 

mechanisms play a prominent role in dampening the anti-tumor immune response. 

Moreover, cancer vaccination strategies are severely compromised by 
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immunosuppressive mechanisms. Considering these factors, cancer 

immunotherapies should strive to potentiate the anti-tumor immune response 

while counteracting immunosuppressive mechanisms.   
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Figure 1. 8  The Anti-Tumor Immune Response.  (A) T-cell mediated immunity. 

Primed T-cells differentiate into tumor-specific T-cells after DC-mediated antigen 

presentation.  Primed T-cells are further differentiated into effector T-cells via 

cytokine stimulation. CTLs or CD8+T-cells directly destroy tumor cells.  (B) Antigen 

Presentation. The dendritic cells (DCs) engulf tumor cells and present cancer 

antigens to T-cells.  This process is called antigen presentation.  Antigen 

presentation primes T-cells via activation of TCR and co-stimulatory signaling. (C) 

Immunosuppression. T-cells must avoid immune suppressive mechanisms that are 

mediated by Tregs via CTLA-4 and/or PD-1 signaling.   This leads to inhibition of T-

cell mediated immunity.   
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1.5  Introduction to Genome Engineering Technologies 

1.5.1  Introduction to TALE Technology 

Transcription Activator-Like Effector (TALE) technology comprises a rapidly 

developing tool for targeted genome manipulation. Deciphering of the TALE DNA 

recognition code in 2009 led to the development of a series of novel engineered 

TALE chimeras for a variety of purposes (Boch et al. 2009; Moscou and Bogdanove 

2009).  As shown in Figure 1.9, TALE technology can be used for two types of 

genome manipulation: (1) gene editing and (2) gene control. For example, TALEs 

have been engineered to modulate gene expression, reprogram epigenetic 

modifications (Mendenhall et al. 2013), repair or disrupt genes using TALENs or 

chimeric TALE recombinases (Mercer et al. 2012; Miller et al. 2011), and promote 

targeted gene transposition using TALE-directed piggybac (Owens et al. 2013).  To 

date, TALE technology has been applied to a broad range of model organisms and 

provides a well-established, versatile platform to reprogram cellular functions at the 

genetic level (Sun et al. 2012).  Hence, TALE technology may be a suitable platform 

to develop novel cancer immunotherapies.  
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Figure 1. 9  Applications of TALE Technology.  TALENs are TALEs fused to a Fok I 

nuclease domain and can be used to cleave DNA at precise locations. If provided 

with a repair template, TALENs can repair aberrant DNA sequences with the correct 

sequence via Homology Directed Repair (HDR).  To disrupt gene function, TALENs 

can be used to generate indels, which creates a frameshift mutation.  For gene 

control, TALEs can be fused to user-defined activation or repression domains to 

modulate gene expression. AD = activation domain; R = repressor domain.    
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TALEs are based are naturally occurring transcription factors isolated from 

phytopathogenic bacteria such as the Xanthomonas genus (Boch et al. 2009; Boch 

and Bonas 2010; Bogdanove et al. 2010). As shown in Figure 1.10, Xanthomonads 

inject TALE proteins into the plant cell via a Type III Secretion System (TTSS).  Upon 

plant cell entry, TALEs translocate to the nucleus to induce the expression of genes 

important for pathogen survival, colonization, and virulence (Boch et al. 2009; Boch 

and Bonas 2010).  Due to their modularity and ability to bind precise DNA 

sequences, great efforts are being taken to exploit TALEs for control of mammalian 

genes.  
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Figure 1. 10  TALEs are natural occurring transcription factors.  TALE proteins 

are translocated into the plant cell via the Type III Secretion System (TTSS).  Once in 

the plant cell, TALEs translocate to the nucleus and bind to specific DNA sequences 

that control genes involved in virulence and pathogen survival. This image is 

adapted from (Boch and Bonas 2010). {Boch, 2010 #157} 
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As shown in Figure 1.11, the TALE protein contains a N-terminus translocation 

domain that is involved in type III secretion of the TALE protein into the plant cell.  

TALE proteins contain a central DNA-binding domain (DBD) composed of a repeat 

array followed by a bipartite nuclear localization signal (NLS) and a native 

transactivation domain (TAD).  The central DBD or repeat array is composed of a 

tandem array of highly repetitive repeat monomers (typically 15.5-19.5 repeats). 

Each monomer consists of ~34 amino acids, with the exception of the last repeat 

unit (e.g., ½ RVD) which consists of ~20 amino acids (Boch et al. 2009; Moscou and 

Bogdanove 2009).  Each repeat binds a single DNA base pair coordinated at the 12th 

and 13th amino acid positions of each repeat monomer specifically known as the 

Repeat Variable Di-residue (RVD), which has the following deciphered code: NI = A, 

HD = C, NG = T, NN = G/A (Boch et al. 2009; Moscou and Bogdanove 2009). When in 

contact with dsDNA, TALEs form a solenoid structure around DNA and make 

specific contacts with DNA bases in the major groove.  As shown by Deng et al., the 

TALE RVDs interact with DNA by forming van-der-Waals and hydrogen-bond 

interactions (Deng et al. 2012). The repeat monomer exhibits a helix-turn-helix 

structural motif, which is consistent with other DNA-binding proteins (Mak et al. 

2012).  
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Prior to the discovery of TALEs, zinc-finger (ZF) proteins were the ideal choice for 

genome engineering.  However, TALEs offer an attractive advantage over traditional 

ZF-based technologies due to their inherently simple and predictable DNA 

recognition code.  In contrast to ZFs, DNA recognition by TALE repeat monomers 

has no apparent sequence context requirements (M. Christian et al. 2010; Miller et 

al. 2011; F. Zhang et al. 2011) and exhibits far less cellular toxicity than zinc fingers 

(Ding et al. 2013; Mussolino et al. 2011). Hence, TALE technology may be used to 

develop novel genetic-based cancer immunotherapies. 
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Figure 1. 11  The Native TALE Transcription Factor.  The natural TALE protein 

contains a translocation domain at the N-terminus of the TALE protein that is 

involved in the Type III Secretion System (TTSS). The TALE DNA-binding domain 

(DBD) is composed of a repeat array followed by a bipartite nuclear localization 

signal (NLS) and a native TALE transactivation domain (AD).  The TALE DBD is 

composed of an array of repetitive monomers (repeat array) consisting of ~34 

amino acids with the above depicted sequence (LTPEQ…CQAHG).  The 12-13th 

amino acid positions are collectively referred to as the “Repeat Variable Di-residue” 

(RVD).  The RVD interacts with specific DNA bases as shown in the box at the right.  

The “T0” is an invariant repeat domain, which always recognizes thymine.  The last 

RVD (1/2 RVD) is truncated and contains only 20 amino acids, but retains its ability 

to recognize and interact with DNA.  The transcriptional activation domain (AD) is 

located at the C-terminus of the TALE protein.    
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1.5.2  Introduction to CRISPR/Cas9 Technology 

As initially discovered in 1987 within E. coli (Ishino et al. 1987), the CRISPR/Cas 

system (short for, Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR-associated genes), is a microbial-based adaptive immune 

surveillance system (Barrangou et al. 2007).  To date, this system has been 

identified in more than 40% of bacteria and 90% of archael species (Jansen et al. 

2002; Sorek et al. 2008).  The discovery of this system has revealed a highly 

sophisticated mechanism by which bacteria destroy and vaccinate themselves 

against pathogen infection.  This system is composed of a RNA-protein complex, 

which can specifically recognize and bind to DNA.  Currently, the type II 

CRISPR/Cas9 system (isolated from Streptococcus pyogenes) is being exploited for 

genome engineering purposes.  

 

In its native context, the type II CRISPR/Cas9 recognizes and cleaves invading phage 

or plasmid DNA.  This process is composed of three distinct stages: (1) Acquisition 

or adaptation, (2) CRISPR/Cas9 and RNA de novo synthesis (Expression), and (3) 

RNA-mediated interference (Barrangou 2013).  During adaptation, bacteria capture 

a short DNA sequence from the invading phage or plasmid DNA and subsequently 

integrate it into a CRISPR array (Barrangou et al. 2007).  The CRISPR array contains 
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a set of Cas genes and a set of repeating palindromic repeats interspaced by this 

short DNA sequence known as the ‘spacer’.  The spacer serves as a record of past 

infection and vaccinates the host from future attacks.  For simplicity, an illustration 

of the CRISPR/Cas9 system and its native mechanism of action is shown in Figure 

1.12. 

 

In the event of a second attack, the CRISPR/Cas9 genes are synthesized to combat 

infection.  First, the CRISPR array together with the Cas9 gene are transcribed and 

the former processed into small CRISPR RNAs (crRNA) by a trans-encoded small 

RNA (tracrRNA).   The Cas9 protein and an endogenous RNase III assist in crRNA 

processing (Deltcheva et al. 2011).  Hybridization of the tracrRNA to the crRNA 

(crRNA-tracrRNA), herein referred to as ‘guide RNA’, directs Cas9 to the 

protospacer, which is a sequence found within the pathogen’s genome.  To avoid 

erroneous recognition, a protospacer-adjacent motif (PAM) is required for proper 

Cas9 target site recognition and binding (Jiang et al. 2013; Sternberg et al. 2014).  

The PAM can be any nucleotide followed by two guanine residues (NGG) and is the 

canonical PAM for the S. pyogenes type II CRISPR/Cas9 system.  Orthologs of the 

Cas9 protein are found in different bacterial species and have different PAM 

requirements (Esvelt et al. 2013).  



 

 

 

46 

 

In the third stage, the bacteria utilize the CRISPR/Cas9 system to destroy invading 

nucleic acids.  Upon proper recognition of its target site, the RNA-guided Cas9 

protein subsequently unwinds dsDNA via its helicase activity in an ATP-

independent manner.  The guide RNA binds to DNA via Watson-Crick interactions.  

Consequently, the RNA-guided Cas9 protein catalyzes DNA cleavage via its RuvC and 

HNH catalytic domains on both strands of the DNA resulting in a double-stranded 

break (Jinek et al. 2012). 
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Figure 1. 12  The Type II CRISPR/Cas9 System. The Type II CRISPR/Cas9 system 

is composed of three steps: (1) Acquisition, (2) Expression (de novo synthesis), 

and (3) Interference.  This image is adapted from (Bhaya et al. 2011).  During 

acquisition, short pieces of nucleic acids are acquired from an invading phage and 

integrated into the CRISPR array.  In the event of a second attack, this triggers the 

expression of Cas proteins and the CRISPR array.  The transcribed CRISPR array 

produces several pre-crRNAs that are subsequently matured by the tracrRNA to 

small interfering crRNAs. The Cas9 protein is then guided by the crRNA to the 

invading nucleic acid upon which it is subsequently cleaved. 
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Due to its ability to bind and cleave DNA, the CRISPR/Cas9 system can be exploited 

to modify eukaryotic genes.  As first reported by Jinek et al., the CRISPR/Cas9 

system can be engineered to induce dsDNA breaks at precise mammalian genomic 

loci (Jinek et al. 2012).  In the human genome, a guide RNA can be easily designed to 

recognize any 20 nucleotides followed by a PAM (e.g., N20-NGG) (Cong et al. 2013; 

Mali et al. 2013a; Mali et al. 2013b).  To further simply the system, the two RNAs 

used to guide the Cas9 protein, crRNA and tracrRNA, can be fused into a chimeric 

guide RNA scaffold while maintaining its necessary secondary structure for Cas9 

binding (Jinek et al. 2012). The modified CRISPR/Cas9 system and its functional 

components are illustrated in Figure 1.12. Since its adaptation to genome 

engineering, the CRISPR/Cas9 system has been reported to effectively control and 

modify genes in a diverse range of organisms similar to that of TALE technology 

using an catalytically-inactive Cas9 protein (Mali et al. 2013b).   Following these 

studies, adaptation of the CRISPR/Cas9 technology to perform high throughput 

functional genomics has proven to be an invaluable genome interrogation tool.  As 

demonstrated by Shalem et al., thousands of guide RNAs can be easily designed and 

cloned very efficiently to interrogate the entire human genome (Shalem et al. 2014). 

Overall, CRISPR/Cas9 technology has emerged as an attractive alternative to TALE 

technology. Its simple design and ease of construction affords a more simple and 
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rapid approach to genome engineering. Therefore, the CRISPR/Cas9 technology may 

be suitable for developing novel cancer immunotherapies. 
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Figure 1. 13  The RNA-guided Cas9 protein and chimeric guide RNA. The 

functional components of the Type II CRISPR/Cas9 system are a Cas9 protein and a 

chimeric guide RNA. (A) The Cas9 protein contains a RuvC and HNH domain that 

mediate DNA cleavage. These domains can be mutated to produce a catalytically 

inactive Cas9 protein used for gene control (mutated amino acids: D10A and 

H840A).  (B) The chimeric guide RNA is composed of a modified tracrRNA, which 

maintains its stem loop structure (red), and the crRNA (blue). The crRNA recognizes 

a 20-nucleotide target site and binds to DNA via Watson-Crick interaction.   (C) The 

Cas9 protein interacts with DNA via Watson-Crick base pairing.  The PAM is 

required for proper RNA-guided Cas9 activity. The canonical target site for Type II 

CRISPR/Cas9 is any 20 nucleotides followed by a PAM (e.g., N20-NGG).  This image 

is adapted from (Gasiunas et al. 2012).  
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1.6  The Hypothesis and Conceptual Model  

With the advent of genome-engineering technologies (GETs), we now possess the 

ability to precisely control and manipulate the complex human genome.  One major 

approach in cancer immunotherapy is the use of cytokines to modulate and boost 

the immune response.   However, current strategies rely on exogenous delivery of 

cytokines either by systemic administration or by retroviral-mediated cytokine gene 

transfer.  Unfortunately, these strategies elicit adverse side effects, which limit their 

therapeutic value.   Therefore, we present an alternative approach to this problem 

using genome engineering technology.     

 

Major Hypothesis: We hypothesized that TALE and CRISPR/Cas9 technologies 

could be developed to reprogram endogenous expression of immune modulatory 

genes implicated in cancer immunotherapy.   

 

Major Goal: To develop TALE and CRISPR/Cas9 transcriptional activators to 

reprogram the expression of two specific immune stimulatory genes, IL-2 and GM-

CSF, in epithelial cancer cells in which these genes are otherwise silenced.   In 

theory, as shown in our conceptual model (Figure 1.14), reprogramming 
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endogenous cytokine gene expression in epithelial cancers could be used to drive a 

localized and anti-tumor immune response without the side effects of conventional 

cytokine immunotherapies.  In addition, this dissertation will also present a novel 

collection of TALE and CRISPR/Cas9-based genetic repressors to expand our ability 

to regulate immune modulatory genes. 
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Figure 1.14  Conceptual Model of Cytokine Genome Engineering. (1) 

Introduction of genome-engineering technologies (GETs) to the cancer cell. (2) GETs 

activate silent cytokine gene promoters leading to IL-2 or GM-CSF expression.  (3) A 

cytokine gradient will attract immune cells to the tumor microenvironment.  This 

will promote immune cell expansion, differentiation, and enhanced survival.  (4) 

Tumor cytolysis and anti-tumor-immunity.   
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Chapter 2  

Materials and Methods 

2.1  Chimeric Protein Design and Gene Cloning 

2.1.1  Construction of  TALE-VP64 

The native TALE activation domain was replaced with four copies of the minimal 

VP16 transactivation domain, VP64.  The VP64 DNA fragment was PCR amplified 

from plasmid pLenti-EF1α-Backbone (NI) obtained from addgene 

(http://www.addgene.org/27962) and a SV40 nuclear localization signal added to 

the N-terminus of the VP64 domain using the primers NLS_VP64 forward: 5-

’CCGCGGAGCCCCAAGAAGAAGAGAAAGGTGCTGTCGACGGCCCCC-’3 and VP64 

reverse: 5’-CTCGAGTCAGTTAATCACATGTCCAGG-‘3.  The resulting NLS_VP64 PCR 

product was fused to the C-terminus of TALE protein using Sac II and Xho I 

restriction sites.  An HA-epitope was added in-frame to the N-terminus of the TALE 

protein using an synthetic oligo (IDT Technologies). All TALE constructs were 
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confirmed by anti-HA Western-blot analysis and DNA sequence analysis using 

primer Seq_TALEN 5-1 for: 5’-CATCGCGCAATGCACTGAC-‘3.   

 

2.1.2  Construction of  TALE-TBP 

To construct TALE-TBP, full length TBP (NM_003194.4) was cloned from Jurkat 

cDNA using forward primer NLS_TBP for: 5’-CCGCGGTCCCAAGAAGAAGAG 

AAAGGTGGATCAGAACAACAGCCTGC-‘3 and reverse primer TBP rev: 5’-

CTCGAGTTACGTCGTCTTCCTGAATCCC-’3, and subsequently cloned to pCR 2.1 TOPO 

vector (pCR2.1-TBP).  The final TALE-TBP was generated using the TALE-VP64 

backbone in which the VP64 domain was replaced with TBP.  To do so, the TBP 

fragment was excised from pCR2.1-TBP using Sac II and Xho I and fused in-frame to 

the C-terminus of the TALE DNA binding domain to generate TALE-TBP.  ALL TALE 

constructs were confirmed by Western-blot and DNA sequence analysis using 

primer Seq_TALEN 5-1 for: 5’-CATCGCGCAATGCACTGAC-‘3.   
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2.1.3  Construction of  TALE Repressors for the IL-2 Promoter 

The following TALE repressor constructs were made: TALE-ΔVP16 (IL2A-del, IL2D-

del, IL2E-del); TALE-WRPW (IL2A/D/E-WRPW); TALE-HP1α (IL2A/D/E-HP1 α).  

To construct TALE-ΔVP16, the VP16 activation domain was excised using PshAI and 

XhoI followed by Klenow fill-in and self-ligation overnight.  To construct TALE-

WRPW, three copies of the WRPW motif were synthesized as an oligo (Sigma 

Genosys) and subcloned in frame to the C-terminus of the TALE protein using 

enzyme sites Sac II and Xho I.   The following oligo was synthesized and contains a 

Sac II site (green), SV40 NLS (orange), 3 copies of the WRPW motif (underlined), 

stop codon (red), and a Xho I site (green).   

NLS_WRPW oligo: 5’-CCGCGGACCCAAGAAGAAGAGAAAGGTGTGTACATGG 

AGGCCGTGGTCTAGATGGAGGCCGTGGTGGAGGCCGTGGTAACTCGAG–‘3. To construct 

TALE-HP1α, the human HP1α (Chromobox homolog 5, variant 1; NM_ 001127322.1) 

domain was reversed transcribed from human HEK293T cells using the forward 

primer: 5’-TGTACAATGGGAAAGAAAACCAAGC-‘3 and the reverse primer: 5’-

CTCGAGTCCTTTAGCTCTTTGCTG-‘3 and TOPO cloned into the pCR-2.1 vector 

(pCR2.1-HP1α).  The fragment was inserted in-frame to the C-terminus of the TALE 

protein using restriction enzyme sites BsrGI and Xho I.  ALL TALE constructs were 
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confirmed by Western-blot and DNA sequence analysis using primer Seq_TALEN 5-1 

for: 5’-CATCGCGCAATGCACTGAC-‘3.   

 

2.1.4  Construction of TALE-Cherry Repressors for CMV Promoter 

TALEs targeting the CMV promoter were constructed by replacing the TALE DBD 

recognizing the IL-2 promoter of each repressor type with the CMV-targeted DBDs 

and named as, TALE-1 or TALE-34.  These TALEs target the CAAT box of the CMV 

promoter from the pcDNA3.1 vector and are  located within ~100 bp upstream of 

the TSS.  They are referred to as: TALE-1/34-del, TALE-1/34-WRPW and  TALE-

1/34-HP1α.  For live imaging of TALE repressor expression, a 2A-mCherry cassette 

was added to the C-terminus of the TALE DBD.  To do so, the stop codon from all 

repressors was removed and the following elements subcloned in-frame: (1) self-

cleaving 2A peptide, (2) mCherry fluoresecent protein, and (3) the woodchuck post-

regulatory element (WPRE).  The following table lists primer sets or oligos used to 

construct TALE repressors. ALL TALE constructs were confirmed by Western-blot 

and DNA sequence analysis using primer Seq_TALEN 5-1 for: 5’-

CATCGCGCAATGCACTGAC-‘3.  For robust TALE repressor expression, the Elongation 
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Factor-1 alpha promoter (EF1-α) was PCR-amplified and cloned in TALE contructs 

using Nru I and Nhe I sites.     

