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Abstract 

 

Ferritin as a Transgenic MRI Reporter in Mouse Embryonic Stem Cells  

  By  Jun Liu 

 

 Embryonic stem cells hold great promise for regenerative medicine. To facilitate 

their translation into clinical practice, new methods to monitor stem cell transplant in vivo 

using transgenic MRI reporter are explored in the current study.   

Among potential choices for MRI reporter genes, we focused on two critical players in 

iron homeostasis: ferritin heavy chain (FTH) and transferrin receptor (Tfrc), and began 

our study with parallel comparisons of the function and safety of FTH, Tfrc and their co-

expression in clonal transgenic 293HEK and C6 glioma cell lines. It was discovered that 

un-regulated co-expression of FTH and Tfrc was associated with insignificant functional 

improvement but severe toxicity, so this combination was eliminated as a strategy. When 

expressed individually, FTH and Tfrc each were shown to be safe and effective MRI 

reporters. Closer examination of the underlying mechanisms of their reporter function 

suggested FTH was potentially the safer option between the two, being able to achieve 

the same level of MRI contrast with less intracellular iron accumulation, while retaining 

the capacity for effective regulation of iron uptake. FTH was subsequently chosen for 

introduction into mouse embryonic stem cells (mESCs).  

 In mESCs, moderate levels of FTH expression did not impair cell growth, nor 

were these levels disruptive to ESC pluripotency. When transplanted and monitored in 

vivo, FTH transgenes induced significant MRI contrast comparable to those achieved in 



 

other cell types. These findings suggest that FTH can function as a safe and effective 

molecular reporter in mESCs without external contrast agent. This has opened up new 

possibilities for stem cell imaging include longitudinal monitoring of cell transplants and, 

at the molecular level, potential to monitor differentiation status of stem cells and to 

detect expression of therapeutic genes in stem cell based gene therapies. Further efforts 

are needed to provide an accurate guideline of applicability and to improve on detection 

sensitivity of the transgenic reporter, before the full benefit of a MRI reporter-ESC 

combination can be realized.  
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1.1 Embryonic Stem Cells 

Life starts as a single cell, it is thus a certainty that at an early developmental 

stage some cells have the potential to divide and ultimately differentiate into all the cell 

types of the adult organism (zygote being the quintessential example). The possibility of 

maintaining such cells in vitro is of immense interest to research and medicine, and 

efforts over the past decades have culminated in successful isolation of pluripotent stem 

cells from many species, notably of mouse in 1981(Evans and Kaufman, 1981; Martin, 

1981), of non-human primates in 1995 (Thomson et al., 1995) and of humans in 1998 

(Thomson et al., 1998). These successes were built upon the insights that self renewing 

cells with extensive differentiation potential can be isolated from the inner cell mass 

(ICM) of blastocyst stage embryos and maintained in an undifferentiated state in culture, 

hence the name “embryonic stem cells” (ESCs).  

 Among the many features characteristic of ESCs, two are considered the 

hallmarks: unlimited self-renewal (generate additional unspecialized embryonic stem 

cells through division) and pluripotency (give rise to all cell types of the adult organism 

through differentiation) (Smith, 2001).  In contrast, adult stem cells (ASCs), 

undifferentiated cells isolated from more differentiated tissues, have more limited 

differentiation potential (multipotent) and cannot proliferate indefinitely in culture. Here 

is where names can become a bit misleading: ostensibly the nomenclature refers to the 

source of stem cell derivation (ASCs from adult tissue vs. ESCs from blastocyst stage 

embryo); however in reality, ASCs can be isolated from any stage of development. And 

with technological advances, ES-like cells have been derived from other (adult) cell 

sources using techniques such as somatic cell nuclear transfer (SCNT) (Byrne et al., 
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2007), or parthenogenesis (Revazova et al., 2008).  ES-like cells can be derived from 

non-blastocyst embryonic developmental stages (Brons et al., 2007), from fetal tissue 

destined for gonads (Shamblott et al., 1998) as well as adult gonads (Conrad et al., 2008), 

and now from epigenetic modification of adult cells resulting in induced pluripotent stem 

cells (iPSCs) (Takahashi et al., 2007; Yu et al., 2007). For the purpose of this thesis, the 

important functional definition of ESCs is that they are pluripotent stem cells with 

unlimited renewing potential. 

 Ever since the successful isolation of human embryonic stem cells (hESCs) in 

1998 (Thomson et al., 1998), the ESC has remained one of the hottest topics in 

biomedicine, and for good reasons. While the use of ASCs is less controversial, their 

applications are also constrained by ASCs’ replicative senescence and more limited 

differentiation potential. In contrast, ESCs, which combine long term self-renewal and 

pluripotency, could provide a source of unlimited supply of any cell type of interest. The 

potential applications of ESCs are many; they are invaluable as platforms for studying the 

very earliest stages of embryonic development, for studying cancer origins and 

progression, and are already widely used as models for drug development/ toxicity 

screening. For our interest in regenerative medicine, the current and future impact of 

ESCs on cell replacement therapy cannot be overstated. ESCs have two clear advantages 

here, one is supply: Cell replacement therapies have shown promise in the treatment of 

conditions ranging from Parkinson’s (Freed et al., 2001) to Type I diabetes (Efrat, 2002), 

and access to graft tissue has been one of the major bottlenecks to extend these successes 

(Bjorklund and Lindvall, 2000; McKay, 2000). The combination of self-renewal and 

pluripotency of ESCs could one day make the supply concerns obsolete. (It should also 
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be pointed out that for diseases with complex etiology like Parkinson's, at current stage 

stem cells therapy are no panacea but only a promising alternative, and has so far 

produced mixed results).The other advantage is gene therapy (Wobus and Boheler, 

2005): ESCs can be maintained indefinitely in vitro and are conducive to genetic 

engineering, which makes them natural complements to gene therapies. To start with, 

transgenic ESCs lines can be established to provide an undepletable source of cell based 

delivery of therapeutic genes. (It is important to note, however, that homologous 

recombination is much more difficult in human ESCs than in mouse ESCs.)  Unlike 

therapeutic strategies based on direct transduction of host cells with viral vectors, 

transplanting genetically modified stem cells could provide a renewable source of 

therapeutic gene product that can be selected and fine-tuned in vitro before in vivo 

delivery, a clear advantage under some circumstances. With further technological 

advances, they offer hope for even the most seemingly intractable cases of 

neurodegenerative disease from genetic defects. For example, it may be possible to 

witness one day treatment options involving iPSCs custom created for Huntington’s 

disease patients, genetically engineered in vitro to remove the inherited defects, 

differentiated into neural progenitor cells (NPCs) and autologously grafted back to the 

patients without the fear of rejection. Such a strategy has already been successfully 

applied in treating sickle cell anemia in a rodent model (Hanna et al., 2007). 

 Despite the great promises, ESCs have a rather thin resume when it comes to 

actual clinical applications; it wasn’t until the beginning of this year that the first human 

clinical trial of embryonic stem cell based therapy was authorized. On Jan 23rd 2009 FDA 

approved Geron to test embryonic stem cell derived pre-oligodendrocytes on patients 
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with acute, severe thoracic spinal cord injuries. Considering that human ESCs were only 

identified a decade ago, and the difficulties in handling human ESCs and political 

obstacles to their widespread use, this development of a therapy was not as delayed as it 

may first appear. Besides regulatory hurdles, the relative slow introduction of ESCs based 

therapies also reflects healthy scientific caution: ESCs not only hold great promise but 

can also carry significant risks. Transplants of undifferentiated ESCs are known to 

aggressively proliferate and form teratoma in vivo, even grafts post-differentiation are not 

risk free as exemplified by studies in which dopaminergic cell grafts derived from hESCs 

alleviated behavioral symptoms in rat model of Parkinson’s disease and were at the same 

time tumorigenic (Roy et al., 2006). Before pluripotent stem cells can be fully integrated 

into clinical practice, further technological advances in their maintenance, differentiation, 

graft selection, scaled production, organ/tissue engineering, in vivo monitoring etc. are 

necessary.  

 Our efforts focused on molecular imaging, that is, non-invasive in vivo 

investigation of cellular and molecular events involved in normal and pathological 

processes (Hoehn et al., 2008). More specifically, we focused on molecular imaging of 

stem cells with MRI reporter genes. In experimental models, stem cell grafts are already 

routinely monitored at the cellular level (often with the help of MRI contrast agents in the 

form of magnetic nanoparticles (Bulte et al., 2002) to follow their localization, migration 

and survival; and cellular imaging gained new urgency because of the potential for 

undifferentiated ESCs in a cell product to form tumors. Monitoring can also be extended 

to events at the molecular level that bear great relevance to ESCs based cell therapies, 

like the differentiation status of ESC-derived grafts or the activation status of therapeutic 
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genes that stem cell grafts are carrying. Effective monitoring of all these events can 

potentially be realized with the help of genetic engineering-- with the introduction of 

reporter genes into ESCs whose gene products can be visualized through a wide range of 

mechanisms across multiple imaging modalities. By non-invasively providing in vivo 

monitoring of stem cell grafts, of their localization, migration, survival, differentiation 

status, gene expression, and potential tumor formations (which can also be controlled 

with genetic engineering using suicide genes); molecular imaging has been and will 

continue to be an indispensable tool in the development of effective stem cell therapies.  

 

1.2 Brief review of imaging modalities 

Three imaging modalities are commonly used for the purpose of in vivo 

monitoring: optical imaging, nuclear imaging and magnetic resonance imaging, all of 

which have adopted reporter gene systems to varying degrees.  

Optical Imaging: The basis for optical imaging is the sensitive detection of 

photons of a specific light spectrum. Two major techniques of optical imaging are 

fluorescence imaging and bioluminescence imaging (Weissleder and Ntziachristos, 2003). 

The most familiar example of the fluorescence imaging camp is green fluorescence 

protein (GFP) and its variant, enhanced green fluorescence protein (EGFP). In a typical 

in vivo scenario, tissue of interest expressing an EGFP transgene will emit green (509 

nm) light in response to excitation, which can be visualized as long as the target is 

located sufficiently close to the body surface. An alternative fluorescence imaging 

approach uses the near infrared spectrum, which requires exogenous administration of 

fluorochromes for the benefit of improved tissue penetration and reduced 
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autofluorescence. Both these approaches are limited by tissue penetration of photons, 

with effective penetration depth measured only in the millimeter range. Bioluminescence 

imaging follows the same general principles as fluorescence imaging. The difference lies 

in the reporter gene (luciferase) used and its corresponding substrate (luciferin). Unlike 

fluorescence imaging, bioluminescence imaging does not require excitation light, thus is 

less confounded by background light or autofluorescence. Bioluminescence has greater 

sensitivity and improved tissue penetration (1-2 cm) (Massoud and Gambhir, 2003) than 

fluorescence imaging.  

As an imaging modality, optical imaging is easy and inexpensive to perform with 

good sensitivity. It has relied heavily on reporter gene systems and found applications in 

both cell trafficking (Kaneko et al., 2001) and monitoring gene expression (Spergel et al., 

2001). Its greatest limitation is the scattering and attenuation of photons as they transmit 

through tissues, which effectively limits in vivo applications of optimal imaging to very 

small animals. From the perspective of reporter genes for stem cells, optimal imaging is a 

decent choice for small animal imaging but not a practical choice for in vivo monitoring 

on large animals. Still, thanks to its many conveniences fluorescence reporters like GFP 

can serve as good auxiliary reporters for double confirmation of other reporter genes of 

interest, a strategy that has been successfully used in the past and adopted in the current 

study.  

Nuclear Imaging: Both Positron emission tomography (PET) and Single photon 

emission computed tomography (SPECT) imaging, the two prominent modalities nuclear 

imaging, rely on administration of radioactive tracer that allows detection of gamma ray 

emissions from targets of interest, from which three dimensional images are constructed 
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(Rosenthal et al., 1995; Cherry and Gambhir, 2001). Early nuclear imaging efforts mostly 

relied upon the direct measurements of metabolic activities, like PET imaging of glucose 

utilization ([18F] fluorodeoxyglucose FDG), but the versatility of PET imaging has since 

been greatly expanded owing to the development of reporter gene systems, which allow 

visualization of selective interactions between radiolabeled probes and their many 

potential targets of enzymes, receptors or transporters (Gambhir, 2002).  One prominent 

example of a PET reporter gene is herpes simplex virus type 1 thymidine kinase (HSV1-

TK) (Gambhir et al., 1999; Gambhir et al., 2000). HSV1-TK is capable of 

phosphorylating a number of thymidine analogs that are unresponsive to mammalian 

thymidine kinase, and its expression can be visualized by trapping phosphorylated 

radiolabeled substrates inside the cell.  

As an imaging modality, PET imaging has multiple advantages when it comes to 

sensitivity, versatility, quantification and tissue penetration (no limit). Its reporter gene 

system has already found applications in embryonic stem cells, with the additional 

benefit that HSV1-TK could function as a suicide gene when a pharmacological dosage 

of ganciclovir is administrated (Schuldiner et al., 2003; Cao et al., 2007), a strategy used 

in experimental therapies of human tumors.  Image resolution, in the 1-2 mm range, is a  

limitations that can be overcome when PET is linked to MRI or CT systems (Jacobs and 

Cherry, 2001). The most significant limitation of PET imaging is the prohibitive cost 

associated with its establishment, maintenance and functioning (short half-life of many 

radioactive tracers often requires onsite synthesis), which in turn limits the availability of 

PET systems in stem cell research.  
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Magnetic Resonance Imaging: When placed in a strong magnetic field, the 

unpaired nuclear spins align with the field forming a net magnetization vector parallel to 

the magnetic field. In response to radiofrequency pulses that match the Larmor frequency 

of hydrogen atoms (hydrogen atoms are preferably targeted due to the abundance of 

water in the body); the spins absorb energy and the magnetization vector changes 

orientation. Afterwards the spins will release energy and revert to the original state, a 

process called relaxation which varies depending on the physicochemical environment. 

The relaxation process is detected by the scanner and translated into MRI signal; thanks 

to the fact that differences in tissue composition have significant impact on relaxation 

parameters. By careful design of the imaging paradigm, those differences can be captured 

and recreated as MRI contrasts(Massoud and Gambhir, 2003). 

As an imaging modality, MRI is ideal for many applications involving stem cell 

grafts. Like PET, it has no limit of tissue penetration. It boasts great spatial resolution and 

tissue contrast, and has the potential to combine anatomical, functional (fMRI) and 

molecular imaging (Hoehn et al., 2008). Since MRI does not require radioactive probes 

and thus is free from major safety (dosage of radiation) and logistic (onsite 

cyclotron/chemical lab) concerns of PET imaging, it can be performed repeatedly in most 

patients. Both the system and its maintenance are significantly less expensive than PET 

(despite the fact medical bills involving MRI services often compel people to conclude 

otherwise), and it is widely available thanks to its clinical relevance.  

Given the current stage of developments in molecular imaging, we decided to 

pursue an MRI based reporter gene system for in vivo molecular imaging of ESCs. The 

choice of MRI over other systems reflects the following considerations: (1) Originality, 



 10

the fact that MRI is the only modality that has not seen application of reporter genes in 

ESCs poses both a challenge and an opportunity. (2) Clinical/research relevance, many 

promising ideas on stem cells are poised to progress to the stages where trials on non-

human primates or human are necessary, thus optical imaging was ruled out because of 

its severe limitations with tissue penetration while MRI is preferred for its strong clinical 

and research presence. (3) Between MRI and PET, MRI has many advantages in terms of 

resolution, contrast, safety, cost and availability, all of which were factored positively 

into our planning. We expect that if a viable reporter gene system equivalent to HSV1-

TK for PET can be established for MRI, it will doubtless find applications in stem cell 

research. The choice of MRI is also a practical one:  While both MRI and PET systems 

are available on campus, the cost of MRI research scanners can be brought down to 

$150/hr level, a fraction of that of PET, which leaves room for mistakes and continuous 

efforts, both indispensable for the current exploratory study. The following table (Table I-

1) summarizes the strengths and weakness of different imaging modalities, modified from 

(Massoud and Gambhir, 2003). 

 

1.3 Choice of MRI reporter genes 

Study of molecular reporters for MRI is still in an early stage with less than a 

dozen reports available, and few consensus or established protocols to rely upon.  

Consequently, the choice of “appropriate” reporter genes for MRI constitutes the first 

challenge we faced in this study. As will be reviewed in Chapter II, no less than 6 

candidates have been proposed for this function (Koretsky et al., 1996; Weissleder et al., 

1997; Louie et al., 2000; Weissleder et al., 2000; Alfke et al., 2003; Cohen et al., 2005; 
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Genove et al., 2005; Gilad et al., 2007b; Zurkiya et al., 2008). Two candidates, transferrin 

receptor and ferritin, are the dominant players in endogenous iron regulation and are the 

two candidates with independent confirmations of utility (though the case of transferrin 

receptor was controversial). We focused our attention on three possible transgene 

scenarios: transferrin receptor only, ferritin only and combined usage of the two, and 

explored the best options among them using transgenic 293HEK and C6 glioma cells, 

both in vitro and in vivo. All of our efforts with non-ESC characterization in seeking the 

best candidate MRI reporter gene will be covered in Chapter II. The somewhat surprising 

conclusion, that ferritin alone is the best candidate for MRI reporter, laid the foundation 

for our effort with transgenic mESCs. 

Chapter III covers studies of ferritin heavy chain introduced into mESCs as a 

reporter gene. The ESC model posed new challenges including the compatibility between 

transgene expression and ESC viability/pluripotency, and finding a proper balance 

between safety and effectiveness. Our efforts in addressing these concerns and the 

success with in vivo MRI monitoring of mESCs after transplantation constitute the bulk 

of Chapter III.  

 

Accordingly, the experimental efforts presented in this manuscript focused on two aims 

Chapter II 

Aim One: Identify the best reporter gene that combines efficacy and safety 

 Establish clonal cell lines that represents transferrin receptor only, ferritin only, 

and co-expression of the two in 293HEK and C6 glioma cell models.  

 Characterize the impact of transgene expression on iron homeostasis. 
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 Characterize the safety of transgene expression based on cell proliferation. 

 Characterize the function of reporter genes based on in vitro and in vivo MRI. 

Chapter III 

Aim Two: Test the compatibility and functionality of reporter gene in mESCs 

 Establish clonal mESC lines that express the reporter gene of choice. 

 Characterize the impact of transgene expression on iron homeostasis. 

 Characterize the safety of transgene expression based on cell proliferation. 

 Characterize the pluripotency of transgenic mESCs. 

 Confirm the function of reporter gene in in vivo monitoring of mESCs grafts. 

 

The last chapter, Chapter IV, summarizes our findings, the lessons learned and 

insights gained over the past three years of research, and offers a perspective on the 

future efforts needed to transform this promising ESC tracking modality into practical 

applications on MRI monitoring of stem cell grafts. 
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Table I-1. Comparisons of imaging modalities  

Imaging modalities Optical imaging PET MRI 

Measurements photon Gamma ray microwave 

Tissue Penetration <2 cm unlimited unlimited 

Resolution 2-3  mm 1-2 mm 25-100 um 

Probe Fluorochrome or 

luciferin, but not 

required in many 

cases of 

fluorescence 

protein 

Requires 

radioactive probe 

Magnetic 

nanoparticles often 

used, but not 

required in all 

cases  

Sensitivity high high low 

Invasive no yes no 

Cost low high moderate 

Availability  wide limited wide 

Reports on ES cell 

application 

yes yes not yet 
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Chapter II 

Seeking the Right Reporter 
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2.1 Introduction 

The first step towards an MRI reporter-ESC combination is to decide which 

reporter gene to introduce into ESCs. Molecular MRI reporting is a nascent field with 

less than a dozen reports to date, but a diversity of candidates to choose from:  β-

galactosidase (Louie et al., 2000), tyrosinase (Weissleder et al., 1997; Alfke et al., 2003), 

transferrin receptor (Tfrc) (Koretsky et al., 1996; Weissleder et al., 2000), ferritin (FT) 

(Cohen et al., 2005; Genove et al., 2005; Cohen et al., 2007), MagA (Zurkiya et al., 2008) 

and Lysine rich protein (Gilad et al., 2007b). With application in cell replacement therapy 

in mind, some candidates have been eliminated due to their clear limitations: β-

galactosidase was ruled out because it required administration of substrates that had 

difficulty with tissue penetration in vivo; tyrosinase was ruled out because melanin 

production was associated with significant toxicity from ROS; the report on Lysine rich 

protein relied on a very high strength (11.7T) MRI unit to demonstrate a rather weak 

contrast, making it an unlikely candidate with our current access to hardware.  

We thus focused on Tfrc and ferritin, two ubiquitous proteins that are tightly 

linked in the process of intracellular iron homeostasis. After hydrogen, iron is considered 

the most important atoms to MRI; and it is arguably the most important trace element 

when it comes to imaging of cell transplants. To understand how Tfrc and ferritin might 

function as MRI reporters, it would be useful to start with a brief review on how iron is 

distributed and stored in the body. 

 

Iron distribution and storage in the body 
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Iron is essential to life and the human body is very sensitive to both iron 

deficiency and iron excess. Iron plays key roles in oxygen transport, muscle functions, 

and various enzymatic activities including the synthesis of DNA and neurotransmitters 

(Crichton and Ward, 1998). It is also capable of contributing to toxicity as excessive iron 

contributes to chemical reactions yielding the very reactive hydroxyl radicals that inflict 

tissue damage through their attack on lipids, proteins and nuclei acids (Berlett and 

Stadtman, 1997; Henle and Linn, 1997; Steinberg, 1997; Stadtman and Berlett, 1998).  

A typical human body has 3-4 grams of iron, of which close to 65% is 

incorporated into hemoglobin (Andrews, 1999). The second largest compartment (20% of 

total) is stored iron, mostly in the form of ferritin-bound iron. Tissues with high iron 

contents include liver, spleen macrophages, muscle and the brain (Jocobs and Worwood, 

1978). Circulating iron in the plasma, bound to transferrin (Tf), represents only 0.1% of 

total body iron despite its great functional significance. Since the human body does not 

have effective methods to remove iron, at the systemic level iron balance is mostly 

achieved through control of iron absorption, normally at a level of 1-2 mg per day 

(Brissot et al., 2002).  

 

Transferrin, transferrin receptor and ferritin 

At the cellular level, the iron balance is achieved through complex interactions 

among a number of players, including, but not limited to 1) Tf: the iron transport protein, 

each transferrin is capable of strong and reversible binding to two ferric (FeIII) iron 

atoms. Since ferric iron is not soluble, it is circulated through the body in Tf-bound form.  

The transporter protein provides solubility, reduces toxicity, and helps with selective 
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uptake (Aisen, 1998). 2) Tfrc: the ligand-receptor complex between Tf-Tfrc is the major 

gateway cells use to regulate iron uptake. Once holo-transferrin (h-Tf, also known as 

diferric transferrin---transferrin carrying two atoms of ferric iron) is bound to Tfrc , the 

Tf-Tfrc complex is internalized into the cell, fused to endosome, and releases ferric iron 

in the more acidic environment (PH 5.5-6.5) before being recycled back to the membrane 

(Dautry-Varsat et al., 1983; Hopkins and Trowbridge, 1983). 3) Labile iron pool (LIP): 

once ferric iron is released from Tf, it is transported into the cytoplasm to become part of 

the LIP--- a pool of chelatable and redox-active iron which serves as the interface 

between iron in active function and iron in storage form. (Breuer et al., 1995; Konijn et 

al., 1999) 4) FT: iron storage protein, consists of 24 subunits of ferritin heavy and light 

chains. Through its ferroxidase center (iron binding site), FT protein can incorporate 

excessive iron from LIP into its core as ferrihydrite crystal (non-reactive mineral form). 

