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Resumo  

 

O fígado é um órgão de enorme importância fisiológica e metabólica. Os hepatócitos, 

que constituem cerca de 80% da massa total de fígado, são frequentemente expostos a 

agentes tóxicos podendo levar à sua perda, limitando a função hepática 1. Apesar da 

capacidade regenerativa destas células, o recurso ao transplante de fígado é frequente, no 

entanto, o número de dadores disponíveis é um factor limitante desta terapia. Os 

hepatócitos primários humanos e dispositivos hepáticos bioartificiais (BAL) podem ser 

utilizados como alternativa terapêutica. Porém, a reduzida capacidade proliferativa ex vivo 

dos hepatócitos, a perda do perfil de expressão hepática e da sua funcionalidade limitam o 

seu potencial terapêutico, aquando mantidos em cultura ao longo do tempo 2. Estas células 

possuem ainda um enorme potencial no desenvolvimento de novos modelos in vitro para 

ensaios pré-clínicos, na descoberta de novos fármacos e em testes toxicológicos.  

Em terapias hepáticas têm sido utilizadas fontes alternativas de células do fígado, 

nomeadamente, progenitores hepáticos (com capacidade de maturar em hepatócitos e 

colangiócitos, as principais células presentes no fígado), células estaminais da medula 

óssea e células estaminais embrionárias (CEEs). Apesar de todas estas fontes alternativas 

apresentarem limitações na produção de hepatócitos, as células estaminais embrionárias 

humanas (CEEhs) são consideradas uma potencial fonte ilimitada de células com uma 

enorme aplicabilidade neste tipo de terapias. Vários estudos têm mostrado a capacidade 

destas originarem células com características hepáticas3,4. Os processos de diferenciação 

hepática a partir de CEEhs reflectem o desenvolvimento do fígado in vivo, onde, numa 

primeira fase, as CEEhs originam células de endoderme definitiva (ED). Estas por sua vez 

diferenciam-se em progenitores hepáticos que maturam dando origem aos hepatócitos 

adultos. Têm sido desenvolvidos protocolos que visam melhorar as condições de cultura 

com posterior optimização da diferenciação, tais como o recurso a factores de crescimento 

essenciais para a diferenciação ou ao uso de uma matriz extracelular (MEC), que constitui 

uma rede de macromoléculas que influencia a migração, a polarização e, 

consequentemente, a funcionalidade das células. Contudo, estes protocolos apresentam 

duas grandes desvantagens: (1) o número de hepatócitos produzidos a partir de CEEhs 

durante o processo de diferenciação é insuficiente para posterior aplicação em BAL (para o 

qual são necessários 10 mil milhões de hepatócitos) e (2) o tipo de células obtido no final da 

diferenciação não revela um fenótipo caracteristico de hepatócitos maduros, apresentando 

uma população altamente heterogénea de células indiferenciadas, progenitoras e com 

carácter maduro. Portanto, o processo de diferenciação hepática necessita de ser 

optimizado, de modo a aumentar significativamente o rendimento de hepatócitos funcionais 

e a pureza da população obtida no final do mesmo.  
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Numa perspectiva de optimização, a monitorização de todo o processo de 

diferenciação é essencial para caracterizar e identificar as células específicas de cada etapa 

do mesmo, permitindo deste modo avaliar de forma precisa a sua eficiência. Actualmente, 

as técnicas existentes para esta caracterização são invasivas, morosas e inadequadas 

quando se pretende definir da melhor forma a optimização do bioprocesso. Como alternativa 

têm sido desenvolvidas estratégias para modificar geneticamente as CEEhs, como por 

exemplo, o uso de genes repórter fluorescentes, para marcar especificamente um 

determinado tipo celular proveniente de CEEhs. A introdução destes genes fluorescentes, 

sob o controlo de promotores específicos de cada tipo celular torna possível essa marcação 

específica, tirando partido de técnicas não-invasivas. Um dos genes repórter mais utilizado é 

a variante da proteína verde fluorescente (eGFP; do inglês, enhanced Green Fluorescent 

Protein). Ultimamente, têm sido publicados alguns estudos que utilizam esta técnica para 

identificar e isolar uma linhagem derivada de CEEhs. Apesar da utilidade desta técnica na 

optimização do processo de diferenciação, continua a ser necessário o desenvolvimento de 

uma estratégia que monitorize em tempo-real todas as etapas deste processo.  

  Tendo em conta as etapas cruciais durante o desenvolvimento do fígado, é possível 

visualizar e acompanhar todo o processo recorrendo à expressão de dois genes repórter, 

controlados por diferentes sequências reguladoras específicas de cada etapa do 

desenvolvimento. Os métodos mais utilizados para transferência génica são os vectores 

virais, em particular os vectores lentivirais (VLs) baseados no Vírus da Imunodeficiência 

Humana (VIH), devido à sua eficiência na transferência génica e expressão estável ao longo 

do tempo. Estes vectores demonstram também maior resistência ao silenciamento em 

CEEs, comparativamente aos restantes vectores virais, sendo uma poderosa ferramenta na 

transferência génica nestas células. Assim, foram desenvolvidos vectores lentivirais 

inactivados (SIN; do inglês, Self-Inactivating), caracterizados por possuirem uma delecção 

na região U3 da longa repetição terminal a 3‟ (LTR; do inglês, Long Terminal Repeat) de 

modo a que a expressão do genoma viral na célula hospedeira seja controlada apenas pelos 

promotores exogenos, que controlam a expressão dos genes repórter, levando à perca da 

capacidade replicativa dos vectores lentivirais e tornando-os deste modo seguros.  

 Neste contexto, desenvolveu-se uma nova ferramenta baseada na construção de 

vectores lentivirais inactivados duplo-repórter (VLs-SIN), que contém dois genes repórter, 

Cherry e eGFP, controlados por promotores independentes que permitem a monitorização 

em tempo-real das principais etapas.  

 Inicialmente, para comprovar a presença de duas unidades transcripcionais 

independentes no sistema desenvolvido, foram clonados dois promotores constitutivos para 

regularem a expressão dos dois repórteres. A expressão de cada repórter é controlada 

apenas pelo promotor a montante do mesmo, evidenciando uma expressão independente. 
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Por outro lado, uma célula que ostenta o vector duplo, com os dois genes repórter a serem 

transcritos por dois promotores independentes mas activos no mesmo espaço temporal 

(neste caso, promotores de genes constitutivos), co-expressa os dois genes fluorescentes. 

 Após a validação inicial deste sistema e com a produção dos VLs-SIN, a clonagem 

suplementar de sequências de poliadenilação (uma sequência de poliadenilação sintética 

seguida de uma sequência espaçadora não codificante) entre as duas unidades 

transcripcionais levou à optimização do nível da expressão dos dois repórteres, diminuindo a 

variação da expressão de ambos, quando expressos constitutivamente na população 

genéticamente modificada. Por outro lado, a desvantagem apresentada pela proteína 

vermelha fluorescente DsRED em relação às proteínas vermelhas fluorescentes 

monoméricas, como por exemplo a mCherry, levou-nos à substituição do gene repórter 

DsRED pelo gene que codifica a proteína mCherry. Esta proteína apresenta uma maior foto-

estabilidade, sendo um factor crítico na monitorização ao longo do tempo. No entanto, 

apesar da diminuição da expressão deste repórter em relação ao nível de expressão 

apresentado pela DsRED, a conjugação dos repórteres mCherry e eGFP no sistema duplo-

repórter mostrou ser a mais promissora. 

Assim, foram desenvolvidos três VLs-SIN duplo-repórter (mCherry e eGFP) para 

transferência génica de marcadores específicos das etapas cruciais do processo de 

diferenciação hepática. Os promotores clonados mostraram especificidade e eficácia na 

expressão dos repórteres durante o processo de validação numa linha celular de 

hepatocarcinoma humano HepG2. Esta linha celular é normalmente utilizada como modelo 

in vitro em estudo de metabolismo de hepatócitos humanos devido à sua capacidade de 

expressar genes hepáticos fetais.  

Os resultados obtidos demonstram a capacidade desta nova ferramenta em 

caracterizar e identificar as células específicas de cada etapa da diferenciação de CEEhs 

em hepatócitos. Este sistema poderá permitir a monitorização da diferenciação numa 

linhagem específica, e de uma forma mais eficaz a optimização de todas as condições de 

cultura para expansão e diferenciação. Por outro lado, esta nova ferramenta desenvolvida 

mostrou-se promissora quanto à posterior aplicação em estudos do perfil de expressão 

génica para monitorizar a resposta a determinados estímulos. Assim, este estudo contribuirá 

futuramente para o progresso no campo da biologia das células estaminais e sua 

aplicabilidade. 

 

Palavras-chave: CEEhs; Hepatócitos; Vector Lentiviral; Sistema Duplo-Repórter; 

Modificação Genética; Marcadores Hepáticos. 
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Abstract 

 

Owing the scarcity of human hepatocytes for application in the pre-clinical drug 

development and bioartificial liver (BAL) devices, human embryonic stem cells (hESCs) 

presents a great potential for the production of hepatocytes through the hepatic 

differentiation process. However, this often results in not fully functional final cell type 

obtained and low-yield, which presently are the main limitations of the differentiation process. 

Furthermore, the traditional methods for identification of stage-specific cell type are based on 

time-consuming and invasive methodologies that are not a practical approach when the goal 

is bioprocess optimization aiming for the generation of well-defined cell populations. The 

analysis of hESCs differentiation stages would therefore greatly profit from in vivo and real-

time monitoring methodologies.  

In this work, we designed a series of dual-reporter Self-Inactivating Lentiviral Vectors 

(SIN-LVs) carrying two independent transcriptional units to be expressed in vivo during 

different stages of hepatocyte differentiation. These SIN-LVs were validated in human 

hepatocellular liver carcinoma cell line HepG2 suitable as an in vitro model system for the 

study of human hepatocytes and the promoters‟ specificity were confirmed.  

This design enables a reliable and efficient visualization and trafficking of stem cells 

and their derivatives using live imaging non-invasive techniques, contributing for 

debottlenecking the optimization of hepatocyte differentiation and expansion conditions. 

Additionally, cells expressing these markers can also be extremely valuable tools for basic 

studies of stem cell biology and pre-clinical drug development. 

 

 

Key Words: hESCs; Hepatocytes; Lentiviral Vector; Dual-Reporter System; Genetic 

Modification; Cell-Type-Specific Markers. 
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1. INTRODUCTION 

 

The liver is one of the largest organs in mammals and has several important 

functions, such as metabolizing diverse molecules, detoxifying compounds and glycogen 

storage 5. Liver failure is a major health problem in the world and liver transplantation, first 

performed by Thomas Starzl in 1963, is the most available treatment for the severe cases 6. 