 

Table 2. 1  Primer sequences for CMV TALE repressor design 

 

  

Primer Name Sequence (5'----'3)

EF1a-For TATTCGCGAGTGCCCGTCAGTGGG

EF1a-Rev AGCTAGCTCACGACACCTGAAATGG

HP1-For (no stop) GAAGCCCGCGGACCCAAGAAG

HP1-Rev (no stop) CGACTCGAGGCTCTTTGCTGTTTCTTTCTC

WRPW-Sense (No stop) 

GGACCCAAGAAGAAGAGAAAGGTGTGTACATGGAGGCCGTGGTCTAGATGGAG

GCCGTGGTGGAGGCCGTGGC

WRPW-Anti (No stop)

TCGAGCCACGGCCTCCACCACGGCCTCCATCTAGACCACGGCCTCCATGTACACA

CCTTTCTCTTCTTCTTGGGTCCGC

2A-Sense

AATTCATGCTCGAGGGCAGTGGAGAGGGCAGAGGAAGTCTGCTAACATGCGGT

GACGTCGAGGAGAATCCTGGCCCAG

2A-Anti

GATCCTGGGCCAGGATTCTCCTCGACGTCACCGCATGTTAGCAGACTTCCTCTGCC

CTCTCCACTGCCCTCGAGCATG

WoodPRE-For GCCAGCTCGAGCTTATCGATAATCAACCTCTGG

WoodPRE-Rev TATTGGGCCCGGTATCGATGCGGGGAG
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2.1.5  Construction of  Multimerized TALEs 

Multimerization domains Fc and collabody fused to the IgG Hinge region were PCR 

amplified from plasmid HER2-COL-Fc (kind gift from Shana Williamson, Baylor 

College of Medicine) using the following primers:  

 

Hinge-Col For: 5-CCGCGGTGAACCCAAGTCATGC-‘3  

Hinge-Col Rev: 5’-CCGCGGGATATCTCATAGTTAGGCCCTTTC-‘3  

Fc For: 5’-CATCTCGGATCCAAAAACTCACACATGCCCACC-‘3 

Fc Rev: 5’-CGGATCCGGTTTACCCGGAGACAGGGAGAGGC-‘3. 

 

PCR products were blunt TOPO cloned into pCRII vector (Life Technologies) and 

then subcloned in-frame to TALE constructs using RsrII and EcoRV restriction sites.   

 

2.1.6  Construction of  Cas9-VP64, Cas9-repressors and guide RNAs 

A plasmid containing the CRISPR/Cas9 gene was synthesized (OriGene, Rockville, 

MD) and subcloned into pcDNA3.1.  The catalytically-inactive Cas9 (D10A and 

H840A) was generated in-house using site directed mutatgenesis and provided as a 
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kind gift from Jeff Spencer (Dr. Shaun Zhang Lab, University of Houston).  To adapt 

Cas9 for gene activation or gene repression, the VP64 domain (Cas9-VP64) or the 

HP1α domain (Cas9-HP1α) was fused in-frame to the C-terminus of the Cas9 

protein.  For CMV repression studies, the CMV promoter was replaced with the 

Elongation Factor 1 alpha promoter (EF1α-P).  Guide RNAs (gRNAs) were 

synthesized as an oligo (Sigma Genosys) and cloned downstream of a U6 promoter 

into a CRISPR guide RNA scaffold plasmid (kind gift from Jeff Spencer).  A 3’ 

termination sequence consisting of a polythymidine sequence was included at the 

end of the guide RNA to terminate Pol III transcription.  A 5’ guanine residue was 

placed in all gRNA scaffold plasmids expressing the indicated gRNA for proper 

initiation of Pol III transcription.  The guide RNA construct is based on a previously 

described scaffold design (Cong et al. 2013; Jinek et al. 2012).  

 

2.2  Target Site Selection for IL-2, GM-CSF, and CMV Gene 

Promoters 

For the human IL-2 promoter, selection of target sites were chosen based on 

previously published guidelines (Cermak et al. 2011; Geissler et al. 2011; Scholze 

and Boch 2011; F. Zhang et al. 2011) and potential off-targets determined using 
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BLAST analysis.  For the human GM-CSF promoter, TALE target sites  were selected 

and potential off-targets were determined using TAL effector nucleotide targeter 2.0 

(TALE NT 2.0) software (Doyle et al. 2012). TALE NT 2.0 assessment of TALE 

binding sites within the human promoterome indicated that TALE activators scored 

the highest at their intended target sites.  CRISPR/Cas9 gRNA target sites on the IL-2 

or CMV promoter were designed to recognize the canonical N20-NGG DNA sequence 

on either DNA strand and blast analyis used to determine potential off-targets .  

 

2.3  Cell Culture and DNA Transfection 

2.3.1  TALE and CRISPR/Cas9 Gene Activation Assays 

Cell lines HEK293FT (human embryonic kidney), EC9706 (esophageal squamous 

cell carcinoma), MCF-7 (breast adenocarcinoma), HeLa (cervical adenocarcinoma), 

and HepG2 (hepatocelluar carcinoma) were maintained in Dulbecco’s MEM 

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.  

HEK293FT cells were supplemented additionally with 1 mM L-glutamine.  Jurkat 

(kind gift of Dr. Margaret Warner, University of Houston) and K562 cell lines (ATCC) 

were maintained in RPMI supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin.  All cell lines were cultured at 37ᵒC with 5% CO2.  Cell lines 
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were transfected with either Lipofectamine LTX (Life Technologies) or Nucleofector 

technology (Lonza) as per manufacturer’s instructions.  For TALE activation 

experiments, we transfected all cell lines (150,000 cells per well of a 6-well plate) 

with the exception of Jurkat cells with 900 ng of empty vector control or TALE-

encoding plasmids, in which each TALE plasmid was represented in equal amounts 

(e.g., two TALEs - 450 ng each or four TALEs – 225 ng each) to assess minimal 

number of TALE activators required for gene activation.  For experiments using 

Jurkat cells, 1x106 cells were transfected with 2 µg of empty vector or TALE-

encoding plasmids using equal amounts of each plasmid (e.g., two TALEs – 1 µg each 

or four TALEs – 500 ng each).  Seventy-two hours after transfection, cell culture 

media and cell pellets were collected and stored at -80ᵒC for ELISA analyses and 

qRT-PCR, respectively. For CRISPR/Cas9 activation experiments, 293FT cells were 

transfected (150,000 cells per well of a 6-well plate) with 450 ng of Cas9-VP64 or 

empty vector control and 450 ng of the multiplex guide RNA construct.   

 

2.3.2  TALE and CRISPR/Cas9 Gene Repression Assays 

For TALE repression assays using the CMV-promoter, EC9706 cells were transfected 

with 100 ng of the CMV-GFP_luciferase plasmid, 700 ng of the TALE repressor or 

H2B-mCherry plasmid, and 100 ng of the TK Renilla Luciferase (TK-RL) vector as an 
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internal control.  Luciferase activity was measured ~40-48 hours post-transfection 

as described in section 2.6.  For TALE repression assays using the endogenous IL-2 

promoter, 293FT cells were transfected with four TALE activators to induce 

endogenous IL-2 expression simultaneously with the indicated TALE repressor for a 

total of  1.125 µg of  plasmid DNA.  Each TALE plasmid was represented in equal 

quantities (e.g., five plasmids = 225 ng of each plasmid).  Gene repression was 

measured 72 hours after transfection using quantitative RT-PCR as described in 

section 2.7.   

 

For Cas9 repression assays using the CMV promoter, EC9706 cells were transfected 

with 100 ng of CMV-GFP_Luciferase plasmid, 400 ng of Cas9 repressors, 400 ng of 

the guide RNA construct, and 100 ng of TK-RL construct.  Gene repression was 

measured by 24 or 48 hours post-transfection as described in section 2.6.   

 

2.4  Nucleofection of Jurkat cells 

Jurkat cells or high IL-2 expressing Jurkat 6.8 cells (kind gift from Dr. Ralph Budd, 

University of Vermont) were maintained at 1-6 x 106 cells/mL 1-3 days prior to 

nucleofection.  Cells were cultured in RPMI (Gibco) supplemented with 10% FBS, 
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1% L-glutamine, 1% non-essential amino acids, 1% sodium pyruvate, 1% HEPES, 

3g/L of sodium bicarbonate, and 1% penicillin-streptomycin.  Cells were maintained 

at 37ᵒC with 5% CO2 supply.  Jurkat cell lines were nucleofected with 2 µg of total 

plasmid DNA using the Amaxa Nucleofector V kit (Lonza) as per the manufacturer’s 

instructions.  Nucleofection was carried out using program X-001 for high cell 

viability.  Jurkat cells were allowed to recover for 5 hours prior to stimulation to 

induce IL-2 expression.  

 

2.5  Stimulation of IL-2 Production in Jurkat cells  

Jurkat cells were stimulated with 10 ng/mL of phorbol ester (PMA) (Sigma) and 0.7 

µg/mL of ionomycin (Sigma) for 16 hours.  The following day, 100 µL of cell culture 

media was collected and centrifuged at 10,000 rpm for 1 minute to remove cells 

and/or cell debris.  The culture supernatant was collected and assayed for IL-2 

induction.   
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2.6  Luciferase Assays 

2.6.1  Cloning of Luciferase Reporter Constructs 

For TALE activation experiments, a 5x-TALE luciferase reporter was constructed 

using a modified pGL3 vector (kind gift of Dr. Daniel Frigo, University of Houston-

CNRCS).  Five tandem copies of the IL2A target site (5’-TGACACCCCCATAATA-‘3) 

was synthesized (Sigma Genosys) and subcloned upstream of a minimal promoter 

containing a TATA-box and a mini-EIb core promoter followed by the firefly 

luciferase coding region using BglII and PstI cloning sites.  The plasmid was 

confirmed by restriction enzyme digestion and functional analysis.  The pIL2-

GFP_Luc reporter contains the proximal IL-2 promoter (-325 to +45) PCR-amplified 

from Jurkat cells.  The IL-2 promoter fragment was inserted upstream of a 

GFP_luciferase coding sequence using restriction enzyme sites Nru I and Nhe I and 

replaced the CMV promoter.   

 

For TALE and CRISPR/Cas9 gene repression studies, the CMV-GFP_Luc plasmid was 

obtained from Dr. Xinping Fu.  Briefly, the CMV-GFP_Luc plasmid is derived from the 

pcDNA3.1 plasmid (Invitrogen) and includes a cytomegalovirus (CMV) promoter 

driving expression of a green fluorescent protein (GFP) and firefly luciferase fusion 
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protein.  As an internal control, a thymidine kinase promoter driving expression of a 

renilla luciferase reporter (TK-RL)  was used. 

 

2.6.2  Firefly and Dual Luciferase Assays 

Luciferase assays were carried out in EC9706 or HEK293T cells. Briefly, 80,000 cells 

per well in a 24-well plate were seeded in complete media without antiboitics and 

the following day transfected with the indicated plasmids.  For activation 

experiments, the TALE activator, activation reporter, and control reporter were co-

transfected at a ratio of 4:4:1 for EC9706 or 4:4:2 for HEK293T cells.  For repression 

experiments, the indicated TALE or CRISPR/Cas9 repressor, CMV reporter, and 

control reporter were co-transfected at a ratio of 7:1:1 for EC9706 or 7:1:2 for 

HEK293T cells.  At 48 hours post-transfection, cells were trypsinized, collected and 

subjected to dual luciferase assay as per the manufacturer’s instructions (Promega).  

Briefly, 70 μL of firefly luciferin substrate was added to each sample and mixed by 

pipetting or vortexing to lyse cells.  The sample was incubated in the dark at room 

temperature for 10 minutes to ensure efficiency lysis.  Samples were added to a 

white luminometer plate and luciferase activity measured using a luminometer 

(Perkin-Elmer) as counts per seconds (CPS).  After the measurement, samples were 
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quenched using 70 μL of dual-stop solution and incubated for another 10 minutes in 

Renilla luciferin substrate.  After a 10 minute incubation, the luminescence was 

measured.  To calculate fold change, firefly luciferase activity was normalized to 

renilla luciferase activity for each sample and expressed relative to the indicated 

control.  For TALE experiments, an empty vector control or a H2B-mCherry control 

was used.  For Cas9 experiments, a non-specific gRNA was used.  

 

2.7  Total RNA Isolation, cDNA Synthesis and qRT-PCR 

Total RNA was isolated using E.Z.N.A. Total RNA kit (Omega Biotek).  Total RNA was 

reverse transcribed to cDNA using oligo dT supplied in TaqMan Reverse 

Transcription Reagents  as per manufacturer’s instructions (Applied Biosystems).  

Real Time qPCR was performed using PerfeCTa SYBR Green Master Mix (Quanta 

Bioscience) using 100 ng of cDNA in 20 μl and amplified using 95°C for 2 minutes 

followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute with data collection 

after completion of each cycle.  The following primer sets were used for qRT-PCR at 

a final concentration of 0.5 μM:  

 

IL-2 forward primer: 5’-AAACTTTCACTTAAGACCCAGG-‘3 
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IL-2 reverse primer: 5’-GTTGTTTCAGATCCCTTTAGTTCC-‘3 

GM-CSF forward primer: 5’-ATGTGAATGCCATCCAGGAG-‘3 

GM-CSF reverse primer: 5’- TGTTTCATTCATCTCAGCAGCA-‘3 

β-actin forward primer: 5’-ACCAACTGGGACGACATGGAGAAA-‘3 

β-actin reverse primer: 5’-TTAATGTCACGCACGATTTCCCGC-‘3 

GAPDH forward primer: 5’- CAATGACCCCTTCATTGACC -‘3 

GAPDH reverse primer: 5’- TTGATTTTGGAGGGATCTCG-‘3  

 

Primer specificity was confirmed by agarose gel electrophoresis and melt curve 

analysis.  Primer amplification efficiency was determined over a dynamic range and 

only primer sets with 90-110% amplification efficiencies were   used in this study.  

Fold change in  IL-2 or GM-CSF expression  was calculated using the ΔΔ Ct method 

and expressed relative to empty vector control.  IL-2 and GM-CSF experiments were 

normalized to β-actin or GAPDH, respectively, to control for RNA loading and 

integrity.  The β-actin and GAPDH showed stable Ct values in TALE and 

CRISPR/Cas9 experiments.  Because of this, both genes were identified as suitable 

genes for normalization of qRT-PCR data. 
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2.8  Western-blot Analysis 

2.8.1  Preparation of Whole Cell Lysates and Nuclear Proteins 

Cell lysates were harvested using RIPA buffer (kind gift of Dr. Armando Rivera, 

University of Houston) supplemented with complete protease inhibitor cocktail  

(Hoffman-La Roche, Catalog #: 11697498001) and lysed for 10 minutes on ice.  

Lysed samples were centrifuged at 10,000 rpm for 20 minutes to remove cell debris 

and the supernatant aliquotted to a new 1.5 mL microcentrifuge tube.  Samples 

were either immediately processed for Western-blot or frozen at -80°C for later use.  

For cytosol and nuclear fractionation of proteins, cells were lysed with nuclear 

fractionation buffer (kind of gift of Lakshmi Reddy-Bollu, University of Houston) and 

incubated on ice for 30 minutes with vortexing every 5 minutes.  Following 

incubation,  the cell lysates were centrifuged at 12,000 rpm for 10 minutes at 4°C to 

pellet the nuclear fraction.  The cytosol fraction was carefully removed from the 

nuclear pellet and placed in clean 1.5 mL microcentrifuge tube.  The nuclear pellet 

was washed 2x with nuclear fractionation buffer using centrifugation and then 

resuspended in 50 µL of RIPA buffer with protease inhibitors.  For detection of 

nuclear multimerized TALE constructs, proceed to non-reducing SDS PAGE protocol.   
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2.8.2  Reducing and Non-reducing Western Blot Detection 

For detection of TALE constructs and CRISPR/Cas9 constructs, HEK293FT cells 

were transfected with the indicated plasmid and whole cell lysates collected 48 

hours after transfection and subjected to Western-blot analysis using anti-HA 

detection. Cell lysates were denatured and reduced using 1x Laemelli Buffer (+ β-

mercaptoethanol) and boiled for 5 minutes.  Cell lysates containing multimerized 

TALE proteins were denatured in 1x Lamelli Buffer without a reducing agent  and 

then boiled for 5 minutes.  Processed lysates were loaded to a 4-20% Tris-Glycine 

gradient gel (Biorad) and electrophoresed at 120V until the bromophenol blue 

indicator reached the bottom of the gel.  The proteins were transferred to a PVDF 

membrane at 100V for 1.5 hours at 4°C and blocked in 5% Blocker Milk (Biorad) in 

1x PBS, pH 7.4 (Life Technologies).  Membranes were incubated overnight at  4°C 

with anti-HA diluted 1:2500 or anti-β-actin diluted 1:1000 in 5% Milk with constant 

gentle shaking.  The following day membranes were washed for 1 hour in 1x PBS, 

0.1% Tween-20 followed by incubation with goat anti-rabbit IgG-HRP (Cell 

Signaling) diluted 1:2500 in 5% Milk.  Blots were washed for 1 hour followed by 

incubation in  ECL substrate and then subsequently developed (Pierce).  
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2.9  Cytokine ELISA  

Cell culture media were collected at 72 hours after transfection and frozen at -80ᵒC 

for later use.  On the day of the assay, samples were thawed at 37ᵒC and cell-culture 

media were concentrated 30-fold using Amicon ultracel-10 collection units 

(Millipore).  Secreted IL-2 protein was assayed using Quantikine IL-2 ELISA 

detection kit (R&D Systems) and secreted GM-CSF protein was assayed using 

Human GM-CSF ELISA Ready-SET-Go! (eBioscience) as per manufacturer’s 

instructions.  To quantify IL-2 and/or GM-CSF protein, a standard curve was plotted 

as mean absorbance for each standard on the y-axis against the concentration on the 

x-axis and the best fit line determined by linear regression analysis. For GM-CSF 

ELISA, the quantity of GM-CSF protein in samples was normalized to empty vector 

control by background subtraction.  For TALE repression experiments in 293FT 

cells, the corrected O.D. or absorbancy was used to calculate fold change relative to 

empty vector + AD’CF TALE activators (set as 1).  Experiments in Jurkat cells were 

calculated as fold change relative to GFP nucleofected cells stimulated with PMA and 

ionomycin.   

 

 

http://www.ebioscience.com/human-gm-csf-ready-set-go-elisa-2.htm
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2.10  Immunofluorescence Staining for HA Detection 

Cells were grown in 24-well plates and transfected with the indicated plasmids.  

Cells were fixed in 70% Ethanol for 5 minutes at 37°C followed by washes 1x PBS, 

pH 7.2-7.4 + 0.05% Tween-20 (Wash Buffer).  Cells were permabilized in 0.5% 

Triton X-100 in 1x PBS and blocked in 1% BSA or 5% serum in 1x PBS + 0.05% 

Tween-20 (Blocking Buffer) for 1 hour at room temperature.  The blocking agent 

was removed and cells washed three times with 1x PBS + 0.05% Tween-20.  For HA 

detection, the anti-HA was added 1:800 in 1x PBS + 1% BSA + 0.05% Tween-20 

(Diluent Buffer) and incubated overnight at 4°C with constant gentle shaking.   The 

next day, the primary antibody was removed, washed 3 times, and incubated with 

secondary antibody (e.g., Goat Anti-Rabbit 1:200,  Cell Signaling) in Diluent Buffer 

for 1 hour with constant shaking at room temperature.  After 1 hour, the secondary 

antibody was removed and washed 3-5 times followed by Hoescht or DAPI nuclear 

staining (optional) for 15 minutes in 1x PBS, pH 7.2-7.4.  The nuclear staining 

solution was removed and  washed 3 times with wash buffer, and then a final 0.5 ml 

of 1x PBS was added to cells before visualizing fluorescence.   
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2.11  Chromatin accessibility using PCR (CHART-PCR) 

CHART-PCR for the IL-2 promoter was performed based on a previously reported 

method (Attema et al. 2002; Rao et al. 2001).  Briefly, 293FT cell nuclei were 

isolated using EZ nucleosomal DNA prep kit (Zymo Research) and incubated with 

0.5 units of Atlantis DNase I at 42ᵒC for 20 minutes.  Nucleosomal DNA purification 

was carried out using Zymo-Spin IIC columns and eluted in 20 µl of DNA elution 

buffer or nuclease-free water.  A control without DNase I for each sample was 

included to monitor endonuclease activity and used to calculate accessibility.  

Isolated genomic DNA (20 ng) was used to perform real-time PCR using PerfeCTa 

SYBR Green Master Mix (Quanta Bioscience) and PCR primers (0.5 µM final 

concentration) specific to regions across the IL-2 promoter.  The following primer 

sets were used in the study:  

 

Set 1 forward primer: 5’-CTTTTGTATCCCCACCCCCTT-‘3 

Set 1 reverse primer: 5’-AAACCCCCAAAGACTGACTGA -‘3 

Set 2 forward primer: 5’-GGGCTAATGTAACAAAGAGGGATT-‘3 

Set 2 reverse primer: 5’-AACCCATTTTTCCTCTTCTGATGA -‘3 

Set 3 forward primer: 5’-TATGTAAAACATTTTGACACCCCCA-‘3 
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Set 3 reverse primer: 5’- TGGCAGGAGTTGAGGTTACTG-‘3 

Set 4 forward primer: 5’-CTACTCACAGTAACCTCAACTCCT-‘3 

Set 4 reverse primer: 5’-TGTAGAACTTGAAGTAGGTGCACT-‘3 

GAPDH promoter forward primer: 5’-CGCACGTAGCTCAGGCCTCAAGACC-‘3 

GAPDH promoter reverse primer: 5’- GGCTGACTGTCGAACAGGAGGAGCA-‘3 

 

Primer Set 2 and Set 4 were previously described (Attema et al. 2002). GAPDH 

primer sequences were obtained from Bio-Rad.  The amplicon length was kept 

between 90 and 150 bp.  Primer specificity was confirmed by agarose gel 

electrophoresis and melt curve analysis.  Primer amplification efficiency were 

determined over a linear range and only primer sets with optimal amplification 

efficiencies were used in this study.  Thermocycler conditions were programmed as 

follows: 95°C/10 min for 1 cycle; 95°C/15 s, 60°C/1 min for 40 cycles and data 

collection was performed at the end of each cycle.  To determine percent 

accessibility to DNase I digestion, the EpiQ chromatin analysis tool (Bio-Rad) was 

used to analyze each sample using the following equation: % Accessibility to DNase 

I = (1 - 2 ΔC
t ) x 100.  To calculate the ΔCt for each sample, the Ct value of the DNase 

I-treated sample were subtracted from the Ct value of untreated sample. The 
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human GAPDH promoter (e.g., accessible promoter) was used as an internal control 

to monitor degree of DNase I digestion and only samples digested similarly were 

used to determine IL-2 chromatin accessibility. 