Each FT protein is capable of storing up to 4500 iron atoms (Harrison and Arosio, 1996; 

Treffry et al., 1997). The relationships between Tf, Tfrc and FT can be summarized as: Tf 

delivers ferric iron to cells through the process of Tf-Tfrc binding, internalization, and 

iron release. Released iron goes into LIP; part of which will be diverted for storage in FT-

bound form. (Figure II-1) 

Iron Regulation  

An elaborate system of iron regulation has evolved to maintain iron homeostasis 

in the event of excess or deficiency in iron supply (Aisen et al., 1999). Mechanisms are in 

place to quickly modulate the expression of both Tfrc and FT at a posttranscriptional 

level, mostly through the interaction between iron responsive elements (IREs) --- stem 

loop structures on the non-coding regions of Tfrc and FT mRNA, and iron regulatory 
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protein (IRP) --- proteins that are capable of binding to IRE to influence translation. 

(Hentze et al., 1988; Hanson and Leibold, 1999; Theil, 2000) As an example of an 

ingenious, evolved solution in regulation, IRP has opposing effects on Tfrc and FT 

expression. IRE sequence is located at the 5’ region of FT mRNA and IRP binding 

inhibits translation (hinders recruitment of 43S translation pre-initiation complex) (Aziz 

and Munro, 1987; Caughman et al., 1988); in contrast, IRE is located at the 3’ region of 

Tfrc mRNA and IRP binding stabilizes mRNA (prevent RNases endonucleolytic attack) 

to facilitated translation (Casey et al., 1988; Casey et al., 1989).  

IRPs also bind to iron and iron-bound IRPs lose their ability to bind IRE. In the 

event of excessive intracellular iron, an increase in LIP and more iron binding to IRP 

means less IRP regulation on FT and Tfrc mRNA. With increased production of FT and 

reduction in Tfrc, the cell initiates the appropriate response to iron excess---more storage 

(FT) and reduced intake (Tfrc). The reverse is true for iron deficiency, a decrease in LIP 

and less iron-bound IRP means more IRP regulation over FT and Tfrc. With reduction in 

FT and increase in Tfrc, the cells will store less and uptake more in response to iron 

deficiency. In both cases, iron homeostasis is delicately maintained (Ponka et al., 1998). 

(Figure II-2)  

 

Response to transgene  

One obvious approach to create MRI contrast is to increase cellular iron content. 

In order for that to happen in vivo, the baseline for iron equilibrium needs to be shifted 

toward increased iron storage. Given what is known about the functions of Tfrc, FT and 

IRP in iron homeostasis, in theory this may be realized by introducing either Tfrc or FT 



 19

transgenes to influence cellular iron homeostasis. Of course IRE sequences would have to 

be removed from the transgenes so their translation will be free from endogenous 

regulatory control. In the case of FT, expression of IRE-free FT will increase levels of 

storage protein and divert more intracellular iron from LIP into FT-bound storage form. 

This will temporarily create a reduction in LIP (total cellular iron remains constant, with 

a higher proportion in storage form), which in turn through IRP will lead to an up-

regulation of Tfrc expression. With more iron uptake to replenish the LIP, a greater 

amount will also be diverted to iron storage. Eventually when a semblance of balance is 

reached, the cell is expected to have accumulated more iron during the process, and the 

iron will have been distributed in more ferritin proteins (total cellular iron now increased, 

with higher proportion in storage).  

The expected outcome from Tfrc transgene overexpression is conceptually 

similar: Expression of IRE-free Tfrc will directly increase iron uptake into LIP, the cell 

will respond by up-regulating FT expression through IRP to provide more storage protein. 

During the process of rebalancing, excessive iron from LIP will be continuously diverted 

to FT and the end result would also be similar to FT transgenesis: Increase in total 

cellular iron stored in FT bound form (Figure II-3).  

Still there are subtle but important differences between the two approaches. From 

the perspective of iron content, Tfrc transgenesis will have more direct impact on iron 

uptake and will possibly lead to greater accumulation; the downside of increasing LIP 

may also put the cell at greater risk for ROS damage. In contrast, FT transgenesis is 

expected to induce less dramatic iron content increases as it relies upon indirect 

compensatory boosts in response to decreases in LIP; this may offer some protection 
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against toxicity (Arosio and Levi, 2002; Pham et al., 2004) (though insufficient iron 

supply could also slow cell growth). On top of these, total intracellular iron content may 

not be the sole determinant in MRI contrast. Both in vitro and likely in vivo, iron loading 

factor of ferritin protein may also influence MR relaxivity (Vymazal et al., 1996; 

Vymazal et al., 1998). Thus the relative strength of Tfrc versus FT transgenes are hard to 

predict purely from theoretical models and have to be determined experimentally.  

 

Three approaches  

Appreciating the potential of manipulating iron homeostasis for MRI contrast 

through genetic engineering, a few groups of researchers have performed the pioneering 

studies on metalloprotein-based MRI reporters. Three designs have been adopted: Tfrc 

only, FT only, and combining Tfrc with FT. 

Tfrc only design: The earliest report on metalloprotein MRI reporter dates back 

to 1996, when Koretsky et al. reported that Tfrc-overexpressing transformed fibroblasts 

exhibited a 3-fold increase in iron content, and the transgenic transplants showed 

significant contrast comparing to WT controls in vivo on T2 weighted MR images 

(Koretsky et al., 1996). Subsequent studies using Tfrc overexpressing 9L rat gliosarcoma 

cell lines (Moore et al., 1998; Weissleder et al., 2000) confirmed the increase in iron 

uptake from Tfrc expression, but did not observe significant MRI contrast from Tfrc 

expression alone. Instead Weissleder et al. proposed using Tf linked MION to target 

Tfrc-expressing cells and succeeded in distinguishing transgenic cells both in vitro and in 

vivo. (It should be noted that in the case of Tf-MION targeted Tfrc-transgenic cells, the 

magnetic nanoparticle functioned as the MRI reporter and the Tf-Tfrc combination only 
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provided a receptor-ligand pathway for MION delivery, which was not contingent upon 

their role in iron homeostasis.) To this day, while the utility of Tfrc as a reporter gene is 

well recognized, it remains an open question whether Tfrc transgene alone can effectively 

mobilize an endogenous iron supply to function as an MRI reporter without external 

administration of contrast agents.  

FT only design: Inspired by earlier success (or should we say controversy) of 

Tfrc, more recent studies on metalloprotein reporters have focused on Tfrc’s partner in 

iron regulation--FT. The logic, as outlined previously, is FT expression will induce 

compensatory increases in iron content safely sequestered in the additional storage 

proteins (along with redistribution of stored iron). This approach has been proven 

successful, with three studies following different paradigms: C6 glioma transplant 

(Cohen et al., 2005), direct viral injection (Genove et al., 2005), transgenic animal 

(Cohen et al., 2007); all reported positive in vivo results from FT transgenesis. Beyond 

the many differences in methodology, it is the similarities among these studies that are 

most revealing: (1) all of them relied on high field strength MRI units (4.7T-11.7T); (2) 

all of them used T2 weighted MRI sequences, with additional T2* sequence used in the 

direct viral injection into CNS (3) all transgene introduction focused on the heavy chain 

subunits of ferritin (FTH). These designs point to a few critical properties of ferritin 

worth emphasizing from the beginning: Ferritin is a relatively weak MRI contrast agent 

and its efficacy increases with field strength (Vymazal et al., 1992), its ferroxidase 

activity is exclusively linked to its heavy chain (though the presence of light chain 

improves effectiveness in iron uptake) (Levi et al., 1988; Lawson et al., 1989; Levi et al., 

1992), and T2/ T2* weighted sequences are more sensitive for detection of ferritin-based 
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contrast than T1 sequences (Wood et al., 2004; Cohen et al., 2005; Rogers et al., 2006). 

In sum, there is considerable evidence that FT could function as an MRI reporter on high 

field strength MRI units.  

Tfrc+FT combination design: This idea was first proposed by Deans and 

colleagues (Deans et al., 2006), and their work remains the only published study 

following a combinatory design to date. It has its intuitive appeals: One would expect 

greater MRI contrast from expressing Tfrc and FT together as both are known to increase 

cellular iron content. Deans proposed greater safety from the combination, arguing that 

instead of relying on the endogenous iron regulatory system to compensate (by up-

regulating Tfrc or FT in response to transgenesis of their counterpart), co-expression 

would balance intake and storage from the beginning. However the strategy was difficult 

to judge as, in the original study, no Tfrc-only or FT-only control was available for 

comparison with Tfrc+FT combined cell line to validate the claims of co-expression 

superiority. The original study also failed to detect MRI contrast in vivo from transgenic 

transplants without iron supplement (which may have more to do with their design of in 

vivo study than issues with transgene function). Consequently, Tfrc-FT combination 

remains an interesting but not adequately tested idea for MRI reporter.  

 

Current plan 

Having pinned the candidates for stem cell MRI reporter down to Tfrc and FT, it 

becomes very difficult to further decide among the three remaining possibilities, namely: 

Tfrc, FT and Tfrc/FT. There were no pair-wise comparisons of them from earlier studies 

to justify strong preferences. As a matter of fact, different research paradigms adopted 
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previously only added to the uncertainties. Findings on Tfrc are controversial (Koretsky 

et al., 1996; Weissleder et al., 2000). FT benefits from independent confirmations from 

different groups (Cohen et al., 2005; Genove et al., 2005), though we found it hard to 

reconcile the negative findings from Tfrc with positive ones from FT; after all they tap 

the same regulatory pathway and produce a similar outcome--more iron stored in ferritin. 

As for Tfrc-FT combination, the idea remains attractive but largely untested (Deans et al., 

2006).   

The best course of action, it seems, is to conduct parallel comparisons among all 

four conditions of interest (WT, Tfrc, FT and Tfrc/FT) to produce a clearer picture on 

their relative strengths and weaknesses, before an informed decision could be made. Our 

study employed lentiviral vectors to transduce different combinations of transgenes to 

establish clonal cell lines that correspond to the four conditions of interest; and 

characterized the resultant transgenic cell lines on cell viability, cellular iron content, and 

in vitro and in vivo MRI; before making a recommendation on the best reporter gene 

candidate for stem cells based on empirical support. 

 

2.2 Materials and Methods 

Lentiviral construct design 

cDNA for human ferritin heavy chain (gene bank accession number: BC015156) 

and human transferrin receptor (accession number: BC001188) were obtained from 

Openbiosystems. Both were cloned into FUGW lentiviral backbones to create lentiviral 

vectors that constitutively express the transgenes of interest. In addition, FTH cDNA was 
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also cloned into a Tet-on lentiviral vector that expresses FTH in response to tetracycline 

(Tet)/doxycycline (Dox) induction.  

FUGW is a self inactivating lentiviral vector with a number of desirable features 

(Lois et al., 2002): an internal human ubiquitin-C promoter (U) that provides reliable 

transgene expression across cell types, woodchuck hepatitis virus posttranscriptional 

regulatory element (W) that increases transcription level and human immunodeficiency 

virus-1 (HIV-1) flap element (F) that increases the titer of the virus. In our study, an 

internal ribosome entry site (IRES) was placed before GFP (G) to modify FUGW into a 

bicistronic reporter vector---FU-IRES-GW. 

FTH cDNA was PCR modified to remove Iron Responsive Element (IRE) and 

create Hemagglutinin (HA)-tag at the N-terminus (primer sequences 5’-3’ FTH sense 

first: ATG TTC CAG ATT ACG CTA TGA CGA CCG CGT CCA CC, FTH sense 

second: AGC TAG CAT GTA CCC ATA CGA TGT TCC AGA TTA CGC, FTH 

antisense both times: CTT AGC TTT CAT TAT CAC TGT CTC CCA GGG) before it 

was sub-cloned into the multiple cloning site of FU-IRES-GW. The resultant vector is 

named pLVU-HA FTH-IRES-EGFP (Figure II-4).  The coding sequence of Tfrc cDNA 

was released from pOTB7 vector (supplied by Openbiosystems) by restriction enzyme 

digestion and during the process its IRE sequence located in the 3’ non-coding region 

was removed. The IRE-free fragment was sub-cloned into the multiple cloning site of 

FU-IRES-GW with the resultant vector named pLVU-Tfrc-IRES-EGFP. (Figure II-4) 

LV-mCMV-G-Ubi-rTetR is a self inactivating lentiviral vector with Tet-on 

inducible system incorporated into its design. The transgene of interest is expressed under 

the miCMV promoter and its expression controlled under the tetracycline-dependent 
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binding of reverse tetracycline Transactivator (rtTA) to Tetracycline Response Element 

(TRE). HA tagged FTH sequence was inserted to replace EGFP (G) sequence 

downstream of TRE-miCMV so that its expression would be under tetracycline 

induction; and IRES-ZeoR sequence was inserted downstream of ubiquitin promoter to 

confer constitutively expressed Zeocin Resistance sequence as a selection marker. The 

resultant vector was named pLV-mCMV-HA FTH- Ubi-rtTA-IRES-ZeocinR. (Figure II-

5) 

To summarize, three lentiviral vectors have been constructed for the project: 

(1) pLVU-HA-FTH-IRES-EGFP: constitutively expresses FTH along with EGFP. 

FTH is HA-tagged with IRE sequence removed; expression of EGFP enables visual 

confirmation and facilitates selection. 

(2) pLVU-Tfrc-IRES-EGFP: constitutively expresses Tfrc (IRE removed, not 

tagged) along with EGFP to enable visual confirmation and to facilitate selection. 

(3) pLV-mCMV-HA-FTH- Ubi-rtTA-IRES-ZeocinR: inducibly expresses FTH 

under tetracycline/doxycycline. No EGFP sequence has been incorporated into the 

inducible vector; instead, selection was made possible with ZeocinR sequence.  

 

Establishing clonal cell lines through transduction 

Lentiviruses carrying trangenes of interest were generated by co-transfecting each 

of the three plasmids (pLVU-HA FTH-IRES-EGFP, pLVU-Tfrc-IRES-EGFP, pLV-

mCMV-HA FTH- Ubi-rTetR-IRES-Zeocin) with packaging plasmid p∆8.9 and envelope 

vector pVSV-G into 293FT human embryonic kidney packaging cells (Invitrogen). On 

the day of transfection, 293FT cells were in exponential growth phase reaching 60% 
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confluence in 35 mm dish and cultured in D/F medium (Dulbecco’s modified Eagle’s 

medium with 10% fetal bovine serum supplemented with 2 mM L-glutamine and 

100U/ml penicillin/ 100ug/ml streptomycin). Following calcium phosphate transfection 

protocol (Invitrogen), an optimal combination of 1.35 ug lentiviral plasmid DNA, 1 ug 

p∆8.9 and 0.68 ug pVSV-G per were introduced into the culture medium. 48 hrs later, 

virus-containing medium was harvested and filtered.  

   Targeted cells (including C6 glioma, 293HEK and U87glioma, all subject to the 

same transduction protocol) have been cultured in D/F medium in parallel. Transduction 

was initiated by replacing culture medium with freshly harvested viral medium 

supplemented with polybrene (concentration 8 ug/ml) and cultured overnight. The next 

day, virus-containing medium was removed and replaced with standard D/F medium. 

Transduced cells were then passaged as single cells at low concentration into 10 cm 

plates for selection (200 cells per 10 cm plate). 

Clonal selection procedures were dependent upon lentiviral vectors employed. 

FTH constitutive expression and Tfrc constitutive expression colonies were manually 

selected based on EGFP expression. Tet-on inducible clones were first selected with 

zeocin treatment (400 ug/ml for 293 cells, 600 ug/ml for cancer cell lines C6 and U87) 

over 6-10 days, with surviving colonies individually expanded into clonal cell lines. From 

each group, clonal transgenic lines that maintained stable and highest level of transgene 

expression were selected for subsequent studies.   

 

Immunocytochemistry  
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 Cell samples were fixed in 4% paraformaldehyde for 15 minutes followed by 

thorough washes in phosphate buffered saline (PBS); they were then incubated overnight 

at 4oC with primary antibodies monoclonal Tfrc antibody (1:1000 Zymed), which 

recognize both murine and human Tfrc; and monoclonal HA antibody (1:1000 

Chemicon), which specifically recognize HA tagged human FTH but not endogenous 

FTH; followed by thorough wash and incubation with secondary antibodies conjugated 

with appropriate fluorochromes for 45 minutes at room temperature. The specificity of all 

the antibodies used in the study has been previously confirmed by in-lab testing. 

 

Western blot  

Samples (both cell pellets and tumor tissues) were lysed in pre-chilled radio 

immunoprecipitation assay (RIPA) buffer with protease inhibitor cocktail and 

homogenized by sonication. Protein concentration was determined by Bradford assay 

(Bio-Rad) and equal amounts (30 µg) of proteins from each sample were loaded into 15% 

SDS polyacrylamide gel and separated by electrophoresis. Proteins were transferred onto 

a PVDF membrane (Millipore) using Bio-Rad’s transblot, the membranes were blocked 

for 3 hrs in 5% milk in Tris Buffered Saline Tween buffer (TBST), and incubated 

overnight at 4°C with monoclonal HA antibody (1:1000 Chemicon) and monoclonal Tfrc 

antibody (1:1000 Zymed), followed by 45 minutes incubation with horseradish 

peroxidase (1:10000 Jackson Immunoresearch) at room temperature.  Proteins were 

visualized with Amersham ECL kit (Amersham). 

 

Cell growth 
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To determine the growth rate of clonal lines of interest, 5 x 105 cells from each 

clonal line were seeded as single cells into 60-mm culture plates and cultured in D/F 

medium. Using a hemacytometer, cell number was determined in triplicate at 48 hrs post 

cell attachment. Doubling time was calculated with the following formula: Doubling time 

= Total culture time/log2 (Total cell count/Initial seeding number) 

 

Iron content 

Iron contents have been determined using two methods: For cell pellet samples, o-

phenanthroline iron determination method was used. Cell lines of interest (C6 and 293) 

were cultured in 10 cm culture plates over 4 days selectively supplemented with 

doxycycline (4 ug/ml) and iron supplements according to experimental designs. After 

thorough wash to remove trace of supplements, 6 x 106 cells were counted and pelleted in 

water before sonication to release cellular contents. 0.15% v/v mercaptoacetic acid was 

added to each sample and incubated overnight. For iron determination, buffer solution 

sodium citrate was added to the sample to maintain acidic pH along with 0.2% 

hydroxylamine hydrochloride to reduce iron to the ferrous state. At the last step o-

Phenanthroline was added to a final concentration of 0.0075% w/v.  Ferrous iron reacts 

with o-Phenanthroline to form orange-red Fe-phenanthroline complex that can be 

quantified with spectrophotometric reading of light absorbance at 510 nm. A standard for 

comparison was established with FeSO4. The absorbance reading was performed with an 

ELISA Reader. 

For tumor samples, Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP-OES) was used: Tissue samples were first processed into dry powders before they 
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were atomized in the nebulizer and introduced into direct contact with a plasma flame.   

Every element will emit light at a characteristic wavelength with intensity dependent 

upon concentration, enabling accurate measurement of trace metals. Chemical analysis 

lab at University of Georgia performed all the ICP-OES experiments for the current study. 

 

In vitro MRI 

Cell pellets (full confluence in 10 cm culture plate for each sample) were 

collected after three PBS washes, 0.05% trypsin-EDTA treatment, and pelleted in 96 well 

PCR tubes at 1000 rpm. MRI of cell pellets was performed on a 4.7-Tesla horizontal bore 

(33 cm) MRI scanner (Oxford Magnet Technology, Oxford, UK), interfaced to a Unity 

INOVA console (Varian, Palo Alto, CA, USA). Using T2 weighted Fast Spin Echo 

sequence with TR of 5000 ms (or 2000ms) and multiple effective TE between 20 to 100 

ms, two averages, matrix 256 x 256, Field of View (FOV) 40 mm x 70 mm, slice 

thickness 0.5mm and a gap of 0.15 mm. Multi-echo images of slices cutting through the 

center of cell pellets across samples were used for calculating T2 and R2 maps with MRI 

analysis calculator plugin (Dr. Karl Schmidt of Harvard University) of ImageJ (National 

Institutes of Health). 

T2 weighted sequences were used in the current study to probe transgene induced 

MRI contrast because expression of both Tfrc and FTH are believed to shorten the T2 

time of transgenic cells/tissues, which will lead to faster spin-spin relaxation. Depending 

on the choice of TE (echo time) this may reveal either poor or good contrast between 

transgenic and wild type tissues. The use of multiple TE sequence enabled reconstruction 
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of the decay curve and calculation of T2 time (and its reciprocal-R2 relaxivity) for more 

quantitative comparisons. 

 

In vivo MRI 

For in vivo imaging, mice were scanned using the same 4.7-Tesla MRI unit.  

Animals were placed in a custom-built volume coil (5 cm ID, 8 cm long) and 

anesthetized using 2% isoflurane delivered via a mask throughout the MRI experiments. 

A set of survey images was obtained using T2 weighted fast spin echo imaging sequence 

with TR of 5000 ms and TE of 20 ms.  This was followed by high resolution images 

covering the full extent of tumors with T2 weighted fast spin echo sequence with TR of 

5000 ms multiple effective TE of 20, 40, 60, 80 ms, matrix 256 x 256.  Typically, an 

FOV of 40 mm x 70 mm, slice thickness 0.5 mm and a gap of 0.15 mm were used. Multi-

echo images of slices cutting through the center of tumors across samples were used for 

calculating T2 and R2 maps using MRI analysis calculator plugin of ImageJ. 

 

Statistical analysis 

Data were presented as mean ± SD. Two-tailed t test was used in data analysis 

with p<.05 considered statistically significant (represented as * in figures, ** signifies 

significance at p<.01 level). The assumption of normal distribution was met to allow the 

use of Student’s T test. All experiments have at least three replicates. 

 

2.3 Results 

Established cell lines 
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We used lentiviral vectors to establish clonal transgenic C6 glioma cell lines. 

Lentiviral vectors helped achieve high levels of stable transgene expression (Cherry et al., 

2000; Lois et al., 2002), and selection of clonal lines ensured homogeneity of the cell 

populations and consistency of results. Standard transduction protocols were followed to 

infect wild type (WT) C6 cells with vectors that constitutively/inducibly express human 

FTH as well as vector that constitutively expresses human Tfrc.  Clonal cell lines were 

selected based on co-expressed selection markers. 