However, due to the shortage of donor organs, liver support technologies have been 

developed to sustain patients with liver diseases 7. Although the liver is an extreme resilient 

organ with a remarkable regenerative capability, human hepatocytes (which comprise 80% of 

the total mass of the liver) do not replicate sufficiently ex vivo to produce the number of cells 

necessary for transplantation. Additionally, these cells do not maintain their hepatic gene 

expression, function and cell homing capacity after prolonged time in culture 2. The low 

availability of human hepatocytes severely limits their potential for biomedical applications. 

This precludes their use in cell therapy applications, bioartificial liver (BAL) support systems, 

drug discovery, toxicology studies, as well as an in vitro model to understand the biology of 

the liver 8. 

Hence, it is mandatory to develop alternative cell sources of mature hepatocyte. 

Hepatic progenitors, mesenchymal stem cells 9 and pluripotent stem cells (PSCs) 10 have 

been exploited and even though each cell source presents specific limitations to produce 

hepatocyte cells. PSCs, that include human embryonic stem cells (hESCs), derived from the 

inner cell mass of the blastocyst, and hiPSCs, obtained from reprogramming of adult somatic 

cells of several organisms, offer an unlimited cell source to be applied in hepatic therapies 4.. 

The potential of hPSCs to differentiate into derivatives of all three germ layer and unlimited 

expansion capability provides an unprecedented opportunity to treat a variety of human 

diseases characterized by tissue loss or failure5 (Figure 1).  

 

 

 

Figure 1. hPSCs 

origin, propagation 

and differentiation 

into a variety of 

specialized cells 

derived from the 

three germ layers 

(Ectoderm, 

Mesoderm and 

Endoderm). 

Adapted from 
11

. 

Ectoderm

Endoderm

Mesoderm

Inner Cell

Mass

Human Pluripotent

Stem Cells

Blastocyst

Somatic cell
Yamanaka Factors

(Oct-4; Sox2; c-Myc; KLF-4) 
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These cells are being increasingly considered for clinical applications in liver cell 

replacement therapies as a reliably source of high-quality liver cells. 

The most successful hepatic differentiation protocols recapitulate the in vivo 

development of the liver, where hPSCs differentiate into definitive endoderm (DE) cells; DE 

cells differentiate into bi-potential hepatoblasts and further mature until an adult hepatocyte 

phenotype is reached (Figure 2)4.  

 

 

 

 

Figure 2. Key stages of hepatocyte development and stepwise differentiation of hPSCs to 

Hepatocytes. The duration of each step are represented by D (day), based on
4
. 

 

Hepatocyte-like cells have been generated using many strategies and have been 

shown to secrete albumin and urea, among others specific hepatic products, and display 

cytochrome P450 (CYP) enzyme activities12. Human serum albumin, for instance, plays a 

crucial role in transporting drugs, metabolites, and endogenous ligands into the liver 13. Urea 

cycle on the other hand, occurs exclusively in the liver; its synthesis from ammonia is a 

typical hepatic function. The CYP family is a large and diverse group of enzymes with a 

dominating role in the phase I biotransformation that occurs in the liver14. Although these 

proteins being fairly good indicators of hepatocyte function, a more detailed analysis of gene 

expression, metabolic activity, growth potential, and secretory function are required to 

determine whether such cells can fully function as human hepatocytes15.  

One major challenge in using hPSCs as a hepatic cell source is the difficulty in 

controlling the process of differentiation to generate a significant number of hepatocytes. 

Progress has been made in the identification of factors necessary for the induction and 

maintenance of hepatic properties. Still, hepatic differentiation protocols currently face two 

main difficulties: limited yields of functional hepatocytes (mainly due to apoptosis of 

undifferentiated cells in the hESC-DE differentiation step) and inability to obtain a mature 

hepatic phenotype. To bypass the SC limitations, well-defined differentiation protocols have 

to be developed in order to obtain pure populations of the cells of interest. For this purpose, 

reliable and accurate methods for characterization of the differentiation process throughout 

culture time are of paramount importance. Traditional methods include immunocytochemistry 

and RT-PCR (Reverse Transcription-Polymerase Chain Reaction), which are often time-

consuming and invasive (require culture sampling). Effective strategies for genetic 

hPSCs DE H.Progenitor Hepatocytes

D0 D14 D20D6
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modification of hPSCs have emerged as the most promising approach (e.g. introduction of 

reporter genes) to enable a nondestructive and real-time method for assessing differentiation 

process efficiency16. The fluorescent reporter constructs consist of an expression cassette 

with one or more reporter genes (e.g. eGFP) under the control of regulator sequences 

(promoter/enhancer)17,  which have contributed greatly to the study of eukaryotic gene 

expression and regulation18, and potentially may allow the isolation of hPSCs derivatives by 

fluorescence-activated cell sorting (FACS).The same approach can be applied for monitoring 

differentiation with the purpose of optimizing differentiation protocols by continuous 

monitoring of hPSCs differentiation, permitting rapid screening of live cells over a wide range 

of culture conditions. Nevertheless, a system for continuous monitoring throughout the 

different steps of the differentiation process is still needed. 

Molecular imaging is a powerful tool for basic/developmental research. This technique 

is based on specific probes that allow evaluation of gene expression and complements 

existing ex vivo molecular-biological assays. MI can be used to monitor the spatio-temporal 

distribution of molecular and cellular processes, providing crucial information‟s about human 

development. One such example is the use of reporter genes that in specific contexts 

provide information about precise molecular and cellular events. Non-invasive in vivo 

imaging techniques have been used to ensure the success of gene-based therapies for 

monitoring of cell trafficking, targeting and activation; assessment of the location, magnitude 

and duration of transgene expression; and monitoring the therapy response 19.  

Transcriptional regulator sequences are generally used to monitor developmental 

events with temporal and spatial resolution. These sequences are activated by transcription 

factors that are expressed in specific tissues (e.g. albumin promoter in liver cells), while not 

expressed in others. Several technological and therapeutic applications require co-

expression of multiple genes in the same target cell in order to evaluate promoter activity or 

in vivo tracking of a specific cell line. Recently, the dual-reporter system has been reported 

by several authors for monitoring specific-cell types using two independent cassettes 

harboring different reporter genes driven by cell type-specific promoters20,21.  

The transgene cassette is delivered into the host cells by a vector (viral or non-viral); 

inside the cell the transgene may integrate into the host genome or remain episomal. These 

delivery systems are also used for genetic modification of hPSCs. Non-viral gene delivery 

vectors are simple to produce and manipulate, however this strategy has relatively low 

efficiency in achieving stable genetic modification required to study gene function in early 

human development.  

The first studies on hESCs genetic modification used retroviral vectors due to their 

ability to stably integrate their genome in the host cell. However, transgene silencing which 

may result from trans-acting factors binding to the viral promoters in the long terminal repeats 
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(LTRs) and/or methylation of the integrated retroviral transgene in hESCs has precluded their 

application as a research tool22. Currently, lentiviral vectors (LVs), are being broadly 

exploited in hPSC studies.  LVs derived from human immunodeficiency virus (HIV)-1 (a 

genus of the Retroviridae family) have emerged as an efficient tool for long term monitoring 

of stem cell fate and their progeny, either in vivo or in vitro23
. The development of Self-

inactivating (SIN) Lentiviral vectors (SIN-LVs), which presents a deletion in the 3′-LTR (long 

terminal repeat),allowing the specific expression from the internal promoter, by eliminating 

the LTR promoter activity after the integration and minimizes the likelihood of replication 

competent lentiviruses (RCLs),to improve significantly the biosafety of HIV-derived vectors  

24. 

LVs offer several advantages compared to other viral and non-viral vectors, such as: 

(1) ability to delivery genes into dividing and non-dividing cells25 (2) integration into the host-

cell genome, thus promoting stable transgene expression that is sustained throughout 

prolonged culture of undifferentiated hESCs, as well as after differentiation; (3) the LV 

backbone is more resistant to transcriptional silencing; (4) transduced cells retain their self-

renewal and pluripotent potential26; and (5) immune response in the host cell is minimal, 

which is important when considering cell therapy applications. Unfortunately, the use of these 

vectors has two major disadvantages. First, vector constructs larger than 11 kb package 

poorly, reducing the efficiency of transduction and effectively limiting the size of DNA that can 

be transferred .The other disadvantage is the introduction of insertional mutagenesis. Since 

these vectors integrate randomly, they have the potential to activate oncogenes or inactivate 

tumor suppressor genes in the transduced cells, therefore raising safety concerns for 

potential clinical applications. These can be overcome by characteristic of the insertion locus. 

Nonetheless, the bulk of successful genetic modification of hESC has been done with 

lentiviral vectors and hence, in this work, lentiviral vectors will be used to genetically modify 

hESCs. Furthermore, the development of transgene vectors for lentiviral production should 

be carried out by Gateway system to bypass the instability and recombinogenic problems 

that occur in traditional cloning methods. Gateway is one of the most popular recombination 

cloning technologies27, for efficient and easy transfer 

of insert DNA from one expression plasmid to another 

(Figure 3).  

 

 

Figure 3. Flowchart of Gateway Recombination System 

based on LR cloning reaction. Once a transgene is cloned 

into an Entry clone we can then move the DNA fragment 

into one destination vector mediated by recombination 

between att sites.  
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2. AIM OF THE THESIS 
 

In this work, we focused on developing molecular tools for the non-invasive and real-

time identification of stage-specific cell types that will enable us to improve bioprocess 

strategies for hESCs differentiation towards mature hepatocytes. To do so, we developed a 

new fluorescent SIN-LVs dual-reporter system that allows the independent expression of 

different and complementary fluorescent proteins (e.g. DsRED, mCherry, eGFP). Based on 

this system, three fluorescent reporter vectors containing specific markers covering the most 

important stages of hepatocyte differentiation will be developed for in vitro validation. The 

use of these vectors for the genetic modification of hESCs will allow optimizing differentiation 

protocols by continuous monitoring of hESCs differentiation, permitting rapid screening of live 

cells over a wide range of culture conditions. 