 

2.12  Statistical Analysis 

To determine statistical significance, a one-tailed, paired t-test was used for TALE 

and CRISPR/Cas9 experiments.  Chromatin analysis was evaluated using a one 

tailed, Welch’s t-test. For all analyses, two or three biological replicates were 

performed unless otherwise stated in figure legend.  
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Chapter 3 

Gene Activation using TALE Technology 

 

“Activation of silent IL-2 and GM-CSF expression in 

epithelial cancers by the synergistic effect of TALE-TBP 

and TALE-VP64 activators” 

 

3.1  Abstract 

Recent work has shown that the combinatorial use of multiple TALE activators can 

selectively activate certain cellular genes in inaccessible chromatin regions.  In this 

study, we aimed to interrogate the activation potential of TALEs upon 

transcriptionally silenced immune modulatory genes in the context of non-immune 

cells.  We designed a unique strategy, in which a single TALE fused to the TATA-box 

binding protein (TALE-TBP) is coupled with multiple TALE-VP64 activators.  We 

found that our strategy is significantly more potent than multiple TALE activators 
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alone in activating expression of IL-2 and GM-CSF in diverse cell origins in which 

both genes are otherwise completely silenced.  Chromatin analysis revealed that the 

gene activation was due in part to displacement of a distinctly positioned 

nucleosome.  These studies provide a novel epigenetic mechanism for artificial gene 

induction, and have important implications for targeted cancer immunotherapy, 

DNA vaccine development as well as rational design of TALE activators.  

 

 

 

3.1  Introduction 

TALE technology has revolutionized our ability to precisely alter and manipulate 

specific DNA sequences.  Relative to TALENs, the potential of TALEs as activators 

has not been fully explored until more recently.  Initial studies showed that a single 

Major Findings: 

1. A unique TALE-TBP is more potent than a TALE-VP64 activator. 

2. TALE-TBP potentiates cytokine transactivation. 

3. Multiple TALE activators are required to robustly activate cytokine genes.   

4. TALE activators remodel the repressive IL-2 chromatin structures. 
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TALE activator was able to drive the expression of a reporter gene linked to a 

synthetic promoter derived from different cellular genes (Geissler et al. 2011; F. 

Zhang et al. 2011).  However, in contrast to synthetic promoters, TALE-mediated 

activation of endogenous genes was only moderate and in some instances, 

completely failed to activate gene expression (Chapdelaine et al. 2013; Cong et al. 

2012; Geissler et al. 2011; Tremblay et al. 2012).  Further analysis found that the 

activation of an epigenetically silenced gene required a combination of epigenetic 

modifiers acting together with a TALE activator, while a single TALE was unable to 

stimulate such a combinatorial effect and was thus inefficient in activating the 

silenced Oct4 promoter (Bultmann et al. 2012).  Recently, two studies have 

demonstrated that this limitation can be overcome by targeting multiple TALE 

activators to a gene promoter for synergistic gene activation (Maeder et al. 2013; 

Perez-Pinera et al. 2013a).  Furthermore, these studies reveal that targeting of TALE 

activators to open chromatin regions within gene promoters is not a requirement 

for successful gene activation, suggesting that TALEs can override repressive 

chromatin structures through cooperative binding to a gene promoter (Perez-Pinera 

et al. 2013a).  However, some key elements in the promoter regions, such as the 

TATA-box and transcription initiation site, have not been fully evaluated in the 

context of TALE technology for gene activation purposes.  
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In eukaryotic cells, initiation of transcription begins with the recognition and 

binding of promoter-specific transcriptional activators to their cognate DNA 

response elements within a gene promoter.  An activator functions as a platform  to 

recruit and assemble chromatin remodelers and components of the basal 

transcriptional machinery (Hirai et al. 2010).  More specifically, activators recruit 

the TATA-box binding protein (TBP) to gene promoters, resulting in the formation 

of the preinitiation complex (PIC) comprised of TBP-associated factors (TAFs), 

transcription factor II proteins (e.g., TFIIB), and RNA Pol II (RNAP) to  stimulate 

mRNA transcription (Rhee and Pugh 2012).  Consequently, TBP binding to the TATA 

box is the rate limiting step in transcriptional initiation (Coleman and Pugh 1997).  

Hence, we reasoned that targeted recruitment of TBP using a linked TALE DNA-

binding domain (DBD) to a particular TATA box could lead to transcriptional 

initiation of the selected gene by bypassing this crucial rate-limiting step.   

 

Several studies have shown that artificial recruitment of non-classical activators 

(e.g., TBP) coupled with classical activators (e.g., VP16) can synergize gene 

expression (Dorris and Struhl 2000; J. M. Kim et al. 2000; Majello et al. 1998).  To 

date, no study has examined the utility of such a strategy using TALE activators for 

targeted activation of silent gene expression. Therefore, we aimed to interrogate 
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TALE activation potential utilizing the combined action of chimeric TBP and VP64-

TALE activators applied to a classical example of gene silencing observed within T-

cell biology illustrated by IL-2 and GM-CSF genes.   

 

Our data show that TALE fused to TBP (TALE-TBP) acts synergistically with other 

TALE-VP64 activators and this combination is significantly more efficacious than 

multiple TALE activators alone in activating expression of IL-2 and GM-CSF in 

diverse non-immune cells in which both genes are otherwise completely silenced.  

Chromatin analysis revealed that the gene activation was due in part to 

displacement of a distinctly positioned nucleosome.  These studies provide a novel 

epigenetic mechanism for artificial gene induction, and have important implications 

for cancer immunotherapy, DNA vaccine development, as well as rational design of 

TALE activators.  
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3.3  Results 

3.3.1  Development of a Unique TALE Activator Architecture 

The composition of individual components in a typical TALE activator is illustrated 

in Figure 3.1A.  TALEs were based on the reported N1-C2 architecture (F. Zhang et 

al. 2011), maintained the invariant 5’ thymine, and utilized the conventional RVD 

code for DNA recognition (Figure 3.1A).  We constructed up to five TALE activators 

targeting different loci within approximately 100 bp upstream of the transcription 

start site (TSS) in the IL-2 promoter region (Figure 3.1B, Table 3.1).  Two of those 

TALEs, IL2B and IL2D, specifically target the TATA-box (Figure 3.1B, Table 3.1).  

With the exception of TATA-box binding TALEs, all constructs were fused to the 

potent VP64 transactivation domain; whereas, TALEs directed to the TATA-box 

were fused to either VP64 (IL2B or IL2D) or TBP (IL2B’ or IL2D’) for comparative 

analysis.  To avoid potential off-target effects, all TALEs were designed to recognize 

a 15-16 bp DNA target site with regions low in guanine residues (Table 3.1).  

Western-blot analysis showed that TALEs were effectively expressed in mammalian 

293FT cells (Figure 3.1C).  Immunofluoresent staining demonstrated that TALEs 

were properly localized to the nucleus (Figure 3.1D).  Taken togther, TALE proteins 

were successfully cloned and are suitable for further characterization.  
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Figure 3.1 Engineered TALE activators target the IL-2 promoter. (A) Illustration 

of a typical TALE protein.  HA, hemagglutinin epitope; NLS, SV40 nuclear localization 

signal; T0, recognition of invariant thymine residue; AD, activation domain - VP64 or 

TATA-box binding protein (TBP).  (B) Schematic of the IL-2 promoter (not drawn to 

scale) and approximate position of each TALE construct relative to the 

transcriptional start site (TSS).  All TALEs are fused to VP64 with the exception of 

TATA-box binding TALEs, which are fused to VP64 (IL2B or IL2D) or TBP (IL2B’ or 

IL2D’) for comparative analysis.  (C) Western-blot analysis of TALE activator 

expression using anti-HA detection in 293FT cells. (D) Nuclear localization of each 

TALE activator was evaluated using anti-HA immunofluorescent detection in 

EC9706. 
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Table 3. 1  TALE target site selection for the IL-2 promoter 

8
3
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3.3.2  A Unique TALE-TBP Potentiates IL-2 Transactivation 

First, we sought to test TALE activator function using a conventional well 

characterized VP64 transcription activation domain in various cancer cell lines.  We 

began with the TALE IL2A-VP64.  To test its ability to transactivate genes, we fused 

five copies of the IL2A target site upstream of a luciferase reporter (5x-IL2A-

luciferase reporter).  As demonstrated in Figure 3.2, IL2A-VP64 significantly 

activated reporter gene expression in various epithelial cancer cell lines.  Next, we 

constructed a second luciferase reporter driven by a portion of the endogenous IL-2 

promoter derived from Jurkat cells.  Again, we sought to characterized IL2A-VP64 

function in various cancer cell lines of non-immune and immune origin.  The 

purpose of this reporter was to determine if a TALE activator was strong enough to 

induce the endogenous IL-2 promoter without the influence of chromatin.  As shown 

in Figure 3.3, IL2A-VP64 modestly activated the endogenous IL-2 reporter.  In some 

instances, IL2A-VP64 failed to activate the endogenous IL-2 reporter (e.g., 293T, 

EC9706).   Consistent with the endogenous IL-2 reporter,  IL2A-VP64 (A64) and 

other TALE-VP64 activators (B64, C64, D64, and F64) only modestly activated 

chromosomal IL-2 gene expression by 2-fold and this was position-indepenent 

(Figure 3.4).  Surprisingly, all TALE-TBP activators (ATBP, BTBP, DTBP) were more 

potent than any TALE-VP64 in transactivating the IL-2 gene (Figure 3.4).     
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Figure 3.2  Chimeric IL2A-VP64 robustly induces a 5x-IL2A luciferase reporter.  

Five copies of the IL2A target site was placed upstream of a strong viral core 

promoter, mini-EIb, and used to drive luciferase gene expression in the pGL3-luc 

backbone.  The function of IL2A-VP64 was explored in different cell lines 48 hours 

post-transfection.  The results shown are of three independent experiments and a 

student’s t-test was used to determine statistical significane of gene activation (p < 

0.005 ***, p< 0.005**).  Error bars are mean +/- S.D. 
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Figure 3.3  Chimeric IL2A-VP64 modestly activates the endogenous IL-2 

reporter.  A portion of the endogenous IL-2 promoter was amplified from Jurkat 

cells which contains the regulatory and core promoter regions (-300 to +45) and 

placed upstream of a luciferase reporter.  In comparison to the IL2A-5x copy 

reporter which contains a strong viral core promoter (mini-EIb), the IL-2 core 

promoter is weak.  The activation potential of IL2A-VP64 was interrogated as a 

function of cell line.  The TK renilla luciferase plasmid (TK-RL) was used to 

normalized luciferase activity in 293 cells and to control for transfection. The results 

shown are of a single experiment with the exception of 293T which is of three 

independent experiments (error bars, mean +/- S.D.). 
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Figure 3. 4  A unique TALE-TBP is more potent activator than TALE-VP64.  All 

TALE activators were tested for their ability to transactivate endogenous and silent 

IL-2 gene expression in 293FT cells using qRT-PCR.  The potency of VP64 and TBP 

activation domains was interrogated as a function of location across the IL-2 

promoter.  Results shown are relative to empty vector control and expressed as fold 

change in IL-2 expression.  Two biological replicates were performed (error bars are 

mean +/- S.E.M.).  Significance of TALE-TBP activation as compared to TALE-VP64 

activators determined using one-tailed, Student’s t-test p < 0.05*.  
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To test if these TALE constructs could activate the silent IL-2 gene in non-immune 

cells, we transfected them into 293FT cells using combinations of two, three, or four 

TALE activators. For comparative analysis of TALE-TBP function, TALE 

combinations were setup with one of the TATA-box targeting TALEs fused to either 

VP64 (IL2B or IL2D) or to TBP (IL2B’ or IL2D’) and then used in combination with 

the indicated VP64-TALE activators (IL2A, IL2C, IL2F).  Three days after 

transfection, total RNA and cell culture media were collected for qRT-PCR and ELISA 

quantification of IL-2 transcript and protein, respectively.  In agreement with recent 

reports by others (Maeder et al. 2013; Perez-Pinera et al. 2013a), combinations of  

TALE-VP64 activators significantly potentiates their activity in transactivating the 

expression of IL-2 transcripts (Figure 3.5A and 3.5B).  The potentiating effect was 

most obvious in three and four TALE-VP64 activator combinations.  However, 

replacing one of the conventional TALE activators (IL2B or IL2D) with a TALE-TBP 

(IL2B’ or IL2D’) resulted in up to 4-fold enhancement of IL-2 expression in 

comparison to TALE-VP64 activators alone, with a maximal IL-2 induction of almost 

10,000-fold over that of empty vector control (Figure 3.5A and 3.5B).  In data not 

shown, non-transfected cells demonstrated no significant difference in the basal 

level of IL-2 transcripts when compared with empty vector control indicating that 

TALE activators and not DNA transfection itself resulted in the transactivation of the 

IL-2 gene expression.  In agreement with the observed increase in IL-2 gene 
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transcripts, the protein form of this cytokine was increased up to 11-fold by the 

substitution of a TALE-VP64 with a TALE-TBP when compared to the TALE-VP64 

activators alone (Figure 3.5C).  Collectively, these results demonstrate that TALE-

TBP is a unique activator that can act synergistically with TALE-VP64 activators to 

significantly potentiate the transactivation of the silenced IL-2 promoter in non-

immune cells.  
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Figure 3. 5  TALE-TBP drives robust and enhanced IL-2 gene activation.  

Comparative qRT-PCR analysis of (A) TALE-IL2B or (B) TALE-IL2D fused to VP64 

(white bars, B or D) or TBP (shaded bars, B’ or D’) function in 293FT cells.  (C) 

Comparative IL-2 ELISA analysis in 293FT cells. Results shown are from three 

independent experiments and error bars are mean +/- S.D. (n = 3).  Statistical 

analysis determined using one-tailed, paired t-test (P < 0.0005***, P < 0.005**, and P 

< 0.05 *). 
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Figure 3. 6  TALE-TBP enhances IL-2 transactivation across diverse cancer cell 

lines.  (A-F) Comparative qRT-PCR analysis of IL-2 gene expression. EC9706, MCF-7, 

HepG2, and HeLa are non-immune cell lines of epithelial origin.  Jurkat and K562 are 

immune-related cell lines of hematopoietic origin.  Results shown are of two 

independent experiments and error bars are mean +/- S.E.M. (n = 2).  Statistical 

analysis determined using one-tailed, paired t-test (p < 0.05 *). 
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3.3.3  Dynamic TBP-mediated IL-2 Activation in Epithelial Cancers 

Current studies employing TALE activators in diverse cell origins are few. The 

activation potential of TALEs in the context of cell-type specific chromatin 

environments, which can influence the level of achievable gene activation (Zhu et al. 

2013), has not been fully evaluated.  Having established the potency of TALE-TBP in 

synergizing with other TALE-VP64 activators to switch on the silenced IL-2 gene in 

293FT cells, we next sought to probe its activity in this regard in the context of 

either non-immune cells of epithelial origin or immune-related cell lines of 

hematopoietic origin.  Based on reports by others (Maeder et al. 2013; Perez-Pinera 

et al. 2013a) and our experiments done in 293FT,  using four or more TALE 

activators provides the highest level of synergistic gene activation.  Therefore, we 

tested the ability of four TALE activators to switch on silenced IL-2 gene expression 

in various cell lines.  To do so, we compared the function of our most active TATA-

box binding TALE fused to either VP64 (IL2D) or to TBP (IL2D’) and then used 

either one in combination with the remaining TALE-VP64s (IL2A, IL2C, and IL2F).  

Consistent with what we observed in 293FT cells, we found that IL2D-TBP (IL2D’) 

coupled with three additional VP64-TALE activators enhanced synergistic activation 

up to ~2-fold in all the non-immune cells tested, as well as in K562 cells of myeloid 

origin (Figure 3.6A - 3.6E).  Interestingly, in the only cell line of lymphoid origin 
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(Jurkat), low basal levels of IL-2 were detectable and enhancement of synergistic 

gene activation was not seen (Figure 3.6F).  

 

Consistent with the observed increase in IL-2 transcription, secreted IL-2 protein 

was detectable in the cell culture media of all cell lines tested using the four 

combinations of TALE activators (Figure 3.7).  The enhancement effect by IL2D-

TBP in combination with remaining TALE-VP64 activators was more pronounced at 

the protein level, with up to 8-fold increase in some cells when compared with 

TALE-VP64s alone.  Unexpectedly, despite lack of enhancement effect on the 

transcriptional level in Jurkat cells, IL2D-TBP plus remaining TALE-VP64 activators 

led to a relatively low but measurable level of IL-2 protein in the medium (Figure 

3.7).  Collectively, we demonstrate that the combined action of a single TALE-TBP 

with additional TALE-VP64 activators leads to enhanced induction of IL-2 gene 

expression across a diverse setting of non-immune cells, with moderate induction of 

the gene expression in cells of lymphoid origin which appears to have occurred at 

the translational level. 
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Figure 3. 7  Detection of IL-2 protein confirms potentiation capability of TALE-

TBP.  Multiple cell lines were transfected with either empty vector control alone, 

IL2D-VP64 (white bars, D) or IL2D-TBP (shaded bars, D’) plus remaining VP64-

TALE activators (A, C, and F).  Data shown indicates the amount of secreted IL-2 

protein in 30-fold concentrated samples.  N.D. indicates ‘not detected’.  Results 

shown are of two independent experiments (error bars, mean +/- S.E.M., n = 2).  

Statistical analysis determined using one-tailed, paired t-test (P < 0.005 **, P < 0.05 

*). 
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3.3.4  TALE-TBP Enhanced Synergistic GM-CSF Gene Activation  

To further demonstrate TALE-mediated activation on silenced immune gene 

expression, we targeted a second immunomodulatory gene, granulocyte-

macrophage colony-stimulating factor (GM-CSF).  Similar to the IL-2 promoter, the 

regulatory region of the GM-CSF gene is only activated during proper TCR signaling 

in T-cells or with immunostimulatory agents in fibroblast or endothelial cells (Burg 

et al. 2002; Fitzgerald et al. 2003; Patil and Borch 1995; Shannon et al. 1995).  As 

recent reports have shown that as many as six TALE activators may be required to 

potently drive gene expression (Maeder et al. 2013; Perez-Pinera et al. 2013a), we 

designed up to six TALEs to target various positions along the GM-CSF promoter 

spanning an area ~500 bp upstream of the TSS (Figure 3.8).  GM-CSF TALEs were 

designed in a similar way to those of IL-2, to recognize 15-20 bp target sites with 

minimal guanine content as shown in Table 3.2.   

 

In accord with IL-2 specific TALEs, G1-TBP (G1’) in combination with multiple GM-

CSF specific TALE-VP64 activators resulted in more than 2-fold enhancement of 

gene expression over that of TALE-VP64 activators alone, when using both four and 

six activator combinations in 293FT cells (Figure 3.9A).  In fact, the inclusion of G1-

TBP (G1’) plus three additional TALE-VP64 activators (G2, G3, and G4) worked just 
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as well as using all six TALE-VP64 activators (G1-G6).  The elevated gene 

transcription using the combination of G1-TBP (G1’) with additional TALE-VP64 

activators led to the release of GM-CSF protein at a level readily detectable in the 

culture medium of 293FT cells, in which this gene is otherwise totally silenced 

(Figure 3.9B).  Taken together, these data suggest that TALE-TBP represents a 

novel class of potent activators that may be applied to many silenced mammalian 

genes to turn on their expression in a synergistic way when used in combination 

with TALE-VP64 activators.  
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Figure 3.8  Targeting of the silent GM-CSF promoter using TALE activators.  Top 

panel: Schematic of the GM-CSF promoter and approximate location of GM-CSF 

TALE activators relative to the TSS (not drawn to scale).  TALE-G1 binds across the 

TATA-box and its cognate DNA sequence is indicated below.  Bottom panel: Anti-HA 

immunofluorescence staining in EC9706 cells and Western-blot analysis in 293FT 

cells of all six GM-CSF TALE activators. 
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Figure 3.9  TBP-mediated enhancement of GM-CSF transactivation. (A) 

Quantitative RT-PCR analysis of GM-CSF gene expression in 293FT cells.  293FT cells 

were transfected with either empty vector control alone, G1-VP64 (white bars, G1) 

or G1-TBP (shaded bars, G1’) in combination with indicated GM-CSF specific VP64-

TALE activators.  Results are shown as fold change in GM-CSF gene expression 

relative to empty vector control.  (B) GM-CSF ELISA analysis of TALE activity in 

293FT cells.  Results shown are the amount of secreted GM-CSF protein in a 30-fold 

concentrated sample normalized to empty vector control by background 

subtraction. ND indicates ‘not detected’.   Results shown are of three independent 

experiments (error bars, mean +/- S.D., n = 3).  Statistical analysis determined using 

one-tailed, paired t-test (P < 0.05*). 
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Table 3. 2  TALE target site selection for the GM-CSF promoter. 