Specifically, clonal C6 cell lines overexpressing FTH were obtained through 

lentiviral transduction of WT C6 cells using bicistronic vector pLVU-HA-FTH-IRES-

EGFP that co-expresses HA tagged FTH and EGFP.  Colonies grown from transduced 

single cells were manually selected based on homogenous EGFP expression, from which 

the one with the highest level of transgene expression was chosen for the subsequent 

studies and named C6-FTH. (Figure II-6) Clonal C6 cell lines overexpressing Tfrc were 

similarly established with bicistronic vector pLVU-Tfrc-IRES-EGFP transduction and 

selected based on EGFP expression. The clonal line with highest level of transgene 

expression was named C6-Tfrc and expanded for subsequent studies. (Figure II-7) Cell 

lines that inducibly express FTH were established with Tet-On inducible vector pLV-

mCMV-HA FTH- Ubi-rtTA-IRES-ZeocinR and selected with zeocin, among them the 

line with the highest expression in response to doxycycline induction was chosen and 

named C6-Tet-FTH. C6-Tet-FTH was then transduced with pLVU-Tfrc-IRES-EGFP 

(vector used in creating C6-Tfrc) to select cell lines that combine overexpression of Tfrc 

with inducible expression of FTH, the resultant line was named C6-Combined. (Figure II-

8)  
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C6 glioma was not the only cell model explored in MRI reporter gene 

characterization; other cell lines including 293HEK (human embryonic kidney), U87 

(human glioma) and Mda-231 (human breast cancer line) also received varying degrees 

of experimental attention. In vitro characterizations on both C6 glioma and 293HEK lines 

are reported in this chapter. (Transgenic 293HEK clonal lines followed the same 

selection protocol and naming convention as used for C6; for example: 293-Tfrc = 

293HEK cell line constitutively expresses Tfrc, 293-Tet-FTH = 293HEK cell line 

inducibly expresses FTH etc.) As it turned out, comparisons between cell models have 

brought further insights into reporter gene functions. We chose C6 glioma as our cell 

model for in vivo studies as it represents the best combination of some desirable features: 

It was capable of sustaining high level of transgene expression (advantage over Mda-231), 

effective for in vivo tumor formation (advantage over 293HEK) and had previous 

confirmation of its compatibility with MRI reporter gene (Cohen et al., 2005) thus 

removing potential confounds based on cell model choice (advantage over U87).  

 

Iron content 

As outlined in the introduction, the iron homeostasis model predicts that 

unregulated (due to removal of IRE) expression of either transgenic FTH or Tfrc will lead 

to compensatory net increase in intracellular iron content. Thus measuring changes in 

intracellular iron content of transgenic cell lines could serve as an indicator of transgene 

function. Iron content has been measured under two culture conditions: Standard cell 

culture condition (D/F medium, in 10 cm plate, medium change every 3 days) with serum 

being the only source of iron, or cell culture with iron supplement in the form of ferric 
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citrate or holo-transferrin. Changes in iron content in response to external iron 

supplement were of interest because: 1) iron supply in standard culture medium was often 

insufficient to allow sensitive detection of changes in iron content; and 2) Tfrc expression, 

which is directly linked to iron uptake, should respond well to changes in environmental 

iron supplies. 

O-phenanthroline iron determination method was used to measure iron content of 

cells cultured in vitro. O-phenanthroline forms colored complexes with Fe that can be 

easily visualized and quantified (by comparing its absorbance with pre-generated 

standards). Our protocol was modified from standard O-phenanthroline methods to 

incorporate steps that facilitate release of intracellular iron (sonication to disrupt cell 

membrane and incubation with mercaptoacetic acid). Based on a recent reference on 

supplemental regime for Tfrc/FTH transgenesis (Deans et al., 2006), iron supplement was 

first chosen as Ferric citrate (FC 200uM) + 1 mg/ml holo-transferrin (h-Tf) over 3 days in 

D/F medium.  

When iron content comparisons was first made between WT 293 and 293-Tfrc 

cells with and without iron supplement, it was revealed that Tfrc expression significantly 

increased cellular iron content. Under standard culture conditions, Fe content was 

estimated at 30.4 femtogram (1X10-15 g) per cell (fg/cell) for 293-Tfrc and 20.8 fg/cell for 

WT 293 cells, a significant increase of 46.4% (p=0.001). With iron supplement (in the 

form of FC + h-Tf), Fe content of WT 293 increased to 79.4 fg/cell and that of 293-Tfrc 

reached 131.3 fg/cell, a difference of 65.3% (P=0.01), suggesting FC + h-Tf supplement 

was capable of not only increasing cellular iron in general, but also amplified the 

enhancement of Tfrc expression on Fe content (Figure II-9A). 
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 Capable but not optimal: When the same supplement was applied to C6 cell lines, 

no difference in Fe content was observed between WT and Tfrc transgenic cell lines 

(both seemed to reach a high plateau). Further investigation revealed two contributing 

factors 1) Inherent difference between cell lines, as C6 glioma cells more readily took up 

environmental iron than 293HEK cells 2) More importantly, the original FC + h-Tf 

formula was problematic: FC turned out to be a poor supplement choice to study Tfrc 

function as it indiscriminately increases cellular iron content, while h-Tf alone turned out 

to be a much more selective supplement choice to probe metalloprotein functions. When 

the two supplements were separately administrated, the Fe difference between WT 293 

(26.6 fg/cell) and 293-Tfrc (57.7 fg/cell) increased to 117% (P=0.003) under h-Tf only 

treatment. However, under FC supplement, it shrunk to 33.6% from 46.4% before 

supplement, with Fe content of WT 293 at 77.4 fg/cell and 293-Tfrc at 103.4f g/cell 

(Figure II-9A; Note that FC was still effective in boosting iron content, but in a much less 

selective fashion). The difference was even more dramatic in C6 cells (Figure II-9B): 

without supplement, Fe content was 58.2% higher (p=0.01, C6 WT=15.6 fg/cell, C6-

Tfrc=24.7 fg/cell) in C6-Tfrc than WT C6 under standard culture conditions. H-Tf 

supplement selectively targeted C6-Tfrc cells and increased the difference to 181.8% 

(p<0.001 C6 WT=21.4fg/cell, C6-Tfrc=60.4fg/cell). Such distinctions, however, were 

completely obliterated using 200 uM FC as a supplement over 3 days (C6 WT=105.3 

fg/cell, C6-Tfrc=101.9 fg/cell, -3% difference). 

Given greater sensitivity of C6 cells to environmental iron and better selectivity of 

h-Tf as an iron supplement, further Fe content characterization on C6 cell lines was 

conducted either under standard culture or with h-Tf (1 mg/ml, 4 days) supplementation. 
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Fe content comparisons among 4 conditions of interest: WT, FTH expression only, Tfrc 

expression only, and Tfrc/Combined expression (Figure II-10) revealed that 1) consistent 

with previous findings, constitutive expression of Tfrc in C6 cells induces significant 

increase in Fe content under standard culture (86% increase, p=0.003; C6 WT=15.2 

fg/cell, C6-Tfrc=28.2 fg/cell); which can be further amplified by h-Tf supplement (195% 

increase, p<0.001; C6 WT=20.1 fg/cell, C6-Tfrc=59.5 fg/cell); 2) constitutive expression 

of FTH in C6 cells induces more moderate but still significant increase in Fe content 

(49% increase, p=0.02; C6 WT=15.2 fg/cell, C6-FTH=22.6f g/cell); which was also 

amplified by h-Tf supplement (80% increase, p=0.02; C6 WT=20.1 fg/cell, C6-

Tfrc=36.2f g/cell); 3) Combined Tfrc/FTH expression, after Dox treatment (4 ug/ml 4 

days) induced FTH expression on top of Tfrc overexpression, with similar Fe content 

compared to Tfrc overexpression only without supplements, C6-Tfrc=28.2 fg/cell vs. C6-

Combined=28.6 fg/cell); with supplement, combined Tfrc/FTH expression had a positive 

influence on Fe content over Tfrc only, but did not reach statistical significance (C6-

Tfrc=59.5 fg/cell vs. C6-Combined=66.8 fg/cell, p=0.138). 

To summarize, with proper selection of assay and iron supplements, the impact of 

metalloprotein transgenes on cellular iron content can be effectively probed. Our 

observations were consistent with predictions from the iron homeostasis model and 

expression of both Tfrc and FTH led to increases in cellular iron. Consistent with their 

proposed functions, Tfrc transgenesis responded more readily to environmental iron and 

resulted in greater increase in iron content across conditions; in contrast, FTH 

transgenesis, which is believed to influence iron uptake through indirect compensatory 

mechanisms, was indeed less responsive to environmental iron and led to more moderate 
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iron increase. We should point out that comparing to other FTH transgenic cell lines like 

293-FTH, C6-Tet-FTH and 293-Tet-FTH which usually show increases between 10-20% 

without supplement; C6-FTH already manifested the greatest iron increase (49%) in vitro. 

This may partially explain the non-significant iron increase from FTH induction under 

co-expression (C6-Combined) condition. 

 

Growth rate 

Some cautionary notes on cell proliferation: As an exploratory study on transgene 

function, we used the highest expression clonal cell lines for various characterizations, 

including growth rate (measured as doubling times). These high expression clonal lines 

are ideal for most purposes, but could be misleading in interpreting cell viability. If a 

high expression transgenic line has growth rates similar to WT controls, that is strong 

evidence (though not complete proof) of the safety of the transgene; however, if the high 

expression line has a much reduced growth rate, that may be attributable to any of the 

following: 1) the transgene is toxic, or 2) the transgene itself is not toxic in the 

conventional sense, but like most transgenes when expressed at very high levels it 

influences proliferation (and perversely, it is the non-toxicity of the transgene that 

enables creation of very high expression clonal line in the first place), or 3) the change is 

independent of transgene function, random insertion of lentiviral transduction has 

changed the genetic background of the host cells and altered its baseline growth rate 

(position effect). Not to mention that growth rates are specific to in vitro culture 

conditions, and could be significantly different in vivo. In short, a slower proliferating 

clonal line does not necessarily imply transgene-induced toxicity. 
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When combined with other manipulations, like response to iron challenge and 

induced transgene expression, the growth rate outcome can become more informative. In 

the current experiment, doubling time of four C6 cell lines (C6-WT, C6-FTH, C6-Tfrc 

and C6-Combined) were quantified under either standard culture condition (D/F medium) 

or with iron challenge (Chemically Defined Iron Supplement-CDIS from Sigma as h-Tf 

replacement, with final Fe content at 0.54 ug/ml. Sigma recommend 0.13-0.54 ug/ml for 

cell culture, we chose a concentration that represents high iron but is still physiologically 

relevant). Doxycycline treatment at 4 ug/ml over 72 hrs was used to induce FTH 

expression.  

The baseline doubling time of WT C6 control line was estimated at 16.2 hrs 

which matched previous estimates following similar protocols (Naus et al., 1992). WT 

C6 with doxycycline induction had essentially the same doubling time (16.5 hrs) 

suggesting doxycycline itself at 4 ug/ml has little impact on C6 cell proliferation. The 

doubling time for C6-Tfrc is estimated at 19.6 hrs while that of C6-FTH was calculated at 

a significantly slower rate of 41.7 hrs. C6-Combined (Tfrc overexpression + induced 

FTH expression) had a doubling time of 23.3 hrs. When iron challenge was introduced as 

CDIS (Fe=0.54ug/ml) in D/F medium and growth rate estimated following the same 

protocol, some interesting observations were made: WT C6 cells slightly slowed their 

proliferation rate in response to increased iron concentration in the medium, with 

doubling time increased from 16.2 hrs to 18.9 hrs (17%); C6-Tfrc showed greater 

reduction in proliferation rate, from a doubling time of 19.6 hrs to 24.3 hrs (24.2%); iron 

challenge had a reverse effect on C6-FTH, instead of slowing its proliferation, its 

doubling time actually accelerated from 41.7 hrs to 36.5 hrs (-12.5%). The most dramatic 
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change in growth rate came from C6-Combined: in response to iron challenge, its 

doubling time increased from 23.3 hrs to 42.2 hrs (81.5% Figure II-11). Not shown in the 

figure are doubling times of C6-combined without doxycycline induction, which is 

functionally equivalent to Tfrc overexpression and it indeed had growth rate closely 

matched to that of C6-Tfrc: 19.3 hrs (C6-Combined no induction) and 19.6 hrs (C6-Tfrc) 

respectively without supplement, 25.1 hrs and 24.3 hrs respectively with iron challenge. 

Most of these observations on iron challenge were consistent with what was 

previously known about FTH and Tfrc function. Tfrc expression increases vulnerability 

to iron challenge presumably due to toxicity associated with high LIP (Meneghini, 1997; 

Kotamraju et al., 2002; Kruszewski, 2003); while FTH expression at high levels reduces 

LIP that manifests an iron-deficiency phenotype: reduced growth rate that is partially 

reversed by iron supplementation (Arosio and Levi, 2002). The real surprise came from 

C6-Combined line, where expression of FTH on top of Tfrc reduces viability both under 

standard culture conditions and with iron challenge (despite a theoretical safety 

advantage of co-expression (Deans et al., 2006).  

Another peculiarity was the extent of reduction in growth rate of the FTH 

overexpressing line C6-FTH (158.3% increase in doubling time compared to WT control). 

While the behavior of this clone was most consistent with an iron deficiency phenotype 

(Arosio and Levi, 2002) and not necessarily a sign of toxicity, we would also like to point 

out this does not automatically translate into a growth slowing effect of FTH transgenesis.  

Indeed, the difference in growth rate between high FTH expression 293 HEK cells and 

WT controls was much more moderate (293-FTH, 21.6 hrs vs. WT control 18.2 hrs). 

More reliable comparisons can be made in FTH-inducible lines (against the same genetic 
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background), and in both C6-Tet-FTH and 293-Tet-FTH lines, expression of FTH had no 

negative impact on cell proliferation (Figure II-12).  These results suggested that 

moderate level increases in FTH expression would have no perceivable impact on growth 

rate. (This finding was also consistent with Cohen et al.’s (Cohen et al., 2005) 

observation of FTH transgenesis in C6 cells).  

To summarize, evidence in vitro suggests that both FTH and Tfrc are reasonably 

safe transgenes on their own. At high expression levels, our observations on FTH were 

consistent with an iron deficiency phenotype while that of Tfrc transgenic cells hinted at 

slightly increased vulnerability to iron toxicity. The much reduced viability from co-

expression of Tfrc and FTH is perplexing. We suspect this might be related to disruption 

of iron regulation as in the combined scenario both Tfrc and FTH are unresponsive to 

regulatory control, but a conclusion on co-expression viability requires further 

experimentation in vivo.  

 

In vitro MRI  

Having confirmed transgene expression in clonal lines and corresponding changes 

in iron content, the logical next step is to explore the functions of metalloproteins as MRI 

reporters. The initial MRI characterizations were performed in vitro looking for MRI 

contrast between transgenic cell pellets and their WT controls. Ferritin-bound iron is an 

example of compartmentalization of a superparamagentic substance that lead to rapid loss 

of phase coherence of spins, which decreases transverse relaxation time T2 (T2, 

measured in milliseconds, is the amount of time needed for transverse magnetization to 
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decay by 63%). Thus on T2 weighted MR images, samples with shorter T2 time (faster 

signal decay) would appear darker (hypointense) than controls. 

In the earliest stage, pilot in vitro MRI studies were performed on different FTH 

transgenic 293HEK cell lines (293-FTH, and 3 different clones of 293-Tet-FTH). Fast 

spin echo (FSE) sequence with Repetition Time (TR) of 2 seconds and a single Echo 

Time (TE) of 72 ms was used to provide a T2 weighted snap shot across conditions. We 

observed that under standard culture conditions, FTH expression in 293HEK cells was 

only marginally effective in creating MRI contrast, with signal hypointensity in 

transgenic lines ranging between 4-15%. Since it was impossible to calculate T2 time 

from a single TE time, we were unable to make quantitative comparisons to previous 

reports at this stage.  

The imaging protocols have since been updated to incorporate multiple TE times 

to enable calculation of T2 time. One example with such characterization was performed 

on WT and Tfrc transgenic 293HEK cells cultured under three different iron supplement 

conditions for either 3 or 7 days: 1) No iron supplement, 2) 1 mg/ml h-Tf , and 3) 200 uM 

FC (these are the same treatments used in iron content determination of 293HEK cells).  

As would be expected from its role in iron uptake, Tfrc expression indeed shortened in 

vitro MRI T2 time (corresponding to increase in R2 relaxation rate, R2=1/T2) in 293-Tfrc 

cell pellets under certain conditions, namely with longer culture periods (7 days) when no 

supplement was provided (WT 293 R2=9.6 S-1 293-Tfrc R2=11.4 S-1 p<0.01), or with FC 

supplement (WT 293 R2=10.1 S-1 293-Tfrc R2=13.6 S-1 p=0.02 on day 3, WT 293 

R2=12.9 S-1 293-Tfrc R2=16.2 S-1 p<0.01 on day 7) (Figure II-13). It is interesting to 

note that while h-Tf was more selectively taken up by cells based on O-phenanthroline 
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iron absorbance assay, it did not create sufficient MRI contrast in the cell pellet under the 

current imaging protocol; while 200 uM FC, the less selective but stronger (in the sense 

of greater increase in total iron content) iron supplement, significantly amplified MRI 

contrast based on Tfrc expression. 

The last phase of the in vitro MRI study focused on transgenic C6 cell lines 

without administration of any iron supplement. The shift to C6 cells, as explained earlier, 

was due to its tumorigenicity and greater sensitivity to environmental iron, making it an 

ideal model for further study in vivo. The termination of the iron supplement practice was 

due to our realization (from this and parallel projects with different metalloproteins) that 

supplement-based artificial amplifications of MRI contrast in vitro had little predictive 

value of transplant behavior in vivo and we were interested in whether sufficient MRI 

contrast can be generated without external supplement (as would be the case in vivo). 

MRI of C6 cell pellets with T2 weighted FSE sequences confirmed that overexpression 

of both FTH (C6-FTH) and Tfrc (C6-Tfrc) could generate significant changes in R2 

transverse relaxation rate on a 4.7 T MRI unit without iron supplementation (Figure II-

14). The R2 value of WT C6 cell pellets was estimated at 6.4 s-1, significantly lower than 

that of C6-FTH (8.0 s-1, p=0.01) and C6-Tfrc (7.1 s-1 p=0.05). Inducible expression of 

FTH alone (Dox 4ug/ml, 3 days) had a positive but not statistically significant influence 

on relaxation rate (C6-Tet-FTH R2= 6.7 s-1 p=0.18); similarly, inducible expression of 

FTH on top of Tfrc overexpression had a positive but not statistically significant impact 

on R2 (R2 of C6-Combined=7.6 s-1 compared to 7.1 s-1 of C6-Tfrc, p=0.19). Note that 

increase in FTH expression and corresponding iron content changes were much more 

pronounced in C6-FTH than other FTH transgenic lines, which may explain the varied 
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effectiveness between C6-FTH and its inducible counterparts (C6-Tet-FTH) in generating 

MRI contrast.  

Positive outcomes from in vitro MRI characterization provided additional support 

for function of both metalloprotein transgenes and warranted further experimentation in 

vivo. However, we should emphasize positive results from in vitro MRI are neither 

necessary nor sufficient to qualify transgenes as MRI reporters (in the sense that they can 

function effectively in vivo for monitoring purposes). Over-reliance on in vitro MRI 

confirmation could (and indeed has) led to both Type I (false positive) and Type II (false 

negative) errors; this issue will be covered in detail in the discussion.  

 

In vivo MRI  

The final verdict on whether metalloprotein transgenes qualify as MRI reporters 

could only come from in vivo MRI characterizations. Characterizations on gene 

expression, iron content and in vivo MRI have shown promise for both Tfrc and FTH as 

reporter genes, so in the final in vivo study all four conditions: (1) wild type, (2) Tfrc 

overexpression, (3) FTH overexpression, and (4) Combined expression (Tfrc 

overexpression + Inducible FTH expression) were incorporated. The experiment followed 

a between subject design with 3 CD-1 nude mice assigned to each condition.  C6 cells 

were inoculated subcutaneously adjacent to mammary pads (3 million cells were 

inoculated at each site). Tumor growth was monitored daily and MRI scans were first 

performed when tumor size reached 6-10 mm in diameter with T2 weighted FSE 

sequence (with TR/TE 5s/20, 40, 60, 80 ms), with repeat scans performed 7 days later on 

the same set of tumors following the same imaging protocols. Under the C6-Combined 
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condition, the transplants remained Dox free before the first scan. Induction of FTH 

expression (using 0.5 mg doxycycline/ml in 30% sucrose) was initiated immediately 

upon completion of the first scan and continued for 7 days until repeat scans were 

performed. 

In vivo proliferation rate of C6 glioma cells had significant impact on the 

experimental design. Normally for such in vivo MRI experiments a within-subject design 

would be preferred to reduce individual variations and allow pair-wise comparisons of 

transplants within the same image. However, in the current study there were significant 

variations in proliferation rate of different clonal lines. As we have observed in pilot 

studies, such variations quickly translated into dramatic difference in tumor size within a 

short period of 2-3 weeks. Within the same animal, significant difference in tumor size 

makes proper imaging and data interpretation extremely difficult: Small tumors from 

slowly proliferating cells were difficult to localize and more susceptible to imaging 

artifacts. And before the slow proliferating transplants could reach proper size for 

imaging, the fast proliferating ones started to show signs of necrosis (noted often once the 

tumor grew beyond 15 mm in diameter), which could significantly alter tissue relaxivity. 

Due to these concerns, we adopted the current between-subject design with each mouse 

receiving only one type of transplant and imaging performed only when tumor diameter 

reached a pre-determined 6-10 mm range.  

Based on our observations of the in vivo transplant growth, the following 

relationship held true for proliferation rate of transplants of different origins: C6 WT> 

C6-FTH > C6 Tfrc> C6 combined. The in vivo doubling time (based on tumor volume) 

estimated for WT transplants was 46.2 hrs, followed by 60.5 hrs of C6-FTH and 71.2 hrs 
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of C6-Tfrc. Without induction C6-Combined was functionally equivalent to C6-Tfrc and 

had a similar doubling time of 74.0 hrs. With 0.5mg/ml Dox induction its proliferation 

slowed to a doubling time of 101.8 hrs; at higher Dox dosage of 2mg/ml, the induction 

was clearly toxic to C6-Combined transplant and lysed the tumor (Figure II-15).  

There are two points of interest here: First, the relative growth rate between C6-

FTH and C6-Tfrc was reversed in vivo. (In vitro the relationship was C6 WT> C6-Tfrc > 

C6 FTH> C6 combined). As hypothesized earlier, the reduction of in vitro growth of C6-

FTH was not necessarily a sign of toxicity, but more likely attributable to an iron 

deficiency phenotype and could be reversed with better access to iron supply. While long 

term Tfrc expression might introduce greater risks by making the cells more vulnerable to 

iron mediated ROS damage. The current in vivo observations are in line with these 

positions, though firmer conclusions can only be made when additional LIP and ROS 

assays were performed to elucidate the underlying mechanisms (not incorporated in the 

current experimental design).  

Second, the unexpected toxicity from combined FTH/Tfrc expression, first 

observed in vitro, was further confirmed in our in vivo characterizations. We are 

confident that the toxicity was the consequence of co-expression because 1) in our pilot 

studies, 2 mg/ml Dox treatment lysed C6-Combined tumor without reducing growth of 

C6-Tfrc transplants within the same animal, 2) the toxicity was observed in different C6-

combined lines that had distinct genetic backgrounds, and 3) neither FTH or Tfrc when 

expressed alone were toxic to host cells. Taken together, the toxicity observed in co-

expression was not attributable to Dox, variation in genetic background, individual 

animals, or the effects of single transgenes. The most likely explanation we espouse at 
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this stage is that the toxicity was related to the disruption of iron homeostasis when both 

FTH and Tfrc have been rendered unregulatable and expressed at arbitrary ratios dictated 

by the expression vectors instead of intracellular conditions.   

