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Abbreviations
attB Attachment bacteria
attL Attachment left arm
attP Attachment phage
attR Attachment right arm
a.u. Arbitrary units
BBS BES buffered saline
BT Biological titer
Ef1α Elongation factor 1 alpha
CA Capsid
CHO Chinese hamster ovary
cPPT Central poly purine tract
CRISPR Clustered regularly interspaced short palindromic repeats
DMEM Dulbeco’s modified eagle medium
DHFR Dihydrofolate reductase
dsDNA Double stranded DNA
EDTA Ethylene diamine tetraacetic acid
FACS Fluorescence assisted cell sorting
FLEA-PCR Flanking-sequence exponential anchored polymerase chain reaction
FP Fluorescent protein
GOI Gene of interest
GS Glutamine synthetase
HEK Human embryonic kidney
IMDM Iscove’s modified dulbeco’s medium
LAM-PCR Linear amplification mediated polymerase chain reaction
LASAGNA Length-Aware Site Alignment Guided by Nucleotide Association
LTR Long terminal repeat
MA Matrix
mAbs Monoclonal antibodies
MLV Murine leukaemia virus
MOI Multiplicity of infection
MTX Methotrexate
NC Nucleo capsid
nrLAM-PCR Non-restrictive linear amplification mediated polymerase chain reaction
NSO Non-secreting murine myeloma
PBS Phosphate buffered saline
PER.C6 Human embryonic retinoblasts
PMT Photo multiplier tube
PTMs Post-translational modifications
RDF Recombination directionality factor
rDT Recombinant DNA technology
RMCE Recombinase mediated cassette exchange
RPM Revolution per minute
RRE Rev response element
RT Reverse transcriptase
ssDNA Single stranded DNA
SSR Site specific recombination
TFBS Transcription factor binding sites
TALEN Transcription activator like effector nucleases
THF Tetra hydro folate
TU Transduction units
WPRE Woodchuck hepatitis virus post‐transcriptional regulatory element
ZFN Zinc finger nucleases
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Abstract
The  production  of  therapeutic  recombinant  proteins  in  heterologous  systems  has  gained
significance since the last decade.  For recombinant proteins that require post-translational
modifications  (PTMs),  mammalian  systems  are  preferred.  Chinese  hamster  ovary (CHO)
cells  are  the  mammalian  cells  of  choice  for  production  of  recombinant  proteins.  This  is
because  of  their  ability  to  provide  correct  protein-folding  and  post-translational
modifications, displaying high productivity at large scale, ability to grow in suspension mode
at  high densities in a  serum-free media,  incapable of infection by most viruses and their
history  of  regulatory  approvals.  There  is  an  established  state  of  the  art  technology  for
development of CHO cells for recombinant protein production.  This technology relies on
random integration of the gene of interest and gene amplification process for obtaining high
expressing clones. There is a high degree of clonal heterogeneity and instability observed in
the screened clones. To overcome the process of random integration, this report describes a
lentivirus based screening for search of stable and high expressing integration sites in CHO
cells.  The  integration  sites  are  identified  by  using  nrLAM-PCR  (non-restrictive  linear
amplification  mediated  PCR)  coupled  with  high  throughput  sequencing.  Lentivirus  are
chosen as they preferentially integrate within the coding regions rendering the possibility of
obtaining  stable  and high expressing  clones.  In  addition,  lentivirus  vector  is  designed to
possess  landing  pad  for  recombinase  mediated  cassette  exchange  of  viral  sequence  with
foreign  DNA. The report  describes  a  successful  cassette  exchange reaction but  with low
efficiency. Genome engineering technologies such as CRISPR/Cas, TALENs can used for
targeted  gene  insertion  at  integration  sites  and  thus  establishing  stable  and  efficient
production of recombinant proteins in CHO cells. Additionally, an approach for designing
synthetic  promoters  based  on  Ef1α  promoter  architecture  has  been  shown.  Synthetic
promoters are useful for expression of multi-gene cassettes as they are short in length and
provide comparable expression levels to the native mammalian promoter.
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1.0 Introduction
Proteins are the building blocks of life synthesized in all living organisms. They are involved
in different functions within the cell - acting as enzymes such as DNA polymerase, providing
structural framework in form of actin,  carrying out transport  such as ferritin,  involved in
signalling  pathways  such  as  growth  hormones,  fighting  against  pathogens  in  form  of
antibodies.  The  advancements  in  the  field  of  molecular  biology  with  the  discovery  of
restriction enzymes and the development of recombinant  DNA technology (rDT) laid the
foundation  of  recombinant  protein  production.  The  molecular  cloning  process  allowed
production  of  proteins  (heterologous)  from  naturally  non-producing  cells.  The  first
recombinant protein produced using rDT was insulin in  Escherichia coli by Genentech and
licensed by Eli  Lilly. The therapeutic  recombinant  proteins developed in this  manner  are
referred  as  biologics.  Biologics  include  a  variety  of  molecules  -  monoclonal  antibodies
(mAbs),  growth  hormones,  recombinant  growth factors,  recombinant  vaccines,  etc.  They
represent a growing sector in the pharmaceutical industry. Looking at the lucrative aspect,
annual sales of biopharmaceutical products has been 140 billion dollars in the period of 2010-
2013 (Walsh, 2014). In 2015, biopharmaceutical industry has seen addition of 13 biological
license applications approved by FDA taking the number of approved biologics to 243 in the
market (Morrison, 2016).  This displays  the emphasis laid in research for development of
biologics.  Biologics  are  produced  with  use  of  several  expression  systems  –  mammalian,
bacterial,  yeast,  and  more.  Every  expression  system  offers  its  own  advantages  and
disadvantages. Nevertheless, mammalian system based Chinese hamster ovary (CHO) cells
are  the  preferred  production  platform especially  when  recombinant  proteins  require  post
translational modifications. However, there are some drawbacks associated with the use of
CHO cells – random integrations of recombinant gene, clonal heterogeneity, gene silencing
and instability. This report addresses the issue of random integrations, clonal instability and
clonal heterogeneity in CHO cells by discovering stable and high expressing integration sites
using  lentivirus.  To allow targeted  gene  delivery  at  these  discovered  integration  sites,  a
landing pad has been designed based on site specific recombination technology as discussed
later.  Additionally,  the  project  report  describes  creation  of  a  small  library  of  synthetic
promoters based on native elongation factor 1 alpha (Ef1α) promoter architecture. Synthetic
promoters are intended for driving expression of GOI especially in the case when multi-gene
cassettes are to be integrated. The engineered promoter sequences are short in length and has
comparable expression levels to native Ef1α promoter.