 

9
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3.3.5  TALE-mediated Activation Promotes Chromatin Remodeling 

Next, we sought to elucidate the mechanism(s) by which TALE-TBP in combination 

with TALE-VP64 activators robustly activated silent IL-2 gene expression in non-

immune cells.  We wanted to know if these artificially constructed TALE activators 

were able to activate the   IL-2 gene expression by directly binding to the chromatin 

as reported by others (Perez-Pinera et al. 2013a) or if chromatin remodeling was 

necessary.  Within naïve T-cells, the IL-2 chromatin architecture is maintained in an 

inaccessible state, formed by nucleosome accumulation within the proximal 

promoter region, which masks TCR-specific response elements (Attema et al. 2002; 

Ishihara and Schwartz 2011; McKarns and Schwartz 2008; Poke et al. 2012; Rao et 

al. 2001; Rao et al. 2003; Thomas et al. 2005).  Consequently, nucleosome masking 

of these elements prevents TFs from binding to their cognate target sites and 

inhibits IL-2 gene transcription.  However, upon T-cell stimulation, the IL-2 

promoter is remodeled to an accessible state, which accommodates multiple TFs 

binding such as NFAT, AP-1, Oct-1 and NF-κB family members (Ishihara and 

Schwartz 2011; Northrop et al. 1994; Powell et al. 1998; Rao et al. 2003; Rothenberg 

and Ward 1996; Shannon et al. 1995).  Thus, chromatin remodeling accompanied by 

specific TFs is required to initiate IL-2 gene expression.  
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Previous studies have shown that resting T-cells can position a distinct nucleosome 

between 60 to 200 bp upstream of the TSS and renders the IL-2 promoter inactive 

(Attema et al. 2002).  During T-cell activation, this distinct nucleosome is 

subsequently displaced and accompanies increased DNase I hypersensitivity 

followed by ensuing IL-2 gene activation (Attema et al. 2002).  To investigate the IL-

2 promoter chromatin architecture in the presence of TALE-TBP and VP64-TALE 

activators in non-immune cells, we co-transfected 293FT cells with the most active 

combination of TALE activators (AD’CF) or with empty vector control followed by 

CHART-PCR (short for, Chromatin Accessibility Real Time PCR) as previously 

described (Attema et al. 2002; Rao et al. 2001).  CHART-PCR quantitatively 

measures the accessibility of a particular DNA region to DNase I cleavage as 

measured by real time qPCR.  In concept, regions of open or relaxed chromatin DNA 

are more sensitive to DNase I cleavage, whereas regions of closed chromatin DNA 

are resistant to cleavage.  Hence, we hypothesized that in the presence of TALE 

activators, the IL-2 promoter would be more sensitive to DNase I cleavage than that 

of empty vector control.   

 

As shown in Figure 3.10, a series of primers were designed to probe the 

accessibility status of different loci within the IL-2 promoter region.  The results 
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from the CHART-PCR revealed that the combination of AD’CF TALEs but not empty 

vector control increased DNase I hypersensitivity across the IL-2 promoter with a 

significant increase observed in regions probed by primer sets 2 and 3 (Figure 

3.11).  Interestingly, both primer sets amplified genomic regions either within the 

vicinity of a distinctly positioned nucleosome found in resting T-cells (Attema et al. 

2002) or within the TSS (Figure 3.10).  Together, these data demonstrate that a 

TALE-TBP together with multiple TALE-VP64 activators have either displaced or 

repositioned the nucleosome outside the detection range to allow for exclusive 

access of TALE activators to the IL-2 promoter regulatory regions, which controls 

gene activation.  In addition, these data are consistent with previous reports 

describing the activated IL-2 promoter state in stimulated T-cells (Attema et al. 

2002; Rao et al. 2001) and thus suggests that non-immune cells are subjected to a 

similar mechanism of regulation and chromatin configuration.  
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Figure 3. 10  Proposed mechanism of TALE-mediated IL-2 transactivation.  

Illustration of the proposed chromatin structure of the IL-2 promoter in the absence 

of TALE activators (top panel) and in presence of TALE activators (bottom panel).  

The approximate location of response elements adapted from previously published 

data (Attema et al. 2002).  Oval represents a positioned nucleosome located 

approximately 60 to 200 bp upstream of the TSS (Attema et al. 2002).  Boxed 

enclosed ‘T’ represents the TATA box.  IL-2 specific primers were used to probe 

various regions across the IL-2 promoter.  Arrows indicate the approximate location 

of each region amplified by their corresponding primer set.   
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Figure 3. 11  TALEs facilitate displacement of a positioned nucleosome on the 

IL-2 promoter.  Chromatin analysis using CHART-PCR.  Percent accessibility was 

calculated as described in Methods and plotted for both empty vector control (black 

bars) and TALE activators (dark gray bars).  GAPDH was used as internal control to 

monitor DNase I digestion.  Results shown are of three independent experiments 

(error bars, mean +/- S.D., n = 3).  Statistical analysis was determined using one 

tailed, Welch’s t-test (P < 0.05 *).   
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3.4  Conclusions and Discussion 

TALE technology holds great promise in serving as a useful tool to decipher the 

functionality of genetic elements and in serving as a means to selectively switch on 

or off genes for therapeutic purpose.  In the effort to selectively switch on gene 

expression using TALE technology, recent studies from two independent 

laboratories have demonstrated that robust and synergistic gene activation can be 

achieved using multiple TALE activators (Maeder et al. 2013; Perez-Pinera et al. 

2013a).   

 

In this chapter, we report that this synergistic effect could be further potentiated by 

up to 11-fold with a novel class of TALE-based activators, TALE-TBP. We 

demonstrated the potentiation capability of TALE-TBP using two classical examples 

of silent, cell-type restricted genes, IL-2 and GM-CSF, in diverse cell lines at both the 

transcriptional and translational level.  These unique TBP-based activators seem to 

function synergistically with the conventional TALE-VP64 activators on both genes 

and on a variety of cell lines that have been tested, indicating their universal 

potentiation activity in a diverse intracellular environment.  The demonstrated 

potency of TALE-TBP in synergizing with other VP64 activators to selectively switch 
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on the expression of immunoregulatory genes such as IL-2 and GM-CSF has direct 

implications for targeted cancer immunotherapy and other similar applications.   

 

Although our studies, together with two recent publications (Maeder et al. 2013; 

Perez-Pinera et al. 2013a), have clearly shown that multiple TALE-VP64 activators 

alone or in combination with a TALE-TBP can act synergistically to switch on 

silenced genes, the detailed mechanism of such a synergistic action has not been 

fully elucidated.  One report has suggested that TALE activators can be designed 

with negligible regard for chromatin structure (Perez-Pinera et al. 2013a).  

However, based on extensive characterization of both the IL-2 and GM-CSF 

promoters, it is possible that their proximal and/or core promoter regions require 

extensive chromatin remodeling to activate gene expression (Attema et al. 2002; 

Holloway et al. 2003; Ishihara and Schwartz 2011; Johnson et al. 2004; Rao et al. 

2001; Rao et al. 2003; Thomas et al. 2005).  In supporting this notion, our data 

indicate that the robust TALE-mediated activation on the IL-2 promoter was in part 

due to altered chromatin accessibility possibly attributed to the action of TALE-

VP64 activators in collaboration with TALE-TBP directed initiation of transcription. 

As transcriptional initiation begins with the recruitment of TBP, it is plausible that 

targeted binding of TALE-TBP to the TATA box in cytokine gene promoters can 



 

 

 

107 

 

bypass this rate limiting initial step of transcription for a silenced gene and facilitate 

mechanisms directed by TALE-VP64 activators such as, displacing or repositioning 

the nucleosome to allow for exclusive access of TALE activators to the promoter 

regulatory regions.  

 

In addition, other cooperative interactions between TBP and VP64 fused-TALE 

activators may also contribute to their synergistic activation on the cytokine genes.  

Potent transcriptional activators like VP16, in which our study uses four copies of it 

(VP64),  interact with multiple components of the basal transcriptional machinery 

and more importantly with TBP to drive initiation of transcription.  Specifically, 

VP16 has been shown to stabilize TBP to the TATA-box and synergistically activate 

gene expression (Gaudreau et al. 1999; Hirai et al. 2010; Majello et al. 1998; Mishra 

et al. 2003).  Hence, it is likely that TALE-VP64 activators stabilize TALE-TBP to 

cytokine gene promoters through cooperative interactions and this led to 

synergistic activation of cytokine genes.  As shown in Figures 3.5A and 3.5B, two 

TALE combinations using TALE-TBP demonstated an apparent reduction in IL-2 

gene expression and appreciable levels of enhanced synergy at the transcriptional 

level was only demonstrated when using multiple TALE-VP64 activators coupled 

with TALE-TBP.  We speculate that in these instances, TALE-TBP binding and 
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subsequent bending of the DNA, a natural function of TBP, directly influenced its 

cooperative interaction with the neighboring TALE-VP64 (IL2A) leading to a 

reduction in gene activation.  However, as the number of TALE-VP64 activators 

increased, they stabilized TALE-TBP to the gene promoter leading to enhanced IL-2 

gene activation.  Taken together, we speculate that cooperative and reciprocal 

interactions between TALE-TBP and multiple TALE-VP64 activators enables them to 

effectively initiate robust transcriptional activation of silenced genes.   

 

Additionally, our data suggest that the position of TALE-TBP relative to neighboring 

TALE-VP64 activators affects its potentiation capability on gene activation.  For 

example, the data in Figure 3.5A and 3.5B demonstrate that TALE-TBP 

differentially influences the extent of synergistic effect, with IL2B-TBP enhancing 

synergy two times more efficiently than IL2D-TBP.  The distance between IL2B-TBP 

and an adjacently located TALE-VP64 (IL2A-VP64) is 5 bp in contrast to 20 bp for 

IL2D-TBP, with the former enhancing gene activation up to 4-fold and the latter only 

~2-fold.  A recent study reports a similar position effect on gene activation between 

adjacent DNA-bound transcription factors (S. Kim et al. 2013).  Furthermore, our 

data suggest that the ability of TBP to synergize gene expression with VP64 

activation domains is also sensitive to the relative position of neighboring 
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activators, a finding that is also supported by other studies in the literature 

(Gaudreau et al. 1999). Thus, it is plausible that the close proximity of IL2B-TBP to 

IL2A-VP64 resulted in formation of a more stable complex than that of IL2D-TBP 

and IL2A-VP64, thereby increasing the degree of synergy when combined with 

additional TALE-VP64 activators.  As for the GM-CSF TALEs, G1-TBP (G1’) was 

positioned nearly ~30 bp relative to G2-VP64 (G2) and supported similar 

enhancement of synergy as demonstrated by IL2D-TBP.  Collectively, we speculate 

that the ability of a TALE-TBP to synergistically activate and potentiate gene 

activation may be attributed to mutual contributions from natural TBP function, 

cooperative interactions amongst TALEs, and positioning of TALE-TBP relative to 

neighboring TALE-VP64 activators.  

 

3.5  Future Directions 

Future refinement of TALE technology should strive to interrogate post-

transcriptional mechanisms mutually important for overall success of gene 

activation technologies such as, 3’-UTR regulation, cryptic 5’-UTR signals, 

alternative spliced variants, negative feedback loop mechanisms, and protein 

stability.  As for the cytokines in this study, both are subjected to various post-
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transcriptional mechanisms such as mRNA stability (e.g., AU-rich regions), 

alternative splicing to produce dominant negative variants, and cryptic 5’UTR 

elements (e.g., premature stop codon), all of which may function to destabilize 

and/or fine tune gene expression (Hau et al. 2007; Ragheb et al. 1999a, 1999b; 

Stoecklin et al. 2001; Winzen et al. 1999).  The potential role of TALE activators on 

post-transcriptional regulation of gene expression may partly explain the 

discrepancy between the level of transcripts and protein products in several 

occasions in our experiments.  Further experimentation should test these 

parameters as they may shed light on novel ways to enhance the translational 

outcome of artificial gene activation.  In addition, consideration for gene-specific 

epigenetic and post-transcriptional mechanisms are equally important.  Future 

studies will strive to develop our TALE activators to have diverse functions, while 

exploring post-transcriptional mechanisms that may potentiate robust gene 

activation. 
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Chapter 4  

Gene Repression using TALE Technology 

 

“TALE-HP1a disrupts IL-2 and CMV promoter activity 

when targeted to strong cis-regulatory elements” 

 

4.1  Abstract 

 

Previously, we developed a novel class of TALE activators to reprogram cytokine 

gene expression in a plethora of epithelial cancers.   Although recent reports have 

shown that the TALE-KRAB or TALE-SID repressors effectively inhibit human gene 

expression, whether or not other potent repressor domains exist along with their 

ability to inhibit genes implicated in cancer immunotherapy has not been fully 

explored.   Here, we interrogated the repressor function of TALEs fused to the 
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WRPW-motif (TALE-WRPW) or HP1α (TALE-HP1α).  To investigate their potency, 

TALE repressors were engineered to recognize strong cis-regulatory elements 

within the IL-2 or CMV promoter linked to transcription initiation.  We found that 

TALE repressors potently inhibited IL-2 and CMV promoter activity by ~50-95% on 

non-chromosomal and chromosomal gene promoters.   Overall, HP1α was the most 

versatile and powerful repressor domain.  More importantly, TALE-HP1α potently 

inhibited promoter activity when targeted directly to the TATA-box, TSS or CAAT-

box.  Moreover, multiple TALE-HP1α repressors synergized potency of gene 

repression.  Finally, we demonstrated that TALE-HP1α impaired IL-2 signaling in 

Jurkat cells consequently leading to attenuation of IFN-γ production.  This is an 

important finding and suggests that TALE technology can be used to reprogram cell-

signaling pathways.  In conclusion, we have developed a potent class of TALE 

repressors and defined a set of rules governing repressor function that can be used 

to develop cancer immunotherapy tools.  

 

Major Findings: 

1. TALE repressors potently inhibit 50-95% of gene expression.  

2. The HP1α is the best repressor domain. 

3. The TATA-box, TSS, and CAAT-box are potent sites for gene inhibition. 

4. Multiple TALE repressors synergize gene repression on active promoters.  

5. TALE-mediated repression attenuates downstream signaling events.     
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4.2  Introduction 

TALE technology has emerged as a powerful tool to precisely modulate human gene 

expression. Based on naturally occurring Xanthomonas-derived transcription 

factors, TALEs or TAL-effectors can be engineered to bind precise DNA sequences 

(Boch et al. 2009; Moscou and Bogdanove 2009).  Within the past five years, the 

implication of engineered TALEs as potent activators or nucleases (TALENs) have 

been extensively studied and to a lesser extent that of TALE repressors (Cermak et 

al. 2011; Geissler et al. 2011; Hockemeyer et al. 2011; T. Li et al. 2011; Miller et al. 

2011; Sun et al. 2012).    In 2012, a chimeric TALE-SRDX repressor was shown, for 

the first time, to successfully ablate transgene expression in plants (Mahfouz et al. 

2012).  Shortly following this report, Cong et al. engineered the TALE-KRAB and 

TALE-SID for effective repression of endogenous human genes (Cong et al. 2012).   

In the latter study, TALE repressors were found to repress the rate of gene 

transcription by 50-75%.  More recently, the TALE-KRAB and TALE-SID repressors 

have been shown to induce epigenetic states consistent with gene silencing 

(Konermann et al. 2013; Rennoll et al. 2014).  However to completely abolish gene 

expression, Garg et al. showed that concomitant expression of a TALE repressor and 

a shRNA were required to inhibit a reporter gene (Garg et al. 2012).  Furthermore, 

studies examining target sites outside of the gene promoter demonstrated that 
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TALE-mediated gene repression was successful when targeted to the enhancer 

region (Mendenhall et al. 2013), the 5’-UTR (Uhde-Stone et al. 2014), and the gene 

coding region (Rennoll et al. 2014).  Collectively, these studies demonstrate that 

repressor domain selection, mRNA depletion, and target site location are 

quintessential features of TALE-mediated gene repression.  However, whether or 

not more potent repressor domains exist and whether they can completely ablate 

human gene expression and inhibit cytokine gene promoters has not been fully 

explored.    

 

In Drosophila and mammals, the Hairy-related family of proteins, known as Hairy 

and Enhancer of Split or HES proteins, are potent transcriptional repressors 

involved in cell fate, differentiation, and development.  These proteins contain a 

short tetra-peptide WRPW (Trp-Arg-Pro-Trp) motif responsible for their potent 

repressor function (Fisher et al. 1996).   As shown using a Gal4-WRPW fusion, the 

WRPW-motif was sufficient and necessary to inhibit reporter gene expression 

(Fisher et al. 1996).  Mechanistically, this motif does not directly interfere with gene 

transcription, but rather represses gene transcription by recruiting the co-repressor 

Groucho to gene promoters.  Groucho interacts with the WRPW-motif through its 

WD40 protein interaction domain.  Homologs of Groucho-related proteins in 
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humans are referred to as ‘Transducin-like Enhancer of Split’ (TLE) or in mice as the 

‘Groucho-related genes’ (Grg).  TLE and GRG proteins have been shown to directly 

interfere with the basal transcriptional machinery (G. Chen and Courey 2000).  

Additionally, Gro-related co-repressors mediate chromatin condensation through 

HDAC and GRG activity (G. Chen et al. 1999; Sekiya and Zaret 2007).  Therefore, the 

WRPW-motif may serve as an ideal candidate to artificially repress genes and exert 

epigenetic modifications associated with gene silencing.    

 

In Drosophila, a classical example of gene silencing is a phenomenon known as 

Position Effect Variegation (PEV).  During PEV, atypical gene silencing occurs when a 

euchromatin-located gene is translocated to a site juxtaposed to heterochromatin 

(Demerec and Slizynska 1937; Schultz 1936).  Within heterochromatin DNA regions, 

the heterochromatin protein 1 alpha (HP1α) is responsible for establishment and 

maintenance of heterochromatic regions (Eissenberg et al. 1990; Eissenberg et al. 

1992; Festenstein et al. 1999).  Conceptually, nucleation of HP1α at a particular 

genomic locus facilitates bi-directional spreading of heterochromatin that can 

extend up to 10 kb from its initial nucleation site (Danzer and Wallrath 2004).  

Ultimately, this leads to chromatin compaction and expression of a variegated 

phenotype for a particular gene.   
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In eukaryotes, HP1α is found predominately at the centromeres and telomeres of 

chromosomes, as well as highly repetitive DNA sequences.  These regions are 

considered transcriptionally inactive (Badugu et al. 2003).   As shown in S. 

cerevisiae, genes placed adjacent to the silent mating type locus, a locus silenced by 

repressive heterochromatin, also exhibit variegated phenotypes similar to that seen 

in Drosophila (Gottschling et al. 1990).  In the case of mice, Festenstein et al. showed 

that a CD2 transgene containing a transcriptional active locus control region (LCR) 

was silenced upon translocation to centromeres (Festenstein et al. 1996).  

Furthermore in mammalian cell cultures, tethering HP1α to an integrated Lac 

operator array led to large-scale chromatin compaction (Y. Li et al. 2003).   

Characterization of the HP1α mechanism revealed that HP1α mediates H3K9 

trimethylation through histone methyltransferase activity (HMTase) such as, 

SU(VAR)3-9 or SETDB1 (Bannister et al. 2001; Lehnertz et al. 2003).  This newly 

created methyl group on H3K9 serves as a high-affinity binding site for HP1α and 

promotes a self-enforcing loop of HP1α/HMTase recruitment and binding followed 

by subsequent chromatin compaction and establishment of a repressive chromatin 

environment (Bannister et al. 2001; Lachner et al. 2001; Nakayama et al. 2001).  

However, HP1α can bypass this requirement for histone methylation to silence 

genes (Y. Li et al. 2003) and alternative mechanisms involving its own homo-



 

 

 

117 

 

oligomerization or other non-histone proteins have been proposed (Nielsen et al. 

2001; Zhao et al. 2000).   

 

Similarly, the KRAB repressor domain promotes long-range gene silencing through 

disposition of KAP-1 and HP1-related proteins (Groner et al. 2010) and also 

maintains the DNA methylation state of epigenetically silenced genes (Quenneville 

et al. 2012).   Regulated recruitment of HP1α to an integrated transgene using a 

KRAB domain can rapidly silence transgene expression and lead to spatial 

reorganization of the transgene to a condensed chromatin structure, and its 

relocation to HP1-rich areas (Ayyanathan et al. 2003).  Moreover, transient 

expression of a targeted HP1α chimera led to epigenetic inheritance and stable gene 

silencing over 50 population doublings (Ayyanathan et al. 2003).  Thus, we 

hypothesized that a potent TALE repressor architecture could be engineered by two 

distinct mechanisms to silence genes using either the WRPW-motif or HP1α 

repressor.   

 

In this Chapter, we demonstrate that targeting TALE-WRPW or TALE-HP1α to 

essential cis-regulatory elements abolishes promoter activity by ~70-95% on the IL-

2 and CMV promoter.  The most profound results were observed when TALE 
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repressors were targeted to the TATA-box, TSS or CAAT-box.  Under conditions of 

constitutive gene activation without sorting for cells that do not express TALE 

repressors, gene repression was maintained at 50%.  Furthermore, multiple TALE 

repressors strengthen gene repression. Additional studies demonstrated that 

reduction of physiological IL-2 levels led to attenuation of IFN-gamma expression in 

Jurkat cells.  Taken together, we present a novel class of TALE repressors that 

potently repress gene transcription.  Furthermore, multiple TALE repressors can be 

applied to effectively repress downstream signaling events.  Further development of 

TALE repressors can be used to reprogram aberrant tumor escape mechanisms 

involved in cancer immunotherapy.     