Similar to the in vitro study, the MRI contrasts of transplants across conditions 

were reported here as T2 maps and their corresponding R2 relaxation rates calculated 

from multiple TE times. The average T2 for WT C6 tumors was estimated at 75.2 ms 

(R2=13.3 s-1). Against this reference, both FTH and Tfrc overexpression were found to 

significantly reduce T2 time (increase R2) in C6-FTH (T2=55.9ms, R2=17.9 s-1 p=0.003) 

and C6-Tfrc (T2=59.1ms, R2=16.9 s-1 p=0.02) transplants, respectively. There was no 

statistically significant difference between the R2 relaxation rate of C6-FTH and C6-Tfrc 

(p=0.42). This finding was more consistent with in vitro cell pellet MRI without iron 

supplement (where both FTH and Tfrc induced moderate MRI contrast) than in vitro 

MRI with iron supplement (where Tfrc had clear advantages over FTH due to greater iron 

uptake capacities). This further cautions against inferring in vivo transgene function based 

on results from heavy in vitro supplement alone, which may lead to false positive results. 

(Figure II-16) 

We should point out that under these three conditions, only imaging data from the 

first MRI session were used towards quantification of MRI contrast: the very fast in vivo 

proliferation has resulted in overgrowth and necrosis in WT C6, C6-FTH and C6-Tfrc 

transplants during the second scan session and those images were used only for 

quantification of tumor size. 

Under high Dox induction (2 mg/ml), C6-Combined transplants suffered from 

clear toxicity, transplants were lysed and their MRI relaxivity cannot be assessed. At 
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lower dose induction (0.5 mg/ml), they continued to proliferate albeit at a significantly 

reduced rate. For aggressively growing C6 transplants this actually has the unintended 

benefit of allowing repeat scans without the concerns of necrosis or tumor overgrowth, 

and enabled comparisons between Tet-On and Tet-off conditions within the same animals 

with repeat scans. Without Dox induction, C6-Combined was functionally equivalent to a 

Tfrc overexpression line and behaved similarly in vivo, with a T2 of 61.8 ms (R2=16.2 s-

1); which approximates the R2 (16.9 s-1) of C6-Tfrc and significantly higher than that of 

WT controls (R2=13.3 s-1). Upon Dox induction for 1 week, we observed slight but not 

statistically significant increase in R2 relaxation rate from additional induced FTH 

expression (R2=17.1 s-1 p=0.60). We concluded that FTH/Tfrc co-expression was not 

more effective in producing MRI contrast than individual genes under the current 

experimental design. We cannot rule out the possibility that higher expression level 

and/or longer induction period could lead to more significant changes, however, given the 

toxicity from co-expression and its limited MRI contrast benefit, co-expression cannot be 

recommended as a practical approach for signal enhancement purposes (Figure II-17). 

To summarize, findings with in vivo MRI suggested that both constitutive 

expression of Tfrc and FTH transgenes significantly altered R2 relaxation rate and each 

transgene could serve as an MRI reporter in a tumor transplant model in CD-1 nude mice. 

Co-expression of Tfrc and FTH, in the form of week-long induced expression of FTH 

against the background of Tfrc overexpression, significantly slowed down cell 

proliferation and generated a similar level of MRI contrast as obtained from Tfrc 

expression alone, with no convincing evidence of cumulative increase of R2.  
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Post mortem analysis 

Immediately upon completion of MRI sessions, animals were euthanized and 

tumors recovered for post mortem analysis. The tumor analysis was of particular interest 

1) to confirm and quantify the level of transgene expression in vivo, and 2) to quantify the 

iron content of transplanted tumors. 

Western blots were performed on tumor samples with antibody against HA tag 

(specific for HA tagged human FTH, does not interact with endogenous rodent ferritin) 

and antibody against transferrin receptor (recognizes both human and rodent transferrin 

receptor). It confirmed HA-FTH expression in both C6-Combined and C6-FTH tumors, 

and absence of transgenic FTH in WT control and C6-Tfrc transplants (Figure II-18A). 

The confirmation of induced FTH expression in C6-Combined eliminated the possible 

confound of negative FTH expression, and further strengthened the link between co-

expression and observed toxicity. It should be noted that in the strongest constitutive 

expression line C6-FTH, the level of FTH transgene expression was significantly higher 

than that achieved with 0.5 mg/ml Dox induction in vivo (152.2% difference estimated by 

densitometry); this leaves open the possibility of higher expression level and/or longer 

induction period of FTH transgene to actually produce cumulative increase of R2 in C6-

Combined. However, as previously mentioned this option lacks practicality due to 

toxicity concerns. Taking the FTH protein quantification into account, it seems likely in 

retrospect that the variations in FTH expression level was at least partially responsible for 

some in vitro differences observed between C6-FTH (higher iron content, slower 

proliferation rate, stronger MRI contrast) and its inducible counterpart C6-Tet-FTH.  
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Significantly elevated Tfrc expressions have been confirmed in both tissues of 

C6-Tfrc and C6-Combined origin, which were estimated at 271.6% and 213.4% 

respectively of baseline Tfrc level in WT, suggesting the transgenesis was effective. 

(Note that C6-Tfrc and C6-Combined were of different genetic background, the lower 

Tfrc level in C6-Combined simply reflects difference between clonal lines and is not the 

result of induced FTH expression) (Figure II-18A). Tfrc expression level in C6-FTH was 

equivalent to that of WT C6 tumors, which was somewhat unexpected. The iron 

homeostasis model predicted endogenous Tfrc upregulation in response to FTH transgene 

expression, and our in vitro characterization of Tfrc levels indeed pointed to significant 

Tfrc upregulation in C6-FTH based both on protein densitometry and pair-wise 

comparison of ICC (Figure II-18B). Thus, the un-elevated level of Tfrc 3 weeks post 

transplant was most likely the consequence of termination of Tfrc upregulation in vivo. 

(One important difference between Tfrc and FTH transgenesis is that the Tfrc level under 

FTH transgenesis will still be under effective regulatory control through the LIP-IRP-IRE 

system.) In a scenario most consistent with our observation, FTH expression will initially 

induce reduction of LIP and compensatory upregulation in Tfrc (as observed in cell 

culture); over time, the increased iron uptake increases iron stores and replenishes LIP, 

which should in turn reduce the compensatory increase in Tfrc expression towards its 

original states (as seen in tumor explants). If this was indeed the case, we would expect 

an increase in total iron content in C6-FTH tumor samples despite matching Tfrc levels 

with controls, because earlier upregulation in Tfrc and subsequent iron increase would be 

a prerequisite to bring LIP and Tfrc back to pre-transduction levels, and iron 
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accumulation during this earlier period should be detectable with sensitive iron content 

assays.   

 ICP-OES was performed on tumor samples to measure iron content quantified as 

Fe parts per million (ppm) normalized to tissue dry weight.  In Tfrc overexpression lines, 

significant increases in iron content over WT controls were observed. The estimate was 

122.4 ppm for WT controls, 222.5 ppm for C6-Tfrc samples (81.7% increase p<0.01) and 

192.3 ppm for C6-Combined samples (57.1% increase p=0.01). The higher iron content 

in C6-Tfrc samples was consistent with greater Tfrc expression levels. To a lesser extent, 

FTH overexpression in C6-FTH also increased iron content (174.7 ppm, 42.7% increase, 

due to large variation in individual samples, the difference did not reach statistical 

significance p=0.16) (Figure II-19).  

These findings have several implications: 1) iron content data corroborated with 

in vivo MRI and provided further support for both FTH and Tfrc function as MRI 

reporters.  2) C6-FTH samples showed moderate increase in iron content despite WT-like 

Tfrc levels, consistent with the hypothetical scenario that earlier episodes of Tfrc 

upregulation had restored iron balance in the C6-FTH transplants, which led to its 

subsequent down-regulation towards baseline levels. And 3) C6-FTH transplants 

achieved comparable MRI contrast with C6-Tfrc/C6-Combined transplants despite much 

less pronounced iron increase, suggesting that, in the case of ferritin transgenesis, total 

iron content may not be the sole determinant of MRI contrast. This is consistent with 

earlier observations about ferritin with higher relaxivity per iron content, when the iron 

loading factor of ferritin protein is low (Vymazal et al., 1996; Vymazal et al., 1998). 
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2.4 Discussion 

Studying FTH and Tfrc transgenes in C6 and other cell lines has not only shed 

light on the functions of metalloprotein reporters, but also brought important insights into 

the strength and limitations of various experimental procedures. Accordingly, our 

discussion in this chapter will be divided into two major sections. The first part of the 

discussion will be dedicated to methodological/technical considerations; and reflections 

on how our practices on establishing cell lines, using iron supplements in in vitro 

characterizations and the design of MRI experiment might influence experimental 

outcomes, to help clarify possible confusion and improve on subsequent experiments on 

ESCs. The second part of the discussion will focus on the theoretical relevance of our 

findings to the field of molecular MRI reporting and, on a more practical level, which 

candidate gene should be chosen for introduction into ESCs.  

 

Methodological/Technical Considerations 

Construct design, clonal line selection and cell viability 

Two considerations have been given priority in our construct design: achieving 

high level of transgene expression and maintaining stable gene expression across cell 

divisions. Insufficiency or variation in expression level could confound interpretations of 

effectiveness of transgenes and undermine the main aim of the current experiment: to 

identify the appropriate reporter gene for introduction into ES cells.  

FUGW, a lentiviral backbone with a proven record of achieving high-level, stable 

transgene expression, was chosen for the current study (Lois et al., 2002; Yang et al., 

2008).  In addition, Iron Response Element (IRE), located at 5’ end of FTH cDNA and 3’ 
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of Tfrc cDNA, was removed by PCR during the construction process to ensure transgene 

expression not influenced by endogenous regulation through IRP. Based on experimental 

findings, this construct design has proven effective. 

The same principles were followed when selecting clonal cell lines, transgene 

expression levels were given priority and the candidate lines chosen for further 

experimentation were usually the ones with highest expression. This practice had its pros 

and cons: Given the many uncertainties with transgene function and lack of established 

protocols, it is a clear advantage to eliminate possible confounds related to expression 

level in the earliest phase of the experiment. The disadvantage was this selection criterion 

might also introduce peculiarities into cell viability data that are confusing. Consider that 

lentiviral vectors randomly insert the transgene into the host genome, and may induce 

changes in cell viability independent of the function of the transgene. This, coupled with 

the selection criterion of “clone with highest expression”, could possibly lead to 

confusing observations like the instance where FTH expression in a certain clonal line 

(C6-FTH) exerts the most significant growth slowing effect, while having no perceivable 

impact on cell proliferation in most other clonal FTH lines (both overexpression and 

inducible).  

From the perspective of appropriate experimental design, the “high expression” 

approach was effective for the purpose of confirming reporter gene function. At the 

current stage variations in proliferation rate was less of a concern than reporter function, 

thus we consider lentiviral-based transgenesis a fitting choice. However, the situation 

would be very different when the study moved into the territory of cell replacement 

therapy. In the case of transgenic ESCs, cell lines with impaired viability would defeat 
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the purpose of combining reporter gene with cell replacement therapy in the first place. 

Given this concern, we plan to modify the selection criterion for transgenic ESCs (to be 

covered in chapter III), instead of aiming outright for the highest expression line, only 

cell lines that retained normal proliferation rate and morphology will be selected for 

further characterization. 

 

Iron supplement and in vitro characterization 

Iron supplements have been used on several occasions during the study, and the 

purposes were mainly threefold: (1) Probe for Tfrc function, (2) Iron challenge, and (3) 

MRI contrast amplifier. This practice had considerable impact on the experimental 

outcome and warrants some discussion here. 

Probe for Tfrc function: Both Tfrc and FTH transgenesis are expected to 

increase iron uptake (directly in the case of Tfrc transgenesis and through compensatory 

upregulation in the case of FTH transgenesis). The logic goes as follows: An iron content 

assay coupled with iron supplement could serve as a convenient probe for transgene 

function.  

This approach has proven effective, though from experience we have also 

identified a few potential pitfalls that may lead to erroneous conclusions. The first is the 

choice of type and dose of iron supplements and their interaction with different cell 

models. FAC and FC, while commonly used as supplements in culture, turned out to be a 

risky choice for studying C6 glioma lines. When administrated in high doses, they are 

capable of entering the cell through mechanisms not mediated by the Tf-Tfrc complex 

(Sturrock et al., 1990; Inman and Wessling-Resnick, 1993; Baker et al., 1998) and if the 
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cell model in question (C6 as a clear example) is susceptible to alternative routes of iron 

uptake, the outcome would be of little predictive value of Tfrc expression. Had we not 

experimented with h-Tf supplement in parallel, we would have come to the wrong 

conclusion that Tfrc transgenesis was not functional in C6 cells. It should also be pointed 

out that there are commercial solutions available that offer more sensitive and reliable 

measures of Tfrc function, typically in the form of engineered holo-transferrin tagged 

with radioactive or fluorescent labels (Arosio and Levi, 2002; Kotamraju et al., 2002; 

Deans et al., 2006). For researchers who have access, these could serve as effective 

probes of metalloprotein function without the aforementioned complications.  Another 

potential confound was the mode of FTH function. Unlike direct Tfrc transgenesis which 

affects iron uptake strongly and immediately, FTH induced Tfrc increase is more modest 

and takes longer, exemplified by the moderate Fe increase with FTH overexpression as in 

C6-FTH, and no significant Fe change with FTH inducible expression. Given these 

considerations, one needs to be cautious about relying solely on a total iron content assay 

to confirm FTH function (to avoid the false negatives).  

Iron challenge: Iron can also be supplemented in culture to elicit changes in cell 

proliferation and ROS damage. In our experiment, the observation that Tfrc transgenesis 

exacerbates the growth slowing effect of iron challenge, while certain FTH transgenic 

cell line (high expression) increased its proliferation under the same treatment, is 

consistent with the proposed functions of Tfrc and FTH in influencing LIP (with 

subsequent vulnerability to or possible protection against ROS damage) (Meneghini, 

1997; Arosio and Levi, 2002; Kotamraju et al., 2002; Kruszewski, 2003). While our 

observations were consistent with the predictions from the prospect of iron homeostasis, 
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we wish to stress that our experimental efforts were only rudimentary in this aspect. 

Firmer links between LIP, ROS and metalloprotein transgenesis would require selective 

measurements of LIP (as opposed to total iron) and additional measurements of ROS. 

Considering the links between metalloprotein function and LIP are well established, and 

that the current study focuses instead on their potential role as MRI reporters, the 

additional measurements of LIP and ROS were not incorporated into the current 

experimental design. Both are interesting topics that warrants further studies. 

MRI contrast amplifier: Under standard culture conditions with limited iron 

supply, the magnitude of absolute iron change from transgene expression is often quite 

small and poses challenges for MRI detection. Providing iron supplement could 

drastically amplify the change in iron content and enhance in vitro MRI contrast.  

The practice of providing iron supplement for in vitro MRI has been adopted in 

most of the studies on metalloprotein MRI reporters to date with considerable benefit 

(Moore et al., 1998; Genove et al., 2005; Deans et al., 2006). However, from our 

experience we would also caution against over-interpreting data obtained with the help of 

iron supplement. The key point is that most iron supplement regimens bear no 

resemblance to the endogenous iron supply in vivo (In the majority of reports, the Fe dose 

from supplement was unphysiologically high); subsequently while positive in vitro 

results dependent upon supplement can confirm transgene function, it has limited 

predicative value of the usefulness of transgene as a reporter in vivo (especially when it 

has to rely solely upon much more limited endogenous iron supply in the form of 

circulating h-Tf). We found this out the hard way in a separate project where an artificial 

transgene showed great promise as a MRI reporter in vitro (with supplements), only to 
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turn out ineffective in vivo after devotion of considerable experimental efforts. Similar 

observation was reported in Deans et. al.(Deans et al., 2006) where positive results in 

vitro (with heavy iron supplement) turned out negative in transplant studies. A cautionary 

note on the risk of false positives associated with iron supplementation should be in place.  

 

MRI 

In discussing the application of iron supplements, we have cautioned against false 

positive from over-interpreting data based on iron supplement. This, however, does not 

necessarily translate into better predictability when supplements are removed. Just as 

there as scenarios of positive outcome in vitro turned negative in vivo; there are also 

instances where transgene produces insufficient MRI contrast in vitro (without 

supplement), but functioned effectively as reporter gene in vivo. This was the case with 

Genove et al.’s (Genove et al., 2005) study on a ferritin reporter, and has also been 

observed in our own studies on C6-Tfrc, in which R2 enhancement increased from 11% 

in vitro (barely significant) to 27% in vivo. (At the risk of getting ahead of ourselves, the 

same situation applied to ferritin transgenic ESCs as well, to be covered in Chapter III).  

To understand these phenomena, it is important to note that in the case of 

metalloprotein reporters, MRI does not directly measure the transgenic protein product 

(this is different from the case of optic image of EGFP), but has to indirectly monitor 

transgene expression through induced changes in iron content/storage. Both accumulation 

of iron and redistribution of it in ferritin storage took considerable time (weeks or more) 

to have maximum impact on MRI contrast, and this could translate into a detection 

advantage of in vivo MRI of transplants over in vitro cell pellet studies especially when 
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conducted without iron supplement. Taken together, our findings caution that the 

outcomes of cell pellet MRI are not always consistent with in vivo MRI when cells from 

the same clonal line are subsequently used for transplant; the influence of multiple factors 

including iron access and time course of iron homeostasis should be taken into account to 

avoid both false positive and false negative interpretations. 

In conducting MRI, our study focused on using T2 weighted sequences on high 

field strength MRI unit to probe metalloprotein functions. These choices are justified 

given (1) Increased iron content induced a much stronger decrease in T2 relaxation time 

than in T1 relaxation time, especially at low iron concentrations (Vymazal et al., 1996; 

Wood et al., 2004; Cohen et al., 2005), thus T2 weighted sequences are more sensitive 

than T1 weighted sequences in detecting transgene-induced changes in iron homeostasis; 

and (2) In both Tfrc and FTH transgenic cells, we will be measuring intracellular iron 

storage in the form of ferritin. Ferritin iron shows magnetic field-dependent R2 increases 

(Vymazal et al., 1992), thus the detection of transgene-induced MRI contrast will become 

easier as the MRI scanner goes up in field strength. Tellingly, while 4.7 T used in the 

current study is generally considered high strength (reserved mostly for research 

applications), so far it is also the lowest field strength on which ferritin transgene has 

been successfully applied as a MRI reporter in vivo (Cohen et al., 2005; Genove et al., 

2005; Cohen et al., 2007).    

It is worth pointing out that T2 weighted image based on spin echo sequence in 

the current study is actually not the most sensitive approach to detect ferritin-induced 

MRI contrast. In theory, T2* weighted image (using gradient echo sequences) would be 

more sensitive to metalloprotein based reporters because it reflects the combined effect of 
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three sources that lead to loss of phase coherence: spin-spin energy transfer, 

inhomogeneity of the magnetic field, and inhomogeneity of tissue samples (difference in 

magnetic susceptibility between adjacent tissues). In contrast, T2 weighted sequence only 

reflects loss of coherence due to spin-spin energy transfer. Metalloprotein reporters are 

expected to change the magnetic susceptibility of host cells, and the resulting difference 

in susceptibility between transplants and their environment can be more effectively 

exploited by T2* weighted sequences.   

The situation was more complicated in practice, as T2* weighting can be both an 

additional source of contrast and an additional source of noise. Inhomogeneity of the 

magnetic field is especially problematic on high field strength scanners (like the 4.7 T in 

this study), and the transplants also suffered from undesirable local fluctuations (between 

transplants and skin, air, muscle etc.) in magnetic susceptibility. Both could significantly 

reduce the quality of T2* images. We collected some data with T2* weighting during our 

pilot studies and found they were too noisy to be of much value. However, it should be 

emphasized that with improved hardware, and/or when the transplant was placed in a 

more homogenous local environment (brain tissue is ideal for this purpose), T2* 

weighted sequence could be a powerful tool to improve the detection sensitivity of 

metalloprotein-based MRI contrast.  

Finally, in the current study MRI was essentially used to probe changes in iron 

homeostasis. While it has great advantage in being non-invasive, its sensitivity and 

reliability in measuring iron changes are not comparable to more specialized in vitro Fe 

assays. MR contrast alone does not constitute sufficient proof of transgene function, nor 

does it reveal whether the contrast was mediated through change in iron homeostasis. We 



 58

thus consider post-mortem iron assays (like ICP-OES) on tumor explant samples, along 

with confirmation of in vivo transgene protein expression, as indispensable components 

of experimental design to establish a more convincing link between transgene expression 

and their function as MRI reporters.  

 

Theoretical Considerations 

Our studies on Tfrc and FTH transgenesis in common cell lines, first and foremost, 

provided support for the iron homeostasis model of metalloprotein MRI reporters. As 

predicted, expression of FTH, free from endogenous regulatory influences (removal of 5’ 

IRE sequences), did lead to compensatory up-regulation of Tfrc and changes in 

intracellular iron content. Similarly, expression of Tfrc transgene free of IRE directly 

translated into increased levels of Tfrc protein and greatly enhanced iron uptake both in 

vitro and in vivo. And both Tfrc and FTH transgenesis led to sufficient changes in iron 

homeostasis detectable with in vivo MRI. 

Since this study represented the first parallel comparisons between Tfrc, FTH and 

their co-expression, it provided an opportunity to experimentally determine the best 

candidate among them for applications as a reporter gene. And in the process we also 

came across unexpected findings that pointed to prior misconceptions. The followings are 

summaries of each candidate: 

 

Tfrc as MRI reporter 

In vivo MRI on Tfrc transgenic C6 transplants (both C6-Tfrc and C6-Combined 

without induction) indicated that expression of Tfrc led to significant MRI contrast 
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(increase in R2 relaxation rate). The changes in relaxivity were corroborated by post-

mortem analysis showing significant increase in iron content of transplants that 

overexpressed Tfrc. Our findings suggested that Tfrc could function as an MRI reporter 

without external supplement of contrast agent.  

As noted in the introduction, the efficacy of Tfrc as an MRI reporter (without 

contrast agents) is a controversial matter. First proposed by Koretsky et al. and 

demonstrated in mouse fibroblast transplants (Koretsky et al., 1996); Tfrc was initially 

thought of a natural candidate for MRI reporter for its role in iron uptake. However, 

subsequent characterization from Weissleder’s group in 9L carcinoma cells concluded 

that, without supplement of contrast agent, Tfrc expression alone could not produce 

sufficient MRI contrast either in vitro (Moore et al., 1998) or in vivo (Weissleder et al., 

2000). Instead, they sought to utilize transferrin coupled with monocrystalline iron oxide 

nanoparticles (Tf-MION) to probe expression of engineered Tfrc, and were successful 

with that approach. (Weissleder et al., 2000) (Note in this case, Tfrc-mediated MRI 

contrast is no longer based on iron homeostasis, but on a receptor-ligand delivery of 

contrast agent). These early efforts doubtlessly inspired subsequent studies and 

demonstrations of ferritin as an MRI reporter, which did not rely upon administration of 

external contrast agents in vivo (Cohen et al., 2005; Genove et al., 2005; Cohen et al., 

2007), and led to the prevailing view that ferritin makes a more effective reporter gene 

than Tfrc (Cohen et al., 2005; Gilad et al., 2007a). 