 

3. MATERIAL & METHODS 

3.1. Cell Culture 

Human Embryonic Kidney 293T  cell line (HEK 293T) (kindly provided by Dr. Amos 

Panet, Hebrew University, Hadassah Medical School, Jerusalem, Israel) and the Human 

hepatocellular liver carcinoma cell line HepG2 (ECAAC, 85011430)  were routinely cultivated 

in standard tissue culture flasks (T-flask) (Starstedt, Nümbrecht-Rommelsdorf, Germany) and 

maintained in Dulbecco‟s modified Eagle‟s medium (DMEM; Gibco, Paisley, U.K.) 

supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco). The cells were incubated 

under standard conditions at 95% humidity and 5% CO2 and split twice a week, with 1:20 and 

1:3 dilutions, respectively, using 0,05% Trypsin-EDTA (Gibco). 

 Feeder Free Human Embryonic Stem Cells (DEF SA-181 cell line – supplied by 

Cellartis AB) were cultivated on coated tissue culture flasks and maintained in supplemented 

DEF-BAS medium (supplied by Cellartis AB). The cells were incubated under standard 

conditions at 95% humidity and 5% CO2 and split every 3rd-4th day at a density of 5 x104 

cell/cm2 using TrypLETM Select (Gibco).  

 

3.2. Development of Lentiviral Vectors  

3.3.1. Lentiviral vector construction 

The cloning sites, primers and templates for plasmids construction are listed in Table 

S1. All PCR reactions were carried out with proof-reading Phusion High-Fidelity DNA 

Polymerase (Finnzymes OY, Espoo, Finland). Escherichia coli (E.coli) DH5α strain 

(Invitrogen Carlsbad, CA, USA) was used for pENTR vector production and amplification 
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under kanamycin selection (30 g/uL) (Sigma, Steinheim, Germany). To construct the 

destination vector, the pLenti-X1-Puro-DEST plasmid (Campeau et al. 2009), was first 

digested with EcoRV to release the attR containing sequence. Next, the fragments derived 

from the digestion were purified and used in a ligation mixture to clone the attR containing 

sequence in antisense orientation relative to the viral LTR (pLenti-X1-Puro-Reverse). 

Thereafter, the pENTR vectors were recombined into pLenti-X1-Puro-Reverse using the LR 

clonase mix (Invitrogen) according to the manufacturer‟s instructions. The vectors derived 

from LR recombination were propagated in E. coli Stbl3 strain (Invitrogen) under ampicillin 

selection (100 g/uL) (Sigma) and used for lentiviral production.  

3.2.2. Lentiviral Vector Production and Titration 

The second generation of lentiviral system was used for lentiviral production; HEK 

293T cells were seeded on 25 cm2 T-flask at 5 x 104 cell/cm2. Transfection was carried out 

24 hours after seeding in the presence of Polyethylenimine (PEI) (Sigma). A mixture of the 

three plasmids was prepared in 250µL of unsupplemented DMEM, using the following 

amounts: 2.5 µg of the transfer vector (pLenti vectors developed as described in 3.2.1); 

1.875 µg pSPAX2 (Packaging) (kindly provided by D. Trono through Addgene, Cambridge, 

MA, USA) and 0.625 µg of pMD2G (envelope) (kindly provided by D. Trono through 

Addgene, Cambridge, MA, USA), per 1 x 106 cells.  An equal volume of PEI solution was 

prepared in unsupplemented DMEM containing 15 µg of PEI per 1 x 106 cells. The DNA 

mixture was added slowly dropwise to the PEI solution and incubated for 10 minutes at 

Room Temperature (RT). The DNA-PEI complexes were slowly added to the cells. After 24 

hours, the medium was replaced using half of the original volume in order to concentrate the 

lentiviral particles. Finally, the medium containing the viral vectors was collected 48 hours 

post-transfection, filtered through 0.45 µm cellulose acetate filter and stored at -80ºC.  

Lentiviral titration was performed by Flow Cytometry and real-time quantitative PCR 

(qPCR) 72 hours post-transduction (hpt), using the HEK 293T cell line. The cells were 

seeded in 24-well plates at the density of 5 x 104 cell/cm2 (Nunc, Rocherster, USA) 24 hours 

prior to transduction. Next, the cells were incubated with 500µl of serially diluted viruses (10-

1; 10-2; and 10-3 dilution in duplicate), to which 8 µg/mL Polybrene (Sigma) was added. After 

viral adsorption (4 hpt), 800 µl of fresh medium was added to each well. The medium was 

replaced 48 hpt.  Flow Cytometry (CyFlow-space, Partec GmbH) was carried out at 72 hpt 

for quantifying eGFP reporter expression cells and the number of transgene copies per cell 

was assessed by qPCR. For qPCR, a TaqMan-based qPCR strategy, genomic DNA was 

extracted 72 hpt from trypsinised transduced and untransduced HEK 293T cells using the 

GeneJETTM Genomic DNA Purification Kit (Fermentas) according to the manufacturer‟s 

instructions. Real time PCR reactions were performed using Roche LightCycler® TaqMan 
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master mix on a LightCycler® Carousel-Based System (Roche Applied Science, Mannheim, 

Germany). PCRs were held at 95oC for 10 minutes and then cycled 45 times at 95oC for 15 

seconds, 65oC for 1 minute. Primers and the probe sets used to detect human albumin 

sequence (internal control) and gag sequence (present on lentiviral-derived vector) are listed 

in Table S2. The concentration (copy number/µL) associated with the Ct value obtained with 

the ALB probe was used to determine the genomic copy number, thereby allowing 

determination of the copy number of transgenes per cell. Viral titers, defined as Transducing 

Units (TU/mL) were calculated using the following formulas: 

 

Titer by Flow Cytometry (TU mL   
  GF  positive cells    umber of transduced cells   Dilution factor

      Transduced volume (mL 
 

 

Titer by q CR (TU mL   
  umber of transduced cells    umber of copies per cell   Dilution factor

Transduced volume (mL 
  

 

 umber of copies per cell   
  uantity mean of gag sequence (copies  L 

 uantity mean of Albumin sequence (copies  L 
    

 

Lentiviral vector concentration was performed by ultracentrifugation at 19500 rpm, 

20ºC for 140 minutes in an SW28 rotor coupled to a Beckman Ultracentrifuge. Next, the 

supernatant was discarded and the pellet containing the viral particles was ressuspended in 

1x PBS (1:100 of the original volume). Ressuspension was allowed to proceed overnight at 

4ºC. After ressuspension, the viral suspension was aliquoted and stored at -80ºC.  

3.3. Transient transfection of HEK 293T cells 

Cells were seeded in 12-well plates at 1 x 105 cell/cm2. Twenty-four hours later, the 

cells were at approx. 70-80% confluence, the adequate density for transfection in the 

presence of PEI. Each SIN-LV plasmid (1.2 µg) (developed as described in 3.2.1) was mixed 

with 100µL of unsupplemented DMEM. Next, an equal volume of PEI solution prepared in 

unsupplemented DMEM containing 3.6 µg of PEI was added slowly and dropwise to the 

DNA-medium mix and incubated for 10 minutes at RT. Eighteen hours post-transfection, the 

medium was changed. Cells were analyzed by fluorescence microscopy (Leica 

Microsystems GmbH) at 48 hours post-transfection unless otherwise stated.  

3.4. Lentiviral Transduction and selection of transduced populations 

Cells were seeded in 12-well plates at a density of 1 x 105 cell/cm2. Twenty-four hours 

later, the viral supernatants previously mixed with 8 µg/mL Polybrene, were added to the 

medium at multiplicity of infection (MOI) of 1–5. The medium was changed at 48 hours post-

transduction. Selection of transduced cells was started 72 hpt. Since all lentiviral vectors 
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expressed the puromycin selection marker, this antibiotic (Invivogen) was used for selection 

at 1 µg/mL for HEK 293T (Puromycin Killing Curve – Figure S3A), 2 µg/mL for HepG2 

(Puromycin Killing Curve – Figure S3B), and 0.4 µg/mL for hESCs. Selection was allowed to 

proceed for 15 days, with medium exchange every 3 days, with the exception of hESCs for 

which the medium was changed every day. Selection was considered complete when all 

non-transduced cells were detached from the well. Selected cells were analyzed by flow 

cytometry (CyFlow-space); for detection of reporter genes (DsRED; mCherry and eGFP), 

adherent cells were collected by detachment using 0.05% Trypsin-EDTA for HEK293T and 

HepG2, or TrypLETM Select for hESCs and resuspended in 4% (v/v) FBS in phosphate-

buffered saline (PBS; Gibco). The number of positive cells was determined as the average 

from two separate experiments; the percentage of cells expressing DsRED or mCherry 

reporters is represented as RFP (red fluorescent protein). These cells were also visualized 

using fluorescence microscopy (Leica Microsystems GmbH) and the images were processed 

using ImageJ software version 1.43m (http://rsbweb.nih.gov/ij/). 

3.5. Immunocytochemistry  

Transduced and non-tranduced cells were seeded in 24-well plates with coverslips (5 

x 104 cell/cm2) and grown for 24-48 hours. The cells were washed twice with PBS, fixed for 

20 minutes at RT in 4% (w/v) paraformaldehyde (PFA; Sigma) solution in PBS and then 

washed three times in PBS. After 30 minutes of blocking with 0.2% (w/v) fish skin gelatine 

(FSG;Sigma) in PBS, cells were incubated with a mouse anti-human CXCR4 (1:100; 

eBioscience, Hatfield, U.K.) primary antibody diluted in 0.125% (w/v) FSG + 0.1% (w/v) 

Triton X-100 (Sigma) for 2 hours. Cells were then washed twice with PBS and incubated with 

a goat anti-mouse IgG-AlexaFluor594 (1:500; Invitrogen) secondary antibody at RT for 1 

hour and protected from light. Unbound secondary antibody was removed by 3 washes in 

PBS. Cell nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen). 

Cells were analyzed by fluorescence microscopy (Leica Microsystems GmbH) and 

processed using ImageJ software version 1.43m (http://rsbweb.nih.gov/ij/). 

3.6. Statistical Analysis 

All data were analyzed using Prism software version 5.0 (GraphPad, California, 

U.S.A.) and a two-way ANOVA was performed to assess the difference between the 

percentages of two reporter genes. A p value ˂ 0.05 was considered significant. 

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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4. RESULTS  

4.1. Development of Dual-Reporter Lentiviral Vectors 

4.1.1. Vectors Construction and Transient Transfection of HEK293T cells  

Initially, dual-reporter vectors with two independent transcriptional units were 

constructed using the technique of splicing by overlay extension PCR (SOE-PCR) 28 (Figure 

4). The fragment containing DsRED and eGFP was cloned into the pENTR 4 no ccdb vector 

between the two attL sites (see Table S1). The SOE-PCR method has been used to join two 

fragments having terminal homology without multiple cloning steps, as its simplicity and high 

efficiency makes it an alternative procedure for difficult cloning experiments.  