 

4.3  Results 

4.3.1  Development of TALE-WRPW and TALE-HP1α  

To construct TALE repressors, we fused the WRPW-motif (TALE-WRPW) or the 

HP1α repressor (TALE-HP1α) in frame to a TALE DNA-binding domain (DBD) as 

shown in Figure 4.1.  As a control, a TALE with no effector domain was also 

constructed (TALE-del).  As shown in Figure 4.1B, TALEs were designed to target 

the proximal promoter near an activator site (IL2A) or to the core promoter to 
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target the TATA-box (IL2D) or the TSS (IL2E).  The TALE IL2A targets adjacent to a 

NFAT response element (not shown here).  NFAT is an important transcription factor 

involved in regulation of IL-2 expression in T-cells.  TALEs are proposed to inhibit 

gene expression by blocking transcription initiation either by interfering with the 

RNA polymerase II directly or indirectly to inhibit gene expression. As 

demonstrated in Figure 4.1C, a representative of chimeric TALE repressor design 

(IL2A repressors) was successfully constructed and highly expressed at the 

predicted molecular weights.  All subsequent TALE repressors were constructed by 

replacing the IL2A repeat array with either the IL2D or IL2E repeat array to 

construct remaining TALE repressors.  The final DNA sequence of all TALE 

repressors was confirmed by DNA sequence analysis.   
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Figure 4. 1 Engineered TALE-WRPW and TALE-HP1α targeting the IL-2 

promoter. (A) Illustration of a typical TALE repressor and schematics of modified 

TALE repressors.  (B) Proposed TALE repressor mechanism and schematic of the IL-

2 promoter.  TATA-box is shown in green and TSS in blue.  (C) Western-blot analysis 

of TALE repressors in 293FT cells using anti-HA detection.  
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4.3.2  TALE-WRPW and TALE-HP1α Inhibit IL-2 Gene Expression  

Next, we tested whether or not TALE-WRPW and TALE-HP1α could effectively 

repress gene expression when targeted to the IL-2 proximal promoter adjacent to 

an activator site (Figure 4.1).  To do so, we used our previously established TALE 

inducible IL-2 system in 293FT cells (Anthony et al. 2014) or a luciferase reporter 

containing five copies of the IL2A target site.  Both strategies require multiple TALE 

activators or multiple copies of a single TALE target site to effectively activate gene 

expression.  Briefly, 293FT cells were co-transfected with TALE activators, the 

indicated TALE repressor or empty vector control and a luciferase reporter followed 

by detection of luciferase activity (Figure 4.2A) or without a luciferase reporter for 

detection of endogenous IL-2 transactivation (Figure 4.2B).  As shown in Figure 

4.2, TALE repressors significantly inhibited reporter and endogenous IL-2 gene 

expression by 55-60% when targeted to a site located within the IL-2 proximal 

promoter.  As expected, in both reporter and endogenous IL-2 experiments, IL2A-

del failed to repress gene expression.  Surprisingly, IL2A-WRPW only repressed 

reporter gene expression (Figure 4.2A) and not endogenous IL-2 gene transcription 

(Figure 4.2B).  Overall, HP1α was identified as the best repressor domain and used 

for subsequent studies. 
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Next, we sought to examine if targeting cis-regulatory elements linked to 

transcription initiation such as the TATA-box or TSS could enhance the potency of 

TALE-HP1α.   In most TATA-containing gene promoters, the recruitment of TBP to 

the TATA-box promotes the formation of the pre-initiation complex followed by Pol 

II transcription starting from the TSS.  Hence, blocking either site would prevent 

gene transcription. To test this, we engineered two TALE-HP1α repressors to 

specifically target the TATA-box (IL2D-HP1α) or TSS (IL2E-HP1α) (Figure 4.1).  As 

controls, we also constructed TALEs without a repressor domain (IL2D-del and 

IL2E-del) to examine if merely blocking these sites was sufficient for gene 

repression.  Upon IL-2 mRNA analysis, we found that targeting these specific sites 

with IL2D-HP1α or IL2E-HP1α led to potent inhibition of IL-2 transactivation by 

~80% (Figure 4.3).  As shown using TALE-del repressors, merely blocking these 

sites only modestly repressed IL-2 transactivation.  Moreover, IL-2 ELISA analysis 

revealed that the TALE-HP1α targeting the TSS (IL2E-HP1α), eliminated ~90% of 

IL-2 protein produced by 293FT cells.   Collectively, we demonstrated that targeting 

TALE-HP1α to the TATA-box or TSS is a potent strategy to inhibit gene expression.  
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Figure 4.2  TALE repressors impaired IL-2 transactivation when targeted to 

the proximal promoter. (A) TALE repressors inhibit luciferase reporter gene 

expression (non-chromosomal).   To activate the reporter, the IL2A-VP64 activator 

was co-transfected with the indicated IL2A-TALE repressor and a 5x-luciferase 

reporter containing the IL2A target site in 293FT cells.  Luciferase activity was 

measured 48 hours post-transfection and expressed as fold change in luciferase 

activity relative to empty vector.  (B) TALE repressors competitively inhibit 

endogenous IL-2 gene expression (chromosomal) in 293FT cells.  Four TALE-VP64 

activators (ABCF) were co-transfected with the indicated TALE repressor or empty 

vector control and IL-2 mRNA expression measured 72 hours later using qRT-PCR.  

Significance was determined using a student’s t-test, one-tailed (p < 0.05*, p < 

0.005**) as compared to empty vector control.  All results are of two independent 

experiments (error bars, mean +/- S.E.M.). 
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Figure 4.3  TALE-HP1α abolished IL-2 transactivation when targeted to the 

TATA-box or TSS.  TALE repressors inhibit IL-2 gene expression when targeted to 

the TATA-box (IL2D) and TSS (IL2E) in the IL-2 inducible system (293FT cells) 

using TALE activators (ADCF) as described in Methods.   (A) Quantitative RT-PCR 

analysis of IL-2 transactivation in 293FT cells.  Results are shown as % fold change 

relative to empty vector control.   (B) ELISA analysis of IL-2 protein levels in cells 

transfected with TALEs used in (A).  Results shown are two independent 

experiments (error bars, mean +/- S.E.M.).  Student’s t-test was used for statistical 

analysis (p < 0.005**).   
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4.3.3  TALE Repressors Inhibit the CMV Promoter 

To further define TALE repressor function in the context of a constitutively active 

promoter, we engineered TALEs to target a constitutively active CMV promoter that 

is typically used for high transgene expression.  The CMV promoter contains several 

strong cis-regulatory elements located its regulatory region and these are required 

for its potency.  For example, the CAAT-box is a common strong cis-acting element 

found in viral and human gene promoters (Chodosh et al. 1988b; Song and Young 

1998).  The CAAT-box is usually located ~100 base pairs upstream of the TSS and is 

bound by the transcriptional activator NF-Y or its related subunit complexes 

(Chodosh et al. 1988a).  In addition, NF-Y transactivates TATA-less gene promoters 

(Chodosh et al. 1988a; Mantovani 1998).  In IL-2 experiments, TALE repressors 

targeting the proximal promoter were targeted juxtaposed to a NFAT activator site.  

Thus, we wanted to know if targeting a strong cis-regulatory element in the 

proximal promoter would further repress gene expression.   

 

To visualize TALE repressors in real time, a monomeric red fluorescent protein 

(mCherry) was fused in-frame with a self-cleavable 2A peptide at the C-terminus of 

TALE repressors (Figure 4.4A).  The 2A peptide was used to produce equimolar 

quantities of the TALE and mCherry proteins.  The Woodchuck Post-Regulatory 
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Element (WPRE) was used to enhance mRNA translation.  For high transgene 

expression of CMV-specific TALE repressors, the Elongation Factor 1 alpha (EF1α) 

promoter was used (not shown).  The CMV-specific TALE repressors were 

engineered successfully and expressed at the correct molecular weight (Figures 

4.4B and 4.4C).  The CMV-TALE repressor backbone was used to generate the 1NK, 

34NK, and 34NN TALE repressors.   

 

As shown in Figure 4.5A, we engineered two TALEs targeting sites located either 

directly over the CAAT-box (TALE-1) or adjacent to it (TALE-34).  To increase DNA 

specificity, we engineered the TALEs with the NK RVD module. The NK RVD has 

been shown to improve specificity for the guanine residue, compared to the NN RVD 

(M. L. Christian et al. 2012).  To examine potential off-target effects due to 

dimorphic NN recognition, we engineered TALE-34 with either the NK (34NK) or 

the conventional NN RVD (34NN).   

 

As shown in Figure 4.5B, TALE-1 repressors significantly inhibited gene expression 

by 70-80%.  Consistent with the IL2A-TALEs, TALE-34 repressors reduced gene 

expression by 50-65%.  These results demonstrate that completely blocking a cis-

regulatory element or strong activator site is essential for repression potency.  
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Likewise to the IL-2 luciferase reporter experiments (Figure 4.2), the WRPW-motif 

was as effective as HP1α on a non-chromatin gene target.  In contrast, a TALE 

without an effector domain was also a potent inhibitor of CMV promoter activity.  

However, the NN RVD attenuated TALE repressor potency by ~2-fold which 

suggests possible off-target effects.  Overall, TALE repressors strongly inhibited 

CMV promoter activity when targeted to the CAAT-box and engineered to increase 

specificity. 
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 Figure 4.4  TALE-WRPW and TALE-HP1α are engineered to target the CMV 

promoter.  (A) Illustration of CMV-specific TALE repressors fused the WRPW-motif 

or the HP1α domain. (B) Western-blot detection of CMV TALE repressors in EC9706 

cells using anti-HA.  (C) Live visualization of TALE repressors using a fluorescent 

mCherry reporter in EC9706 cells.  
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Figure 4. 5  TALE Repressors abolish CMV promoter activity.  (A) Schematic of 

the CMV promoter driving the expression of a GFP-luciferase reporter gene. TALE-1 

(purple) binds directly over the CAAT-box while TALE-34 (orange) target adjacent 

to it.  (B) Inhibition of CMV promoter activity was measured using luciferase assay 

in EC9706 cells.  EC9706 cells were transfected with either control (H2B-mCherry) 

or the indicated TALE repressor together with the CMV-luciferase reporter.  Cell 

lysates were collected 48 hours after transfection and measured for luciferase 

activity.  Results shown are two biological replicates (error bars, mean +/- S.E.M.).  

Repression or % knock-down (k/d) is shown above the bar graphs.  
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4.3.4  TALE-TBP Competes with TALE Repressors for Activation 

In previous TALE activator experiments, we used multiple TALE-VP64 activators to 

activate our inducible IL-2 system in 293FT cells.  However, we have previously 

shown that the TALE-TBP is a more powerful transactivator than TALE-VP64 

(Anthony et al. 2014).  Therefore, we sought to test our repressors in the presence 

of TALE-TBP. To do so, we used a combination of TALE-VP64 (ACF) together with a 

IL2D-TBP (D’) and either empty vector control or the indicated TALE repressor.    

Upon analysis of endogenous IL-2 transactivation, we found that TALE repressors 

maintained their ability to repress IL-2 gene transcription when targeted to the 

proximal promoter (IL2A) or the TSS (IL2E) (Figure 4.6A). Consistent with 

previous findings, transcriptional repression using IL2E-HP1α led to a ~95% 

decrease in IL-2 protein (Figure 4.6B).  Conversely, IL2D repressors failed to inhibit 

IL-2 gene expression, as in previous experiments using TALE-VP64 activators.  

Inconsistent with previous results, IL2E-del led to a 60% decrease in IL-2 protein 

that was not observed at the transcription level.   

 

To rule out cell death as a factor in observed repression, we counted the number of 

viable cells on the day of IL-2 measurement using Trypan Blue Exclusion method.  

As shown in Figure 4.6C, TALE-mediated gene repression on the IL-2 promoter was 
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not due to reduced cell numbers as all samples had a similar number of viable cells.  

Collectively, we demonstrate that the extent of TALE-mediated repression is 

modulated by distinct cis-regulatory elements as well as competition with strong 

transactivators like TALE-TBP. 
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Figure 4. 6  Competition with a TALE-TBP activator differentially affects TALE 

repressors.   (A) qRT-PCR analysis of IL-2 repression in 293FT cells.  (B) IL-2 ELISA 

analysis in 293FT cells.  (C) Cell viability assayed in 293FT cells.  For all experiments 

except Empty*, TALE activators (AD’CF) were co-transfected with the indicated 

plasmid to activate IL-2 expression in 293FT cells. Results shown are two 

independent experiments.  Error bars are mean +/- S.E.M. and student’s t-test, 

significance_p<0.005**,p<0.05*).
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4.3.5  TALE-HP1 Repressed IL-2 Transactivation in Jurkat cells 

We have demonstrated potent repression using an inducible IL-2 system in non-

immune cells or on a non-chromosomal CMV reporter.    To determine if TALE 

repressors could inhibit genes that are actively transcribed, we examined our TALE 

repressors in the context of activated Jurkat T-cells, which produce physiological 

levels of IL-2 upon T-cell stimulation with PMA and ionomycin.  Briefly, Jurkat cells 

were nucleofected with each individual TALE-HP1α repressor or with all three, 

followed by stimulation with PMA and ionomycin to induce IL-2 expression.  As 

shown in the literature, Jurkat cells stimulated with PMA and ionomycin robustly 

activate IL-2 expression.   

 

Upon IL-2 ELISA analyses, we found that TALEs targeting the TATA-box (IL2D-

HP1α) or TSS (IL2E-HP1α) modestly impaired IL-2 gene activity by 25-35% (Figure 

4.7).  Interestingly, targeting the proximal promoter (IL2A-HP1α) failed to inhibit 

IL-2 expression in our IL-2 inducible 293FT system.  Conversely, multiple TALE 

repressors synergistically ablated 50% of IL-2 activation as observed at the protein 

level.  Collectively, we demonstrate that multiple TALE-HP1α repressors effectively 

attenuate physiological levels of IL-2 in Jurkat cells and this is observed at the 

protein level.  In addition, cis-regulatory elements differentially affect the rate of 
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transcription initiation and using multiple TALE repressors is essential to impair 

robust gene activation.   
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Figure 4. 7  Multiple TALE-HP1α repressors attenuate IL-2 expression in 

Jurkat cells.  The TALE-HP1α targeting the proximal promoter (IL2A), the TATA-

box (IL2D), the TSS (IL2E), or all three were used to inhibit IL-2 activation in 

stimulated Jurkat cells.  Repression or % knock-down (k/d) was determined relative 

to stimulated GFP control.  N.D., ‘not detected’. Results shown are of three 

independent experiments (error bars, mean +/- S.D., Student’s t-test, p < 0.05*, p < 

0.005**).   
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4.3.6  Impaired IL-2 Signaling Attenuates IFN-ƴ expression 

Lastly, we sought to interrogate whether or not TALE repressors could inhibit IL-2 

induced autocrine signaling in Jurkat cells.  In the classical T-cell receptor signaling 

pathway, activated T-cells produce large amounts of IL-2 protein and activate 

neighboring immune cells via autocrine and paracrine signaling.  Upon IL-2 

production, IL-2 binds to the IL-2 receptor and subsequently activates intracellular 

JAK-STAT signaling pathways.  This leads to T-cell expansion, the Th1/Th2 

phenotype, and expression of IL-2 regulated cytokines.  One cytokine positively 

regulated by IL-2 is IFN-gamma (Kasahara et al. 1983).  Thus, we hypothesized that 

if TALE repressors indeed inhibited IL-2 expression, this would also lead to 

reduction in IFN-gamma expression. 

 

Briefly, Jurkat cells were nucelofected with the indicated TALE repressor plasmid or 

GFP negative control.  Cells were allowed to recover for 4 hours then subsequently 

stimulated with PMA and ionomycin to induce IL-2 expression.  The following day 

~16-20 hours post-nucleofection, cell culture media were collected and IFN-gamma 

protein levels were assayed by ELISA.  As expected, IFN-gamma protein levels were 

indeed reduced as a result of TALE-mediated IL-2 impairment (Figure 4.8).  The 

extent of the decrease in IFN-gamma protein levels was consistent with the changes 

in IL-2 protein levels. 
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Figure 4. 8  TALE-mediated attenuation of IL-2 signaling leads to IFN-γ down-

regulation.  ELISA was used to determine quantity of secreted IFN-gamma in Jurkat 

cell culture media.  Repression or % knock-down (k/d) was determined relative to 

stimulated GFP control.  N.D., ‘not detected’.  Results shown are of three 

independent experiments (error bars mean +/- S.D.; Student’s t-test, p < 0.05*).
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4.4  Conclusions & Discussion 

In this Chapter, we conclude that TALEs engineered with potent repressor domains 

implicated in transcriptional silencing improves their function when targeted to 

strong cis-regulatory elements.  Here, we developed two unique TALE repressors 

fused to either the WRPW-motif or HP1α and tested their ability to inhibit IL-2 and 

CMV gene expression.  As we demonstrated, TALE repressors potently inhibited IL-2 

and CMV promoter activity by ~70-95% when targeted to the TATA-box, TSS, or 

CAAT-box.  In general, repressor potency, target site location, and the presence of a 

chromatin environment affected potency of TALE repressors.  On the promoters 

tested, TALE-HP1α was the most potent repressor and functioned robustly in both 

chromatin and non-chromatin environments.  Furthermore, multiple TALE-HP1α 

repressors potentiated IL-2 gene repression in activated Jurkat cells.  Subsequently, 

this led to attenuation of IFN-γ production.  Hence, our study provides a platform to 

develop novel genetic repressors for cancer immunotherapy.  

 

Although we did not directly compare our work to RNAi, TALE-HP1α abolished 

more than 70% of gene expression when targeted properly to endogenous genes 

and this was similar if not better than RNAi studies targeting similar cytokine-

related genes (Ge et al. 2013).  Similarly, we showed that TALE repressors alone 

were capable of potent gene inhibition when targeted to the TSS (Figures 4.3 and 
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4.6).  Although the precise mechanism of TALE-mediated repression remains 

unknown, previous studies using the WRPW or HP1α repressors may provide 

insight into their mechanism.   Unlike TALE-HP1α, TALE-WRPW was most effective 

on non-chromatin gene targets (Figures 4.2A and 4.5B).  Because the WRPW-motif 

antagonizes Mediator and Pol II activity through interactions with Groucho/TLE 

directly (Courey and Jia 2001), this most likely allowed TALE-WRPW to effectively 

repress non-chromatin or reporter genes.  Conversely, TALE-WRPW failed to inhibit 

chromosomal genes (Figures 4.2B and 4.6A).  In this case, we speculate that TALE-

WRPW failed to support epigenetic remodeling likely because it did not recruit 

epigenetic modifiers necessary to repress chromosomal genes.   In contrast, TALE-

HP1α repressed genes similar to those engineered with the KRAB or SID domain  

(Cong et al. 2012).  Furthermore, both KRAB and SID domains have been shown to 

recruit epigenetic modifiers (Farias et al. 2010; Konermann et al. 2013) and more 

specifically, the KRAB/KAP-1 complex has been shown to silence genes through 

HP1α-mediated chromatin silencing (Groner et al. 2010).  Hence, TALE-HP1α most 

likely inhibited gene expression through an epigenetic mechanism.  To support this 

notion, TALEs without a repressor domain (TALE-del) almost always failed to 

repress chromosomal genes (Figures 4.2, 4.3, and 4.6A).  However in Figure 4.6, 

IL2E-del unexpectedly led to repressed IL-2 protein but not IL-2 mRNA levels. 

Possible explanations for this discrepancy could be due to differences in qRT-PCR 

and ELISA assay measurements.  Further studies are required to determine the 
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exact cause of this discrepancy.  Collectively, our results suggest that TALE-

mediated gene repression was due to a combination of repressive epigenetic 

mechanisms, reciprocal interactions with chromatin, and natural repressor function. 

 

Another interesting finding was that potency of gene repression was directly linked 

to the strength of a particular cis-regulatory element.  In most instances, TALE 

repressors were found to potently disrupt gene expression when targeted to the 

TATA-box, TSS, or CAAT-box (Figures 4.3, 4.5, and 4.6).  In these cases, targeting 

these locations should inhibit or prevent TBP binding and/or recruitment of Pol II to 

the TSS.  Therefore, our studies suggest that the target site location, rather than 

repressor type, may be the most important determinant of repression potency.  As 

shown in Figure 4.7, targeting TALE-HP1α to different cis-regulatory elements 

under physiological IL-2 activation conditions supports this idea and targeting the 

TSS was the most effective of all sites tested.   This is consistent with two TALE-SID 

repressor reports.  In the first report, TALE-SID repressed genes by ~3-fold when 

targeted to the proximal promoter, similar to our IL2A repressors (Cong et al. 2012).  

However, in a different study Zhang et al. showed that a TALE-SID repressed genes 

by 5-fold when targeted to the gene coding region, possibly through blocking Pol II 

elongation (Rennoll et al. 2014).  Similarly, IL2D and IL2E TALE repressors blocked 

the binding sites for TBP or Pol II and this perhaps prevented Pol II initiation or 
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elongation, respectively.   Although these studies were done using different genes, 

its supports the notion that target location is critical to potency of gene repression.   

Moreover in the absence of a repressor domain, TALE-del strongly repressed gene 

expression when targeted directly or near a strong activator site such as the CAAT-

box (Figure 4.5).   Because activators function to recruit the pre-initiation complex 

and subsequently Pol II to the TSS, using a TALE repressor to block a strong 

activator site like the CAAT-box prevents initiation of gene transcription.  Several 

studies in the literature also show that TALEs without repressor domains are just as 

effective as those with a repressor domain when targeted to strong cis-regulatory 

elements (Uhde-Stone et al. 2014).   