Our findings suggest a somewhat different scenario: Tfrc, like FTH, was capable 

of producing MRI contrast without supplement both in vitro and in vivo, and the MRI 

contrast from the two reporter genes was comparable. We are confident about this 
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position because (1) The earlier concept of “ferritin advantage over Tfrc” was not based 

on solid empirical support from parallel comparisons, but inferred from studies with 

critical differences in experimental settings, notably field strength of MRI (negative Tfrc 

was from 1.5 T, while positive ferritin was from 4.7 T and up). Given the field-strength 

dependency of R2 and the fact that Weissleder et al. (Weissleder et al., 2000) did confirm 

iron content increase in Tfrc transgenic tumors, the outcome of Tfrc transgenesis could 

have been different following a different experimental design. In our studies experiments 

on Tfrc and FTH transgenic cell lines were conducted with matching conditions along 

each step and offered a more rigorous basis for comparison. (2) The “comparable” 

observation also makes more logical sense when one considers that ferritin and Tfrc 

transgenesis essentially tapped the same mechanism of iron homeostasis for MRI contrast, 

and expression of either one will inevitably lead to compensatory change in the other. So 

it is our conclusion that Tfrc was capable of reporter gene function in an in vivo tumor 

transplant model independent of contrast agent supplement, and its effectiveness was 

comparable to that of FTH transgene at least under experimental conditions employed in 

the current study.  

 

FTH as MRI reporter 

Findings on C6-FTH transplants suggested that expression of FTH led to 

significant MRI contrast (increase in R2 relaxation rate). This was consistent with recent 

publications (Cohen et al., 2005; Genove et al., 2005; Cohen et al., 2007) and added 

further support to FTH as a molecular MRI reporter. Our in vivo experimental design was 

closely modeled after the first successful study on FTH (Cohen et al., 2005), matching its 
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choice of cell model (C6 glioma line), animal model (CD-1 nude mice), MRI hardware 

(4.7 T) and imaging sequence (multi-echo T2).  This practice was aimed at minimizing 

possible confounds. The results from the two studies were closely matched except for our 

experiments recorded a more significant increase in R2 accompanied with a moderate 

reduction in transplant growth rate, both likely outcomes of variation in transgene 

expression levels.  

As previously discussed, the relative effectiveness of Tfrc and FTH as MRI 

reporters was of considerable interest; and as far as observations with transgenic C6 

glioma lines go, changes in R2 from the two transgenes were about the same. From a 

theoretical perspective, the matching contrast could be a matter of coincidence as the 

relative “effectiveness” would be dependent upon factors like levels of transgene 

expression, and to compare Tfrc expression with FTH expression is like comparing 

apples to oranges. From a practical perspective, however, it does serve a useful guidance 

suggesting that, when incorporated into the same vector and targeted to the same cells, 

with matching transduction, selection, transplantation and visualization protocols, FTH 

was on par with Tfrc in the best MRI contrast they can achieve.  

The observation that, comparing to Tfrc, FTH was able to achieve similar MRI 

contrast with less iron accumulation was also of interest. Prior in vitro characterization of 

ferritin suggested that while ferritin relaxivity per iron was constant when iron loading 

factor was high, significantly higher relaxivity per iron was observed at low iron loading 

factor. (I underlined per iron to avoid confusion because relaxivity is still higher in the 

high iron condition. The real implication is when the same amount of iron is distributed 

in greater amounts of ferritin, the resultant relaxivity would be higher than if the same 
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amount of iron is distributed in less ferritin proteins) (Vymazal et al., 1996; Vymazal et 

al., 1998). This has important relevance to application of ferritin as an MRI reporter 

because introduction of ferritin as a transgene is expected to significantly reduce the iron 

loading factor of intracellular ferritin, as in Cohen’s proposition (Cohen et al., 2005) that 

“changes in the expression of apoferritin and redistribution of iron could alter MR 

contrast even in the absence of changes in total iron content”. In actual transplant studies 

ferritin transgenesis would simultaneously induce increased iron uptake and 

redistribution of iron into more ferritin proteins in vivo, and the impacts of these two 

mechanisms on relaxivity would be hard to separate. Still, the loading factor model offers 

the most logically consistent explanation for the observation that FTH transgenesis 

achieved comparable MRI contrast with less iron increase. 

Also consistent with reduced iron increase through FTH transgenesis was the 

observation that FTH-induced Tfrc upregulation was prominent in culture but reverted to 

baseline level after weeks of proliferation in vivo. This was indicative of rebalancing of 

iron homeostasis and suggested effective endogenous regulatory control over Tfrc was 

still in place (with FTH transgenesis) to promptly modulate iron uptake; potentially this 

would also grant FTH transgene a safety advantage over its Tfrc counterpart because in 

the event of Tfrc transgenesis, iron uptake would be mostly un-regulatable and pose 

greater risk of excessive LIP mediated toxicity.   

 

Combinatory reporter 

The results from Tfrc/FTH combination were most unexpected. As detailed in the 

introduction, the original proposition from Deans (Deans et al., 2006) suggested co-
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expression could be advantageous over single transgene approaches, “such as the ability 

to decrease cellular toxicity while achieving effective cellular contrast.” The Deans study 

fell short of providing empirical support for the claim of comparative advantage. When 

we were finally able to test the hypothesis experimentally, co-expression appeared to be 

not particularly effective in further enhancing MRI contrast, and definitely not beneficial 

to cell viability. 

In terms of MRI contrast, Tfrc/FTH combination did not reliably generate 

superior MRI contrast over Tfrc-only condition (both in vitro and in vivo, induced 

expression of FTH on top of Tfrc overexpression produced slight increases in R2 that did 

not reach statistical significance). The apparent lack of enhancement from additional FTH 

expression is open to different interpretations; we tend to believe the slight positive trend 

from co-expression was real, just not of sufficient efficacy to be of practical significance. 

And we will not rule of the possibility that further increase in the level and duration of 

transgene expression (especially of FTH) could make the contrast enhancement from co-

expression more significant; however, in light of potential toxicity (discussed below), this 

option would not be particularly worthwhile to pursue in stem cell research.  

The reduced viability from Tfrc/FTH came as a surprise, not the least because 

reduction of toxicity was originally cited as the major advantage of co-expression 

approach, and it made intuitive sense for additional FTH expression to be protective. 

Having ruled out possible confounds and confirmed that toxicity was indeed linked to co-

expression, the key to understand this unexpected phenomenon can be traced back to a 

flaw in the logic of Deans’ original proposition (Deans et al., 2006). They argued that 

single gene-induced fluctuation in LIP and subsequent compensatory changes were 
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stressful to the cells, and instead of letting the transgene perturb the LIP and induce the 

compensatory up-regulation to restore iron balance, co-expressing both Tfrc and FTH 

would maintain the balance in the first place, which was supposed to be beneficial to cell 

viability. The problem is, by expressing IRE-free Tfrc and FTH together, a co-expression 

approach will effectively deprive the host of its endogenous capacity to regulate LIP 

through the IRP system. And the new “balance” will be dictated by the relative 

expression efficiency of viral vectors carrying the two transgenes, not necessarily at 

optimal levels for cell viability (a possibility that Deans and colleagues recognized but 

downplayed in the original proposition). It turned out that the new un-regulatable balance 

was a lot more toxic to the host than expected. Without delving into philosophical 

discourse on the virtue and vice of regulation, suffice to say in this case it is best for the 

transgenic cells to maintain at least partial control over its iron balance.    

 

Choice for ES cells 

When it finally comes to choose an MRI reporter gene for ESCs, the Tfrc/FTH 

combination was first ruled out due to its clear risk of toxicity. Between Tfrc and FTH, 

both were relatively safe transgenes and were similarly effective in inducing R2 

relaxivity changes. However, there are subtle but important differences between Tfrc and 

FTH reporters to make one more suited to certain applications than the other. Focusing 

on iron uptake, Tfrc-induced intracellular iron uptake is more immediate and of greater 

magnitude. And as a receptor protein, Tfrc can be probed with external administration of 

Tf-bound contrast agent. These are desirable features if one wishes to make more prompt 

observation of transgene-induced changes.  
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Transgenic FTH, on the other hand, was able to achieve comparable MRI contrast 

with less iron accumulation, and iron uptake through Tfrc remains regulatable with FTH 

transgenesis. On top of these, ferritin has a well established role in protection against 

ROS damage by buffering against excessive LIP (Arosio and Levi, 2002). Together, 

these translate into potential safety advantages of FTH over Tfrc. Since safety would be 

the top priority in applications of cell-based therapies, with comparable efficacy to Tfrc, 

we conclude that FTH makes the best candidate MRI reporter for introduction into ESCs.  
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Figure II-1. Transferrin Receptor and Ferritin 

 
Figure II-1. Transferrin receptors mediate iron transport into cells that eventually store 

iron in ferritin-bound form. (1) Circulating holo-transferrin binds to transferrin receptor 

(2) Transferrin-Transferrin Receptor complex is internalized into the cell and fuses with 

endosome, where iron is released in an acidic environment. (3) Iron transported into the 

cytoplasm and become part of labile iron pool. (4) Labile iron pool interface between iron 

in active function (diverted to mitochondria, protein etc.) and in storage form, ferritin. 

Ferritin incorporates excessive iron from LIP into its core as ferrihydrite crystals. (5) 

Apo-transferrin and transferrin receptor will be transported back to cell surface to restart 

the cycle.  
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Figure II-2. IRP and IRE interactions 

 
 

Figure II-2. Iron Regulatory Protein interacts with Iron Responsive Element to 

regulate iron homeostasis at posttranscriptional level. Binding of IRP to 5’ IRE (example: 

ferritin) suppresses protein translation, while binding to 3’ IRE (example: transferrin 

receptor) stabilizes mRNA to enhance protein expression. Consequently, in the event of 

iron deficiency, IRP binds to IRE on both Tfrc and FT mRNA to increase Tfrc expression 

and decrease FT translation; while in the event of iron excess, iron-bound IRP loses its 

capacity to bind to IRE which leads to decreased Tfrc expression and increased FT 

translation. 
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Figure II-3. Changes in iron regulation in response to transgenesis 

 
 

Figure II-3. Intracellular iron content and distribution are expected to change in 

response to metalloprotein transgenesis. Introduction of ferritin transgene is expected to 

divert more iron into storage form, decrease LIP, and induce compensatory increases in 

iron uptake. Introduction of transferrin receptor transgene is expected to directly increase 

iron uptake, increase LIP, and induce compensatory increases in iron storage. Both 

approaches are expected to lead to increases in cellular iron content, though the extent of 

iron accumulation and pattern of iron distribution will likely be different. 
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Figure II-4. Schematic of constitutive expression lentiviral vectors 

 
Figure II-4. Lentiviral vector FU-IRES-GW is a bicistronic expression vector that 

constitutively expresses transgene of interest under the ubiquitin promoter and EGFP 

linked by IRES sequence. Human FTH cDNA was PCR modified to remove 5’ IRE 

sequence and tagged with HA sequence before insertion into the multiple cloning sites of 

FU-IRES-GW to create vector LVU-HA-FTH-IRES-EGFP that constitutively expresses 

FTH and EGFP. Similarly, IRE sequence was removed from 3’ Human Tfrc cDNA 

through restriction enzyme digestion before insertion into the multiple cloning sites of 

FU-IRES-GW to create vector LVU-Tfrc-IRES-EGFP that constitutively expresses Tfrc 

and EGFP. 
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Figure II-5. Schematic of inducible expression lentiviral vector 

 
Figure II-5. Lentiviral vector LV-mCMV-HA-FTH- Ubi-rtTA-IRES-ZeocinR 

expresses HA tagged FTH under miCMV promoter and its expression is under TetOn 

inducible control: Only in the presence of doxycycline (synthetic tetracycline), reverse 

tetracycline Transactivator (rtTA) can bind to Tetracycline Response Element (TRE) to 

initiate FTH transgene expression. While the expression of selection marker ZeoR is 

linked to ubiquitin promoter by IRES and not under TRE-rtTA control, it enables Zeocin 

selection independent of doxycycline induction.  
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Figure II-6. 

 
Figure II-6. Establishment of FTH constitutive expression line: C6-FTH 

Multiple clonal lines were established through pLVU-HA FTH-IRES-EGFP transduction 

of C6 glioma cells. 4 clones with varying GFP expression level are shown here and 

candidate #3 among them with the highest transgene expression was chosen as C6-FTH 

for further characterization.  
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Figure II-7. 

 
 

Figure II-7. Establishment of Tfrc constitutive expression line: C6-Tfrc 

Multiple clonal lines were established through pLVU-Tfrc-IRES-EGFP transduction of 

C6 glioma cells. 3 clones with varying Tfrc expression level are shown here along with 

WT C6 control. Highest Tfrc transgene expression level was determined by pair-wise 

comparisons of Tfrc ICC under matching conditions. Candidate #3 was chosen as C6-

Tfrc for subsequent studies.  
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Figure II-8. 

 
 

Figure II-8. Establishment of Tfrc/FTH co-expression line: C6-Combined 

C6-Combined line was established in two phases. First, pLV-mCMV-HA FTH-Ubi-

rtTA-IRES-ZeocinR was used to transduce C6 glioma cells to establish candidate lines 

that express FTH in response to Tet/Dox induction, and the line with strongest induced 

FTH expression was chosen as C6-Tet-FTH. Subsequently, C6-Tet-FTH was transduced 

with pLVU-Tfrc-IRES-EGFP to introduce Tfrc overexpression and a high expression 

clone was chosen as the Tfrc/FTH co-expression line: C6-Combined. C6-Combined is 

GFP positive, constitutively expresses human Tfrc, and will co-express HA tagged FTH 

under Tet/Dox induction.  
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Figure II-9. 
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Figure II-9. Influence of cell types and iron supplement choices on cellular Fe 

content 

A) Comparisons between WT 293HEK and 293-Tfrc cell iron content (measured by O-

phenanthroline method) in response to different forms of iron supplement. The baseline 

cellular iron content in 293-Tfrc was 46.4% higher than 293-WT cells without iron 

supplement. Iron supplement, irrespective of form, significantly increased total iron 

content. Co-supplement of Ferric citrate (FC 200uM) and holo-transferrin (h-Tf 1mg/ml) 

over 72 hrs increased 293-Tfrc iron content to a high of 131.3 fg/cell, 65.3% higher than 

WT controls. It was later revealed that 293 cells responded differently when FC and h-Tf 

were separately supplemented; FC reduced the Fe difference between WT and 293-Tfrc 

cells to 33.6% while holo-transferrin increased it to 117.1%.  

B) Difference in selectivity to iron supplements was even more pronounced in C6 glioma 

cells. The baseline iron content difference without supplement was estimated at 58.2%, 

supplement with FC completely obliterated the distinction while h-Tf supplement 

amplified the difference to 181.8%.  
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Figure II-10. 

 
 

Figure II-10.  Comparisons of iron contents between C6 cell lines 

Iron content of C6 cell lines under the influence of metalloprotein transgenes (WT=wild 

type, FTH=FTH overexpression, Tfrc=Tfrc overexpression, Combined= Tfrc 

overexpression + inducible FTH expression) was determined by o-phenanthroline iron 

absorbance assay. (Note that Tfrc condition here came from C6-Combined without 

induction to exclude genetic background differences when comparing to co-expression 

condition.)  Both FTH and Tfrc transgenesis increase iron cellular content, with greater 

increase under Tfrc overexpression condition. Comparing to Tfrc expression alone, co-

expression of Tfrc/FTH had positive but not significant influence on iron content. Iron 

supplement in the form of h-Tf significantly amplified transgene-mediated increases in 

cellular iron, without altering the WT<FTH<Tfrc<=Combined relationship of Fe content. 
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Figure II-11. 

 
Figure II-11. Growth rate of C6 cell lines and their response to iron challenge 

Growth rate of four C6 cell lines of interest: WT C6, C6-FTH, C6-Tfrc, and C6-

Combined (+Dox induction) were estimated by cell count and presented here as doubling 

times. Note that variations in doubling time between clonal lines may be attributable to 

factors independent of the safety of transgenes. In response to a moderate dose of iron 

challenge (2X Chemically defined iron supplement, Fe=0.54ug/ml), all conditions 

showed reduction in growth rate except for C6-FTH, which slightly accelerated its 

growth rate in response to iron supplement.  
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Figure II-12. 

  
Figure II-12. Growth rate of C6 and 293 cells in response to FTH expression 

The growth rate of clonal transgenic cell lines can be idiosyncratic, as shown by two pairs 

of comparisons of doubling times with corresponding controls: between C6-FTH and WT 

C6 (158.3%), and between 293-FTH and WT 293 (much more moderate difference of 

19%). More reliable indicators of FTH transgene influence may be derived from induced 

expression of FTH within the same cell line. As Dox On/ Dox off comparisons in both 

C6-Tet-FTH and 293-FTH revealed, moderate FTH expression had no significant growth 

slowing effect on host cells; though it is entirely possible that further increases in 

expression level could reduce proliferation as in C6-FTH.  
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Figure II-13. 

 
Figure II-13. In vitro MRI of 293HEK cell pellets 

A) Left panel, treatment conditions of cell pellets. WT 293 and 293-Tfrc cells after either 

3 or 7 days of iron supplement regimens (no supplement, holo-transferrin or ferric citrate). 

T2 weighted images (TR=2 s, TE=30, 50, 70, 90 ms) of these samples are presented in 

the right panel.  Note that MRI contrast was more pronounced at longer TE times.  

B) R2 relaxation rate map calculated for the same samples with T2 images of multiple 

TEs (TR=2 s, TE=20-90 ms, with 10 ms increment).  

C) Chart representing the R2 values of cell pellets. Note that significant differences in R2 

between 293-Tfrc cells and their WT controls were observed after longer culture duration 

(7 days) and with FC as iron supplement.  
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Figure II-14. 
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Figure II-14. In vitro MRI of C6 glioma cell pellets 

A) T2 weighted image (TR=5s, TE=80ms) of C6 cell pellets from different genetic 

backgrounds (WT= WT C6, FTH= C6-FTH, Tfrc=C6-Tfrc, Tet-FTH=C6-Tet-FTH and 

Comb=C6-Combined) 

B) R2 map calculated from T2 images with multiple TEs (TR=5s, TE=20-80 ms, with 20 

ms increment) 

C) Chart representing the R2 values of C6 cell pellets. Note that significant differences in 

relaxation rate were observed with both FTH and Tfrc overexpression. Inducible 

expression of FTH had positive but not statistically significant influence on R2 both in 

C6-Tet-FTH vs. WT C6 and C6-Combined vs. C6-Tfrc comparisons.  
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Figure II-15. 

 
Figure II-15. Growth rate of C6 transplants in vivo 

In vivo growth rate of C6 transplants was calculated from weekly changes in tumor 

volume (based on MR image) and quantified in this chart as doubling times. Note that the 

growth rate of C6-FTH transplants was faster in vivo than transplants overexpressing Tfrc 

(C6-Tfrc and C6 Combined without induction). Induced expression of FTH (Dox 0.5 

mg/ml in drinking water) on top of Tfrc expression reduced the growth rate in C6-

Combined transplants, and was clearly toxic to the transplants at higher induction dosage 

(Dox 2mg/ml). Dox induction itself was not toxic, and had no impact on growth of C6-

Tfrc transplants. 
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Figure II-16. 

 

 
 

Figure II-16. In vivo MRI of C6 transplants carrying single transgenes 

A) Representative T2 weighted images of tumor transplants of different origins in CD-1 

nude mice (TR=5s, TE=20ms).  

B) R2 map of the same tumors calculated from T2 images with multiple TEs (TR=5s, 

TE=20, 40, 60 and 80ms) overlaid with anatomical image.  

C) Average R2 relaxation rate of each condition (n=3) is presented in this chart. Note that 

both Tfrc and FTH overexpression significantly increased R2 in transgenic C6 transplants.  
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Figure II-17. 
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Figure II-17. In vivo MRI of C6-Combined transplants  

A) Representative T2 weighted images of C6-Combined transplants at week 2 (pre-

induction) and week 3 (post-induction) in CD-1 nude mice (TR=5 s, TE=20 ms).  

B) R2 map of the same tumors calculated from T2 images with multiple TEs (TR=5 s, 

TE=20, 40, 60 and 80 ms) overlaid with anatomical image.  

C) Average R2 relaxation rate of each condition (n=3) is presented in this chart. Note that 

induction of FTH expression on top of Tfrc overexpression (C6-Combined+ Dox) did not 

have statistically significant influence (p=.60) on R2 when compared to its pre-induction 

conditions (C6-Combined –Dox).  Without induction, C6-Combined is functionally 

equivalent to C6-Tfrc and the two lines recorded similar relaxation rates. R2 value of C6-

WT and C6-Tfrc were added as a reference.  
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Figure II-18. 
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Figure II-18. Post-mortem analysis of protein expression  

A) Western blot of tumor explants of WT C6, C6-FTH, C6-Tfrc and C6-Combined, using 

antibody against HA tagged for detection of FTH transgene expression and antibody 

against Tfrc for detection of Tfrc of both endogenous and transgenic origins.  FTH 

western confirmed the transgene expression in both C6-FTH (constitutive) and C6-

Combined (induced).  Note that higher FTH expression level was achieved in C6-FTH 

than C6-Combined with one week of Dox induction (0.5 mg/ml) with 152.2% difference 

estimated by densitometry. Significant increase of Tfrc expression was confirmed in C6-

Tfrc and C6-Combined lines, both constitutively expressed Tfrc transgene. Curiously, 

C6-FTH did not show significant Tfrc upregulation in tumor explants as compared to WT 

controls.  

B) When it came to Tfrc level in C6-FTH line, the in vitro picture was quite different 

from that in vivo. With ICC, C6-FTH cell culture did show elevated level of Tfrc 

expression when compared to WT C6 in parallel; and western blot using samples from in 

vitro cell culture confirmed significant Tfrc upregulation in response to FTH expression. 

 

 
 

 

 

 

 

 

 

 

 



 88

Figure II-19. 

 
 

Figure II-19. Post mortem analysis of transplant iron content 

Tumor samples (n=4 for each condition) from C6 transplants were processed to dry 

powder and iron content quantified using ICP-OES method and reported here as parts per 

million (ppm) of tissue dry weight. As expected, transplants carrying Tfrc transgenes 

(C6-Tfrc and C6-Combined) showed substantial increases in iron content over WT 

controls. C6-FTH transplants showed more moderate iron content increase, presumably 

through compensatory mechanisms to maintain iron homeostasis.  
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Chapter III 

Monitoring mESCs with FTH Transgenic 

Reporter  
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3.1 Introduction   

Earlier experimental efforts on C6/293HEK cells (covered in Chapter II) led to 

the identification of FTH as the preferred candidate for MRI reporter gene, and provided 

valuable references for improving experimental design/ methods. Confirmation of 

metalloprotein function in common cell lines was encouraging and set the stage for 

exploring the possibility of monitoring transgenic ESCs in vivo with molecular MRI 

reporters. 

A FTH-ESC combination has its obvious appeals. So far, MRI tracking of stem 

cells has heavily relied upon ex vivo pre-labeling of stem cells with magnetic 

nanoparticles (mostly SPIOs), which can be internalized by the cells to generate strong 

MRI contrast on T2 and T2* weighted images (Arbab et al., 2004; Bulte and Kraitchman, 

2004; Arbab et al., 2005; de Vries et al., 2005; Arbab et al., 2006; Zhu et al., 2006). 