In order to evaluate independent expression from each transcriptional unit in the 

engineered Dual-Reporter System, the human phosphoglycerate kinase (PGK) and human 

ubiquitin C (UBC) constitutive promoters were cloned into pENTR 4 DsRED2.eGFP (vector 

pGR331, described on Table S1) upstream of each reporter gene. SIN transfer vectors 

(pLenti) were produced by recombination using the Gateway system (Invitrogen). For this 

purpose, a destination vector was modified (described in 3.3.1 Material & Methods) and 

recombined with the Entry clones (which contained a gene of interest flanked by attL sites) 

throughout LR Clonase II. The destination vector contained two attR sites flanking CatR and 

ccdB genes in opposite orientation to the viral LTRs to avoid disruption of viral mRNA 

production by the poly(A) sequences present in the Entry vectors upon recombination. 

 

 

 

Figure 4. Schematic representation of Splicing 

by Overlap Extension Polymerase Chain 

Reaction (SOE-PCR).  Firstly, the DsRED and 

eGFP reporter genes (red and green bars, 

respectively) were amplified by PCR 

(oligonucleotides a) and b) for DsRED; c) and d) 

for eGFP). Afterward, a second PCR reaction 

(SOE-PCR) was performed to amplify the PCR 

products together using the oligonucleotides a) 

and d). The final product was cloned into 

pENTR 4 no ccdb vector (described on Table 

S1).  

 

 

Recombination yielded the SIN transfer vectors (pLenti) with the desired viral 

backbone and the selection marker for mammalian cells (Figure 5A). The selection marker 

was a pac gene encoding a Puromycin N-acetyl-tranferase (PAC), which inhibits the growth 

of eukaryotic cells by interfering with protein synthesis.  These vectors had also a central 

polypurine tract region (cPPT), which increases the transduction efficiency and performs the 

a)

b)

c)

d)

PCR PCR

SOE-PCR

d)

a)
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nuclear translocation (cis-active nuclear translocation facilator); the Rev-responsive element 

(RRE) and woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) were 

present to increase the titer and gene expression by improving the mRNA levels 29
. 

Furthermore, the pLenti vectors were digested with HindIII (LTR recognition sites) to evaluate 

the plasmid integrity to ensure the quality of DNA (Figure 5B and schematic diagrams on 

Figure S3).  

 

 

 

 

 

 Figure 5. A. LR recombination. 

The cDNA encoding the transgene 

of interest is cloned into the Entry 

vector between the attL1 and 

attL2 sites. In the presence of LR 

clonase II, recombination occurs 

between attL1-attR1 and attL2-

attR2 to transfer the insert from 

the Entry vector to the Destination 

vector yielding the lentiviral 

transfer vector with the DNA insert 

between the attB1 and attB2 

recombination sequences. The 

Destination vector carries a killer 

gene (ccdB) and a chloramphenicol resistance cassette (CatR) flanked by attR sites. Recombination 

replaces the ccdB sequence by the transgene of interest allowing selection against the parental 

plasmid in STBL3 E.coli and using ampicillin-antibiotic selection. Kan, kanamycin resistance gene. 

Amp, ampicillin resistance gene. RSV, constitutive promoter derived from the Rous Sarcoma Virus 

fused with 5‟ LTR. Ψ, enhanced packaging signal. ΔU3, deletion in the 3‟ LTR. 

B. pLenti DNA restriction analysis. Electrophoresis showing a restriction-specific pattern of the single-

and dual-promoter plasmids, when using the HindIII restriction enzyme. MM, Molecular Marker 

(Ladder 1Kb plus; Invitrogen). 1 – pLenti 354; 2 – pLenti 353; 3 – pLenti 355 (described on Table S1 

and schematic diagrams on Figure S3). The HindIII restriction-specific fragments of each digested 

pLenti plasmid are shown. bp, base pairs. 

 

 

A 

B 

attL2 attL1TransgenepUCori Kan

attR2 PACattR1RSV R U5 RSVRΔU3CatRccdB WPRERRE cPPTAmp

ψ

attB2 PACattB1RSV R U5 RSVRΔU3WPRERRE cPPTAmp Transgene

ψ

Entry Clone

Destination Vector

Expression Clone

Plasmids HindIII Restriction Pattern

1
3360bp; 2987bp; 1773bp; 876bp; 

576bp; 553bp; 313bp

2
3360bp; 2965bp; 2491bp; 876bp; 

576bp; 553bp; 313bp

3
3360bp; 3016bp; 2774bp; 876bp; 

576bp; 553bp; 313bp
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The independent expression of engineered dual-reporter system was confirmed by 

transiently transfection of HEK 293T cells with the single- and dual-promoter vectors (pLenti), 

in which DsRED is under the PGK promoter and eGFP under UBC promoter. Cells were 

analyzed by fluorescence microscopy. As expected, cells transfected with pLenti 

PGK.DsRED or UBC.eGFP express only DsRED or eGFP, respectively (Figure 6B). 

Whereas, cells transfected with dual-promoter vector (PGK.DsRED-UBC.eGFP) expressed 

both reporter proteins (Figure 7B). 

 

                         

PGK.DsRED 

 

UBC.eGFP 

 

 

 

 

 

 

 

 

Figure 6. A. Schematic presentation of the single-promoter vectors (RRE, cPPT, WPRE and other 

specific elements also included into SIN-transfer vectors, but were not shown here to simplify the 

construct representation). B. Fluorescence images of HEK 293T cells transiently transfected with 

single-promoter vectors expressing DsRED or eGFP reporter genes, 72 hours post-transfection. Scale 

bars: 100µm. 

 

 

 

 

 

A 

B 

attB2 PACattB1RSV R U5 U5RΔU3DsREDpAEGFPpA PGK

attB2 PACattB1RSV R U5 U5RΔU3DsREDpAEGFPpA UBC

A 
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Figure 7. A. Schematic presentation of the dual-promoter vector (RRE, cPPT and WPRE specific 

elements also included into SIN-transfer vector, but were not shown here to simplify the construct 

representation). B. Fluorescence images of HEK 293T cells transiently transfected with single-

promoter vectors expressing DsRED and eGFP reporter genes, 72 hours post-transfection. Scale 

bars: 100µm. 

 

4.1.2. Dual-Reporter Lentiviral Vectors Transduction  

  Following pLenti validation by transient transfection, the Lentiviral Vectors were 

produced and their titer determined. The titration relied on eGFP expression-based flow 

cytometry analysis and qPCR assay of transduced HEK 293T cells (Table 1.). 

 

Table 1. Lentiviral titration of single- and dual-reporter Lentiviral Vectors. 

Vector Titer by Flow Cytometry 

(TU/mL)
1a 

Titer by qPCR 

(TU/mL)
1b 

 

Single-reporter 

SIN-PGK.DsRED 

 

NA 

0.13 ± 0.02 x10
6
 

 

 

1.67 ± 0.17 x10
6
 

SIN-UBC.eGFP 0.12 ± 0.03 x10
6
 2.84 ± 2.11 x10

6
 

 

Dual-reporter   

SIN-PGK.DsRED-UBC.eGFP 0.16 ± 0.03 x10
6
 0.92 ± 0.22 x10

6 

 

 
1
Viral supernatant stocks were serially diluted and used to transduce HEK 293T cells. 

a 
The relative 

transducing units (TU) were determined taking into account the total number of cells, the number of 

eGFP fluorescent cells and vector dilution. 
b 

The relative transducing units (TU) were determined 

taking into account the total number of cells, the number of viral copies per cell and vector dilution. 

Data are shown as mean of two independent experiments ± s.d. 

 

The titers obtained by flow cytometry assay were one log lower than those obtained 

by qPCR analysis. The flow cytometry method, although technically simple, presents some 

A 

B 

attB2 PACattB1RSV R U5 U5RΔU3DsREDpAEGFPpA PGKUBC

B 

A 
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limitations: it may not distinguish cells with multiple copies of vector, the level of expression is 

dependent on the nature of promoter used to express the reporter gene; and the insertion of 

proviral DNA in regions with different chromatin packing results in varying of transgene 

expression levels 30. Hence, the most reliable and rigorous method to estimate functional 

titers, is detection of vector DNA integration in transduced cells, by real-time qPCR. This 

assay is high suitable for transgene detection. The titers determined by qPCR were used for 

LV transduction assays.  

HEK 293T were transduced with dual-promoter SIN-LV PGK.DsR-UBC.eGFP at a 

MOI of 1 and reporter gene expression was assessed by flow cytometry. Fifteen days after 

antibiotic selection (1µg/mL puromycin. See Figure S1), 80.01 ± 0.18% of the total cells were 

GFP+/DsRED+ double positive. However, the percentage of GFP+ and DsRED+ cells was 

slightly different: 84.56 ± 0.43% for GFP+ cells and 80.14 ± 0.29% for DsRED+ cells (Figure 

8A); approximately 4% of the total cells expressed only the eGFP gene (Figure 8B).  

 

 

Figure 8. A. Histogram obtained by flow cytometry analysis of HEK 293T transduced with dual-

reporter SIN-LV (355) 15 days after antibiotic selection (puromycin).  Non-transduced HEK 293T cell 

line was used as control (black line); DsRED+ and GFP+ cells are represented by red line and green 

line, respectively. B. Representative dot plot of two-color flow cytometry analysis of HEK 293T with 

dual-reporter SIN-LV (355) 15 days after antibiotic selection (puromycin). Q1 – % DsRED
+ 

eGFP
-
 cells; 

Q2 - % DsRED
+
 eGFP

+
 cells; Q3 - % DsRED

- 
eGFP

-
 cells; Q4 - % DsRED

- 
eGFP

+
 cells. The values in 

each selected region are the percentages of gated cells analyzed. 

 

 

This difference may be due to the nature of promoter (two different promoters were 

used) or the position of each reporter gene in the dual-reporter system. In an attempt to 

improve the consistency and level expression, as well as to eliminate apparent promoter 

interference, additional polyadelylation (polyA) sequences were cloned downstream to the 

first reporter gene. The addition of the synthetic polyA (SPA) plus a spacer sequence (S) 
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between the two transcriptional units in dual-promoter SIN-LV has been shown to alleviate 

such situations 21. Cells transduced with SIN-LV PGK.DsR-UBC.eGFP expressed eGFP 

(84.56 ± 0.43% GFP+ cells) and DsRED (80.08 ± 0.09% RFP+ cell) while the transduced 

cells with dual-promoter SIN-LV with the synthetic polyA and spacer sequences (SPA+S) 

(MOI 1; Lentiviral Titer on Table S3.) maintained the DsRED level expression (79.18 ± 

0.31%) but slightly decreased the eGFP level expression (80.08 ± 0.09%) (Figure 9). The 

expression level variation between the two reporter genes (RFP vs GFP) decreases from 

4.42% (p<0.001) to 0.95% (non-significance) (Figure 9). However, the percentage of cells 

expressing DsRED and GFP reporters (double-reporter) was similar in both populations 

(80.01 ± 0.18% to DsRED vs 80.50 ± 0.14% to DsRED SPA+S) (Figure 9). 