 

On the other hand, increasing TALE coverage across the gene promoter also 

effectively impaired transcription and synergized gene inhibition (Figure 4.7).  This 

is consistent with other reports using multiple TALEs or guide RNA-associated 

CRISPR/Cas9 for both gene activation and gene repression (Qi et al. 2013; Uhde-

Stone et al. 2014). Taken together, using multiple TALE repressors may be an 

additional strategy to strengthen repression potency.  Overall, potent gene 

repression can be achieved by targeting TALE repressors to sites across the gene 

promoter that are linked to transcription initiation or Pol II transcription and 

multiple TALE repressors can potentiate this.  
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Additionally, TALE design guidelines and competition with activators for binding 

sites are mutually important for potency of gene repression.  As show using TALE 

repressors targeting the CMV promoter, less specific RVD modules (e.g., NN versus 

NK) greatly impaired repression activity by as much as 2-fold in some instances 

(Figure 4.5B).  However, whether or not these RVDs compromised TALE function 

remains elusive and to date, studies show that although the NK RVD is more specific 

for guanine, it is also less active than the NN RVD (M. L. Christian et al. 2012; Cong et 

al. 2012; Meckler et al. 2013).  In our study, TALEs on average contained less than 

three guanine residues and therefore, may not have been severely compromised as 

a result. Further studies are required to determine if this is indeed the case for 

genes in general or if these discrepancies are context-specific.   

 

Similarly, competition for binding sites may also play a role in potency of TALE 

repression.  For instance in competitive inhibition experiments, competition of 

TALE repressors with a TALE-TBP activator for binding to the TATA-box abolished 

gene repression (Figure 4.6).  Interestingly, this was not the case for TALE-VP64 

competitive inhibition experiments (Figure 4.3).  We know from previous 

experiments that TALE-TBP is a more powerful transactivator than TALE-VP64 

(Chapter 3).  This is not surprising as the complex interplay between activators and 

repressors for a particular binding site plays a key role in gene regulation and DNA 
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affinity is also important (Darieva et al. 2010; Hermsen et al. 2006; Leatherwood 

and Futcher 2010).  Therefore, perhaps TALE-TBP had a higher affinity for its DNA 

target site and TBP played a role in that.  Overall, these results suggest that TALE 

specificity and affinity for a particular sequence relative to a competitor are 

important design parameters. 

 

To date, studies examining the implication of TALE-mediated gene repression are 

limited.  Recently, Rennoll et al. showed that a TALE-SID could repress AXIN2 and c-

myc, two oncogenes downstream of Wnt/β-catenin signaling.  This result suggests 

that TALE repressors could be used to develop anti-cancer therapies (Rennoll et al. 

2014).  Consistent with this report, Zhang et al. reported that targeting the miR -

302/367 cluster by a TALE-KRAB diminished cellular reprogramming efficiency (Z. 

Zhang et al. 2013).  In agreement with these two reports, we clearly demonstrate 

that attenuation of IL-2 signaling by TALE-HP1α repressors impaired downstream 

canonical IL-2 signaling in Jurkat cells and consequently led to reduced IFN-γ 

production (Figure 4.8).  To conclude this Chapter, our findings imply that TALE 

repressors can be used to reprogram cytokine-signaling pathways, which modulate 

adaptive immune responses and this has strong implications for cancer 

immunotherapy.   
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4.5  Future Directions 

In the future, TALE repressors could be engineered to inhibit genes implicated in 

cancer immunotherapy.  For example, TALE repressors could be engineered to 

target genes responsible for an ineffective anti-tumor immune response such as, 

CTLA-4 (Leach et al. 1996). In addition, strategies using TALE repressors to enhance 

anti-tumor memory and reduce immunosuppressive regulatory T-cell (Treg) 

function should also be explored as potential therapies.  A recent study 

demonstrates that regulatory T-cells inhibit immune memory through mTOR 

signaling and thus TALE repressors could be used to target genes required for this 

signaling pathway (Wang et al. 2014).   Control of reciprocal cell signaling events 

could also be achieved by using a combination of TALE activators and repressors to 

control target gene expression in specific T-cell subsets involved in anti-tumor 

response.  Lastly, TALE repressors could be applied to other cancer therapies such 

as oncolytic virotherapy.  This idea is based on an observation from our laboratory 

that some cancers elicit a strong innate immune response and thus do not effectively 

support oncolytic virus replication.  Hence, TALE repressors could be used to inhibit 

host genes that impair virus replication, such as interferons.  In conclusion, TALE 

technology can be used to modulate complex regulatory processes implicated in 

cancer immunotherapy and similar therapies. 
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Chapter 5 

Development of an Enhanced TALE 

Architecture for Genome Engineering 

 

 

“A Multimerized TALE Chimera Differentially Regulates  

IL-2 Promoter Activity” 

 

5. 1  Abstract 

The phytopathogen-derived Transcription Activator-Like Effector (TALE) proteins 

have recently emerged as a popular tool for genome manipulation.  Previously, we 

and two other groups have shown that combining multiple TALEs can robustly 

activate genes in diverse intracellular environments.  However, these studies 

employ as many as four or more TALEs to effectively activate human gene 

expression.  Ultimately, this will present a challenge for cancer immunotherapy and 



 

 

146 

 

similar applications.  To address this challenge, we have developed two strategies to 

enhance the function of a single TALE modulator in an attempt to recapitulate the 

effect seen when using multiple TALEs.  In our first strategy, we engineered a TALE 

protein with the Fc or collabody domain to covalently tether multiple identical TALE 

proteins together at a single locus (TALE-Fc-VP64 or TALE-Col-VP64).   The second 

strategy fuses two distinct activator domains at opposing ends of a TALE protein 

(VP64-TALE-TBP).  Here, we show for the first time that a multimerized or a TALE 

activator with two TADs was more potent than monomer TALE in transactivating 

silent IL-2 gene expression.  However, the Fc-based TALE activator exerted the 

strongest effect.  In TALE combination experiments, TALE-Fc-VP64 differentially 

influenced gene expression in a context-dependent manner and repressed genes 

when near a monomer TALE-VP64 or activated genes when near a TALE-TBP.   

When we applied this same strategy to TALE repressors (TALE-Fc-HP1α), we 

demonstrated strong inhibition of IL-2 transactivation. However, the effect was not 

better than monomeric TALE-HP1α.  In conclusion, multimerized TALEs are a 

promising tool, but require further design improvements before translated to 

cancer immunotherapies. 
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5.2  Introduction 

Previously, we as well as others have shown that genome engineering technologies 

(GETs) such as TALE or CRISPR/Cas9 can be used to artificially control gene 

expression.   Despite using potent effector domains, multiple TALE or RNA-guided 

Cas9 activators are required to efficiently activate gene expression (Maeder et al. 

2013; Mali et al. 2013a; Perez-Pinera et al. 2013a).  This was especially the case for 

repressed or silent genes located in a closed chromatin environment (Anthony et al. 

2014; Perez-Pinera et al. 2013a).  Similar to activation, gene repression was most 

impressive in the presence of two or more artificial repressors (Qi et al. 2013; Uhde-

Stone et al. 2014).  Furthermore, natural eukaryotic gene regulation requires input 

from multiple transcription factors (TFs) to modulate gene expression.  For 

example, cooperative binding among multiple TFs to form an enhanceosome, as that 

seen on the IFN-β promoter, is a well-characterized mechanism to regulate gene 

expression (Ford and Thanos 2010).  Collectively, these studies highlight the 

advantage and requirement for targeting multiple transcriptional effectors to elicit a 

potent response.  However, administering multiple GETs simultaneously presents a 

challenge for cancer immunotherapy and innovative strategies to address this 

limitation would be beneficial.   
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One strategy to overcome this limitation would be to increase the potency of a single 

GET protein, thereby reducing the complexity required to modulate gene 

expression.  Over the last decade fusing multiple molecules together at a single site 

to increase potency has been used to develop highly effective therapies.  For 

example, TRAIL or FasL apoptosis inducers (Holler et al. 2003) have been shown to 

initiate a robust cancer cell-killing program when engineered as multimers.  Other 

studies have demonstrated that multimerization domains extend the half-life of a 

protein (Mancuso and Mannucci 2014).  Furthermore, multimerized ligands bind 

tighter to their intended targets leading to potent activation of cell signaling 

pathways.  Taken together, these studies demonstrate the benefits of using 

multimerization domains to increase signal intensity, stability and potency of a 

particular molecule or protein.   

 

Previously, it has been shown that multiple proteins can be covalently fused 

together via the Fc or collabody domain (Fan et al. 2008; Lo et al. 1998).  The Fc 

region is located within the C-terminus of the IgG heavy chain and is comprised of a 

hinge and CH2-CH3 region.  The hinge region imparts flexibility to the antibody and 

forms a disulfide bridge to dimerize the two heavy chains of the IgG molecule.  In 

addition, strong non-covalent interactions are formed between two CH3 domains to 

promote protein-protein interactions.  These interactions are structurally important 

for the stability of the heavy chains (McAuley et al. 2008).    Similarly, the collabody 
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domain contains the non-collagenous domain 1 (NC1) of type X collagen, which 

covalently links collagen molecules to form trimers and hexamers (Fan et al. 2008).  

Incorporation of either multimerization domain has been shown to produce 

functional multimers with no inhibitory effect on protein structure (Fan et al. 2008).  

Hence, the Fc or collabody domain provides an ideal strategy to engineer 

multimerized TALE proteins with enhanced potency.  

 

In this Chapter, we introduce a novel class of Fc and collabody-fused TALE 

modulators to manipulate gene expression.  We show that multimerized TALE 

activators more potently activate silent IL-2 gene expression than monomeric form.  

Furthermore, when combined with our previously described TALE-TBP activator, 

this combination also potentiated transactivation of the IL-2 gene.  However, 

multimerized TALE activators in some instances also repress the IL-2 gene when in 

the presence of TALE-VP64.  In addition, multimerized TALE repressors exert an 

inhibitory effect on IL-2 gene expression, but this is not more effective in 

transrepression when compared to a monomeric TALE repressor.  Overall, our data 

show promising results and further improvement of the multimerized TALE 

architecture is required to improve stringency and predictability of these effectors 

before translating them to cancer immunotherapy applications.  
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5.3  Results 

5.3.1  Development of a Multimerized TALE-VP64 

To develop functional multimerized TALE activators, we started with our previously 

described monomer TALE-VP64, which targets the IL-2 promoter (IL2A-VP64).  We 

subsequently fused the hinge region of the IgG molecule and either the Fc or 

collabody domain flanked by the TALE DNA binding domain (DBD), a SV40 nuclear 

localization sequence (NLS) and VP64 activation domain (Figure 5.1).  TALEs form 

non-covalent interactions mediated by the collabody or Fc domain.  The IgG hinge 

region covalently links monomer TALEs via disulfide bond formation.  TALEs fused 

to the collabody domain are predicted to form trimers and/or hexamers.  Similarly, 

TALEs fused to the Fc domain are predicted to form dimers and/or tetramers. Based 

on the literature, the collabody or Fc domain mostly form trimers or dimers, 

respectively and is depicted in the schematic as shown in Figure 5.1.   

 

To test if the multimerized TALEs were successfully constructed, we transfected 

each TALE construct into 293FT cells and 72 hours after transfection subjected the 

cell lysates to reducing and non-reducing anti-HA Western-blot analysis.  As shown 

in Figure 5.2A, TALEs engineered with the collabody or Fc domains were 

multimerized under non-reducing conditions as predicted and IL2A-64 did not form 

multimers.  TALE IL2A-Fc-64 exhibited tetramer formation whereas, TALE IL2A-
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Col-64 formed trimers and hexamers.  A significant level of TALE monomer could 

also be found in TALEs engineered with a multimerization domain suggesting that 

multimerization was an unfavorable process or that these domains were inefficient.  
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Figure 5. 1  Development of a multimerized TALE architecture.  A TALE 

monomer was multimerized by incorporating either the collagen-like domain 

(TALE-Col) or the IgG Fc domain (TALE-Fc) flanked by the TALE DNA-binding 

domain and the VP64 (64) transactivation domain.  The predicted multimeric state 

is indicated in the bottom panel.  HA, hemagglutinin epitope; NLS, nuclear 

localization signal from SV40.  
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Figure 5. 2  Multimerized TALEs are highly expressed and localized to the 

nucleus. (A) Reducing and non-reducing anti-HA Western-blot analyses showing 

multimerization state of TALEs.   (B) Multimerized TALE IL2A-Fc-VP64 is localized 

to the nucleus.  Non-reducing, denaturing Western-blot analysis using anti-HA 

shows the multimeric and monomer form of IL2A-Fc-VP64.  Histone 2A was used as 

a control for the nuclear fraction.  β-actin was used as a control for the cytosol 

fraction; however, some β-actin can also be detected in nucleus at a lower amount.   
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5.3.2  Characterization of TALE-Fc-VP64 and TALE-Col-VP64 

To test if multimerized TALE activators functioned as hypothesized, we transfected 

293FT cells with either monomeric IL2A-64 (A64) or multimerized TALE activators 

(herein referred to as, A-Col-64 or A-Fc-64) and tested their ability to activate the 

silenced IL-2 gene as previously described (Anthony et al. 2014).  As shown in 

Figure 5.3B, multimerized TALE activators activated the IL-2 gene three to ~five 

times more efficiently than monomeric TALE (Figure 5.3B).  The potentiation of IL-

2 transactivation correlated with the number of tethered VP64 domains as 

illustrated in Figure 5.3A for each type of multimer.  Overall, the Fc-multimerized 

TALE activator (A-Fc-64) was the most potent and transactivated the IL-2 gene 9-

fold over that of empty vector control; whereas, A-Col-64 led to a 6-fold increase in 

IL-2 transcription.  In contrast, monomer TALE A64 only modestly increased IL-2 

transcription by 2-fold.  To determine if multimerized TALEs were properly 

localized to the nucleus, we probed the cytosol and nuclear fractions for the 

presence of an HA epitope.   Western-blot analysis revealed that A-Fc-64 was 

predominantly localized to the nucleus and existed in both monomeric and 

tetrameric forms (Figure 5.2B).  Taken together, a single multimerized TALE 

activator was more potent than a monomeric TALE activator and multimerization 

did not compromise its nuclear localization.   
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Figure 5. 3  A single multimerized TALE-VP64 activator is more potent than 

monomeric TALE-VP64.  (A) Illustration of monomeric or multimerized TALE 

binding and activation of the silent IL-2 gene.  Indicated below each construct are 

the expected multimeric states of each TALE activator and the corresponding 

number of VP64 TADs.  (B) qRT-PCR analysis of IL-2 gene activation in 293FT cells 

in the presence of a monomeric TALE activator (A64) or a multimerized TALE 

activator fused to the collabody domain (A-Col-64) or to the Fc domain (A-Fc-64). 

The results shown are of two biological replicates (error bars, mean +/- S.E.M.). 

Statistics was performed using a one-tailed student’s t-test (p < 0.005**, p < 0.05*). 
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Potent and synergistic IL-2 gene activation in non-immune cells can be achieved by 

using multiple TALE activators, which, when coupled with a chimeric TALE-TBP 

activator, further increases gene transcription (Anthony et al. 2014).  Hence, we 

tested the ability of multimerized A-Fc-64 in combination with an additional TALE-

TBP or TALE-VP64 activator to transactivate the silent IL-2 promoter.  As illustrated 

in Figure 5.4, we proposed that multiple TALE activators potentiate gene activation 

by forming cooperative interactions.       
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Figure 5. 4  Proposed mechanism of gene synergy using multimerized TALE 

activator.  In this model, we propose that cooperative interactions between a 

multimerized TALE activator and TALE-VP64 or TALE-TBP leads to synergistic gene 

activation.  GTFs =General Transcription Factors; Pol II = RNA Polymerase II 
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As demonstrated in Figure 5.5, IL-2 gene activation was further increased by A-Fc-

64 in the presence of TALE-TBP (B-TBP and D-TBP) as compared to A64.  In 

contrast, combining TALE-VP64 (B64 or D64) with A-Fc-64 repressed IL-2 

transactivation (Figure 5.5).  To determine if the relative distance between TALEs 

played a role in transrepression effect, possibly as a result of steric hindrance, we 

tested two other TALE-VP64 activators (C64 and F64) located distally to A-Fc-64.  

Consistent with previous results, we observed an inhibitory effect on IL-2 gene 

expression regardless of the location of the adjacent TALE-VP64 activator as shown 

in Figure 5.5.  We then sought to determine if increasing the cooperative 

interactions among TALEs would alleviate the inhibitory effect on IL-2 gene 

expression as shown when combining a multimerized TALE with a TALE-VP64.  As 

previously shown in Chapter 3, robust synergistic gene activation is mostly 

observed in four TALE activator combinations.  To do so, we setup experiments 

using several monomeric TALE-VP64 activators (D64, C64, and F64) and A-Fc-64 for 

a total of four activators.  Consistent with two TALE combinations, IL-2 gene 

activation was enhanced when a multimerized TALE–VP64 was combined with 

TALE-TBP (Figure 5.6A) and then repressed when combined with TALE-VP64 

(Figure 5.6B).  Taken together, multimerized A-Fc-64 differentially transactivates 

the IL-2 gene in the presence of TALE-TBP and TALE-VP64 activators regardless of 

the number of TALE activators used. 
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Figure 5. 5  TALE-Fc-VP64 is differentially influenced by a neighboring TALE 

activator.  Quantitative RT-PCR analysis of IL-2 gene activation in 293FT cells using 

various two TALE combinations of either A64 or A-Fc-64 combined with TALE-TBP 

(D-TBP or B-TBP) or TALE-VP64 (B64, C64, D64, or F64).  The TALE B or D targets 

the TATA-box at positions -26 bp and -9 bp, respectively. TALEs A, C, or F target 

within the proximal promoter region at -43 bp, -100 bp, and -80 bp, respectively.  

 



 

 

160 

 

 

 

Figure 5. 6  Chimeric TALE-Fc-VP64 selectively activates or represses IL-2 

transactivation.  Comparative IL-2 qRT-PCR analysis of multimerized A-Fc-64 

function in 293FT cells. (A) A-Fc-VP64 (A-Fc) function in presence of D-TBP (D’, left 

panel) or D-TBP plus C64 and F64 activators (right panel). Results shown are two 

biological replicates (error bars, mean +/- S.E.M.; student’s t-test p < 0.05*). (B) A-

Fc-VP64 (A-Fc) in the presence of two or four TALE-VP64 combinations. 
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5.3.3  Characterization of a VP64-TALE-TBP Activator  

Next, we engineered a TALE with two distinct transcriptional activation domains 

(TADs) and investigated its ability to transactivate the endogenous IL-2 promoter in 

293FT cells.  As shown in Figure 5.7A, a TALE DBD (IL2A) was flanked by the VP64 

and TBP TADs to produce a VP64-TALE-TBP activator.  The concept for this 

architecture was based on natural mammalian transcription factors, which may 

have spatially separated but distinct TADs that carry out specific transcription- 

related functions.  For example, the FOXA1 pioneer transcription factor contains a 

central DBD flanked by two distinct TADs, one of which mediates interaction with 

co-activators and the other interacts with histones to transactivate genes involved 

in hepatic development and metabolism (Hirai et al. 2010). Thus, we hypothesized 

that perhaps spatial separation of TADs would lead to increased cooperative 

interactions and synergistic, rather than additive effects on gene activation.  

 

To interrogate the function of VP64-TALE-TBP, we setup experiments using 

previously tested TALE activators known to activate transcription of the silenced IL-

2 gene in 293FT cells (IL2A-VP64 or IL2A-TBP).  To gauge the extent of IL-2 

transactivation, we also compared VP64-TALE-TBP function to that of two TALE 

activator combinations, which previously had been shown activate transcription of 

the silenced IL-2 gene (IL2A-VP64 + IL2B-TBP or AB’).  The goal of these 
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experiments was to determine if indeed a single TALE activator (VP64-TALE-TBP) 

with two distinct TADs could synergize gene expression as previously shown using 

two TALE activators (Chapter 3).  Interestingly, qRT-PCR analysis revealed that 

VP64-TALE-TBP activated the IL-2 gene more potently than either the TALE-VP64 

or TALE-TBP activator (Figure 5.7B).  However, VP64-TALE-TBP did not 

synergistically activate transcription, as had seen when using the two TALE 

combinations (Figure 5.7B).  Overall, the VP64-TALE-TBP was more potent than a 

single TALE activator, but facilitated additive effects on IL-2 gene activation, rather 

than synergistic effects.  
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Figure 5.7  A chimeric VP64-TALE-TBP activator potentiates IL-2 

transactivation.  (A) Illustration of the VP64-TALE-TBP activator.  (B) IL-2 qRT-

PCR analysis in 293FT cells.  Results shown are of two biological replicates (error 

bars, mean +/- S.E.M.) and statistical analysis was performed using a student’s t-test 

(p < 0.05*). 
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5.3.4  Characterization of Multimerized TALE Repressors 

The finding that a multimerized TALE containing a functional VP64 activation 

domain actually repressed gene expression prompted us to investigate whether or 

not a multimerized TALE repressor could be developed for gene repression.  We 

hypothesized that a multimerized TALE repressor could effectively block gene 

expression by steric hindrance as a result of their bulky size or actively repress 

genes when fused to a dedicated repressor domain.  To produce an active 

multimerized TALE repressor, we removed the VP64 activation domain of TALE-Fc-

VP64 and fused the heterochromatin protein 1 alpha repressor (HP1α) in-frame 

with the TALE DBD. The HP1α repressor is associated with gene silencing and when 

fused to a heterologous DBD, can nucleate repressive epigenetic changes leading to 

heterochromatin.  