SPIOs have large magnetic moments and are ideally suited for tracking transplants at the 

cellular level over the short term. However, for imaging studies requiring monitoring 

changes at the molecular level, and/or over the long term, the nanoparticle pre-labeling 

approach is inadequate. Here, a molecular MRI reporter introduced into ESCs could 

provide a viable imaging alternative as it holds at least two unique potentials: 1) unlike 

SPIO labeling, transgene-based reporters are expected to be much less susceptible to 

signal loss through cell divisions and are uniquely suited for longitudinal monitoring of 

stem cell transplants over extended periods; and 2) expression of reporter genes can be 

linked to that of therapeutic genes, effectively linking stem cell-based gene therapy to in 

vivo imaging of stem cells. 
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Despite what we have learnt, there are still considerable uncertainties when it 

comes to the viability of a FTH-ESC combination. For the current study, our focus has 

changed from confirmation of metalloprotein function to examining the applicability of 

combining MRI reporters with cell based therapy. This, coupled with unique properties of 

ESCs, poses some additional challenges: 1) Transgene expression: Transgenesis in ESCs 

tends to be of lower efficiency, and long-term transgene expression is prone to 

methylation-mediated silencing (Cherry et al., 2000). 2) Viability: Most MRI reporter 

genes to date are involved in the critical cellular process of iron regulation.  Even ferritin, 

with the best safety profile among them, has been shown to significantly slow cell 

proliferation rate in certain cell models (Picard et al., 1996; Cozzi et al., 2000; Arosio and 

Levi, 2002); whether introducing FTH into ESCs will impair cell viability remains an 

open question and is likely to be species dependent. 3) Pluripotency: One of the major 

appeals of ESCs to regenerative medicine is their potential to differentiate into any type 

of cells in the adult organism and it remains unexplored whether the introduction of a 

metalloprotein transgene into ESCs will impair differentiation potential overall or that of 

specific lineages. 4) Function: Despite strong evidence that high FTH expression could 

function effectively in C6 cells, it is unknown how much of this will remain true with 

reduced transgene expression levels; and it is highly likely for FTH expression in ESCs to 

be lower than that of C6-FTH due to the dual influences of transgene inefficiency and the 

priority to preserve viability/pluripotency in ESCs. Thus, the key to FTH-ESC success 

lies in a proper balance between ESC compatibility and MRI reporter function. 

The best way to address these uncertainties, as always, is through careful 

experimental efforts. Our strategy to study the feasibility of FTH-ESC is as following: 1) 



 92

Choose mouse embryonic stem cell (mESC) as the experimental model. Studying mESCs 

may not be as exciting as studying human ESCs, however, mESCs are comparatively 

easier to maintain in culture and proliferation quickly (doubling time of 12 hrs), making 

sample collection more accessible for all the characterizations. Mouse, as opposed to 

human ESCs are also more malleable to genetic modification, and both human ferritin 

and human transferrin transgenes are known to function in murine cells. All these 

features of mESC make them ideal for our exploratory efforts. 2) Use lentiviral 

transduction to achieve stable expression and avoid transgene silencing in mESCs. 

Lentiviral transduction is the method of choice for stable transgenesis in mESCs (Pfeifer 

et al., 2002; Ma et al., 2003), and the FUGW (Lois et al., 2002) derived lentiviral vector 

currently in use has been proven highly effective in transducing ESCs (Ivanova et al., 

2006) as well creating transgenic animals (Yang et al., 2008). 3) Instead of selecting the 

highest expression lines, choose clonal cell lines that combine good viability (growth and 

morphology) and stable expression.  

Once the appropriate cell lines are established, they will be subjected to 

characterizations typical of MRI reporter studies, including gene expression, viability, 

iron content, in vitro and in vivo MRI; along with pluripotency tests to confirm that the 

transgenic cell lines have retained their stem cell properties. The experiments will enable 

us to determine whether MRI reporter genes could simultaneously achieve function and 

compatibility in ESC hosts to warrant future applications.  

 

3.2 MATERIALS AND METHODS  

Construct Design 
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Lentiviral vector pLVU-HA-FTH-IRES-EGFP (pLVU-HFG) derived from 

FUGW was constructed to introduce FTH transgene into mESCs. It constitutively 

expresses HA tagged FTH (with IRE removed) under the ubiquitin promoter and co-

expresses IRES linked EGFP. Details on the construction of this vector were provided in 

Chapter II methods section (Figure II-4).  

  

Maintenance of mES Cells 

 mESCs (line AB2.2, i.e. WT-mESC) were cultured in mESC maintenance 

medium composed of Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) 

supplemented with 15% fetal bovine serum (FBS; Hyclone), 1 mM glutamine 

(Invitrogen), 0.1 mM β-mercaptoethanol (Sigma) and 1000 IU/ml of human recombinant 

leukemia inhibiting factor (hLIF; Chemicon). Medium was changed daily and mESCs 

passaged every two days at 1:10 to 1:15 ratio. On the day of passage, mESCs were 

treated with 0.05% trypsin-EDTA and dissociated into single cells before seeding onto 

mitomycin-C inactivated mouse embryonic fibroblast (MEF) feeder layers.  

 

Establishment of Clonal Transgenic mESC Lines 

 Bicistronic lentiviral vector pLVU-HFG which constitutively expresses IRE-free 

human FTH and EGFP was used to establish clonal transgenic mESC lines. Lentivirus 

was generated by co-transfecting pLVU-HFG with packaging plasmid p∆8.9 and 

envelope vector pVSV-G into 293FT packaging cells (Invitrogen). Culture medium was 

collected 48 hrs post transfection. mESCs were passaged as single cells and seeded at low 

densities onto inactivated MEFs. Once the cells attach, the medium was changed to 
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freshly collected VSVG-LVU-HFG containing mESC medium supplemented with 

polybrene (8µg/ml) and cultured overnight. The following day viral medium was 

replaced with mESC medium and 48 hrs after transduction positive colonies were 

selected manually based on EGFP expression. Each positive colony was passaged as 

single cells onto individual 35 mm culture plates with MEFs and the process was 

repeated if necessary until clonal transgenic lines were established. One transgenic mESC 

line that has maintained stable and the highest level of FTH expression was chosen for 

the current study and named HFG-mES. 

  

Cell Growth 

 Cell growth rate was estimated as doubling time based on cell counts. Specifically, 

1x104 per cm2 of WT-mES and HFG-mES cells were seeded as single cells onto gelatin-

coated plates with inactivated MEF feeder layers.  mESCs were cultured following the 

maintenance protocol with daily medium changes. After cell attachment, mESCs were 

harvested and counted at three different time points during their exponential growth 

phase (21, 49 and 74 hrs). For each time point, data were averaged from three replicates. 

 

Differentiation of mES Cells 

 Neuronal differentiation of mESCs followed the five stage differentiation protocol 

previously described with minor modifications (Okabe et al., 1996; Lee et al., 2000). 

Briefly, mESCs were cultured on MEF feeders in mESC medium to maintain them in an 

undifferentiated state. To initiate differentiation, mESCs were suspended as single cells 

in mESC medium without LIF at a concentration of 1.5x 105 cells/ml and transferred to 
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non-adherent plates for embryoid body (EB) formation. After four days, EBs were 

transferred to adherent cell culture dishes, allowed to attach overnight and medium 

switched to serum-free ITSFn (insulin/transferrin/selenium/fibronectin) medium 

(DMEM/F12 medium supplemented with 10 ul/ml ITSFn) to select for neural progenitor 

cells (NPCs). After eight days in ITSFn medium, expansion of nestin positive NPCs was 

initiated by switching ITSFn medium to N2 medium (DMEM/F12 medium + 10 ul/ml N2 

supplement) supplemented with basic fibroblast growth factor (bFGF 20 ug/ml). The 

expansion phase lasted for four days, at the end of which bFGF was removed from N2 

medium to initiate neuronal differentiation. The last differentiation stage lasted for six to 

ten days. 

 

Western Blot 

 Tumors explants were dissected immediately post euthanization and stored at  

-80 °C for protein assays. Samples were lysed in RIPA buffer with protease inhibitor 

cocktail and homogenized with a sonicator. Protein concentration was determined by 

Bradford assay (Bio-Rad) and equal amounts (30 µg) of proteins from each sample were 

loaded into15% SDS polyacrylamide gel and separated by electrophoresis. Proteins were 

transferred onto a PVDF membrane (Millipore) using Bio-Rad’s transblot, the 

membranes were blocked for 3 hrs in 5% milk in TBST, and incubated overnight at 4°C 

with monoclonal HA antibody (1:1000 Chemicon) and monoclonal Tfrc antibody (1:1000 

Zymed), followed by 45 minutes incubation with horseradish peroxidase (1:10000, 

Jackson Immunoresearch) at room temperature.  Proteins were visualized with 
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Amersham ECL kit (Amersham) and quantified using densitometry with Photoshop and 

ImageJ programs. 

 

Teratoma formation 

 Teratoma formation of HFG-mES cells was confirmed by two subcutaneous (s.c.) 

inoculations of 1x106 HFG-mES cells into severe combined immunodeficiency (SCID) 

mice. At day 30 post inoculation animals were euthanized and tumors removed, paraffin 

embedded, sectioned at 8 µm and stained with hematoxylin-eosin (H&E) for histological 

characterizations. 

 

In vitro Magnetic Resonance Imaging  

WT vs. FTH mESC comparison—WT-mESCs and HFG-mESCs (full confluence 

in 10 cm culture plates for each sample) were collected after 3 PBS washes, 0.05% 

trypsin-EDTA treatment, and pelleted in 96 well PCR tubes at 1000 rpm. MRI of cell 

pellets was performed on a 4.7-Tesla horizontal bore (33 cm) MRI scanner (Oxford 

Magnet Technology, Oxford, UK), interfaced to a Unity INOVA console (Varian, Palo 

Alto, CA, USA). Using T2 weighted FSE sequence with TR of 5000 ms multiple 

effective TE between 20 to 100 ms, four averages, matrix 256 x 256, FOV 40 mm x 70 

mm, slice thickness 0.5 mm and a gap of 0.15 mm. Multi-echo images of slices cutting 

through the center of cell pellets across samples were used for calculating R2 maps using 

MRI analysis calculator plugin of ImageJ. 

SPIO vs. FTH comparison—SPIO Cell labeling was performed on WT-mESCs 

labeled with 13 nm magnetic iron oxide nanoparticles (Ocean Nanotech). Each condition 
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has 3 million WT-mESCs co-incubated with SPIO in culture medium for 2 hrs before the 

medium was removed and cells evenly re-suspended in agarose gel (500 ul). 

Concentrations of SPIOs were 0.25 mg/ml for standard (undiluted) condition, followed 

by serial dilutions (1/2, 1/4, 1/8, 1/16, 1/32, 1/64, 1/256, 1/1024) down to 0.24 ug/ml for 

1/1024 dilution. HFG-mES cell samples were similarly prepared without SPIO or any 

other iron supplement in culture medium. T2 weighed MRI was performed on a 3T unit 

(Siemens) with FSE sequence (multi-TE points using TR of 2 s, 15 TE values: 10-150 ms 

with a 10 ms increment).  Images were processed and R2 values of each sample were 

calculated using ImageJ. 

 

In vivo Magnetic Resonance Imaging 

 CD-1 nude mice (n=4) were chosen for in vivo MRI study. Following a within 

subject design, 3x106 WT-mESCs and HFG-mESCs were inoculated subcutaneously into 

opposite flanks of each mouse to facilitate direct comparison. Tumor growth was 

monitored daily and first MRI scans were performed on day 14 post transplant when 

tumor diameters reached 7-10 mm range, with repeat scans on three remaining mice from 

the same group performed on day 21. 

 For imaging of animals, mice were scanned using a 4.7T MRI scanner, interfaced 

to a Unity INOVA console. Animals were placed in a custom-built volume coil (5 cm ID, 

8 cm long) and anesthetized using 2% isoflurane delivered via a mask throughout the 

MRI experiments. A set of survey images was obtained using T2 weighted FSE imaging 

sequence with TR of 5000 ms and TE of 20 ms. This is followed by high resolution 

images of selected FOV covering the full extent of tumors with T2 weighted FSE 
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sequence with TR of 5000 ms and multiple effective TE of 20, 40, 60, 80 ms, matrix 256 

x 256. Typically, FOV of 40 mm x 70 mm, slice thickness of 0.5 mm and a gap of 0.15 

mm were used. Care was taken to maintain the same animal positions and same imaging 

parameters across different scan sessions. Multi-echo images of slices cutting through the 

center of tumors across samples were used for calculating T2 maps using MRI analysis 

calculator plugin of ImageJ.  

 

Histology and Immunohistochemistry  

 For in vitro characterization, cell cultures at both undifferentiated stage and 

multiple stages during neuronal differentiation were fixed in 4% paraformaldehyde for 15 

minutes followed by thorough washes. Samples were then incubated overnight with the 

following primary antibodies: monoclonal Octamer-4 (Oct-4, 1: 250 Santa Cruz), 

monoclonal stage-specific embryonic antigen-1 (SSEA-1, 1:200 Chemicon), monoclonal 

nestin (1:500 Chemicon), monoclonal beta III-tubulin (1:250, Chemicon), rabbit 

polyclonal tyrosine hydroxylase (1: 500, Chemicon), monoclonal human ferritin heavy 

chain (rH02, 1:200 Ramco Lab) and monoclonal HA antibody (1:1000 Chemicon), 

followed by incubation with secondary antibodies conjugated with appropriate 

flurochromes. All the antibodies used in the experiment have confirmed specificity from 

prior testing in the lab. 

 To confirm transgene expression in cell transplants, animals were euthanized 

upon completion of MRI scan. Tumor tissues were removed and cryostat sectioned at 20 

µm followed by fluorescence microscopy of EGFP expression and confirmation of HA 

tagged FTH expression with monoclonal HA antibody (1:1000 Chemicon). 
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Determination of iron content 

 Snap frozen WT and FTH transgenic tumor samples were sent to CAIS/Chemical 

Analysis Laboratory at University of Georgia for Inductively Coupled Plasma-Optical 

Emission Spectroscopy (ICP-OES) analysis (20 elements) and Inductively coupled 

plasma mass spectrometry (ICP-MS) to determine Fe content normalized to tissue dry 

weight. 

 

Statistical Analysis 

Data were presented as mean ± SD. Two-tailed t test was used in data analysis 

with p<.05 considered statistically significant (The assumption of normal distribution was 

met and allows the use of Student’s T test). All experiments have at least three replicates. 

 

3.3 Results 

Establishment of FTH transgenic mESC lines 

Culture medium containing lentivirus LVU-HFG (prepared from co-transfection 

of pLVU-HFG and packaging plasmids of 293FT cells) was used to transduce WT 

mESCs seeded as single cells. The transduction was of sufficient efficiency that we were 

able to obtain a number of EGFP positive colonies. Impaired viability could be readily 

identified in some transgenic clones (usually high expression clones judging from EGFP 

expression), which had distorted morphology or arrested growth. We selected only the 

transgenic lines that retained normal morphologies and fast proliferation rates. Among 

the clones selected, some lost transgene expression upon subsequent passages. Eventually 
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we were able to identify one clonal line with normal morphology, fast growth rate and 

maintained homogenous, stable transgene expression over 20 passages; this FTH 

transgenic mESC line was named HFG-mES for subsequent studies (Figure III-1). The 

selection criterion for HFG-mES was notably different from the highest expression-only 

approach we adopted with C6 glioma cells, and in our opinion more appropriate for the 

study of transgenic ESCs.  

While the establishment of cell line HFG-mES was relatively smooth, we were 

prepared for less ideal scenarios as well. Two potential challenges considered were: 1) 

poor transduction efficiency, which can be improved with high-titer lentivirus prepared 

from larger scale transfection of packaging cells and subsequent concentration of viral 

particles; 2) strong FTH toxicity in mESCs.  If toxicity is high, an inducible transgene 

expression system should replace the constitutive expression vector. With an inducible 

system, transgene expression can be turned off/on during critical stages like initial 

selection or neuronal differentiation to reduce the negative impact of transgene 

expression. Using lentiviral vector pLV-mCMV-HA FTH- Ubi-rtTA-IRES-ZeocinR (the 

same vector used in creating C6-Tet-FTH) we also established mESC lines that inducibly 

express FTH: mES-Tet-FTH.  

Eventually we chose HFG-mES (constitutive) over mES-Tet-FTH (inducible) to 

focus our experimental efforts. This decision was largely due to concerns of insufficient 

transgene expression: As observed in C6 glioma cells, our pilot study suggested inducible 

expression of FTH (under the miCMV promoter) was also less robust than constitutive 

expression (under the ubiquitin promoter) in mESCs; and transgene expression in mESCs 

was considerably lower than those achievable in C6 cells to start with. Thus there was a 
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genuine concern that relying upon inducible expression in mES-Tet-FTH would lead to 

increased risk of false negatives (rejection of transgene function due to insufficient 

expression). This, together with the fact that FTH overexpression has shown good 

compatibility with host ESCs throughout the experiment, led us to choose HFG-mES as 

the cell model of choice.  

 

In vitro growth rate 

To examine whether FTH transgenesis negatively impacted mESC proliferation, 

same number of WT and HFG-mES cells were seeded simultaneously into separate plates, 

cultured under standard conditions, and quantified at multiple time points during 

exponential growth phase. The doubling times were estimated at 12.25 hrs for HFG-mES 

line and 12.15 hrs for WT mESCs, the difference was not statistically significant 

(p=0.236). This suggested that continuous expression of moderate levels of FTH had no 

detrimental effects on mESC growth (Figure III-2).  

 

Early stem cell markers and neuronal differentiation  

One major concern about introducing a reporter gene into ESCs is whether it will 

disrupt pluripotency. Three methods were adopted to evaluate the effect of constitutive 

FTH expression on HFG-mESC pluripotency: expression of stem cell markers, neuronal 

differentiation and teratoma formation.  

Early stem cell marker characterizations were performed on undifferentiated 

HFG-mESCs maintained in standard mESC culture. HFG-mES cells were positive for 

alkaline phosphatase; elevated expression of this enzyme is associated with 
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undifferentiated pluripotent stem cells (Thomson et al., 1995; Thomson et al., 1998). 

HFG-mES cells were also immunoreactive for Oct-4, a transcription factor essential in 

maintaining pluripotent stem cells in the undifferentiated stage (Nichols et al., 1998; 

Niwa et al., 2000); as well as SSEA-1, which is specifically expressed in murine ESCs 

Solter and Knowles, 1978). For all the stem cell markers we examined, HFG-mES cells 

had the same positive immunostaining results as WT mESC controls (Figure III-3 A).  

Neuronal differentiation of HFG-mES cells was carried out following the five 

stage differentiation protocol previously described by the McKay group (Okabe et al., 

1996; Lee et al., 2000). The rationale behind the McKay neuronal differentiation protocol 

was to first initiate differentiation by embryoid body formation (with potential to 

differentiate into all three germ layers), which was followed by culture in ITSFn medium 

to eliminate non-neural lineage cell types, at the end of this selection phase surviving 

cells mostly became nestin-positive neural progenitor cells. Neural progenitor cells are 

then expanded in medium optimized for neuronal culture (N2 medium) supplemented 

with cytokines (bFGF); at the final stage removal of bFGF is used to induce progenitor 

cells to differentiate into more mature neurons (beta-tubulin III positive). Following this 

protocol, HFG-mES cells were successfully induced to undergo transitions from 

embryoid bodies to neural progenitor cells to mature neurons (Figure III-3 B), without 

morphologic or temporal differences in differentiation to those of WT-mESCs. Some 

neurons were also positive for tyrosine hydroxylase activity (only a small proportion, 

<10%, because we did not supplement additional cytokines of SHH (sonic hedgehog) and 

FGF8 (Fibroblast growth factor 8) that promote midbrain terminal neuronal 

differentiation). All the differentiated cells were HA positive at the final stage, suggesting 
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transgene expression has been stably maintained during the neuronal differentiation 

process (Figure III-3 B).  

It should be emphasized that while ESCs have the potential to differentiate into 

any cell type of the adult body, here we have focused on only one cell type (mature 

neuron) of one lineage (ectoderm) out of numerous possibilities. The positive outcome in 

our neuronal differentiation experiment was more of a testimony that FTH transgenic 

mESCs can be as effectively differentiated as WT-mESCs under a standard protocol, 

rather than intended as a complete proof of pluripotency.  

 

Teratoma formation 

A teratoma is a (benign) tumor with differentiated cellular components from all 

three germ layers. Under experimental conditions, teratoma can result from inoculating 

pluripotent stem cells into (often, but not necessarily) immuno-compromised hosts, a 

practice that traces back to initial establishment of ESC lines (Evans and Kaufman, 1981; 

Martin, 1981; Thomson et al., 1995; Thomson et al., 1998). Since it is unrealistic to prove 

pluripotency by differentiating an ESC line in vitro into all known cell types, teratoma 

formation was often accepted instead as the gold standard assay.  For further 

confirmation of transgenic mESC pluripotency, HFG-mES cells were inoculated 

subcutaneously into SCID mice and allowed to proliferate and differentiate. Tumors were 

removed 30 days after transplant and examined histologically. H&E staining indeed 

revealed tissue types representing all three germ layers: neural epithelium and squamous 

epithelium (with keratin deposition) of ectoderm, cartilage and striated muscle of 

mesoderm, together with ciliated epithelium and gut epithelium of endoderm (Figure III-
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4). These teratoma provided strong evidence of HFG-mESC pluripotency, though it 

should be acknowledged that they still fall short of providing absolute proof of 

pluripotency, which would require germline transmission and production of chimeras.  

 It is worth pointing out that while both Nude mice and SCID mice are immuno-

compromised, allow fast proliferation of mESC transplants, and have both been used in 

previous teratoma formation studies (Toomey et al., 1997), our experience suggested that 

SCID mice were considerably more conducive to differentiation of HFG-mES transplants 

than CD-1 Nude. Our recommendation would be to use Nude mice for in vivo MRI 

studies (easier to monitor transplant growth and better resistance to pathogens), and SCID 

mice for teratoma formation.  

 

Iron content 

Estimation of cellular iron content by O-phenanthroline method suggested that 

mESCs contained much lower Fe per cell (about 6 fg/cell) than their 293HEK (22 fg/cell) 

or C6 glioma (15 fg/cell) counterparts. This posed some challenges as such 

measurements approached the lower threshold of accurate quantification using O-

phenanthroline absorbance and we experienced considerable variations between 

measurements.  Without iron supplement, the difference between WT and HFG-mES 

cells was estimated at 37%, or 2.46 fg/cell (p=0.29); supplement with Chemically 

Defined Iron Supplement (CDIS, to final medium Fe concentration at 0.54 ug/ml) over 4 

days increased Fe content in HFG-mES cells to 12.2 fg/cell, twice that of control level 

(p=0.01) (Figure III-5).  
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In vitro MRI 

When in vitro MRI was performed on WT and HFG-mES cell pellets (collected 

from culture without iron supplement) on a 4.7T unit with T2 weighted FSE sequences 

(TR=5s, TE=20, 40, 60, 80ms), no significant difference between R2 relaxation rates was 

observed. The negative outcome was most likely due to the limited detection sensitivity 

of in vitro MRI to contrast between low-iron samples. Iron supplement in the form of 

CDIS (Fe 0.54ug/ml) over 3 days brought the MRI contrast between transgenic and WT 

samples to detectable levels, with estimated R2 of 5.3 for HFG-mES cells and 4.4 for 

their WT controls (p=0.01 Figure III-6). Note that our prior experience with high FTH 

expressing cell lines (C6-FTH) suggested MRI contrast were detectable in vitro without 

iron supplement. So higher FTH expression levels helped assay cell pellets by MRI in 

vitro; though the in vivo situation (as we will soon discuss) proved more complicated. 