  

Figure 9. Flow cytometry analysis showing the 

percentage of HEK 293T cells transduced with 

dual-promorter SIN-LV 355 (DsRED pA) and 

SIN-LV 362 (DsRED SPA+S) 15 days after 

antibiotic selection (puromycin). The percentage 

of cells expression GFP and RFP reporters are 

represented by white and black bars, 

respectively; the percentage of cells expressing 

both reporters is represented by gray bars. All 

bars and error bars represent the mean value 

and the corresponding standard deviation (s.d.). 

(***p<0.001; ns – non-significance determined 

by two-way ANOVA)  

 

 

Given the objective of this work, the fluorescent reporter genes in a dual-reporter 

system should have relatively distant emission maxima. Thus, DsRED2 and eGFP can be 

easily used, as the discrimination of these reporters is simple, to track several molecules in 

the same live cells simultaneously, e.g., for monitoring differentiation process. However, 

DsRED2 displays very slow maturation of the chromophore, low levels of fluorescence in 

vivo and high stability, which are less useful for monitoring dynamic processes. Therefore, 

directed evolution and iterative hypermutation have been applied to introduce different 

mutations into DsRED. These include several monomeric fluorescent proteins, such as 

mCherry protein with low half life and fast maturation rate compared to the DsRED2 (Table 

2) 31
 
32. Due to the similarity between eGFP and mCherry over the similarity between eGFP 

and DsRED (half-life and maturation time; Table 2), the DsRED sequence into the dual-

reporter SIN-LV with additional polyadenilation sequences (SPA+S) was replaced by 

mCherry reporter gene.  
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Table 2. Properties of red and green fluorescent proteins. 

 
Excitation  

(nm) a 
Emission  

(nm) 1 
Half-life 

(day) 
Maturation 
time (hour) 

Photostability Oligomerization 

DsRED2 558 583 ≈ 4-5 24  ++++ Tetramer 

mCherry 587 610 ≈   
Shorter than 

DsRED
b
 

+++ Monomer 

eGFP 488 507 ≈   8-12  ++++ Weak dimer 

a
Maximal wavelengths of the excitation and emission spectra of different fluorescent proteins.  

 
b 31

. 

The number of “+” denotes the superiority of the indicated parameters. 

 

The percentage of positive cells to each reporter gene in HEK 293T transduced with 

these three dual-promoter SIN-LVs (DsRED pA, DsRED SPA+S and mCherry SPA+S) was 

compared by flow cytometry assay 15 days after antibiotic selection (1µg/mL puromycin). 

Reporter expression obtained to RFP and GFP in each transduced population was 

compared. Interestingly, in contrast to the result obtained with DsRED SPA+S, selected 

population transduced with PGK.mCherry+SPA+S-UBC.eGFP presented differences 

between RFP and GFP (Figure 10). This population decreased the RFP and GFP % of 

fluorescent cells (74.08 ± 0.74% to mCherry and 76.53 ± 0.06% to eGFP)   compared to 

other two populations. Furthermore, the expression level variation between the two reporters 

was higher than the population with DsRED SPA+S (2.45% vs 0.95%), but lower than the 

population with DsRED without SPA+S (2.45% vs 4.42%) (Figure 10).  

 

Figure 10. Flow cytometry Analysis 

showing the percentage of HEK 293T cell 

line transduced with dual-promoter SIN-LVs 

encoding for both expression cassettes with 

polyA or SPA+S at the 3′ end of DsRED 

(355 or 362, respectively) and SPA+S at the 

3‟ end of mCherry (363). The percentage of 

cells expression GFP and RFP reporters are 

represented by white and black bars, 

respectively; the percentage of cells 

expressing both reporters is represented by 

gray bars. All bars and error bars represent 

the mean value and the corresponding 

standard deviation (s.d.). (**p<0.01, 

***p<0.001, ns – non-significance 

determined by two-way ANOVA). 
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These results confirmed that the addition of polyadenilation sequences leads to a 

decrease of the divergence between the percentages of cells expressing one or two reporter 

genes simultaneously. Nonetheless, despite the difference between the % of dual reporter 

fluorescent cells, when mCherry was used, the combination of this reporter gene and SPA+S 

sequences was the most promising due to the fact that mCherry best resembles GFP in 

terms of maturation and life time (see above) and therefore chosen for the development of 

LV carrying reporter genes controlled by stage-specific promoter. 

 

4.2. Dual-Reporter Lentiviral Vectors development to monitor the hepatic 

differentiation  

4.2.1. Vectors Construction  

Limitations presented by current hepatic differentiation protocols and the efficiency of 

Lentiviral Vectors to transduce hESCs for gene delivery 33
 opened a window for the 

development of new tools for monitoring hepatic differentiation. The ability of SIN LVs to host 

two different internal promoters provides the possibility of differentially or independently 

regulating expression of the two transgenes. Thus, regarding the stepwise hepatic 

differentiation protocol (Figure 2), three constructs based on Dual-reporter System carrying 

reporter genes (mCherry and eGFP) under control of stages-specific markers were 

developed (Figure 11A). 

To monitor the first stage of differentiation a vector contained a pluripotency marker, 

EOS, strong LTR promoter from an Early Transposon, highly transcribed in ESCs 34 

combined with the Oct-4 and Sox2 binding motifs in ES cell-specific enhancers 35, and a DE 

marker CXCR4 36 was constructed. EOS pluripotency marker was previously validated in 

mouse and human ESCs as using a single reporter Lentiviral vector 35. Such marker can 

monitor the presence of undifferentiated PSCs due to the Oct-4 and Sox2 binding motifs 

inserted in EOS cassette (transcription factors all essential to maintain the PSC phenotype). 

The Chemokine receptor CXCR4 (DE marker) is functionally expressed on distinct tissues 

and cell types, including different leukocyte subsets, hematopoietic progenitor cells and non-

hematopoietic cells such as endothelial and epithelial cells and in definitive endoderm cells. 

This receptor plays a key role in developmental processes such as organogenesis, 

vascularization and embryogenesis; as well as in migration, invasion and angiogenesis of 

cancer cells 37 38.To monitor hepatoblast differentiation (the third stage), the EOS promoter 

was replaced by human albumin (hAlb) promoter sequence 39. As previously described by 

Power et. al., 1994, the albumin promoter is not sufficient to induce the liver-specific reporter 

gene expression. Hence, it is crucial to include an enhancer element upstream of the 

promoter to obtain albumin expression. Thus, the enhancer sequence which includes the 
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binding site for HNF1, sufficient for efficient promoter activity and specificity, was cloned 

upstream of the albumin promoter 40. For the final differentiation stage, the DE marker was 

replaced by the human pregnane X receptor (PXR) minimal promoter 41. PXR is a nuclear 

receptor that regulate transcriptional expression of both phase I and phase II metabolizing 

enzymes, also protects the liver against toxic compounds and is exclusively expressed in 

mature hepatocytes. 

 

 

 Figure 11. A. Schematic 

diagrams of Dual-Reporter SIN-

LVs for monitoring the three 

principal steps of hepatic 

differentiation (construct 1 for the 

first step; construct 2 for the 

second one; and construct 3 for 

the last step). B. pLenti DNA 

restriction digestion analysis. 

Electrophoresis showing a 

restriction-specific pattern of the 

three dual-promoter plasmids, 

when using the HindIII restriction 

enzyme. MM, Molecular Marker 

(Ladder 1Kb plus; Invitrogen). 1 – pLenti 356; 2 – pLenti 379; 3 – pLenti 381 (described on Table S1 

and schematic diagrams on Figure S3). The HindIII restriction-specific fragments of each digested 

pLenti plasmid. bp, base pairs.  

  

 

4.2.2. Promoter validation in HepG2 and HEK 293T cells 

To analyse promoter expression specificity, the human hepatocellular liver carcinoma 

cell line HepG2 and the non-hepatic cell line HEK 293T were transduced with the previously 

constructed stage-specific dual-promoter SIN-LVs (EOS.mCherry+SPA+S-CXCR4.eGFP; 

hAlb.mCherry+SPA+S-CXCR4.eGFP and hAlb.mCherry+SPA+S-PXR.eGFP). The HepG2 

cell line was chosen as it is an immortalized cell line, amenable for transduction experiments  

and widely used in in vitro models for biotransformation studies, due to its ability to express 

A 

B 

RSV R U5 RΔU3 U5mCherry EOS
SPA
+SEGFP CXCR4pA PAC

Construct 1

RSV R U5 RΔU3 U5mCherry hAlb
SPA
+SEGFP CXCR4pA PAC

Construct 2

RSV R U5 RΔU3 U5mCherry hAlb
SPA
+SEGFP PXRpA PAC

Construct 3

Plasmids HindIII Restriction Pattern

1
3360bp; 2260bp; 1918bp; 1282bp; 

876bp; 576bp; 553bp; 313bp

2
4131bp; 3360bp; 2036bp; 876bp; 

576bp; 553bp; 313bp

3
3998bp; 3360bp; 2017bp; 876bp; 

576bp; 553bp; 313bp
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fetal hepatocyte-specific genes such as CXCR4 (DE marker), Albumin and PXR, though 

these later genes being expressed at lower levels 42 43. 

 

Transduction was carried out at a MOI of 1 (Lentiviral Titers in Table S3) and reporter 

gene expression analyzed after 15 days under puromycin antibiotic selection (2µg/mL 

puromycin for HepG2 and 1µg/mL puromycin for HEK 293T). After selection of the 

transduced population, reporter gene expression was analyzed by fluorescence microscopy, 

flow cytometry, and immunofluorescence staining assays.  