1.1 Expression systems for bio-manufacturing 
This section will describe about the various expression systems used for manufacturing of
biologics and highlight the preferred choice. There are several expression systems available
for  manufacturing  of  biologics  such as  –  mammalian  -  CHO cells,  bacterial/microbial  –
E.coli, yeasts – Pichia pastoris, insect cell cultures – baculovirus systems, plant cell cultures,
transgenic  animals  and  plants.  A comparison  of  three  prominent  expression  systems  –
mammalian,  bacterial  and yeast  will  be described.  Table  1 lists  the  comparison of  these
expression systems.

Biologics manufacturing started with production of insulin. Bacterial expression system was
dominant choice for its production.  Bacterial system for biologics production was chosen
because  of  several  reasons  -  relatively  inexpensive  production  system,  ease  of  genetic
manipulation,  high density growth within short  period and ease of scaling up.  The gram
negative bacterium, E.coli, are the most studied bacterial system for biologics manufacturing.
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But there are certain drawbacks associated to the use of microbial systems. mAb proteins are
difficult  to  produce  in  bacterial  system  as  their  activity  is  dictated  by  proper  folding,
proteolytic  processing  and  post  translational  modifications  (PTMs)  and  they  lack  the
machinery  to  synthesize  the  PTMs  required  in  humans.  Another  drawback  is  that  the
recombinant  protein  is  not  secreted but  deposited intracellularly in  the form of  inclusion
bodies. In vitro refolding process is required to replenish the activity of the protein which is
found  to  be  difficult  and  inefficient  (Clark,  1998).  Also,  endotoxin  removal  has  to  be
performed for recombinant proteins produced using bacterial  system since endotoxins are
pyrogenic  to  humans  and  other  mammals  (Terpe,  2006).  Therefore,  mAbs  production  is
carried out  in  other  expression  systems.  But  bacterial  expression system remain  the  pre-
dominant choice for production of non-glycosylated proteins.