As previously discussed, iron supplement is a convenient way to amplify contrast 

and demonstrate reporter gene function in vitro, but its predictive value of the actual 

reporter utility in vivo is questionable at best. Supplements often create artificially high 

iron conditions that are unattainable in vivo and can lead to false positives. While we 

have avoided excessive iron supplement in vitro so that the finding would bear greater 

relevance, the final verdict on whether FTH could be an effective MRI reporter can only 

come from in vivo characterizations.   

 

In vivo MRI 

To validate the function of FTH as an MRI reporter in ESCs in vivo, WT and 

HFG-mES cells were grafted into CD-1 nude mice (n=4) following a within subject 
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design with each mouse receiving WT-mES and HFG-mES transplants subcutaneously 

onto opposite flanks. Tumor growth was monitored daily. On day 14 post transplant 

when average tumor diameter reached 8 mm, the first in vivo  MRI on a 4.7T unit with T2 

weighted FSE sequences (TR=5000 ms, effective TE= 20, 40, 60, 80 ms) was performed 

on all four mice. Care was taken in selection of image slices to cover the full extent of 

transplants on both sides. Measurements of MRI signal decay at multiple TE points 

showed significantly (p=0.038) decreased T2 relaxation time in transgenic mESC 

transplants overexpressing FTH (Figure III-7 A-C), with a corresponding increase in R2 

transverse relaxation rate (R2=1/T2) of 15% between WT (R2=14.5 s-1) and FTH 

transgenic transplants (R2=16.6 s-1) (Fig. III-7 G). One week later, repeat scans were 

performed with the same parameters on three remaining mice from the original group, 

again with significant (p=0.019) decrease in T2 relaxation time in transplants of HFG-

mES origin (Figure III-7 D-F). An average 28% increase in R2 was observed in FTH 

transgenic transplants (R2=18.1 s-1) as compared to WT-mESCs (R2=14.1 s-1) (Figure 

III-7 G). This suggested that FTH transgene expression could induce significant MRI 

contrast in vivo relying only on endogenous iron supply, meeting the functional 

requirement as an MRI reporter. Further amplification of MRI contrast between weeks 2 

and 3 also suggested that rebalancing of iron homeostasis was ongoing 21 days post-

transplant, and if this was indeed the case, we would also expect to detect active 

compensatory changes (i.e. Tfrc upregulation) in post-mortem analysis.  

 

In vivo proliferation 
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The decision to follow a within subject design was made possible by the 

comparable proliferation rate of WT-mESC and HFG-mESC in vitro. Monitoring 

transplant growth suggested similar proliferation rates for the two lines were maintained 

in vivo: Throughout the experimental period, both WT-mESCs and HFG-mESCs 

transplants maintained similar growth rate as measured by tumor size based on MR 

image. On day 14 average tumor diameters measured at 8.3 ± 1.06 mm for WT-mESC 

and 9.1  ± 1.53 mm for HFG-mESC transplants, on day 21 the measurements were 15.0 ± 

2.71 mm (WT-mESC) and 16.9  ± 4.09 mm (HFG-mESC) respectively, with no sign of 

negative impact on cell survival from ferritin expression (p=0.266 on day 14; p=0.215 on 

day 21; Figure III-8B). This additional evidence in vivo over an extended period of time 

provided further support that moderate FTH expression was not toxic to mESCs. A 

typical pair of tumor explants from the same animal is shown in Figure III-8A along with 

fluorescence images to distinguish WT and transgenic tumors.  

 

Post mortem analysis 

Post mortem analysis was conducted to probe transgene expression and iron 

content changes in vivo. Tumor samples were sectioned at 20 µm and immunostained 

with antibody against HA; homogenous transgene expression was confirmed with 

fluorescence microscopy of HA and EGFP (Figure III-9). Images of WT-mESC tumors 

were taken in parallel with the same settings, and were shown to be fluorescence negative 

to rule out autofluorescence concerns often associated with tumor sections.   

To evaluate the impact of FTH expression on iron regulation, the expression 

levels of both Tfrc and HA-tagged FTH were determined by western blot. HA tagged 
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FTH expression was confirmed in all the transgenic transplants and was absent in all WT 

ones. Significant up-regulation of Tfrc in HFG-mES tumors, with an average increase of 

70% (170% ± 17.8%) over WT-mESC as estimated by densitometry, was also observed. 

(*In our manuscript published in Tissue Engineering, the increase was conservatively 

estimated at 35%, cross-examination using multiple software packages suggests70% 

increase is a more accurate estimate.) (Figure III-10). This not only confirmed 

compensatory Tfrc upregulation as the iron homeostasis model would predict, but also 

suggested that iron rebalancing was still ongoing 3 weeks post transplant, consistent with 

our hypothesis based on in vivo MRI outcome and helped to explain the increase in MRI 

contrast between week 2 and week 3 imaging sessions.  

Iron content of both control and FTH transgenic tissue samples was quantified 

using ICP-OES (performed by UGA chemical analysis lab). An average 80% (p=0.029) 

increase in iron content normalized to tissue dry weight was found in transgenic mESC 

transplants (Fe 226.9 ppm) when compared to that of control samples (Fe 126.1 ppm). 

The UGA chemical analysis lab also performed ICP-MS, a highly sensitive mass 

spectrometry measurement of metal content, on the same tumor samples. It turned out 

that the parts-per-trillion sensitivity of ICP-MS was actually a liability for such 

measurement and the iron content could only be quantified after multiple rounds of 

dilutions, with considerable variations between samples. Pooled average iron contents 

(sum of total iron divided by total weight) of WT-mESC and HFG-mESC tumors were 

estimated by ICP-MS as Fe 157.5 ppm and 303.1 ppm respectively, a 92.4% increase 

(Figure III-11). Both measurements confirmed compensatory iron increase in response to 

FTH expression, and offered similar estimates of the extent of changes. These findings 
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further corroborated MRI and western blot results in support of the hypothesis that FTH 

could function as an MRI reporter through its influence on iron homeostasis.  

 

3.4 DISCUSSION  

 

FTH-mESC combination was safe and effective 

 To become a useful tool for stem cell research and therapy, a transgenic MRI 

reporter is expected to meet the criteria of compatibility and functionality in host cells. 

Our characterizations of mESCs constitutively expressing FTH suggest a proper balance 

can be found in a ferritin-ESC combination to achieve both.  

 Host compatibility encompasses the concerns of both viability and interference 

with pluripotency and differentiation, and our findings support ferritin as a safe MRI 

reporter in both aspects. The growth rate of HFG-mES cells closely matched that of WT-

mESC controls both in vitro (under standard ESC culture conditions) and in vivo (as cell 

grafts in nude mice). Previous study of FTH overexpression in HeLa cells found it 

induced an iron-deficiency phenotype with significantly reduced cell growth, which was 

reversible by incubation in iron-supplemented medium (Arosio and Levi, 2002). And 

similar observations were made in C6-FTH, a glioma cell line constitutively expressing 

high levels of human FTH. In the ESC study, however, overexpression of FTH transgene 

did not reduce cell growth, even without iron supplement. This by no means contradicted 

previous findings as the different outcomes most likely reflected variations in transgene 

expression levels between cell models. Instead of suggesting FTH safety under any 
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conditions, our findings should be interpreted as feasibility of maintaining sufficient level 

of FTH expression (for reporter function) in ESCs without impairment of cell growth. 

 Less was known about the relationship between FTH expression and ESC 

pluripotency, as the current study constitutes the first attempt at ferritin reporter gene-ES 

cell combination. Under standard culture conditions, HFG-mESC matched WT-mESC 

controls in early stem cell marker expression patterns associated with undifferentiated 

stem cell status. HFG-mESC also successfully underwent neuronal differentiation 

following standard protocols and passed a critical pluripotency test of teratoma formation. 

Together, this evidence provided strong support that FTH overexpression does not 

interfere with stem cell pluripotency. Currently, we cannot speculate on how pluripotency 

might respond to much higher levels of FTH expression; neither do we consider that 

further increase in transgene expression would be of much benefit for future applications 

of this reporter.  Taken together, under the current design FTH has been constitutively 

and stably expressed throughout the experiments with mESC growth and pluripotency 

intact, thus we assert with confidence that moderate FTH expression is compatible with 

mESC biology.  

 As for reporter function, it turned out that moderate level FTH expression was 

quite effective as a MRI reporter gene in ESCs. On a high field strength (4.7T) unit with 

T2 weighted sequences we observed up to 28% increase in R2 relaxation rate from 

transgenic mESC transplants, which is comparable to or greater than the R2 changes from 

previous reports on murine ferritin transgene expression under the same field strength, 

with estimates in the 10%-25% range (Cohen et al., 2005; Cohen et al., 2007). MRI 

contrast from mESC transplants was accompanied by significant iron regulatory changes, 
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estimated at 70% up-regulation in Tfrc expression and 80% increase in iron content, 

which was remarkable given no noticeable change in cell growth or pluripotency was 

observed. 

 Also of interest was that, despite dramatic differences in FTH expression levels, 

the results from HFG-mES transplants were fairly similar to those of C6-FTH transplants. 

At the beginning of our mESC study, our greatest concern was that lower FTH 

expression level in stem cells (to ensure host compatibility) would render the transgene 

functionally ineffective. This scenario did not materialize and a few factors may have 

contributed: 1) in vivo metalloprotein reporter function relies on endogenous iron supply, 

which could be a limiting factor on the maximum level of contrast/iron increase 

achievable; and 2) in the case of FTH transgenesis, endogenous iron regulatory control 

was still active and responsive to LIP levels, which limits further iron accumulation once 

homeostasis was achieved. We postulate that while variations in transgene expression 

level may have a significant impact when the duration of transgene expression was short 

or under external iron supplement (like the case with in vitro MRI of cell pellets), its 

impact would be much reduced in vivo when extended expression periods allow more 

complete rebalancing towards equilibrium and when the transplant relies upon 

endogenous supply as the sole iron source.  

This framework could explain the different observations made of C6-FTH and 

HFG-mES: While high FTH expression (in C6-FTH) could readily bring about the 

typical overexpression phenotype in vitro including higher Tfrc levels, higher cellular 

iron content, reduced growth rate, and positive MRI signal of cell pellets; the in vitro 

picture with lower FTH expression (in HFG-mES) was quite different. No significant 



 112

Tfrc upregulation or Fe increase (positive trend but not statistically significant), no 

growth inhibition, and no MRI signal unless amplified by iron supplement. However, 

when transplanted in vivo over a 3 week period to allow sufficient time for regulatory 

rebalancing with the same access to iron, both conditions achieved similar levels of iron 

increase and comparable MRI contrast.  

Still, higher expression did seem to impact the speed of achieving a new iron 

homeostasis. In C6-FTH transplants, the major rebalancing was presumably completed 

by week 3, as Tfrc was back to baseline levels in tumor explants suggesting a semblance 

of iron balance was in place. Comparing this with the low expression HFG-mES 

transplants, in which MRI contrast continued to increase between weeks 2 and 3, and 

Tfrc was still up-regulated in tumor explants, suggesting rebalancing was not complete at 

3 weeks. The implication was, in the in vivo environment, further increase in FTH 

expression would likely facilitate earlier detection of reporter, but its effect on increasing 

the maximum level of MRI contrast or Fe content was questionable. 

Taken together, our findings suggest that FTH reporter gene can function as 

effectively in mESCs as in other cell models, and does so at an expression level that is 

compatible with both host viability and pluripotency.  

 

Limitations and applications 

 While the success with FTH-mESC combination is encouraging, we also wish to 

stress that there are many existing and potential limitations with the use of MRI reporters, 

and we should avoid being overly optimistic in contemplating its future applications. 

Some of the concerns are discussed below: 
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 One concern is the impact of long term transgene expression. Despite strong 

evidence in support of ferritin’s safety from earlier studies (Picard et al., 1996; Cozzi et 

al., 2000; Arosio and Levi, 2002) as well as our own observations, caution should be 

exercised when generalizing these claims over longer time frames. Kaur and colleagues 

(Kaur et al., 2003) observed in a ferritin transgenic mice model that ferritin expression 

over the short term protected against MPTP toxicity, however, prolonged expression 

beyond 8 months saturated the storage capacity of ferritin and increased susceptibilities to 

neurotoxins in aging mice (Kaur et al., 2007). Currently, there is no telling whether 

careful calibration of ferritin expression level in ESCs could avoid this long term 

susceptibility (though the Tfrc levels returning to baseline in 3 weeks in C6-FTH was 

encouraging). One alternative that could address this long-term toxicity concern is to 

adopt an inducible system, which could also be used to its advantage to answer some 

questions raised in the study that cannot be addressed with the current experimental 

design, like whether further increase in reporter gene expression levels might impair ESC 

pluripotency. We wish to stress while the current study adopted a constitutive expression 

system mostly due to expression level concerns, an inducible system would be preferable 

in the majority of instances with reporter genes for improved safety and flexibility.  

Delay in signal onset is another concern. Ferritin reporter function is dependent 

upon regulatory changes in iron homeostasis, and the rebalancing process might require 

days or even weeks before becoming capable of generating sufficient MRI contrast. This 

translates into a (potentially substantial) delay between the onset of transgene expression 

and the detection of reporter, influenced by factors like expression levels and iron supply 
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to local tissues. For measurements that seek immediate detection of reporter gene 

expression, a metalloprotein based reporter system may not be the best choice. 

The greatest obstacle to applications of the ferritin reporter, in our opinion, is its 

lower detection sensitivity comparing to artificial magnetic nanoparticles. As reviewed 

by Gilad et al. (Gilad et al., 2007a), native ferritin is a rather weak T2 contrast agent, with 

the particle magnetic moment orders of magnitude smaller than magnetic nanoparticles 

like SPIOs (Bulte et al., 1993; Brooks et al., 1998). SPIO labeling typically results in Fe 

content greater than 5 pg per cell (about 250 times greater than unlabeled cells); in 

contrast, the observed iron increases induced by ferritin transgenesis in our study were 

less than double of the original (50-80% increase in our study). Thus, it should not come 

as a surprise that SPIO labeling has vastly superior detection sensitivity than ferritin 

reporter genes. In our in vitro MRI characterization comparing HFG-mES cell pellets (no 

iron supplement) with WT-mESC pellets prelabeled with serial dilutions of SPIOs (with 

2 hrs incubation with 0.25mg/ml SPIOs as the baseline undiluted condition), it was found 

that SPIO labeled cells continued to induce stronger MRI contrast until the SPIOs were 

diluted by a factor of 1024 (Figure III-12). This suggested that transplants labeled with 

SPIOs may need to undergo on average more than 10 cell divisions (or through other 

mechanisms) to lose more than 99.9% of nanoparticles before the signal is reduced to the 

level typical of the FTH reporter. (This admittedly is an oversimplified estimation based 

on in vitro MRI only, and has limited predictive value of in vivo behavior). We believe 

that SPIOs have a clear advantage over MRI reporters for tasks that focus on cellular 

tracking over a relatively short period of time. Magnetic nanoparticle labeling has already 

been proven effective in clinical settings to trace stem cell transplants for more than a 
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month (Zhu et al., 2006); it is neither practical nor necessary for reporter genes to 

compete against SPIOs in such applications.  

None of these limitations, however, should discourage researchers about the 

future of molecular MRI reporters. Transgenic MRI reporters like FTH are not meant to 

replace SPIOs, but are likely to complement SPIO labeling by opening up new 

applications. The new possibilities are linked to the unique properties that come with 

genetic modifications. For example (1) Expression of molecular reporters could be turned 

on and off with an inducible system, as previously discussed, not only introducing greater 

flexibility into experimental designs but also providing a safer, less toxic alternative. (2) 

Expression of molecular reporters could be made contingent upon cells reaching specific 

developmental stage/taking certain differentiation pathway; this is especially pertinent to 

monitoring of transplants derived from pluripotent or other undifferentiated stem cells. 

(3) Expression of molecular reporters could be readily linked to expression of other genes 

of interest. (In the current study FTH was linked to EGFP with IRES, with EGFP 

intended to provide visual confirmation of FTH expression, but it is equally valid to 

suggest that T2 weighted images on FTH expression can be a predictor of EGFP 

expression. Future studies could replace EGFP with therapeutic genes to combine MR 

imaging with gene therapy.) (4) While SPIO-labeled cells start out with intense signals 

that inevitably diminish overtime, signals from molecular reporter genes are expected to 

remain stable over time, which could be preferable for the purpose of longitudinal 

(beyond the limit of SPIOs) monitoring and quantification (The actual picture is more 

complicated as cell division would dilute ferritin iron as well as SPIOs, but SPIO dilution 
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is irreversible while ferritin reporters will continue to be replenished, presumably towards 

a new homeostasis). 

To summarize, just as SPIOs dominate short term tracking of stem cell transplants 

(at the cellular level), transgenic MRI reporters will play an irreplaceable role in 

monitoring them at the molecular level as well as enabling longitudinal cellular graft 

monitoring. The current study represents, to our knowledge, the first success with 

noninvasive monitoring of embryonic stem cells in vivo with an MRI reporter. Our 

findings suggest that FTH, a member of the metalloprotein reporter family, could 

function effectively as a reporter gene in mESCs without noticeable negative impact on 

host viability and pluripotency. These results are promising and we hope this proof-of-

principle study will encourage efforts to further explore its potential and facilitate 

translation into clinical practice.  
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Figure III-1. 

 
Figure III-1. Generation of HFG-mESCs 

(A) Schematic of lentiviral construct: FUGW vector was modified to express HA tagged 

human FTH under the control of ubiquitin promoter and EGFP linked by IRES.  

(B) The homogenous expression of transgene was confirmed by expression of EGFP and 

immunostaining using antibody that specifically recognized HA tag. All images were 

from the same HFG-mES colony.  

(C) Western blot of HA tagged FTH in WT (left) and FTH transgenic (right) mESC lines, 

α-tubulin was used as an internal control. Expression of tagged human FTH (predicted 

molecular weight 22 kDa) was confirmed in HFG-mESCs.  
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Figure III-2. 

 
 

Figure III-2. In vitro mESC Proliferation 

When seeded at 1x104 per cm2 and quantified at different time points (21, 49, 74 hrs) 

during exponential growth phase, HFG-mESCs retained similar growth rate as WT-

mESCs, with doubling time estimated at 12.15 hrs (WT) and 12.25 hrs (HFG-mES) 

respectively (p=0.236 two tailed unpaired t-test, n=3).  
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Figure III-3. 

 
Figure III-3. Early stem cell markers and neuronal differentiation of HFG-mESCs 

(A) HFG-mES cell culture was EGFP positive and expressed undifferentiated stem cell 

markers SSEA-1, Oct 4 and alkaline phosphatase.  

(B) Neural differentiation of HFG-mES cells: immunostaining of nestin at neural 

progenitor stage and beta-tubulin III and tyrosine hydroxylase. HFG-mES derived- 

neurons maintained homogenous transgene expression shown here with immunostaining 

for HA. This confirmed HFG-mES cells were capable of neuronal differentiation while 

maintaining FTH transgene expression. 
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Figure II-4. 

 
Figure III-4. Teratoma formation from HFG-mES cell transplants 

HFG-mESC-derived teratomas contain differentiated tissues representing all three germ 

layers: ectoderm (top to bottom: neural epithelium and squamous epithelium with keratin 

deposition), mesoderm (cartilage and striated muscle) and endoderm (ciliated epithelium 

and gut epithelium). Scale bar, 50 µm. 
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Figure II-5. 

 

 
 

Figure III-5. In vitro iron content of WT and HFG-mES cells 

Estimation of cellular iron content by O-phenanthroline method showed HFG-mES cells 

had a positive but not statistically significant increase in iron content (2.46f g/cell 

p=0.29) over their WT controls. Supplement with Chemically Defined Iron Supplement 

(Fe 0.54 ug/ml) over 4 days amplified the differences to significant levels (6.10 fg/cell 

difference, p=0.01).  
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Figure II-6. 

 

 
Figure III-6. In vitro MRI FTH Transgene Induced MRI Contrast in mES Cell 

pellets 

(A) Representative T2 weighted fast spin echo images of WT and HFG-mES cell pellets 

at low TE of 20 ms.  The position was switched in the right column to rule out possible 

positional effect from magnetic field inhomogeneity.  

(B) Corresponding color coded R2 maps from multi-echo measurements of R2 relaxation 

rate showed significant increase in R2 relaxation rate in HFG-mES cells (with iron 

supplement). 

(C) FTH overexpression increases R2 relaxation rate (1/T2) in HFG-mES cells in vitro 

p=0.01 two tailed t-test, n=3) 
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Figure II-7. 
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Figure III-7. In vivo MRI Detection of FTH Transgene Induced MRI Contrast in 

mESC Grafts 

(A and D) Representative T2 weighted fast spin echo images showing the same pair of 

tumors grown from mESC grafts (left: WT, right: FTH transgenic), at day 14 and day 21 

post inoculation.  

(B and E) Corresponding color coded T2 maps from multi-echo measurements of T2 

relaxation time showed significant reduction of T2 relaxation time in the tumor 

overexpressing FTH transgene at both time points.  

(C and F) Surface plots of T2 values suggest greater T2 difference between WT and 

transgenic tumors with extended period of in vivo FTH expression.  

(G) FTH overexpression increases R2 relaxation rate (1/T2) in transgenic tumors in vivo 

at both time points (day 14, p=0.038 two tailed paired t-test, n=4; day 21, p=0.019 two 

tailed paired t-test, n=3).  
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Figure III-8. 
 

 
Figure III-8. In vivo proliferation of mESC transplants 

(A) Images of WT (left) and HFG-mES (right) tumor explants.  HFG-mES tumors can be 

readily identified under fluorescent light by EGFP expression. 

(B) Diameter of WT and HFG-mES tumors measured in millimeter (mm) based on MRI 

images on day 14 and day 21 post transplant. No statistically significant difference in 

growth rate was observed between WT and transgenic transplants (p=0.266 on day 14 

and p=0.215 on day 21, two tailed paired t-test, n=3).   
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Figure III-9. 

 
Figure III-9. Histological sections of mESCs transplants 

FTH transgene expression in 20 µm HFG-mESC tumor sections was confirmed with 

fluorescence microscopy of EGFP and immunostaining of HA-tagged FTH. Images of 

WT type tumor were taken in parallel with the same settings and confirmed not to 

express the transgene, to rule out background auto-fluorescence. These data provide 

evidence of the stability and homogeneity of FTH transgene expression in vivo.  
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Figure III-10. 

 
 

Figure III-10. Western blot analysis of tumor explants 

Western blot using antibodies against HA tag and Tfrc further confirmed FTH transgene 

expression in HFG-mESC transplants and showed in vivo up-regulation of Tfrc in FTH 

transgenic transplants compared to WT controls, with an average increase of  70% 

estimated by densitometry. (Alpha-tubulin was used as an internal control.) Data are 

presented as pairs of WT vs. FTH transplants within each individual CD-1 Nude mice; 

western blot was performed on tumor explants 3 weeks post-transplant.  
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Figure III-11. 

 
 

Figure III-11. Post mortem analysis of iron content 

(A) ICP-OES analysis of Fe content measured in parts per million (ppm) tissue dry 

weights of WT and FTH transgenic tumors. Iron content in HFG-mES tumors was 80% 

higher than that of WT controls (p=0.029 two tailed t-test, n=3).  