Analysis by fluorescence microscopy showed that reporter gene expression driven by 

the hepatic stage-specific promoters tested (hAlb and PXR), was only observed in HepG2 

cells (Figure 12A and B).  On the other hand, expression from the CXCR4 promoter was 

observed both in HepG2 and HEK 293T cells. As previously reported, CXCR4 expression is 

detected in the endoderm and mesoderm 44. These results are in agreement with CXCR4 

functionality; it is a chemokine receptor found on the surface of certain cells and plays a 

critical in cell migration, proliferation and invasion. This receptor is expressed in HepG2 cells, 

a hepatocellular carcinoma cell line, which grants their ability to cell migration. Being that 

HEK 293T cells are originally derived from human embryonic kidney cells, and phenotipically 

behave as intermediate mesoderm derivatives, expression of CXCR4 was also expected. As 

predicted, no expression from the pluripotency (EOS) promoter was observed in either of the 

cell lines tested. Flow cytometry analysis, which due to its sensitivity gives more precise 

information as to the percentage of cells expressing each reporter gene, confirmed these 

results (Figure 13). Selected HepG2 cells carrying the CXCR4-eGFP and hAlb-mCherry 

constructs showed a significant disparity in the percentage of cells expressing each reporter 

gene (Figure 13A, 26.93 ± 0.47% GFP+ cell vs 1.92 ± 0.40% RFP+ cells; p<0.001). In 

contrast, the mCherry and eGFP reporter genes were expressed at similar levels in hAlb-

mCherry.PXR-eGFP HepG2 selected cells (Figure  13A, 4.51 ± 0.70% GFP+ cells vs 4.90 ± 

0.21% RFP+ cells).This comes in line with the fact that Albumin and PXR are expressed at 

lower levels in HepG2 cells when compared to CXCR4 42 43. As mentioned before, PXR is a 

mature hepatocyte marker and so HepG2 cells, as a hepatocyte dedifferentiated cell line, do 

not expressed this specific marker.  

On the other hand, the fact that not all cells expressing one reporter gene express the 

other, reflects the heterogeneity of this cell line (Figure 12A). Also, as expected, the number 

of selected cells expressing each reporter gene was shown to vary significantly.   

  

 
 

A 

http://en.wikipedia.org/wiki/Embryo
http://en.wikipedia.org/wiki/Kidney
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Figure 12. Promoter specificity and efficacy in HepG2 and HEK 293T cells. Fluorescence 

Microscopy analysis showing stage-specific promoter specificity, HepG2 cells were used as a positive 

control for DE- and hepatic-specific markers, whereas HEK 293T cells were the negative control for 

hepatic-specific markers. The pluripotency reporter (EOS.mCherry) was not expressed in HepG2 (A), 

neither in HEK 293T (B). CXCR4.eGFP was expressed in both HepG2 (A) and HEK 293T (B) cells. 

Liver-specific markers, Albumin.mCherry and PXR.eGFP, were expressed in HepG2 but not in HEK 

293T. Scale bars: 100µm. 
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Figure 13. Promoter’s specificity and efficacy in HepG2 and HEK 293T cells. Flow cytometry 

analysis showing the percentage of HepG2 cells (A) and HEK 293T cells (B) GFP+ and RFP+ after 

transduction with three SIN-LVs. The percentage of GFP+ cells is represented by white bars, whereas 

the percentage of RFP+ cells is represented by black bars. All bars and error bars represent the mean 

value and the corresponding standard deviation (s.d.) (*p<0.05, ***p<0.001, ns – non-significance by 

two-way ANOVA). 

 

 

For further validation experiments, we analyzed CXCR4 endogenous protein in 

HepG2 transduced cells by immunofluorescence staining assay and compared it with the 

reporter protein which expression is driven by the CXCR4 promoter (Figure 14). Non-

transduced HepG2 cells were used as a positive control for CXCR4 endogenous expression. 

The endogenous CXCR4 detected (red cells) in transduced and non-transduced cells was 

similar, indicating that the HepG2 phenotype was not affected by lentiviral transduction, 

accordingly with morphological observations data. This data suggests a concordance 

between endogenous and reporter gene expression, demonstrating therefore CXCR4 

promoter specificity and its choice as an ideal lineage DE marker. Although we were able to 

detect GFP protein in transduced cells, an antibody against eGFP should be used in the 

future to increase the green intensity.  

 

The validation of Albumin and PXR promoters in HepG2 cells by immunofluorescence 

staining was not available due to the co-localization of the both reporters in this cell line, as 

shown by fluorescence image (Figure 14A). As an alternative approach, the hepatic-specific 

single-promoter SIN-LVs may be constructed to evaluate the concordance of endogenous 

and reporter gene expression. 
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Figure 14. Immunofluorescence staining for CXCR4 receptor in HepG2 cells. A. HepG2 cells 

were transduced with SIN-LV EOS.CXCR4 at a MOI of 1. 15 days after puromycin selection cells were 

collected and assayed by immunofluorescence as described in the Material and Methods section. Co-

localization of CXCR4 with eGFP. B. Immunostained HepG2 cells for CXCR4. CXCR4, red; eGFP, 

green; DAPI, blue. Scale bars: 100µm. 
 

 

The main results obtained in terms of stage-specific marker validation are described 

in Table 3. 

 

Table 3. Stage-specific marker validation main results. 

     The “+” and “-“denote the presence or absence of stage-specific marker, respectively. 

     a) Antibody not available for hAlb and PXR proteins detection. 

B 

A 

Fluorescence Assays

Promoters 

Fluorescence Microscopy Flow Cytometry 
Immunofluorescence 

Staining 

HepG2 HEK293T HepG2 HEK293T HepG2 HEK293T

EOS - - - - -

CXCR4 +  +  + +  + 

hAlb + - + -
a)

CXCR4 + + + + 

hAlb + - + -
a)

PXR + - + -
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4.2.3. Lentiviral Transduction of hESCs  

In this work, feeder-free hESCs were used for validation of the pluripotency marker. 

hESCs were transduced with SIN-LV (EOS.CXCR4) at a MOI of 5 which was previously 

determined as giving the best balance between transduction efficiency and cell death. 

Nevertheless, some dead cells were still observed 24 hours post-transduction. The 

transduced population was selected for 10 days in the presence of puromycin after which 

reporter gene expression was assessed by fluorescence microscopy. Under these 

conditions, mCherry associated with the pluripotency marker was not expressed by 

fluorescence microscopy (Figure 15A). This result was confirmed by flow cytometry which 

showed that only 2% of the cells displayed EOS dependent mCherry (Figure 15B). As 

expected, no eGFP driven by DE marker was expressed since these cells were maintained 

in culture conditions that prevent their differentiation (Figure 15B). 

 

 

 

 

 

 

  

 

 

 

 

Figure 15. EOS.CXCR4 transgene expression 

in “feeder free” transduced hESCs (SA.181). 

“Feeder-free” hESCs were transduced with SI -

LV 356 at a MOI of 5. The transduced population 

was selected for 10 days in the presence of 

puromycin after witch reporter gene expression 

was assessed by fluorescence microscopy and 

flow cytometry.  A. Fluorescence images of 

transduced hESCs. Pluripotency marker (EOS-

mCherry, RFP), DE marker (CXCR4-eGFP). Scale 

bars: 100µm. B. Flow cytometry analysis of 

transduced cells. The transduced cells are 

indicated as white bars and non-transduced cells 

(MOCK) are indicated as black bars; were used as negative control. All bars and error bars represent 

the mean value and the corresponding standard deviation (s.d.) (***p<0.01, determined by two-way 

ANOVA). 

 

The selected cell population has resistant to puromycin. This indicates that the cells 

were genetically modified and that the LV integrated in the host genome. Note that the LV 
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sequence and the puromycin resistance marker. Nonetheless, given such a low expression 

of mCherry driven by the pluripotency marker, LV integration was confirmed by qPCR. 

Genomic DNA was extracted from transduced and non-transduced hESCs. qPCR was 

carried out by amplifying the gag gene (packaging signal present only in the lentiviral derived 

DNA and therefore in transduced cells) and the albumin gene (a housekeeping gene present 

in transduced and non-transduced hESCs cells). The gag sequence was only amplified in 

hESCs transduced cells (Figure 16 and Table S4 for CP values), while the albumin gene, 

used as control, was amplified in both populations (Figure 16 and Table S4 for CP values). 

 

 

 

Figure 16. qPCR analysis of transgene integration in 

transduced (EOS.CXCR4) hESCs. Non-transduced hESCs 

were used as negative control (MOCK). The bands show the 

amplification of specific fragments (gag or albumin). 

 

 

 

 

5. DISCUSSION 
 

 The focus of this work was to create a series of lentiviral vectors containing two 

independent reporter transcriptional units driven by independent stage-specific promoters 

expressed during differentiation of hESCs to hepatocytes. The SIN transfer vectors were 

constructed towards including two independent and non-overlaping reporter genes (mCherry 

and eGFP), a combination of polyadenilation sequences for transgene stability and two 

multiple cloning sites upstream of each reporter gene for cloning of each stage-specific 

promoter.  

Validation of the dual-reporter system was performed by analyzing the independent 

expression of DsRED and eGFP driven by two constitutive promoters (UBC and PGK) in 

HEK 293T cells. The two promoters were found to lead to independent gene expression in 

the dual-reporter vector (Figure 6). Furthermore, transduction of HEK 293T cells with dual-

promoter vector (PGK.DsRED-UBC.eGFP) yielded 80.01 ± 0.18% of HEK 293T cells 

expressing both reporter genes (Figure 8). Cells expressing eGFP were consistently more 

than those expressing DsRED (a 5% difference was observed). The difference between 

eGFP and DsRED expression could be explained by the promoter used. Note that two 

different constitutive promoters were used in this vector and expression driven by each 

promoter may vary. Also, as reported by Ben-Dor, I. et al. (2006), the positional effect of 
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eGFP in the LV could also be a factor. These authors showed that in dual-reporter vectors, 

higher reporter gene expression was observed for the downstream reporter. The addition of 

a synthetic polyadenilation sequence followed by a spacer (SPA+S; 82bp+466bp) between 

the two transcriptional units was found to decreased the variation among the percentage of 

cells expressing both reporter genes (Figure 9). The effect of these sequences in a dual-

reporter system was previously described, and was shown to increase the efficiency and 

consistency of expression of the upstream located reporter gene 21. 

Given the objective of this work, the fluorescent reporter genes in a dual-reporter 

system should have discriminating properties. Thus, DsRED and eGFP can be easily used, 

as the discrimination of these reporters is simple due to their spectral characteristics. Another 

important consideration to have into account is the maturation time of the reporters and their 

half-life. These should be similar if one considers that during differentiation, stage-specific 

promoters are “turned on and off” at specific times and that the reporters should be able to 

mimic this in order to reflect the true biological activity of the promoter. Taking this into 

account, and after confirming that the dual-reporter vector constructed in this work, the 

expression of each reporter was independent, exchange the DsRED reporter gene by that of 

mCherry was perfomed as the later shows properties similar to those of eGFP.  