 

As illustrated in Figure 5.8A, multimerized TALE repressors were constructed to 

target the transcription start site of the IL-2 promoter using the IL2E DBD.  The 

multimerized TALEs with no effector domain or fused to the HP1α repressor are 

herein referred to as IL2E-Fc or IL2E-Fc-HP1α, respectively.  In previous studies, we 

found that TALEs fused to HP1α are potent inhibitors of IL-2 gene activation at the 

transcriptional and translational level (Chapter 4).  Hence, to determine if 
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multimerization of TALE repressors aided in gene inhibition, we included monomer 

IL2E-HP1α for direct comparison.   

 

Using our IL-2 inducible 293FT system, we found that multimerized IL2E-Fc-HP1α 

effectively suppressed IL-2 gene activation (Figure 5.8B).   Furthermore, merely 

blocking the TSS using IL2E-Fc was ineffective in preventing inhibiting gene 

expression (Figure 5.8B).   However, potent inhibition (~60%) was seen when 

using IL2E-Fc-HP1α and functioned similar to monomer IL2E-HP1α.  In conclusion, 

these results demonstrate that although multimerized TALE repressors are 

functional, they are not necessary for potent inhibition of gene transcription and the 

presence of the HP1α repressor is the major determinant in this context. 
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Figure 5. 8  TALE-Fc-HP1α represses IL-2 gene expression.  (A) Illustration of 

multimerized TALE repressors and mechanism of action on the IL-2 promoter. (B) 

Comparative qRT-PCR analysis of fold change in IL-2 expression in the presence of 

multimerized and monomer TALE repressors in 293FT cells. Results shown are of 

one experiment (error bars, standard 5% error). 
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5.4  Conclusions & Discussion 

Currently, genome engineering technologies have shown great promise for 

modulating gene expression in vivo.  To effectively control gene expression, these 

systems rely on multiple artificial activators to elicit a potent response.  However, 

this may lead to ineffective gene therapies characterized by inefficient targeting of 

genes, reduction in delivery of GETs, increased toxicity, and inability to 

simultaneously target multiple genes.  In an attempt to address this challenge, we 

developed a novel multimerized TALE scaffold using the collabody or Fc domain to 

reduce the complexity required to rewire gene transcription pathways.   

 

In this Chapter, we showed that multimerized TALEs enhanced IL-2 gene activation 

when used alone or in any combination with a TALE-TBP activator.   Of these, Fc-

based TALEs were the most potent and their activity correlated well with their 

multimerization state.  However, multimerized TALEs were context-specific and 

their activity were unexpectedly modulated by an adjacent TALE-VP64 activator or 

vice versa.  Although multimerized TALE repressors exerted a strong inhibitory 

effect on IL-2 gene expression, it was not as potent as a monomeric TALE-HP1α.  

Therefore, we conclude that multimerized TALEs are a promising tool but will 

require additional design improvements to increase their predictability and 

stringency.    
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As for experiments conducted using a single multimerized TALE activator, we show 

that this provided a selective advantage over monomer TALE.  We speculate that in 

these instances collabody and Fc-based TALE activators enhanced IL-2 

transactivation by tethering multiple VP64 TADs to a single locus.  As shown in 

Figure 5.3, activation correlated well with the number of VP64 domains present at 

a single target site due to multimerization.  Thus, the Fc-based TALE activator 

worked the best because it formed a tetramer.  Mechanistically we can say that 

TALE tetramers are more potent because they tether four VP64 domains together.   

 

As we know, the VP16 TAD whereby the TALE-VP64 has four copies of the minimal 

VP16 TAD works in two distinct mechanisms.  The first being recruitment of various 

epigenetic modifiers, such as the SAGA or SWI/SNF complexes that can remodel the 

promoter’s chromatin structure (Hirai et al. 2010); and the second being the 

recruitment and subsequent interactions with the basal transcriptional machinery 

which includes the TATA-box binding protein (TBP) and RNA polymerase II (Pol II).  

These processes subsequently lead to initiation of gene transcription.  Therefore, 

multimerized TALEs may have functioned better because they were more efficient 

in recruiting and interacting with these factors and this led to increased IL-2 gene 

transcription.  
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Despite additive increases in gene expression, multimerized TALE activators did not 

synergistically activate gene expression.  However, synergistic gene activation was 

observed when coupling multiple monomeric TALE activators that targeted 

different sites.  This result strongly suggests that simply increasing the number of 

TADs found at single location on the gene promoter is not sufficient to synergize 

gene activity.  Rather multiple interactions amongst various spatially arranged TADs 

are required.  This finding is supported by the classical paradigm of eukaryotic gene 

activation and transcriptional synergy (Carey 1998; F.J. Herrera 2004).  As shown in 

similar experiments, multimerized zinc finger activators were found to 

synergistically activate gene transcription when designed to target multiple sites 

across a synthetic promoter (Lohmueller et al. 2012).   

 

Another possible explanation for lack of synergy is that TADs, like VP64, serve as a 

scaffold for assembly of multiple gene regulatory proteins.  Hence, tethering of 

multiple VP64 domains at a single location may limit the number of interactions 

possible in a defined space.  As for some transcription factors (e.g., FOXA1), two 

distinct TADs located at opposing poles of the protein allow for separation of 

transcription-related activities (Hirai et al. 2010).  However in experiments with a 

TALE activator  engineered with two distinct TAD domains (VP64-TALE-TBP), no 

synergistic effect was observed although, similar to multimerized TALEs, IL-2 gene 

activation was indeed further enhanced (Figure 5.7).  Taken together, we conclude 
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that engineering a TALE to have multiple TADs does not promote strong synergistic 

gene activation, but rather additive effects on transcriptional activation and that 

synergism most likely requires cooperative interactions between spatially 

separated transcription factors.  

 

Interestingly, we found that multimerized TALEs were differentially influenced by 

an adjacent TBP- or VP64-TALE activators (Figure 5.5 and 5.6).   As previously 

suggested by our lab, cooperative interactions between TBP and VP64 domains of 

TALE proteins enabled efficient gene transcription and perhaps stabilization of 

these proteins at the IL-2 promoter (Anthony et al. 2014).  To support this notion, 

many transcription factors take advantage of cooperative interactions to enhance 

their avidity for a particular DNA sequence (Crabtree and Olson 2002; Hirai et al. 

2010).  However, an explanation for why TALE-Fc-VP64 activators repressed IL-2 

gene expression in the presence of TALE-VP64 remains elusive.  We speculate that 

in this case TALE-Fc-VP64 interfered with either the TALE-VP64 DNA interface or 

necessary cooperative interactions between the two proteins were adversely 

affected.   One recent report suggests that neighboring transcription factors interact 

with each other to directly influence promoter activity (S. Kim et al. 2013).  These 

interactions dictate cooperative binding and are directly influenced by spatial 

distance and helical phasing along the DNA.  Moreover, these interactions control 

stability of the protein to the gene promoter.  Therefore, it is plausible that 
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multimerized TALEs in the presence of TALE-TBP formed a more stable interaction 

and this directly influenced its ability to activate gene expression.  

 

As shown in Figure 5.8, a multimerized TALE repressor (IL2E-Fc-HP1α) was not 

more potent than a monomeric TALE repressor (IL2E-HP1α).  We had previously 

hypothesized that the bulky nature of a multimerized TALE would be sufficient to 

inhibit gene expression. However, this was not the case and the presence of a 

multimerized TALE blocking the TSS had no significant effect on gene transcription.  

This is not surprising and, as previously shown in Chapter 4, active repressor 

domains are the most effective in consistently preventing promoter transactivation, 

perhaps via epigenetic mechanisms.   Furthermore, we had anticipated that 

multimerized TALE repressors would be more effective in repressing genes due to 

tethering multiple HP1α repressors across the TSS.  In theory, multiple HP1α at a 

single location would potently nucleate heterochromatic spreading across the IL-2 

gene promoter and silence gene expression.  However, both multimerized and 

monomeric TALE-HP1α repressed gene expression similarly (Figure 5.8).  In 

conclusion, we show in this Chapter that multimerized TALEs are a promising 

strategy to streamline artificial gene engineering technologies, but further studies 

are required to improve their potency, predictability, and stringency.   
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5.5  Future Directions 

The future direction of this project should strive to improve the multimerized TALE 

architecture.  Further investigations should determine the structural constraints 

imposed by tethering multiple TALEs, if any.  Secondly, the fact that only a portion of 

TALE proteins are multimerized suggests that additional mechanisms are required 

to promote full multimerization.  Indeed the case, the collabody domain has been 

shown to be modified by prolyl 4-hydroxylase at specific proline residues to 

stabilize and promote its multimerization (Berg and Prockop 1973).  This may 

explain why a significant amount of IL2A-Col-VP64 is not multimerized (Figure 

5.2).   Perhaps, the collabody and similar multimerization domains require a 

particular post-translational modification to be functional and stable.  Therefore, 

other multimerization domains that do not require such modifications may need to 

be tested.  

 

Additionally, the TALE multimer concept can be applied to other gene regulatory 

mechanisms to modulate gene expression.  As shown in the classical enhanceosome 

formation, looping of the DNA from a distal enhancer region to the core promoter 

enables cross talk between regulatory proteins.   In this instance, an Fc-based TALE 

activator could be used to connect distal regulatory sites to proximal sites to 

recapitulate natural gene activation paradigms such as those seen for the IFN-β 
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enhanceosome (Ford and Thanos 2010) or Runx2-mediated gene repression (Stein 

et al. 2004).  Additionally, different multimerization domains could be used to 

multimerize TALEs with different effector domains.  In conclusion, we present a 

novel multimerized TALE architecture that is promising and further studies on 

specific design criteria are needed before translating to cancer immunotherapy 

applications.   

 

 

 

  



 

 

174 

 

Chapter 6 

Gene Control using CRISPR/Cas9 

Technology 

 

“Comparative interrogation of CRISPR/Cas9 with TALEs 

reveals a selective preference for gene repression” 

 

6.1  Abstract 

The Type II CRISPR/Cas9 system (short for, Clustered Regularly Interspaced Short 

Palindromic Repeats/CRISPR-associated) is a microbial adaptive immune system, 

which utilizes a sophisticated mechanism to destroy invading nucleic acids.  

Adaptation of the CRISPR/Cas9 system to eukaryotes has ushered in a new era of 

genome engineering tools that enables rapid manipulation of the mammalian  
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genome.  However, comparative analysis of CRISPR/Cas9 technology to other well-

characterized genome engineering technologies is limited and further studies would 

provide insight into selecting the appropriate genome engineering technology to 

use, as well as highlight their advantages.   Here, we compared the CRISPR/Cas9 

system to TALE technology in the context of gene activation and repression using a 

set of previously characterized gene promoters.  In our studies, we found that 

multiple RNA-guided Cas9-VP64 activators synergistically activated the 

transcriptional silenced IL-2 gene in a non-immune cell line.  However, 

CRISPR/Cas9-mediated gene activation was less potent than TALE technology.  In 

most instances, Cas9 repressors severely disrupted CMV promoter activity and 

further corroborated previous TALE repression data.   Overall, comparative 

interrogation of CRISPR/Cas9 technology revealed a selective preference for gene 

silencing and therefore has strong implications for their application in developing 

novel cancer immunotherapies.  

 

 

 

 

 

Major Findings:  

1. Chimeric Cas9 activators and repressors are functional. 

2. Cas9 activators are less potent than TALE activators. 

3. In most instances, Cas9 repressors are highly potent (~80% k/d). 

4. Cas9 gene targeting is simple, rapid, and cost-effective. 
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6.2  Introduction 

CRISPR/Cas9 technology has ushered in a new era of genome engineering tools to 

specifically modify or control human genes.  When we started our work, little was 

known about CRISPR/Cas9 technology in the context of gene expression control.  

Since then, CRISPR/Cas9 has been effectively used to control and edit human genes.  

In comparison to TALE technology, the CRISPR/Cas9 technology is easier to 

construct, reduces laborious functional screens, and is highly cost-effective.  

Therefore, we sought to adapt the CRISPR/Cas9 technology to reprogram 

immunoadjuvant activity in cancer cells and to develop them as transcriptional 

repressors.  Furthermore, we aimed to interrogate their abilities to control gene 

expression as compared with TALE technology.   

 

In this Chapter, we rationed that the CRISPR/Cas9 technology could be engineered 

to potently control cytokine and viral promoter activity similar to TALE technology.  

To test this hypothesis, we developed a collection of nuclease-deficient Cas9-based 

gene regulators fused to VP64 (Cas9-VP64) for transactivation, and HP1α (Cas9-

HP1α) for transrepression.  To interrogate their function, we designed multiple 

guide RNAs to recognize two previously characterized gene promoters (e.g., IL-2 

and CMV) and compared their activity to TALE technology on similar DNA target 

loci.   
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Overall, we demonstrated that the CRISPR/Cas9 gene regulators effectively 

transactivated or transrepressed endogenous and reporter gene expression in their 

respective context.  However, we found that Cas9-VP64 activators were less 

effective than TALE activators in transactivating endogenous IL-2 gene expression.  

Conversely, Cas9 repressors, with and without active repressor domains, were able 

to abolish up to 80% of constitutive, non-chromosomal CMV promoter activity.  

Although further studies are required to improve CRISPR/Cas9 potency to compete 

with TALE technology, we demonstrate that Cas9 technology demonstrates a 

selective preference for gene silencing; and therefore, may be better suited for 

silencing genes, which negatively impact cancer immunotherapy.  

 

6.3  Results 

6.3.1  Multiplex Targeting of an IL-2 specific Cas9-VP64 Activator 

To construct Cas9 activators as shown in Figure 6.1A, we synthesized a codon-

optimized Cas9 gene for mammalian expression (OriGene, Rockville, MD).  To 

inactivate its catalytic activity, the *RuvC (D10A) and *HNH (H840A) domains were 

mutated using site-directed mutagenesis.  For proper nuclear localization and 

Western-blot detection, two SV40 nuclear localization sequences (NLS) and a 

hemagglutinin (HA) epitope were inserted in-frame to the C-terminus of Cas9.  For 
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potent transactivation, the conventional VP64 (64) transactivation domain (TAD) 

was fused in-frame to catalytically dead Cas9 gene.  As shown in Figure 6.1B, the 

Cas9-VP64 activator was highly expressed at its predicted molecular weight (~160 

kDa) in HEK293FT cells.   

 

To target Cas9-VP64 to the IL-2 promoter, we designed six guide RNAs that 

recognized specific sequences within ~400 bp of the transcription start site (TSS).  

The guide RNAs were designed to target a 30-nucleotide protospacer preceding the 

PAM sequence within the IL-2 promoter (Figure 6.1C).  To simultaneously express 

all six guide RNAs, we synthesized a CRISPR array containing the six guide RNAs and 

direct repeats under the control of the Pol III U6 promoter (The U6 CRISPR array 

scaffold was a kind gift of Jeff Spencer, Dr. Shaun Zhang’s Lab).    

 

 

6.3.2  RNA-Guided Cas9-VP64 Transactivates the IL-2 Promoter 

Next, we sought to interrogate Cas9-VP64 function on the silent IL-2 promoter in 

293FT cells.  Previously, we have shown that a unique chimeric TALE-TBP in 

combination with TALE-VP64 activators potently induces IL-2 gene expression in 

non-immune cells where it is otherwise completely silenced (Anthony et al. 2014).  
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Therefore, we used TALE activators as a tool to gauge Cas9-VP64 potency.  In 

preliminary experiments, we tested whether or not a single guide RNA could induce 

IL-2 transactivation.  In data not shown, a single guide RNA failed to robustly 

activate IL-2 gene expression.  As shown in Figure 6.2, multiple guide RNAs 

complexed with Cas9-VP64 successfully transactivated the IL-2 promoter.   

However, Cas9-VP64 or guide RNAs alone exhibited unexpected basal IL-2 

activation (~2x).  As compared to TALE activators, Cas9-VP64 transactivation of the 

IL-2 promoter was a modest 20-fold in contrast to ~9,000-fold for TALE activators 

(Figure 6.2). Taken together, Cas9-VP64 activators are functional but not as potent 

as TALE-based activators.  
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Figure 6. 1  Design architecture of Cas9-VP64 and IL-2 guide RNA target sites.  

(A) Illustration of the Cas9-VP64 architecture. 64 = VP64; HA = hemagglutinin 

epitope; ‘*’ indicates catalytic inactivation. (B) Western-blot detection of Cas9-VP64 

in 293FT cells using anti-HA.  The TALE IL2A-VP64 activator was used as a positive 

control and GFP as a negative control.  (C) IL-2 guide RNA target site selection.  Each 

individual protospacer is indicated as ‘crIL-2’ followed by a number to indicate its 

position relative to the TSS.  The PAM for each guide RNA is highlighted in blue.  

TALEs are indicated by their corresponding alphabets. All TALEs are fused to VP64 

except for D’, which is fused to TATA-box binding protein (TBP).  Specific IL-2 

promoter response elements (e.g., NFAT, Oct-1), the TATA-box, and the TSS are also 

indicated.  
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Figure 6.2  Multiple RNA-guided Cas9-VP64 activates the silenced IL-2 

promoter.  Multiplex targeting of four TALE activators (AD’CF) or six guide RNAs 

complexed with Cas9-VP64 (Cas9) transactivates the silenced IL-2 gene in 293FT 

cells.  Cas9 alone or with the negative guide RNA scaffold [(-) gRNA] were used as 

additional negative controls.  IL-2 transactivation was determined by qRT-PCR and 

results are expressed as fold change in IL-2 transcripts relative to empty vector 

control.  The y-axis is in log scale.  Results shown are of two biological replicates.  

The error bars are mean +/- S.E.M.  
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6.3.3  RNA-guided Cas9 repressors Target the CMV Promoter 

In Chapter 4, we showed that a TALE-HP1α was a powerful repressor of cytokine 

and viral promoter activity.  To determine if Cas9 could be adapted to potently 

inhibit genes, we fused Cas9 to HP1α (Cas9-HP1α) or removed the VP64 domain 

(Cas9-del) as shown in Figure 6.3A.  Western-blot analysis confirmed expression of 

both chimeric Cas9 repressors (Figure 6.3B).  As shown in Figure 6.3C, six guide 

RNAs were designed to target various cis-regulatory elements in the CMV promoter.  

More importantly, guide RNAs were designed to target not only the gene promoter 

(T-CAAT, T-TATA, NT-TSS) but also the 5’-UTR (NT-MCS) and the coding region of 

the GFP-luciferase fusion gene (NT-Ribo1 and NT-Ribo2).  Guide RNAs were 

selected to target a 20-nucleotide protospacer preceding the PAM sequence on 

either the template (T) or non-template DNA strand (NT).  In this case, a chimeric 

guide RNA was synthesized as previously described (Jinek et al. 2012) and a single 

guide RNA inserted in a single plasmid for transrepression experiments.     
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Figure 6. 3  Cas9-del and Cas9-HP1α repressors are targeted to the CMV 

promoter.  (A) Illustration of the Cas9 repressors used in this study.  The VP64 

domain was replaced with either HP1α (Cas9-HP1α) or no repressor domain as a 

control (Cas9-del).   (B) Western-blot detection of Cas9 repressors using anti-HA 

detection in 293FT cells.  Cas9-VP64 was used as a positive control.   (C) Schematic 

of the CMV promoter and target sites for guide RNAs.  The protospacer is indicated 

in blue and the PAM is highlighted in red.  Important cis-regulatory elements are 

indicated in red. TSS = transcription start site.  The GFP-luciferase ORF-1 is shown 

underlined in green.    
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6.3.4  Cas9 Repressors Fail to Inhibit CAAT-box Dependent  

CMV Promoter Activity 

First, we sought to compare Cas9 repressor function to that of TALE repressors.  In 

Chapter 4, we tested our TALE repressors using a CMV luciferase reporter, which 

allowed for sensitive detection of repression activity.   Previously, we engineered 

TALE repressors targeting the CAAT-box, which is a strong cis-acting element 

required for transcription initiation and is bound by the NF-Y transcriptional 

activator (Chapter 4).  For comparative analysis, a guide RNA was designed to target 

a similar location as TALE repressors (Figure 6.4A).  To test these constructs, 

EC9706 cells were transfected with the TALE-1NK repressors or Cas9 repressors 

plus a guide RNA construct and luciferase expression was measured at ~48 hours 

after transfection.  As negative controls, an empty vector control or a non-specific 

guide RNA construct were included to control for TALE and Cas9 repressor function, 

respectively.  As shown in Figure 6.4B, Cas9 repressors failed to inhibit CAAT-box 

dependent gene expression.  In contrast, TALE repressors abolished 70% of 

luciferase expression.   

 

To further interrogate Cas9 repressor function, we tested the remaining guide RNAs 

for their ability to inhibit CMV promoter activity.  Surprisingly, Cas9 repressors 

targeting regions other than the CAAT-box potently disrupted up to 80% of 
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luciferase expression (Figure 6.5).  Using combinations of guide RNAs were slightly 

more effective than single guide RNAs.  However, both Cas9-del and Cas-HP1α 

potently disrupted reporter gene expression.  Taken together, Cas9 repressors are 

functional and appear to be more effective as repressors rather than as activators.  
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Figure 6. 4  Cas9 repressors failed to inhibit CAAT-box dependent gene 

expression.  (A) Schematic of the CMV promoter showing target site location for 

both TALE and Cas9 repressors.  The CAAT-box is underlined in purple.  The target 

site of TALE-1NK is underlined and indicated in purple.  The Cas9 protospacer is 

underlined in red and the PAM shown in green.    (B) Comparative analysis of Cas9 

and TALE repression using a CMV luciferase reporter.  Results are shown as fold 

change in luciferase expression relative to H2B-mCherry or control guide RNA.  