Table 1 - Comparison of E.coli, P.pastoris and CHO cells for their suitability as host cell

Characteristics/Host cell E. coli P.pastoris CHO cells

Biologically active form, 
folding with PTMs

No; PTMs are 
incompatible to 
humans

Yes; PTMs are a bit 
different than required

Produces PTMs that are 
compatible and bio-
active 

Product safety Yes; though 
endotoxin 
removal required

Yes Yes; most viruses are 
incapable of infection

Ease of genetic 
manipulation

Very easy Easy Easy

Genetic stability Highly stable Stable Stable

Scale up Easy Easy Difficult

Protein secretion– 
extracellular/intracellular

Mostly 
intracellular

Intracellular and 
Extracellular

Extracellular

Medium for growth Cheap Fairly cheap Expensive

Yields High High Relatively low

The single celled eukaryotic organisms, yeasts are often used for production of biologics.
Saccharomyces cerevisiae has been used in fermentation process since a long time. Yeasts
offer  stable  production  strains  with  high  yields,  and productivity. The medium for  yeast
growth is also cost-effective. Yeasts offer the advantage of producing secretory recombinant
proteins which are easier to purify. Yeasts possess the machinery to carry out PTMs, and
protein  folding.  But  the  PTMs  by  yeasts,  specifically  S.cerevisiae,  are  unacceptable  to
humans. However, P.pastoris  strains have been genetically engineered to provide additional
PTMs (Hamilton et al., 2003).
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Mammalian expression system based on CHO cells have been first used by Genentech in
1986 to produce recombinant tissue plasminogen activator. Continual use of CHO cells since
then as the host cell line for the recombinant protein production has been due to several key
advantages – i) correct protein folding and PTMs that dictate the activity, safety and stability
of a therapeutic protein produced in CHO cells are compatible and bioactive in humans,  ii)
capability of CHO cells to grow at high densities in suspension mode in serum-free media,
iii) inability of most of viruses to replicate/infect in CHO cells that are infectious to humans
displaying a favourable safety profile, iv) development of auxotrophic mutants (dihydrofolate
reductase and glutamine synthase) that facilitated their growth over long periods with defined
nutritional requirements, and  v) ease of genetic manipulation (Jayapal et al.,  2007). CHO
cells have been extensively characterized, show high specific productivity (Wurm, 2006) and
strategies have been developed for recombinant protein production compared to other cell
lines  like  human  embryonic  kidney  (HEK)  293  cells,  human  embryonic  retinoblasts
(PER.C6) non-secreting murine myeloma (NSO) cells. CHO cells have established safety
profile and technical processes have been well defined at large-scale making it the cell line of
choice. They have been used for around 30 years now for recombinant protein production.
This  period  has  established  a  trustworthy sense  for  use  of  CHO cells  among  regulatory
agencies. Currently, CHO cell expression systems constitutes 31% of biologics manufactured
(Zhou  and  Kantardjieff,  2014).  To  summarise,  CHO  cells  are  the  foremost  choice  for
recombinant protein production especially in cases where PTMs are significant and they have
established a firm presence in the biopharmaceutical market.