The results obtained by transduction of HEK 293T cells with dual-reporter SIN-LV 

carrying mCherry SPA+S were slightly different from those of DsRED SPA+S. While for 

DsRED SPA+S, expression level variation between the two reporter genes (RFP vs GFP) 

was below 1% (Figure 9), for mCherry SPA+S this value raised to 2.45 (Figure 10). 

Moreover, the number of cells expressing both reporters decreased from 78.5 ± 0.14% to 

73.9 ± 0.71% (Figure 10). This result may derive from the fact that the SPA+S sequence 

chosen for DsRED might not be the adequate for mCherry, leading to a lesser stable mRNA. 

In addition, the different biochemical properties of the two RFPs may also contribute this 

result. Note that maturation time, half-life and photostability may lead to different expression 

results when different fluorescent proteins are transcribed by the same promoter. More 

experiments however need to be performed to confirm this hypothesis. Nevertheless, given 

that fluorescent proteins are concerned and specifically for the purpose of this work, the dual-

reporter vector carrying mCherry and eGFP was our dual-reporter system of choice.  

Reporter cell lines can be generated either by integration into a specific genetic locus 

through homologous recombination or by transgenic random integration. Each method 

employs the use of a constitutive expressed selection marker to identify the transgenic 

clones (mainly one which confers antibiotic resistance).  

In this work, three SIN-LVs harboring two reporter genes under the control of specific 

promoters that are differentially expressed during the hepatic differentiation process were 

developed. Each vector contains two subsequential stage-specific markers covering the 
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three main steps in hepatocyte differentiation and an antibiotic selection marker for 

genetically modified population selection. In total, three stage-specific promoters were used:  

a pluripotency marker (EOS cassette) and minimal CXCR4, hAlb and PXR promoters (Figure 

11A).  

All constructs were validated in HepG2 and HEK 293T cells and the CXCR4, hAlb 

and PXR minimal promoter specificity confirmed (Figure 12 and 13). Expression derived from 

the pluripotency marker (EOS) was only detected in hESC, as expected, though only 2% of 

the cells showed reporter gene expression (Figure 15). A different lentiviral vector containing 

a single reporter gene and the same EOS cassette35 was also tested in these cells. Under 

these conditions a higher proportion of cells showed reporter gene expression (Figure S4). 

Given timeline limitations coupled to the results obtained with our EOS.CXCR4 dual-reporter 

vector in hESC, the stage-specific markers hAlb and PXR have not been tested. 

The reduced expression from the EOS cassette in our LV background may result 

from a mutational event during the cloning procedure but may also be due to transcriptional 

silencing which is significant in hESCs23.  

Due to random integration, many transgenes become subject to epigenetic silencing 

for instance through CpG methylation. CpG islands, are present in the 5' regulatory regions 

of many genes. In mammals, about 60% to 90% of all CpGs are methylated. DNA 

methylation may affect the transcription of genes in two ways. First, the methylation of DNA 

itself may physically impede the binding of transcriptional proteins to the gene, and second, 

and likely more important, methylated DNA may be bound by proteins known as methyl-

CpG-binding domain proteins (MBDs). MBD proteins then recruit additional proteins to the 

locus, such as histone deacetylases and other chromatin remodeling proteins that can 

modify histones, thereby establishing silent chromatin45. In hESCs the epigenome is highly 

malleable and responsive, unlike that of somatic cells; some epigenetic chromatin 

modifications are restricted to hESCs. Also, abnormal CpG island methylation has been 

shown to take place in a subset of genes during the differentiation/expansion of hESCs 46. 

In order to overcome this limitation, the insertion of insulator elements in the vector 

backbone has been shown to improve the long-term performance of the transgene 

expression by protecting them from chromosomal positional effects47,48 and to suppress the 

gene expression variability. In recent years, several insulator elements have been described, 

such as the chicken β globin 5‟ constitutive hypersensitive site 4 (5‟HS4  and the short island 

element (IE) derived from the core sequence of the Syrian hamster aprt CpG island 49, as 

well as the insertion of Scaffold/Matrix attachment regions (S/MARs)23,50. However, only 

recently have chromatin insulators been shown to block transgene silencing in engineered 

hESC51. 

http://en.wikipedia.org/wiki/CpG_islands
http://en.wikipedia.org/wiki/Regulatory_regions
http://en.wikipedia.org/wiki/Genes
http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Histone_deacetylase
http://en.wikipedia.org/wiki/Chromatin_remodeling
http://en.wikipedia.org/wiki/Histone


26 
 

Homologous gene targeting (homologous recombination) has also been reported as 

an alternative approach and may be used for improvement of the transgene expression or to 

avoid silencing in hESCs, as well as to identify hepatic- and neuronal-specific cell types after 

the integration into a specific locus52,53
. This targeted approach enables the reporter 

expression according to the endogenous regulatory mechanisms, which is more likely to 

faithfully reflect the activity of the target promoter.  

Overall, the dual-reporter system developed in this thesis is a very promising start 

point for the generation of molecular tools for monitoring of differentiation into a lineage-

specific cell types ; Once these vectors have been optimized for expression in engineered 

hESCs, the information data set provided by this novel approach will enable us to screen for 

culture conditions (soluble factors, adhesive substrates and supporting cell types) to suggest 

avenues for further protocol optimization; and could also be very useful in gene expression 

profile studies, the monitoring of response to specific cytokine stimulation using different 

promoter response elements. Thus, concerning the existing limitations in the hepatic 

research field through the scarcity of human hepatocytes, this system can be used for real-

time monitoring of differentiated cell types during hepatocyte differentiation towards 

improving the bioreaction process by rapid screening of live cells over a wide range of culture 

conditions. 

 

 

6. CONCLUSIONS AND FUTURE WORK 
 

We developed a new dual-reporter system based on SIN-LVs harboring stage-

specific promoters that independently express two independent reporter genes. Once 

optimized, these vectors will be used to establish three hESCs dual fluorescent reporter cell 

lines for monitoring hepatic differentiation using non-invasive techniques. Indeed, the 

presented system platform can be easily extended to perform the optimization of several 

differentiation processes or to monitor cell differentiation (e.g. neuronal differentiation) by 

using different tissue-specific promoters.  

As future work, the SIN-LVs transduction of hESCs will be optimized, namely the MOI 

and culture conditions, to increase the transgene expression.  

Concomitantly, the insertion of chromatin insulator elements (e.g. cHS4) in our dual-

reporter LVs will be performed and their efficacy in the protection against positional effects 

evaluated. A targeted integration approach may also be performed to compare the efficiency 

and stability of transgene expression compared to that of random integration. This targeted 

integration approach can be performed by site-specific recombination in a transcriptional „hot 
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spot‟ of the genome. Several methods which involve additional effectors to stimulate 

homologous recombination have been developed, such as the Cre-loxP Strategy 54 and the 

Meganuclease Recombination Technology 55. The Cre-loxP strategy consists in incorporation 

of a single copy of transgene expression cassette into a specific site by a precise 

recombination-mediated cassette exchange (RMCE) method 54. While the second approach 

allows the introduction of a specific transgene at a fixed position in the genome by generating 

a double strand break 55. This however, has not been tested for hESCs genetic modification.  

The first approach is the most powerful tool for site-specific recombination in vitro or in vivo. 

Accordingly, a dual-reporter transgene cassette (two reporter genes under the control of 

constitutive promoters) flanked by two loxP sites would be developed to establish a hESCs 

reporter cell line. In this first approach, we will evaluate transgene expression throughout 

undifferentiated and differentiated states of hESCs and choose the better clone. 

Replacement of the first cassette with any of the targeting transgene cassettes, possessing 

the same loxP sites through RMCE, will allow the generation of versatile transgenic hESCs 

cell lines. Hence, development of three dual-reporter targeting transgene cassettes (two 

reporter genes under the control of specific promoters described in the present work) flanked 

by two loxP sites, will enable for monitoring and optimization of hepatic differentiation 

process from hESCs towards hepatocytes.  
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Purpose Vector #
Parental 

Vector
Insert 

Cloning 

sites
Primers/Oligos

Source of 

inserts
Remarks References

Spacer- F :GAGGATCCAGGCGTAAATTGTAAGCG

Spacer- R :  GCTTCGAACCCTGTAGCGGCGCATTAAGC

mC herry- F  ( B ssHII 

X maI) : TTGGCGCGCCCGGGCCACCATGGTGAGCAAGGGC

GAGGAG

Clone polyAs 

downstream

Parental 

Vectors
dsR ED - R : 

GCGAATTCCACCACACTGGACTGTGGATCCGAGCTCGGTA

CCAAGCTTTTCGAAGGGCTGCAGGTCGAGGGATCTTCATA

AG

pGR320
pCAG-

DsRED

DsRED 

gene

pGR320
pENTR-

UBC-eGFP
eGFP gene

GFP- D : 

CCGAATTCCCGGTCGCCACCATGGTGAGCAAGGGCGAGG

GFP- R  ( A vrII) : 

AACCTAGGCGCAAACGGATCCTTTATCGATTTTACC

eGFP was amplif ied by PCR from pENTR-UBC-eGFP to be used 

in SOE-PCR method.

PCR from 

pENTR-UBC-

eGFP

mCherry 

gene

BssHII           

NotI mC herry- R  

( N ot I) : ACGCGGCCGCTTACTTGTACAGCTCGTCC

mCherry reporter gene was amplif ied by PCR from pRSET B 

mCherry and cloned into vector pGR352 to replace the DsRED 

reporter gene.

DsRED 

Replacement

pRSET B 

mCherry

pGR331pGR352 

Oligos

Spacer

SPA

BamHI      

BstBI

NotI             

BamHI

Real, G. 2011 

Synt et ic Po lyA - F : 

GGCCGCGTCTGGAACCTAGCAATAAAAtATCTTTATTTTCA

TTAGATCTGTGTGTTGGTTTTTTGTGTGTCTAGAG

pGR351 pGR352

PCR from          

pCI-Neo

The oligoes of SPA were annealed using an annealing buffer at 

65
o
C for 10minutes and the spacer sequence was derived from 

pCI-Neo ( f1 origin). These two sequences were ligated with 

reporter gene DsRED and cloned into backbone of vectors 

pGR331.