(B) ICP-MS analysis of Fe content measured in parts per million (ppm) tissue dry 

weights of the same WT and FTH transgenic tumor samples pooled. Iron content in 

HFG-mES tumors was estimated to be 92.4% higher than that of WT controls. 
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Figure III-12. 

  
 

Figure III-12. In vitro MRI comparison between SPIO labeling and FTH reporter in 

mESCs 

(A) A T2 weighted MR image (TR=2 s, TE=100 ms) of unlabeled HFG-mES and WT 

mES cell pellets labeled with serial dilutions of SPIOs (standard undiluted condition 

equals incubation with SPIOs at concentration of 0.25 mg/ml in culture medium for 2 

hrs). Cells with SPIO labeling continued to induce stronger MRI contrast than unlabeled 

HFG-mES cell until reaching a dilution factor of 1024 (0.24 ug/ml).  

(B) Quantification of relative signal intensity of the same T2 image (TR=2 s, TE=100 

ms). Greater MRI contrast corresponded to greater hypointensity on T2 images. 

(C) R2 relaxation rates of the same cell pellets calculated from multiple T2 FSE images 

(TR=2 s, TE=10-150 ms with 10 ms increment).
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Chapter IV 

Conclusions and Future Directions 
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4.1 Conclusions  

Back in 2006, when we began to conceive plans of introducing MRI reporter 

genes into ESCs, there was clear excitement in the field of molecular imaging following 

independent confirmations of ferritin function as an MRI reporter in vivo (Cohen et al., 

2005; Genove et al., 2005). And the level of excitement was matched only by the extent 

of uncertainties: Ferritin was believed to be a more effective reporter than transferrin 

receptor, but never confirmed; combination of ferritin and transferrin receptors was 

proposed to be safer and more effective than individual reporters (Deans et al., 2006), but 

never proven; introduction into ESCs had obvious appeals, but would it actually work? 

We consider ourselves lucky that, thanks to the research expertise and the level of 

collaboration available in this institution, it was possible for us to set out to answer these 

pressing questions empirically.  

 

Conclusions on reporter gene choices 

 In chapter II, we made parallel comparisons between WT, FTH, Tfrc and 

FTH/Tfrc combination to determine the relative efficacy and safety of the popular 

metalloprotein based reporters. Lentivirus mediated transgenesis led to clonal C6 glioma 

and 293HEK cell lines with robust transgene expression, which enabled us to make key 

observations of transgene safety, the impacts of transgenesis on iron homeostasis and 

how that translated into MRI contrast both in vitro and in vivo.  

 Both FTH and Tfrc are relatively safe transgenes; it was possible to maintain 

constitutive expression of either in clonal lines without much impairment to cell 

proliferation. At higher expression levels, FTH could lead to an iron deficiency 
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phenotype with slower growth rate which may offer some protection against iron 

challenge/overload (consistent with its iron storage protein function); while Tfrc 

expression slightly increased cells vulnerability to iron toxicity (consistent with its iron 

uptake function). In stark contrast, co-expression of FTH/Tfrc was associated with clear 

toxicity both in vitro and in vivo. Having ruled out all conceivable confounds, we 

concluded that additional expression of FTH against a Tfrc background was indeed, 

paradoxically, detrimental to cell viability. The most plausible explanation we have for 

toxicity was the breakdown of cellular iron regulation when both uptake and storage were 

beyond normal regulatory feedback control (with IRE removed from transgene 

sequences). 

Both Tfrc and FTH transgenesis led to enhanced iron uptake and increase in 

cellular iron content, although they exhibited quite different patterns. Tfrc overexpression 

led to robust and immediate boost to iron uptake capacities, making transgenic cells very 

responsive to increases in environmental iron. Tfrc transgenesis (no IRE) also largely 

rendered iron uptake unregulatable: dramatic elevation in Tfrc level and iron content in 

transgenic transplants persisted one month post-inoculation and theoretically will remain 

so for the life of the cells. The impacts of FTH on iron homeostasis were more complex: 

though increased iron uptake from FTH transgenesis was also mediated through 

increased Tfrc expression, in this case it was a compensatory response to FTH-induced 

depletion of LIP, and consequently both Tfrc upregulation and iron content increase from 

FTH overexpression were of smaller magnitude and took longer to materialize than direct 

Tfrc transgenesis. More importantly, with FTH transgenesis, Tfrc expression remained 

under regulatory control, making it possible for iron uptake to revert to baseline levels (as 
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observed in C6-FTH transplant). In the case of FTH/Tfrc combination, Tfrc level and 

iron content were only slightly greater than in the Tfrc only condition (in the same 

genetic background). Given the compensatory Tfrc changes from FTH were of smaller 

magnitude and induced FTH expression was also weaker than with its constitutive 

expression counterparts, it was not surprising that additional FTH expression against a 

Tfrc background did not lead to very conspicuous increases.  

We have conducted both in vitro and in vivo MRI of metalloprotein transgene 

functions. Our in vivo characterizations offered the first parallel comparisons among FTH, 

Tfrc and FTH/Tfrc. The comparisons suggested that both FTH and Tfrc were capable of 

reporter function and had similar efficacy in creating MR contrast measured by T2 

weighted sequences. While the similar efficacy was in a sense coincidental (both are 

dependent upon transgene expression level and imaging parameters, which would 

doubtlessly vary between studies), from a practical point of view it suggested both FTH 

and Tfrc were equally viable reporter options. This conclusion runs counter to the popular 

idea that FTH transgenesis is sufficiently functional with endogenous iron supply, while 

Tfrc function as a reporter has to depend upon external iron supplements. The fortuitous 

coincidence also presented an opportunity to compare similar MR contrast against 

different tissue iron levels (Tfrc: high, FTH: low), in turn providing support for the 

ferritin iron loading factor model which postulated the same amount of iron stored in 

increased ferritin storage would lead to greater MR contrast. In the case of FTH/Tfrc 

combination, induced FTH expression against Tfrc background only led to non-

significant changes in MR contrast.  
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Our in vitro MRI studies led to similar conclusions, though from experience we 

would caution that these studies have attendant risk of both false positive (especially 

when it involves amplification from iron supplements) and false negative (especially 

when iron change is of small magnitude and with delayed onset) prediction for in vivo 

function. In vivo MRI (of longer duration of transgene expression and physiologically-

relevant iron supply) provided more convincing confirmation of metalloprotein transgene 

functions and a more accurate picture of relative efficacy. 

Our conclusions from Chapter II can be summarized as providing three 

confirmations while dispelling two misconceptions, which lead to one recommendation. 

The data support: (1) safety of both human Tfrc and FTH transgenes (2) the iron 

homeostasis model of metalloprotein based MRI reporter function, in which unregulated 

transgene expression along with induced compensatory changes in iron homeostasis 

provide the basis for MR contrast (3) and indirectly, the ferritin iron loading factor 

hypothesis.  

The two misconceptions were: (1) The idea that Tfrc is a weaker reporter gene 

than FTH and could only function with external contrast agent.  FTH and Tfrc each have 

its advantages and disadvantages, overall they are of comparable efficacy as reporter 

genes under the current experimental conditions. (2) The appealing but untested idea of 

FTH/Tfrc co-expression as an MRI reporter was proven unfeasible due to toxicity. The 

additional benefit to MR contrast was rather limited from co-expression and came at a 

steep price of significantly reduced viability, which we interpret as the danger of 

replacing iron regulation with arbitrary iron uptake and storage levels. There may be 
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further room to improve MR contrast from co-expression, but the toxicity concern has 

ruled it out for stem cell applications.  

The one recommendation we offered was: For introduction of a MRI reporter 

gene into pluripotent stem cells, we recommended ferritin. Both FTH and Tfrc were 

viable options, but FTH transgene was believed to be the safer option because it achieved 

the same level of MR contrast with less iron accumulation and maintained iron uptake in 

a regulatable state, along with potential to protect against iron overload.   

 

Conclusions on FTH-mESC combination 

In chapter III, we introduced the preferred reporter gene, FTH, into mESCs to test 

the practicality of MRI reporter-ESC combination. Using lentiviral transduction, we 

succeeded in establishing clonal transgenic mESC lines that retained fast proliferation 

and normal morphology while constitutively expressing FTH, which provided further 

support for ferritin safety in the context of cell replacement therapy. Furthermore, FTH 

expression was not disruptive to mESC pluripotency based on early stem cell marker 

expression, neuronal differentiation as well as teratoma formation. Functionally, with T2 

weighted sequences, the level of MRI contrast achieved with FTH transgenesis was equal 

to or greater than previous reports on ferritin in other cell models. Thus we conclude a 

MRI reporter-ESC combination, as exemplified by HFG-mESCs, could be both safe and 

effective for cell transplant monitoring purposes.  

One constant concern we had was that lower transgene expression in ESCs would 

significantly reduce reporter efficacy. This concern was not borne out with HFG-mESCs 

in vivo. Despite large differences in FTH expression levels (FTH expression in HFG-
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mES was estimated below 1/4 of C6-FTH), HFG-mES transplants exhibited similar MR 

contrast to C6-FTH transplants with comparable levels of iron. In contrast, variations in 

FTH levels had clear impact on growth rate, in vitro MRI, and the time course of MR 

contrast in vivo (low FTH levels took longer to reach similar effects).  These seemingly 

paradoxical phenomena suggested the possibility that regulatory control over intracellular 

iron balance poses limitations on the maximum compensatory shift in iron homeostasis in 

response to FTH transgenesis, beyond which point (estimated at below 80% iron increase 

in most cases we examined) it becomes much less responsive to further increase in 

transgene expression. Thus for practical purposes increasing FTH level would be more 

effective in enabling earlier detection of reporter function, but less so in boosting its 

maximum sensitivity. For the same reason we would also recommend that in the case of 

low transgene expression, to allow sufficient time for compensatory changes before 

making final conclusions on the efficacy of ferritin-based reporters.  

While HFG-mES was a success story of reporter gene combining safety and 

function in ESCs, over time we also came to realize the limitations of molecular reporters 

that rely on changes in endogenous iron homeostasis, especially of their significantly 

weaker detection sensitivity compared to artificial magnetic nanoparticles. Instead of 

competing against SPIOs in short term cell tracking, future pursuit of MR reporter genes 

in stem cells would most likely to pay off in applications exclusive to molecular reporters 

like stem cell based gene therapy, developmental studies or longitudinal monitoring. 

With our proof of principle study demonstrating the feasibility of MRI reporter-ESC 

combination, we expect future studies to focus on improving sensitivity of reporter genes 

and extend its applications to more clinically relevant models.  
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4.2 Future Directions: 

As a project focusing on enabling novel applications, the future direction of the 

current study can be revealed by asking a simply question: How will people benefit from 

this? In its current form for proof-of-principle purposes (i.e. transplant of fast 

proliferating undifferentiated mESCs and compare the R2 relaxivity of resultant tumor 

formations), our model is still quite distant from typical research/clinical practices. In a 

more representative scenario of stem cell based therapy, the cell graft will be at least 

partially differentiated (for example, neural progenitor cells instead of undifferentiated 

ESCs) to avoid neoplasia formation, the graft could be migratory and the cell model of 

choice will not be of murine origin. How useful will ferritin reporters be under such 

(more relevant) situations?  

 Let’s imagine Professor Inquisitus, a devoted neuroscientist who is interested in 

testing his many hypotheses of stem cell based therapy for neurodegenerative diseases, 

traumatic brain injury and stroke. He has just read about the success of ferritin as reporter 

gene in ESCs and received a generous gift of ferritin transgenic ESC lines, now he is 

curious about whether his research could benefit from the new tool. 

 If he plans to track the migration of a stem cell graft with the exact experimental 

settings employed in our studies on a 4.7T (or below) unit, we would recommend against 

it. He will most likely find the outcome unsatisfactory because the cell grafts in his 

experiments are comprised of much fewer cells of undefined localization, which poses 

much greater challenges for MRI detection than the case with comparing R2 relaxivity of 

tumors. As for the situations under which we would recommend using ferritin reporters, 
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embarrassingly right now all we have to offer are educated guesses, so the first priority of 

future efforts should be to turn the guesswork into a more solid guideline.  In addition, 

more extensive safety studies on the cells would also have to be established.   

 

Establishing a guideline for applicability of ferritin reporter gene  

The MR sensitivity for molecular reporting almost certainly needs improvement 

for the typical applications neuroscientists would be contemplating. There are two proven 

technical approaches to enhance MR sensitivity of ferritin.  

One is to increase the field strength of the MR scanner; it has been shown that the 

contrast enhancement from ferritin increases linearly with field strength (Vymazal et al., 

1992).  Our assumption based on previous studies (Gottesfeld and Neeman, 1996; 

Genove et al., 2005) is on 9.4T and above the contrast from ferritin transgenesis could be 

sufficient for the purpose of tracing stem cell grafts. This needs to be empirically tested.  

(To clarify, ferritin iron in the brain can be detected on much lower field strength MRI 

units. Both aged-related (Bartzokis et al., 1994; Bartzokis et al., 1997) and disease-related 

(Bartzokis et al., 1999; Bartzokis et al., 2000) iron accumulation can be evaluated under 

clinical field strength <= 1.5T. The purpose of the high field is to further enhance the 

contrast to allow easy distinction of much smaller cell masses.)  

The other approach is to use T2* weighted gradient echo sequences instead of T2 

sequences. As previously discussed, the detection sensitivity for ferritin follows the 

relationship of T2*>T2>T1; and the reason we chose T2 over T2* in the current study 

was mostly due to image quality concerns. Fortunately, the brain is a fairly homogenous 

tissue (with reduced local fluctuation in magnetic susceptibility) that is well suited to 
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using T2* sequences to monitor neural grafts. A parallel comparison between T2 and T2* 

of ferritin transgenesis in the brain demonstrating the superior contrast from T2* 

sequence can be found in the direct viral injection study from Genove (Genove et al., 

2005). The same relationship should apply to grafts derived from FTH transgenic ESCs 

as well. 

With extensive testing under optimal imaging methods, ideally a practical 

guideline would emerge that takes the form of “X million of cells can be detected on Y T 

scanner using T2/ T2* sequences after Z days of transgene expression …” This guideline 

will help researchers like Professor Inquisitus to readily identify, depending on their 

access to hardware and the experimental design, whether their research would likely 

benefit from ferritin reporter gene in its current form.  

 

Demonstration of unique applications of ferritin-ESC combination  

While it is a theoretical certainty that a ferritin reporter introduced into ESCs will 

enable longitudinal monitoring as well as imaging of molecular events, both applications 

are yet to be demonstrated. Following the establishment of applicability guidelines, 

efforts should be directed at confirming the unique imaging advantages of transgenic 

ESCs. 

At the cellular level, this means demonstrating the advantage of reporter genes in 

longitudinal monitoring, in comparison to the current practice of pre-transplant labeling 

with SPIOs. It is well recognized that SPIOs have clear advantage over native ferritin in 

short-term tracking applications, however due to inevitable loss of contrast agents 
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through cell division and metabolism, beyond certain yet to be determined time point, a 

ferritin transgenic reporter is believed to have a long-term advantage.  

That “certain time point” is of great interest and it is difficult to speculate about. 

Our in vitro MRI comparing serial dilutions of SPIO labeling of WT mESCs with HFG-

mESCs suggested 1000 times dilution will bring the two to comparable levels, but 

interpretation of this data proved challenging. From the perspective of iron content it is a 

reasonable estimate as SPIO labeling typically increases cellular iron to >250 times of 

baseline levels and 1000 times dilution will bring it down to below transgenic levels (1.5-

1.8 times of baseline in our study). However other factors also exert strong influence on 

their respective T2 enhancement effects; for example, Fe spin alignment which gives 

SPIO particles greater magnetic moment (Bulte and Kraitchman, 2004; Gilad et al., 

2007a), and iron loading factors of ferritin which gives higher relaxivity per iron with 

lower loading factors (Vymazal et al., 1996; Vymazal et al., 1998). On top of these, the 

estimate based on in vitro MRI with cell suspensions in agrose gel was also susceptible to 

considerable variations depending on sample preparation and likely deviates significantly 

from in vivo estimates. Consequently the 1000 times difference, while being the best 

estimate we have, is a rough one at best. Thus we consider it worthwhile to conduct a 

longitudinal study making parallel comparisons between the neural grafts derived from 

transgenic ESCs and grafts derived from WT ESCs prelabeled with SPIOs (preferably 

within the same subjects). This experiment hopefully will provide researchers with an 

accurate estimate of the dividing line between SPIOs supremacy and ferritin reporter 

advantages on the time scale applicable to graft monitoring. In Zhu and colleagues’ 

clinical study (Zhu et al., 2006) with SPIO labeled neural progenitor cell transplants, the 
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graft became un-traceable by week 7 due to cell proliferation (in rodent studies, the 

traceability of SPIOs labeled stem cells ranged from days (Bos et al., 2004) to months 

(Stuckey et al., 2006) depending on location and cell type); and we know from 

experience that FTH transgene-based contrast should be detectable by week 2. So the 

longitudinal comparison study we are proposing should not take unrealistically long to 

make a distinction and the outcome will likely be of practical relevance. 

At the molecular level, the potential applications are many. Its most basic form, 

that expression of a transgene can be linked to that of the reporter gene in ESCs, has 

already been demonstrated in our study linking EGFP with ferritin in ESCs, in the sense 

that MRI contrast can be predictive of EGFP expression. In applications more pertinent to 

stem cell research, two are of immediate interests. One is to determine the differentiation 

status of stem cell grafts; for example one might be interested in knowing whether neural 

progenitor cell grafts into the striatum have differentiated into dopaminergic cells in vivo.  

We imagine this question can now be answered with MRI by placing the expression of 

the reporter gene under the control of specific promoter like tyrosine hydroxylase and 

subsequent detection of reporter will be indicative of desired differentiation. Similar 

strategy has been previously successfully adopted to monitor differentiation status with 

GFP (Matsushita et al., 2002). The other pursuit of interest is in stem cell-based gene 

therapy, in which expression of a therapeutic gene can be linked to the MRI reporter gene 

(Ichikawa et al., 2002) (through IRES, fusion proteins, or simply incorporated into the 

same viral vector under two promoters) to enable direct (and potentially quantitative) 

connections between behavioral/physiologic improvements and therapeutic gene 

expression. Beyond therapeutic gene expression, it has even been proposed to use MRI 
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reporters for functional imaging by placing reporter sequence under the control of 

promoters for immediate early genes that are known to be regulated by neural activity 

(Jasanoff, 2007).  

 

Solutions from alternative MR reporter genes 

 The applications discussed so far focused on ferritin-ESCs, with the assumption 

that researchers will have access to high field strength scanners and their experimental 

designs are tolerant of delays between transgene expression and reporter detection. What 

about the situations in which ferritin no longer applies? For example when the research 

requires very high detection sensitivity and/or immediate detection of transgene 

expression; or when researchers are concerned about the long term effect of iron 

accumulation, or simply do not have access to the high field strength MRI units? 

 To address these concerns, one has to look beyond ferritin (at least its native 

form) for other possible combinations of reporter genes and stem cells. Here are only a 

few of the possibilities: 

Engineered Tfrc receptor, or other receptor type proteins, could be utilized in 

specific targeting; and the ligand (Tf or others) could be coupled with high sensitivity 

magnetic iron particles. This was essentially the strategy behind some of the earlier 

demonstrations (Weissleder et al., 2000; Ichikawa et al., 2002) of Tfrc reporter function. 

The clear advantage was that it enabled high sensitivity (thanks to SPIOs/MIONs) 

detection that was immediate (did not require iron homeostasis change); the disadvantage 

was mostly associated with delivery of ligand-coupled iron nanoparticles and efficiency 

of their local uptake (access to CNS will particularly difficult due to blood brain barrier).  
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Overall, this strategy will be worth pursing in stem cell applications when sensitivity and 

immediacy are of priority.  

MagA, which encodes for bacterial magnetosome (Bazylinski and Frankel, 2004) 

is another possibility. The reason why native ferritin makes a weak contrast agent is 

partially due to its antiferromagnetic property with most of its Fe spins canceling out 

(Gilad et al., 2007a; Cohen et al., 2009); the hope is other forms of iron storage in the cell 

might be more effective in inducing MR contrast. While we currently know little about 

how MagA takes up and stores iron in mammalian cells, studies from this lab have 

demonstrated it could function as a reporter gene in 293HEK cells (Zurkiya et al., 2008) 

and pilot in vitro characterizations suggest it has greater MR sensitivity than ferritin. If 

MagA turns out to be compatible with ESCs, it has good potential to function as an 

enhanced version of a ferritin-like metalloprotein reporter.      

Lysine rich protein: For researchers most concerned with consequences of long-

term iron accumulation, there are also options available to completely bypass iron-based 

MRI contrast. As has been recently reported, transgenes encoding for synthetic proteins 

that are rich in lysine residues could have their rapid exchanging amide protons exploited 

by the process of chemical exchange saturation transfer (CEST) to create MR contrast 

(Gilad et al., 2007b; McMahon et al., 2008; Sherry and Woods, 2008). This approach has 

great potential in terms of safety and immediacy, and should be compatible with genetic 

engineering of stem cells. Right now the main limitations are detection sensitivity, and 

consequently, applicable only to very high strength MR units. 

Multi-model reporter: There is no rule stipulating that monitoring has to be 

restricted to one imaging modality. Each imaging method has its inherent strengths and 
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weaknesses, and sometimes rather than exploring different options within the same 

modality to seek compromises between sensitivity and safety, or short and long term; a 

simple solution can come from combining the advantages of multiple imaging modalities. 

A case in point was Hoehn et al’s attempt in combining ferritin with luciferase within the 

same construct to achieve both sensitivity (optical imaging of bioluminescence) and great 

spatial resolution (MRI) (Hoehn et al., 2008). For stem cell therapy in large animals, a 

dual reporter system for PET (HSV-TK) and MRI (ferritin) could be ideal in combining 

many advantages including: great sensitivity, immediate probing of transgene expression, 

potential suicide gene to protect against tumor formation (from PET) and great resolution, 

non-invasiveness, functional imaging (from MRI), as well as good tissue penetration 

(from both). The complementary nature between PET and MRI is well-recognized and 

PET-MRI systems have growing presence in research and clinical institutions, where dual 

reporter stem cell lines in the mode of HSV-TK-Ferritin-ESCs could one day find their 

applications.  

 

Extension to other stem cell models 

Last but not least, the success in mESCs should and will be extended to other 

pluripotent stem cell models for greater clinical and research relevance. The lentiviral 

transduction approach adopted in the current study has proven effective in other ESC 

models (Gropp et al., 2003) and we do not foresee major technical challenges to 

introduce MRI reporter genes into other pluripotent stem cells like human ESCs and 

monkey ESCs. Of particular interest was the recent development of iPSCs which 

currently holds enormous promise for patient-specific stem cell therapies and whose 
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establishment was the consequences of extensive epigenetic engineering (Takahashi et al., 

2007; Yu et al., 2007). While the eventual clinical translation of iPSCs and other 

pluripotent stem cells will almost certainly be free from viral-mediated transgenesis 

(recent advances have proven the feasibility of generating iPSCs by naked DNA 

sequences (Kaji et al., 2009) or by recombinant proteins only (Zhou et al., 2009)), 

establishment of MRI traceable iPSCs could at a minimum serve as a valuable research 

tool to further our understanding of this new and promising member of pluripotent stem 

cell family.  
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