1.2 CHO cell line development for recombinant protein production
Since  its  inception  over  three  decades  ago,  use  of  recombinant  proteins  as  therapeutic
products has propelled for the development of research in search of efficient and maximized
capabilities for its production. There is an established scheme used for development of CHO
cells for recombinant protein production (Figure 1). A brief description of the scheme is given
here. Firstly, the expression vector containing the gene of interest (GOI) is co-transfected
with  a  selection  marker  (Figure  1).  The  transfection  process  allows  GOI  to  randomly
integrate  at  various  locations  within  the  genome  of  CHO cells.  There  are  two  selection
marker systems currently in use – dihydrofolate reductase (DHFR) and glutamine 
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Figure 1 – CHO cell line development for recombinant protein production (Lai et al., 2013)

synthetase (GS). In early 1980s, the auxotrophic mutant cells deficient in DHFR gene were
isolated by researchers. DHFR is a monomeric enzyme that catalyses the conversion of folic
acid  to  tetrahydrofolate  (THF).  THF serves  as  a  precursor  in  biosynthesis  of  thymidine,
glycine and purines. GS is  required for synthesis  of glutamine.  GS system has a slightly
different mechanism of development which is not discussed here. After co-transfection of
GOI with selection marker, clones are screened for higher expression levels of GOI. Usually
a mutant DHFR gene with reduced activity controlled by a weak promoter is used to gain
high  expression  levels.  Next,  the  cells  are  cultured  with  increasing  concentrations  of
methotrexate  (MTX)  along  with  absence  of  glycine,  hypoxanthine  and  thymidine  in  the
growth medium. MTX is a folic acid analogue that inhibits DHFR activity. At this stage,
clones that have randomly integrated copies of the expression vector survive while others
presumably get killed. This step is referred as gene amplification since selection pressure on
cells  results  in increase of GOI and DHFR copy number at  the integration locus.  Highly
productive clones are derived from this process. (Jayapal et al.,  2007). Further ahead, the
selected CHO clones are serially diluted to obtain single cells. This is done because each
individual clone possesses different integration locus, different copy number of GOI and thus
varying productivities. Individual clones are expanded and their quality is evaluated across
different parameters. Thereafter, CHO clones that meet the specified criteria are evaluated for
production at large scale. Alongside, cell banking of these clones is performed for future use. 

Due to random integration, the transcriptional rate of GOI can be high or low depending on
whether  it  gets  integrated  into  euchromatin  or  heterochromatin  regions  of  the  genome.
Thus, location of integration dictates the expression levels of GOI. There is a high degree
of clonal heterogeneity observed due to random integration, large genomic rearrangements
at  gene  amplification  step,  and  varying  copy  number  of  GOI  in  individual  clones
(Pilbrough et al., 2009). Each clone would significantly vary in the expression levels of GOI.
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Further, intraclonal expression levels are heterogeneous with standard deviation of 50% -
70% of the mean (Pilbrough et al., 2009). Large number of clones need to be screened for
obtaining few high producing stable clones. Silencing of GOI expression is often observed
due  to  methylation  of  promoters.  When using  viral  promoters for driving expression of
recombinant  proteins,  frequent  silencing effects  has  been observed due to  methylation of
promoter sequences (Kim et al., 2011). As mentioned by Kim et al., the production instability
of CHO clones producing recombinant mAbs arises due to two reasons – reduction in copy
number of the mAb gene, and the silencing of promoter controlling the expression of the
mAb gene by methylation.  The process for development of CHO clones for recombinant
protein  production  would  take  around 6-12 months  of  time.  Although methods  for  rapid
identification and selection of high expressing clones exist, yet the process of characterization
and expansion of clones needs to be performed (Caron et al., 2009). The clonal stability still
remains in this setup. Despite technological developments made in the field of downstream
processing as well as in upstream processing for biologics production at large scale, there
remains improvements in the genetic engineering setup.

1.3 New approach towards bio-manufacturing
In this report, a genome-wide screen for stable and high expressing integration sites has been
undertaken to tackle the problems of clonal instability and random integration. Insertion of
GOI  at  transcriptionally  active  regions  or  coding  regions  can  possibly  provide  high
expression levels. It has been shown that lentivirus randomly integrates within the genome of
the  host  cell.  Though randomly integrating,  it  has  been observed that  they preferentially
integrate within the coding regions of the host cell (Kvaratskhelia et al., 2014). In this report,
two different lentiviral vector designs have been used to search for stable and high expressing
integration sites in CHO cells. In first approach, in-house produced lentiviral vector design
has been engineered to include a landing pad which will allow replacement of viral sequence
with the GOI through cassette exchange. The second approach uses pre-made third generation
lentiviral  particles  for  infection of  CHO cells.  The workflow of  each approach has  been
described in later sections. 