 PCR from 

pCAG-DsRED 

DsRed2 was amplif ied from pCAG-DsRED (a kind gif t  f rom 

Connie Cepko through Addgene, Cambridge, M A, USA) with and 

a mult iple cloning site (BspM I, HindIII, KpnI, SacI, SpeI, EcoRI, 

XhoI, EcoRV) to be used in SOE-PCR method. 

Synt et ic Po lyA - R : 

GATCCTCTAGACACACAAAAAACCAACACACAGATCTAA

TGAAAATAAAGATaTTTTATTGCTAGGTTCCAGACGC

Campeau et al. 2009
SOE-PCR 

product

The SOE-PCR product was cloned into  pENTR 4 no ccdB 

(kindly provided by Dr. Eric Campeau through Addgene, 

Cambridge, M A, USA) by digest ion with XmnI and XbaI 

restrict ion enzymes.

pGR331
pENTR 4 

no ccdB

DsRED and 

eGFP fused 

genes

XmnI               

XbaI
GFP- R  ( A vrII) : 

AACCTAGGCGCAAACGGATCCTTTATCGATTTTACC

D sR ED - F : 

CGACGCGTTGGCGCGCAAAGTACTAGCATGCTCCCCCGG

GGCCACCATGGCCTCCTCCGAGAACGTCATCACCG

dsR ED - F : 

CGACGCGTTGGCGCGCAAAGTACTAGCATGCTCCCCCGG

GGCCACCATGGCCTCCTCCGAGAACGTCATCACCG

 

8. ANNEXES 

8.1. Supplementary Tables  

 

Table S1: Cloning sites, primers and templates for plasmids construction. 
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Cloning of 

dif ferent 

promoters

pGR356 pGR351

pGR353; 355; 

362; 363 

PCR from 

HEK293T 

genomic DNA

pGR331; 

354; 370; 

368

UbC 

Promoter

Hind III            

EcoRI 

U B C - F :AATAAGCTTATCTGGCCTCCGCGCCGGG

PCR from 

pGR310

PGK- R : AACCCGGGCCTGGGGAGAGAGGTCGGTGATTCGG

CXCR4 

Promoter

Hind III            

EcoRI 

C X C R 4 - F :                                                      

CCCAGCTTGCCCTCCTTCCTCGCGTCTGCCCCTCTCCC

pGR381 pGR379
PXR 

Promoter

Hind III            

EcoRI 

PX R - F :                   

CCAAGCTTGCGCTCAGAATTACTTAGACAAAGCGG

Invivogen
Sv4 0 A lb - R :   

GGAGTACTGCCAAAGGCGTGTGGGGTTGACAG

pGR379 pGR364
hAlb 

enhancer

M luI                 

SpeI

PCR from 

HEK293T 

genomic DNA   

(-212 to +14)

PXR promoter was amplif ied by PCR and cloned into vector 17  

to replace CXCR4 promoter to control eGFP gene expression. PX R - R : 

GGGAATTCGATTTCCCCGGATATGAGACAATCTTG

hA lbEnh- F :                             

CCACGCGTGGATGTTTCTCATTCCCAACATGGTTGCCAGT

G

Campeau et al. 2009

PCR from 

pGL4.10 

CXCR4 promoter was amplif ied from plasmid pGL4.10 (a kind 

gif t  f rom Dr. M ariusz Z. Ratajczak, Univest ity of Louisville, 

Louisville) and cloned into vector pGR351 to control eGFP 

expression.

Tarnowski, M . 2010
C X C R 4 - R :                                                    

GGGAATTCTGAAGTTTCTGGCCGCGGCCGGAC

Real, G. 2011 
U B C - R :  

CCGAATTCGCTTCGTCTAACAAAAAAGCCAAAAACGGAA

pGR354; 370; 

368

pGR331; 

352; 351

PGK 

Promoter

UbC promoter was amplif ied by PCR (Taq polymerase) and 

cloned upstream of eGFP reporter into vectors pGR331; 354; 

370 and 368 to control eGFP expression.

Human enhancer was amplif ied from HEK293T genomic DNA and 

cloned into vector pGR364 upresteam of hAlbumin promoter 

from pDRIVE (digested with SpeI ScaI) to replace SV40 enhacer.

pGR364 pGR356

SV40/  

hAlb 

Promoter

M luI                 

ScaI

Sv4 0 A lb - F : 

CCACGCGTCCTGCAGGGCCTGAAATAACCTCTG
PCR from 

pDRIVE-

SV40/hAlb

SV40/hAlb promoter was amplif ied from pDRIVE-SV40/hAlb by 

PCR and cloned into vector pGR356 to replace EOS cassette. 

hA lbEnh- R :                       

GACTAGTCTTCCCATCTCCAGAGCACACCTCCAGACCTTC

EOS 

cassette

M luI             

BssHII

EOS- F : CCACGCGTACGGATCCTCCCTTTATCCAGCCCTC PCR from PL-

SIN-EOS-

S(4+) 

EOS cassettd was amplif ied from plasmid SIN-EOS-S(4+) (kindly 

provided by Dr. James Ellis through Addgene, Cambridge, M A, 

USA) and cloned upstream of mCherry reporter gene into vector 

pGR351. 

Hotta, A. 2009
EOS- R :                                         

GGGCGCGCTTTACCAACAGTACCGGAATGCCAAGC

M luI                

XmaI

PGK- F: CGACGCGTCCACGGGGTTGGGGTTGCGCC

PCR from 

pLenti-PGK 

GFP Puro

PGK promoter was amplif ied by PCR from pLenti PGK GFP 

PURO (kindly provided by Dr. Eric Campeau through Addgene, 

Cambridge, M A, USA) and cloned into vectors pGR331 to 

analyze DsRED expression.  We also cloned this promoter into 

vectors pGR352 and pGR351 to compare DsRED and mCherry 

expression, as well as to analyze the interference of 

polyadelinat ion sequences between of two reporter cassets. 

Vector pGR354: DsRED; pGR370: DsRED SPA+S; pGR368: 

mCherry SPA+S 
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Table S2: Primers and Probes for Lentiviral Titration. 

 
Forward Primer Reverse Primer 

Gene  

albumin  5'GCTGTCATCTCTTGTGGGCTGT 5'ACTCATGGGAGCTGCTGGTTC 

gag  5'GGAGCTAGAACGATTCGCAGTTA 5'GGTTGTAGCTGTCCCAGTATTTGTC 

   Probes 

  
Alb-Probe-FAM 5' CCTGTCATGCCCACACAAATCTCTCC 

 gag-Probe-FAM 5'ACAGCCTTCTGATGTTTCTAACAGGCCAGG 

  

 

Table S3: Lentiviral titration of dual-reporter Lentiviral Vectors 

 

Vector Titer by Flow 

Cytometry (TU/mL)
 

Titer by qPCR (TU/mL)
 

 

 

SIN-PGK.DsRED+SPA+S-UBC.eGFP 

 

0.16 ± 0.02 x10
6
 

 

1.18 ± 0.16 x10
6
 

SIN-PGK.mCherry+SPA+S-UBC.eGFP 0.13 ± 0.02 x10
6
 1.56 ± 0.49 x10

6 

SIN-EOS.mCherry+SPA+S-CXCR4.eGFP - 3.12 ± 0.42 x10
7
 

SIN-hAlb.mCherry+SPA+S-CXCR4.eGFP - 0.16 ± 0.31 x10
7
 

SIN-hAlb.mCherry+SPA+S-PXR.eGFP - 0.17 ± 0.03 x 10
7
 

 

The titer of SIN-LVs was only determined by qPCR, due to their inability to be expressed in HEK 293T 

cell, which were used for Lentiviral titration assay. Last three SIN-LVs were only titrated by qPCR; the 

SIN-EOS.Cherry+SPA+S-CXCR4.eGFP was concentrated by ultracentrifugation (described in 3.2.2) 

to increase their titer for hESCs transduction. Data are shown as mean of two independent 

experiments ± s.d. 

 

 

Table S4: Transgene integration detection by qPCR assay (TaqMan-based qPCR strategy).  

Sample CP – gag gene
a
 CP – albumin gene

b
 

 
hESCs MOCK 

 

35.78 ± 0.39 

 

22.42 ± 0.19 

 
hESCs EOS.CXCR4 

 

24.67 ± 0.04 

 

22.66 ± 0.01 

 

The gag
a
 (gag gene on lentiviral-derived transfer vector) and albumin

b 
(housekeeping gene) fragments 

were amplified from genomic DNA and the data was shown as mean of two independent measured 

CP values ± s.d. Non-transduced cells (hESCs MOCK) were used as control.  
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8.2. Supplementary Figures 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure S1: Puromycin Killing Curves for HEK 293T and HepG2 cells selection. In order to determine 

the adequate concentration of puromycin for selection procedures, a killing curve for each cell line was 

perfomed with non transduced cells using a puromycin concentration range from 0µg/mL to 5µg/mL. 

The optimal concentration chosen was the minimal concentration that killed all cells in 72 hours; for 

HEK 293T was 1µg/mL puromycin (A) whereas for HepG2 was 2µg/mL puromycin (B). Cell viability as 

determined by trypan blue dye exclusion. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2: pLenti DNA restriction digestion analysis. Electrophoresis showing a similar restriction 

pattern of bands between the three dual-promoter plasmids, when using the HindIII restriction 

enzyme. MM, Molecular Marker (Ladder 1Kb plus; Invitrogen); 1 – pLenti 355; 2 – pLenti 362 3 – 

pLenti 363 (schematic diagrams on Figure S3). The HindIII restriction-specific fragments of each 

digested pLenti are shown in the table. bp, base pairs. 
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Plasmids HindIII Restriction Pattern

1
3360bp; 3016bp; 2774bp; 

876bp; 576bp; 553bp; 313bp

2
3360bp; 2980bp; 2774bp; 

876bp; 576bp; 553bp; 313bp

3 3340bp; 3137bp; 2955bp; 

876bp; 576bp; 553bp; 313bp
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Figure S3: Schematic diagrams of SIN transfer vectors (pLenti) used in the present work with HindIII 

restriction sites.  

 

 

 

Figure S4: EOS cassette SIN-LV transgene expression in feeder-free transduced hESCs 

(SA.181). “Feeder-free” hESCs were transduced with SI -LV (PL-SIN-EOS-S(4+)) at a MOI of 5. A. 

Fluorescence images of transduced hESCs at 72 hpt. Pluripotency marker (EOS-eGFP). B. Histogram 

obtained by flow cytometry analysis of transduced cells at 72 hpt. Non-transduced cells (black line) 

were used as negative control; GFP+ cells are represented by green line. Scale bars: 100µm. 
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