Results shown are of two independent experiments (error bars = mean +/- S.E.M.).  

Student’s t-test (p < 0.05*). 
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Figure 6. 5  Cas9 repressors potently inhibit non-chromosomal luciferase gene 

expression when targeted effectively.   Cas9 without a repressor domain (Cas9-

del) or with the HP1α repressor domain (Cas9-HP1α) were evaluated at several 

strong cis-regulatory elements in addition to the 5’-UTR or coding region of genes.  

These locations block Pol II transcriptional initiation or Pol II elongation.   Results 

shown are fold change in luciferase activity versus control.  A guide RNA that does 

not recognize the CMV promoter was used as a control.  Results shown are of two 

biological replicates (error bars are mean +/- S.E.M.).  Statistical significance was 

determined by a student’s t-test (p < 0.05*, p < 0.005**). 
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6.4  Conclusions and Discussion 

With the advent of CRISPR/Cas9 technology in 2013, we developed a collection of 

Cas9 activators and repressors to effectively modulate human gene expression.  

Upon comparative interrogation of their function to TALE technology, we found that 

Cas9 activators were less potent than TALE activators in the context of this study.  

Conversely, CRISPR/Cas9 technology exhibited a selective preference for gene 

repression.  Although the precise mechanism governing this selective preference 

remains elusive, this study and other Cas9 reports may provide insight.   

 

Prior to recent reports, we demonstrated that multiple RNA-guided Cas9 activators 

induced chromosomal gene expression (Figure 6.2).  However in the context of this 

study, Cas9-mediated gene activation was apparently not as effective as TALE 

technology, at least on the IL-2 (Figure 6.2) and GM-CSF promoters (data not 

shown).   In parallel with our work, several independent labs corroborated our 

findings on a plethora of human genes (Mali et al. 2013a; Perez-Pinera et al. 2013b).  

Yet, the factors contributing to these findings are unknown.  We speculate that 

possible inherent Cas9 properties or failed targeting strategies may be involved.    
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One inherent property of CRISPR/Cas9 is R-loop formation mediated by Cas9-

dependent helicase activity (Howard et al. 2011; Jore et al. 2011).  DNA recognition 

is mediated through complementary guide RNA binding to unwound DNA and thus 

forms a R-loop structure (Howard et al. 2011; Jore et al. 2011).  Although required 

for DNA recognition, we speculate that these R-loop structures may prevent or 

destabilize Pol II transcription.  Indeed the case, a recent study showed that Pol II 

transcription was impeded on R-loop containing DNA structures (Yang et al. 2014).  

A prior study in yeast and HeLa cells revealed that R-loop structures promoted 

chromatin condensation (Castellano-Pozo et al. 2013).  Likewise, formation of 

multiple R-loops across the IL-2 promoter may have hindered effective IL-2 

transactivation in comparison to TALEs, which do not form such structures (Figure 

6.2).    And perhaps, this explains why CRISPR/Cas9 technology was most effective 

in gene repression studies (Figure 6.5).  Collectively, these results suggest that 

inherent properties of Cas9 targeting mechanism may influence potency of gene 

activation.   

 

Another possibility is that Cas9 activators were not properly targeted for successful 

gene activation.  Previously, we have shown that TALEs activate silent gene 

promoters by alleviating repressive chromatin structures (Anthony et al. 2014).  As 

previously shown, IL-2 gene silencing as a result of repressive chromatin is 
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mediated by a distinctly placed nucleosome located -60 to -200 bp upstream of the 

TSS (Attema et al. 2002).  As shown in Figure 6.1C, most IL-2 specific guide RNAs 

were designed outside of this location.   Conversely, TALE activators (AD’CF) 

directly target repressive chromatin.  Therefore, Cas9 activators may have been less 

effective than TALEs because they were not targeted to critical regions within the 

IL-2 promoter that permit transactivation.  Although this argument is convincing, it 

does not explain why Cas9-mediated gene activation is less effective across multiple 

independent studies. Therefore, it is possible that inherent Cas9 properties rather 

than improper targeting or a combination of these factors may have led to reduced 

gene activation.    

 

On the other hand, guide RNA stability and secondary structure may have also 

played a role in Cas9 function.  As shown in Figures 6.4, RNA-guided Cas9 

repressors targeting the CAAT-box, but not other areas across the CMV promoter 

(Figure 6.5) were severely impaired.  In RNA secondary prediction tools, this CAAT-

box guide RNA was predicted to form a strong secondary structure with a melting 

temperature of 53°C and ΔG = -2.92 kcal mole-1 (IDT DNA, Oligo Analyzer 3.1).  

Obviously, this is above the physiological conditions of mammalian cell culture.  

More important, the negative change in Gibb’s free energy indicates that this 

structure will occur spontaneously; thus, these factors may have inactivated the 
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CAAT-box guide RNA and prevented proper Cas9 targeting.  As reported by Hsu et 

al., different guide RNAs can exhibit varying RNA stabilities and complexities that 

alter their function (Hsu et al. 2013).  Furthermore, recent studies suggest that more 

than one guide RNA should be designed to account for poor RNA-targeting 

efficiencies (Shalem et al. 2014).  Taken together, we believe that the results 

observed using the CAAT-box guide RNA may be directly linked to guide RNA 

inactivation.   

 

Supporting this proposal, subsequent guide RNAs targeting other regions within the 

CMV promoter potently inhibited gene expression.  As shown in Figure 6.5, Cas9 

repressors potently impaired 80% of CMV promoter activity when targeted to the 

core promoter, 5-UTR or the gene-coding region.  These results demonstrated that 

Cas9 repressors are as potent as TALE-based repressors (Chapter 4).   Consistent 

with our Cas-HP1α, a Cas9-KRAB was also shown to effectively disrupt 50-90% of 

gene expression when targeted to similar locations (Gilbert et al. 2013; Qi et al. 

2013).  Furthermore at least on non-chromosomal genes, Cas9-mediated repression 

was independent of HP1α, supporting the previously described “Collision Model” (Qi 

et al. 2013).  In this model, targeting a Cas9 repressor to the gene-coding region 

leads to collision with Pol II and subsequently blocks further gene transcription.  

Moreover, this corroborates our previous findings on the repressive effects of 



 

 

192 

 

constructs lacking the HP1α repressor using TALE technology on the CMV promoter 

(Chapter 4).  However, at least for some chromosomal genes, a Cas9-KRAB was 

more potent than a Cas9 without the KRAB domain when targeted to the proximal 

promoter (Gilbert et al. 2013).  Hence, we propose that Cas9 repressors inhibited 

gene expression by either blocking transcription initiation or Pol II elongation when 

targeted to core promoter cis-regulatory elements, such as the TATA-box or to the 

coding region.  Further studies are required to determine if Cas9-based repressors 

effectively inhibit other chromosomal genes.   

 

6.5  Future Directions 

Future experiments should determine if CRISPR/Cas9 technology is suitable for 

cancer immunotherapy applications and similar applications.  Because eukaryotic 

cells also sense invading nucleic acids, it will be interesting to see if guide RNAs 

induce nucleic acid sensing pathways such as, RIG-1 and related pathways (Cao 

2009).  This could lead to undesirable guide RNA degradation or non-specific 

activation of the innate immune response, which may or may not be good for cancer 

immunotherapy applications.  Similarly, the consequence of R-loop formation on 

host genome stability should also be explored.  Several reports demonstrate that R-

loop structures promote genomic instability and impede other genetic mechanisms.   
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If the case, this will compromise translation of CRISPR/Cas9 technologies to gene 

therapy applications.  As for TALEs, these proteins are natural transcription factors, 

bind DNA without compromising DNA integrity and thus, may be more suitable for 

further developing novel cancer immunotherapies.  And lastly, further studies 

testing Cas9 orthologs with varying effector domains should be explored to diversify 

Cas9 function.  Recently, George Church’s group have identified a panel of Cas9 

orthologs from other bacterial species (Esvelt et al. 2013). In theory, these Cas9 

orthologs could be fused to diverse effector domains to carry out concomitant 

biological functions.  
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Chapter 7 

Concluding Remarks 

 

The ability to genetically reprogram cancer cells has great implications for cancer 

immunotherapy.  In our conceptual model, we proposed that TALE and 

CRISPR/Cas9 technologies could be used to reprogram cytokine gene expression in 

a variety of aggressive epithelial cancers.  In this dissertation, I have provided strong 

evidence for the ability of TALE and CRISPR/Cas9 technologies to effectively 

reprogram cytokine gene expression in epithelial cancers.  In testing our major 

hypothesis, we developed a unique collection of transcriptional activators and 

repressors using TALE and CRISPR/Cas9 technologies.  While developing these 

technologies, we have established a set of rules governing their potency and 

comparatively interrogated these technologies in the context of gene activation and 

repression.  More important, we have found that these technologies are capable of 

remodeling repressive chromatin structures and modulating complex immune 

signaling pathways.  Ultimately, this dissertation work will be translated to our 

conceptual model to determine its implication to cancer immunotherapy  
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To conclude my work, I want to give an account of how to activate and repress genes 

using these technologies, which I have learned as these technologies have evolved.  

First, how to activate transcriptional silent, chromatin-located cytokine genes?  

Unlike immune cells, epithelial cells do not possess the capacity to activate cytokine 

gene expression on their own.  This is because epithelial cells lack the appropriate 

extrinsic and intrinsic cellular machinery required to activate cytokine gene 

expression (e.g., T-cell receptors).  Furthermore, cytokine genes are located in a 

repressive chromatin environment and therefore inaccessible to gene activating 

signals. Hence, reprogramming epithelial cancers to produce cytokines should 

present a challenge.  

 

In general, to activate silent genes, multiple TALE activators must be targeted to 

multiple locations across the gene promoter (Chapters 3).  This strategy leads to 

robust and synergistic gene activation.  More importantly, using potent TADs is 

essential for transactivation potency (Chapter 3).  For example, TALE-TBP was 

shown to be more potent than TALE-VP64.  As seen on two different cytokine gene 

promoters and in multiple cancer cell lines, TALE-TBP enhanced synergistic gene 

activation by 2 to 11-fold.  This phenomenon was more evident at the protein level.    

Indeed the production and subsequent secretion of IL-2 and GM-CSF in epithelial 

cancer cells was quite remarkable considering these genes are otherwise silenced.  
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However, it is important to note that different cell lines will express different levels 

of the desired gene product.  This is clearly shown in Chapter 3.  More important, 

epithelial cancers do not produce the same amount of IL-2 or GM-CSF that may be 

found in T-cells.  As the induction of normal cytokine gene expression is coordinated 

by multiple, highly regulated mechanisms in T-cells, it is easy to understand why 

protein expression may be different in epithelial cancers.  Therefore, as I alluded to 

in the future direction of Chapter 3, post-transcriptional mechanisms also play a 

crucial role in gene and protein expression.  Further studies are required to 

determine whether or not the levels of IL-2 and GM-CSF produced in reprogrammed 

cancer cells are sufficient to traffic immune cells to the tumor site.  

 

Moreover, I want to address the influence of chromatin on the ability to activate 

genes or chromatin-mediated gene repression.  As for silent or repressed genes like 

IL-2 and GM-CSF, their gene promoters require extensive chromatin remodeling 

prior to transcriptional activation.  We also provide support for this notion in 

Chapter 3.  Therefore, it may be important to understand the native gene regulatory 

mechanisms associated with a particular gene before attempting to activate it.   This 

will allow for better TALE or Cas9 design.  As shown in Chapter 6, Cas9-mediated 

gene activation was severely compromised in comparison to TALE technology.  This 

may be due to several reasons and we cannot exclude design criteria as a possibility.  
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In contrast to TALE activators, Cas9 activators were designed with negligible regard 

for the chromatin structure.  Based on previous TALE activation data in Chapter 3, 

chromatin structure plays a vital role in gene activation and may be considered as 

part of the design process until further studies suggest otherwise.   

 

To successfully repress genes, the rules of activation may not necessary apply 

similarly.  Although synergistic gene activation requires two or more artificial 

activators, gene repression does not always follow this rule.  This may be especially 

the case when targeting weak levels of endogenous promoter activity.  However 

under conditions of highly expressed genes, for instance IL-2 activation in T-cells, 

potent gene repression required combinatorial effects from multiple TALE 

repressors.  Moreover, this strategy promoted apparent synergism between TALE 

repressors.  Furthermore, strong gene repression (at least 50%) is required to 

observe impairment of downstream cell signaling events.   

 

Nonetheless, gene repression is most successful when genetic repressors are 

directly targeted to the core promoter of a gene, preferably the TATA-box or TSS.  

This most likely inhibits transcription initiation directly by interfering with TBP and 

Pol II binding.  In addition, the 5’ -UTR AND GENE-CODING regions are also potent 

areas for gene repression.  In Chapter 6, Cas9 repression experiments revealed that 
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targeting the gene coding region or the 5’-UTR were also effective sites for gene 

inhibition, at least on non-chromosomal genes.  Here, we speculate that perhaps Pol 

II stalls once it encounters a Cas9 repressor and this subsequently leads to 

inhibition of Pol II elongation.  Consistent with other Cas9 reports, this mode of gene 

repression is previously described in the literature as the “Collision Model” (Qi et al. 

2013). In most instances, one TALE or CRISPR/Cas9 repressor was sufficient for 

gene repression.  However, whether this strategy will work for gene promoters that 

have pre-loaded Pol II and/or pre-initiation complexes is unknown.   From the work 

presented here, this cannot be deduced.  But, I speculate it may be possible and will 

depend on competitive inhibition.  In Chapter 4, we clearly showed that the choice 

of repressor domain is critical for gene repression (e.g., TALE-WRPW vs. TALE-

HP1α).  These domains are dynamic and influenced by their environment.  Overall, 

the HP1α repressor was found to be the most potent and most consistent repressor 

on both non-chromosomal and chromosomal gene targets.  When choosing a 

repressor domain, previous well-characterized repressor domains implicated in 

gene silencing are ideal candidates.  

 

In light of understanding how to successfully activate or repress genes, our next 

challenge is how to develop less complex genetic tools? Whether or not we will be 

able to streamline genome-engineering technologies remains enigmatic.  Based on 
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our findings in Chapter 5 and what we know about natural eukaryotic gene 

activation, I conclude that the ability to do so will strongly rely on cooperative 

interactions.  Perhaps increasing the affinity of a TALE protein for DNA may also 

lead to increased TALE-mediated gene activation and eliminate the need for several 

TALE proteins.  Alternatively, our multimerized TALE scaffold may be used for other 

aspects of gene regulation such as connecting distal enhancers to proximal control 

regions.  Further interrogation of these strategies would be insightful.  

 

As we move forward with in vivo translation of our work, we envision that genetic 

reprogramming of cancer cells to acquire immunoadjuvant activity will be an 

effective strategy to establish a robust anti-tumor immune response.  This will be 

especially true when used in combination with other targeted immunotherapies.  In 

contrast to other therapies, our approach is designed to harness the intracellular 

machinery of cancer cells to attract immune cells to their precise location.  As we 

continue to develop our technology, it will be interesting to see the implications of 

this dissertation work to cancer immunotherapy. 
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Chapter 8 

Future Directions 

 

8.1  In vivo Translation of Conceptual Model 

Based on our experimental evidence, we now possess a collection of potent genetic 

tools to reprogram cancer cells to produce immune stimulating cytokines.  Further 

characterization of our conceptual model should determine its implication to anti-

tumor immunity and cancer immunotherapy.  First, we must further characterize 

our technology in vitro to determine if the amount of cytokines produced by cancer 

cells is sufficient to exert potent effects on immune cells as predicted. If successful, 

translation of these technologies to an in vivo immune-competent murine model will 

provide insight on the therapeutic efficacy of this dissertation work.  

 

In addition, further refinement of TALE and CRISPR/Cas9 technologies should also 

be considered.  We anticipate that robust genetic reprogramming of cancer cells and 
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activation of immune modulatory events will be strongly correlated with the 

potency of genetic modulators.  Furthermore, the search for more potent activation 

domains, streamlined architectural design features, and exploration of novel DNA-

binding domains may offer attractive strategies to develop more potent cancer 

immunotherapy tools.   

 

8.2  Multi-targeted Cancer Immunotherapies using GETs 

The success of cancer immunotherapy relies on four distinct facets: (1) anti-tumor 

immunity, (2) tumor immunogenicity, (3) blockade of immunosuppression, and (4) 

other tumor-enabling mechanisms.  Thus far, we have focused on developing 

strategies to direct and enhance the anti-tumor immune response through 

modulating communication between the tumor cell and immune cells.  However, 

developing additional strategies to disengage tumor-enabling mechanisms could 

also enhance cancer immunotherapies.   

 

For example, the mechanism by which the tumor receives nutrients is also a critical 

component of cancer.  To receive nutrients, the tumor must establish a dedicated 

blood supply by creating new blood vessels to support its nutrient requirements 

and this in itself enables proliferation in addition to supports mechanisms to inhibit 
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immune cell extravasation.  Impairment of immune cell extravasation as a result of 

inadequate cell surface adhesion molecules (e.g., ICAM-1) leads to tumor immune 

evasion.  Hence, genome-engineering technologies could be used to target other 

aspects of cancer progression and develop strategies to genetically modulate tumor 

vasculature and immune cell extravasation.   

 

Furthermore, the presence of cancer stem cells also presents a challenge for cancer 

immunotherapy.  Cancer stem cells (CSCs) are a subpopulation of cancer cells that 

possess stem cell-like characteristics, such as self-renewal, increased proliferation 

potential, and are able to differentiate into distinct cancer cell types within the 

tumor microenvironment. One strategy to eradicate CSCs is to utilize the genetic 

tools we have developed to down-regulate expression of genes, which promote 

immune evasion such as, the phagocytosis inhibitor, CD47 or “don’t eat me signal” 

(Chao et al. 2012; Naujokat 2014).   Successful inhibition of CD47 on the surface of 

CSCs would promote CSC destruction by the immune system.   More importantly, 

because CSCs are generally quiescent, these cells could be reprogrammed and 

forced to enter the cell cycle.  This would promote cell division and sensitization to 

conventional cancer therapies. In theory, we envision that a combination of genome-

engineering tools could be given in a single dose to exert a plethora of functions 
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from immune modulation, to targeting the cancer blood supply, to eradication of 

CSCs.   

 

8.3  Integration of GETs to Clinical Diagnostic  

The TALE and CRISPR/Cas systems are composed of naturally occurring DNA 

binding proteins, which utilize two distinct mechanisms to recognize specific DNA 

sequences.  Due to these inherent features, we anticipate that these systems can be 

exploited not only for development of novel therapeutics but also for providing 

diagnostic and prognostic information relevant to disease. Within the last year, a 

few independent studies have been devoted to repurposing these technologies for 

diagnostic purposes.   Thus far, these studies have demonstrated the ability to 

visualize live, the chromatin and chromosomal dynamics in a single cell or whole 

organism, using fluorescently-tagged TALE proteins (e.g., TALE-Lights) or RNA-

guided Cas9-GFP chimeras (Anton et al. 2014; B. Chen et al. 2013; Miyanari et al. 

2013; Miyanari 2014). Developing these technologies to provide diagnostic and 

biological relevant information not only allows scientist to probe the biological 

function of cellular events but also to understand the underlying dynamics of these 

events in response to environmental cues.  More fascinating is that these 

technologies have been demonstrated to distinguish differences in DNA sequences 
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at the level of a single nucleotide and a recent study shows that parental 

chromosomes can be distinguished through single nucleotide polymorphisms 

(SNPs).  Therefore, TALE and CRISPR/Cas9 systems have strong implications for 

developing diagnostic platforms, which reveal the presence of disease at the genetic 

level.   

 

As for my own interests, I envision that these technologies will be integrated into 

diagnostic assays, which are designed to detect pathogen infection. Current 

methodologies to diagnose pathogen infection rely on either indirect antibody 

detection methods (e.g., ELISA) or more direct methods to genetically identify the 

presence of a particular pathogen in the host (e.g., molecular-based methods).  

However, these assays lack sensitivity, ability to detect early pathogen infection, and 

are not readily available for rapid, point of care testing.  Conceptually, because TALE 

and CRISPR/Cas9 technologies possess inherent specificity for a user-specified DNA 

sequence, one could adapt these technologies for rapid, precise, and simple 

pathogen detection. 

 

Furthermore, fluorescent TALE or RNA/Cas9 complexes could be used to probe 

pathogen infection in cells or whole organisms in real time.  This type of technology 

could be harnessed to identify cancer abnormalities in live cells such as 
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translocations, mutations, and SNPs and thus replace laborious, static conventional 

diagnostic techniques.  Moreover, based on studies exploring chromatin dynamics, 

perhaps application of GETs to interrogate the chromatin dynamics of cancer or 

viral integrated genes offers novel prognostic values.  For instance, one could 

examine in real time the chromatin dynamics of tumor suppressor and proto-

oncogenes, the influence of therapeutic drugs on gene targets, or the progression of 

viral episomes from latency to reactivation (e.g., HSV-1).  This information could be 

used to shed light on diagnostic, prognostic and therapeutic determinants.  Hence in 

the future, genome engineering technologies will not only revolutionize how we 

treat disease but also how we diagnose and manage disease. The applications of 

these technologies are endless and they have implications for every aspect of 

biology. 
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