1.3.1 First approach
In this approach, in-house engineered lentivirus possessing landing pad is used to infect cells.
The  concept  is  to  carry  out  infection  of  cells  with  lentivirus  and  then  replace  the  viral
sequence with GOI using landing pad. The workflow is described (Figure 2) as follows –
Suspension adapted CHO cells are infected with in-house developed lentivirus at an optimal
MOI. Post-infection, sorting is performed to select for fluorescent protein positive cells. Post-
sorting,  a  cassette  exchange  reaction  allowing  targeted  insertion  of  GOI  at  lentiviral
integration sites is performed using landing pad. Landing pad comprises of recombination
sites based on site specific recombination (SSR) technology. The recombination sites are used
to  perform  cassette  exchange  with  vector  containing  GOI  flanked  by  complementary
recombination  sites.  The mechanism behind landing pad action  and cassette  exchange is
described in detail (Section 1.5). Following cassette exchange, the positive clones could be
sorted and further expanded and tested for stability and expression strength by monitoring
fluorescence for long period.  Genomic DNA can be extracted at  different time-points for
integration site analysis.
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Figure  2 –  Lentivirus  based  screening  for  integration  sites  in  suspension  adapted  CHO  cells  is  depicted.
Lentivirus is used to infect suspension adapted CHO cells at optimal MOI. The infected cells are sorted based on
presence or absence of fluorescence. A cassette exchange reaction is shown to integrate GOI in place of viral
sequence. Cells are sorted following cassette exchange. DNA is extracted for integration site analysis.

1.3.2 Second approach
The  pre-made  lentiviral  infection  workflow  for  identifying  stable  and  high  expressing
integration sites is shown (Figure 3). Pre-made lentivirus is used to infect CHO cells with an
optimal multiplicity of infection (MOI) (Figure 3, step a).  The viral  sequence integrating
within  the  genome possesses  a  fluorescent  protein  driven  by native  Ef1α  promoter.  The
fluorescent  protein  helps  monitor  the  expression  stability  and  strength  over  time  of  the
infected cells. The infected cells are cultured for 2 weeks (Figure 3, step b). Cell sorting is
performed to exclude the cells that do not express fluorescent protein (Figure 3, step c). Cells
are recovered and cultured for 6.5 weeks post-sorting (Figure 3, step d). Thereafter, another
round of cell sorting is performed (Figure 3, step e). In this round of sorting, the cells are
sorted in two populations – high and low expression clones based on fluorescent protein
expression strength. Following sorting, genomic DNA extraction of sorted cells is performed.
This sorting process is repeated again after another 6.5 weeks of culture with the same idea of
isolating two sub-populations (Figure 3,  step d,  e,  and f).  The cells  obtained from initial
sorting are kept in culture (Figure 3, step c). Genomic DNA is extracted from double sorted
(Figure  3,  step  e)  cells  (population  A and population  B)  and  integration  site  analysis  is
performed using nrLAM-PCR (non-restrictive linear amplification PCR) method (Figure 3,
step f). The discovered integration sites can be compared among high and low expression
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populations  as  well  as  with  populations  sorted  at  different  time  points.

Figure 3 - The workflow of the project wherein pre-made lentiviral particles are used for infection. a) CHO cells
are infected at an optimal MOI, b) these infected cells are cultured for 2 weeks, c) Cell sorting procedure is
performed to remove the non-fluorescent cells, d) Sorted cells are cultured for another 6.5 weeks, e) Another
round of sorting is performed to obtain two population of sorted clones, f). DNA extraction and integration site
analysis is performed on the sorted populations.

1.4 Lentivirus – a gene delivery tool
Lentivirus,  a HIV-1 type vector, is  a slow-replicating retrovirus with RNA as its  genome
(Cooray et  al.,  2012).  Lentiviral  vectors were developed for the purpose of gene therapy
applications as they are considered as efficient tools for gene delivery. They can deliver and
integrate  >8kb of  transgenic  DNA into  target  cell  genomes  without  eliciting  an  immune
response  from  host  cells.  Thus  lentivirus  vector-based  system  can  be  used  by  which
transgenes can be incorporated into the host cell genome. The infection of lentivirus process
starts with viral envelope binding to the receptor on the host cells. This allows delivery of
viral genome inside the host cell. The viral RNA genome is converted into double-stranded
DNA (dsDNA) by reverse transcriptase (RT) enzyme. The dsDNA is then integrated into the
genomic  DNA of  the  host  cell  by the  integrase  enzyme.  Integration  of  lentivirus  is  not
thought  to  be  a  completely random process.  It  is  suggested  that  lentivirus  preferentially
integrates within transcribed gene sequences (Kvaratskhelia et al., 2014). The integration site
plays  a  crucial  role  in  defining the  rate  of  transcription  of  the  viral  sequence.  Lentiviral
vectors were chosen for the screening of integration sites because -  i) although they integrate
randomly, their  integration profile  shows bias towards coding regions thus increasing the
possibility  of  obtaining  high  expressing  clones,  ii)  engineered  lentiviral  vectors  are
replication defective and provide a better safety profile,  iii) they offer a capability of stable
integration and long term expression of the transgene within the genome of the host cell
(Cooray et al., 2012), iv) they possess unique ability to infect and replicate in both dividing
and non-dividing cells since lentiviral genome can penetrate the nuclear membrane utilizing
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the natural transport machinery at nuclear pores (Zennou et al., 2000). Thus, lentivirus could
be used to locate stable, high expressing genomic safe harbours for insertion of foreign DNA.

1.4.1 Engineered lentiviral vectors
The  development  of  lentiviral  vector  system  commenced  from  the  perspective  of  gene
therapy applications. Initially, murine leukaemia virus (MLV) based γ retroviral vectors were
used for gene therapy applications and clinical trials using MLV showed that some patients
developed leukaemia (Howe et al., 2008). The reason attributed to this is the transcriptional
activation of neighbouring proto-oncogenes at viral integration site. The integration profile of
γ-retroviral vectors showed preferential interaction with promoter/enhancers of neighbouring
genes (Wu et al.,  2003). This interaction induced aberrant expression of nearby genes. In
search of alternative tools for gene therapy, development and use of HIV-1 based lentiviral
vectors  came  into  the  picture.  Lentiviral  vectors  were  developed  as  follows  –  i)  partial
deletion of 3’LTR sequence made lentivirus replication incompetent and prevented aberrant
expression of neighbouring genes  (Zufferey et al., 1998) as was seen in case of γ retroviral
vectors,  and  ii)  essential  components  for  viral  growth were  provided in trans,  as  shown
(Figure 4); this third generation lentiviral vector system was split into four plasmids – one
transfer  plasmid,  two  packaging  plasmid  and  one  envelope  plasmid.  Transfer  plasmid
sequence  gets  integrated  in  the  host  genome  while  other  plasmids  provide  components
required for virus production (Dull et al., 1998). Lentiviral production is only possible if all
the  four  plasmids  are  transfected  together  in  a  cell  line.  Representation  of  lentivirus
components in the whole packaging system is shown in Table 3. Some components such as
Woodchuck hepatitis virus post‐transcriptional regulatory element (WPRE) (Zufferey et al.,
1999), ψ packaging signal (Kim et al., 2012), central poly purine tract (cPPT) (Barry et al.,
2004) are derived from other sources but used in this system to make the lentiviral vectors
robust and safe. These developments attributed a better safety profile to lentiviral vectors. In
this report,  third generation lentiviral vectors were used for infection leading to search of
integration sites in CHO cells. 

Table 2 - Third generation lentiviral system and its components assembled in cis or trans

Plasmid Element cis /trans Function

Transfer cPPT cis
Recognition site for proviral DNA synthesis. Increases

transduction efficiency and transgene expression.
Transfer Psi (ψ) cis RNA target site for packaging by nucleocapsid
Transfer RRE cis Binding site for Rev protein

Transfer WPRE cis
stimulates expression of transgenes via increased

nuclear export

Transfer 5’LTR cis
Contains promoter sequence for viral sequence

transcription
Transfer 3’LTR cis Contains transcription termination signal

Packaging Gag, Pol trans
Gag codes for virus structural proteins matrix (MA),

nucleocapsid (NC) and capsid (CA); Pol codes for RT
and integrase enzymes

Packaging Rev trans
binds to an RNA motif Rev response element (RRE);
involved in transport of unspliced and spliced viral

RNA transcripts

Envelope VSV-G trans
Vesicular stomatitis virus G glycoprotein; Broad

tropism envelope protein
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Figure  4 -  Third  generation  lentiviral  vector  system.  CFP –  Cerulean  fluorescent  protein;  YFP –  Citrine
fluorescent protein; Gag, Pol, Rev, Vsv-g are lentiviral genes essential for production; CMV – cytomegalo virus
promoter; Ef1a – elongation factor alpha 1 promoter

1.4.2 Multiplicity of Infection (MOI)
In virology, MOI is defined as the ratio of number of virus particles (virions) to the number of
cells in a culture. At MOI of 1, one viral particle is available for infecting single cell. MOI
can be calculated using the following equation:

m = number of virions (TU/mL)/number of host cells per mL)
TU - transduction units

Since  the  number  of  virions  infecting  each  host  cell  can  be  random  process,  Poisson
distribution  could  be  used  to  quantify the  percentage  of  non-infected  cells  (P(0)),  singly
infected cells (P(1)), etc. in the population. The Poisson equation is as follows -

P(n) = [mn*e-m]/n!
where P(n) - probability of infected cells, m - MOI, n – virions, e - Euler’s number i.e., 
~2.718

MOI provides a clue for controlling the number of infections per cell. When there are cells
with  single  infections,  the  expression  levels  can  be  directly  co-related  to  the  genomic
integration  site  of  lentivirus.  The  probability  of  obtaining  singly  infected  cells  (P(1))  is
highest at MOI of 1 i.e., ~36.7% (Figure 5a). As can be seen in Figure 5b, the probability of
non-infected cells (P(0)) at MOI of 1 would be ~36.7% showing that rest of the cells i.e.,
~26.6% will  have multiple infections.  MOI closer to zero would allow reducing multiple
infections. However, P(0) would increases as MOI is closer to zero as shown (Figure 5b). In
case of MOI of 0.2, P(0) is ~81.8% and P(1) is ~16.3% showing that probability of multiple
infections, P(>1) will reduce to ~1.7%. The non-infected cells can be easily removed from the
culture with the help of cell sorting technique.  This shows that MOI can be used to control
number of infections per cell.
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Figure  5 – Poisson distribution showing probabilities of infection at  different MOI. a) Probability of single
infection cells, P(1) at MOI range 0.1-2. It can be seen that b) Probability of non-infected cells, P(0) at MOI
range – 0.1-2 

1.5 Landing pad design using site-specific recombination (SSR)
The concept of site-specific recombination (SSR) originates from bacteriophage λ integrating
into  E. coli chromosome. The process of recombination works as follows –  i) recombinase
protein  binding  to  the  recombination  sites,  ii)  pairing  of  recombination  sites  forming  a
synaptic complex, iii) recombinase protein catalyzes cleavage, strand exchange and re-joining
of  DNA ends (Grindley et  al.,  2006).  This  points  out  that  components  required  for  SSR
system to work are – i) DNA sequences in both interacting partners, ii) a recombinase protein
that identifies the sequences and catalyzes the reaction (Grindley et al., 2006). There are two
types of recombinases – serine and tyrosine recombinases differing in the catalytic amino
acid  involved  in  the  process.  Serine  recombinases  are  considered  uni-directional  unless
provided  with  an  external  recombination  directionality  factor  (RDF)  protein  which  can
reverse the reaction making the recombinase bi-directional (Smith et al., 2010).

Bxb1  enzyme  is  a  serine  phage  integrase  which  recombines  attP  (phage  attachment)
site/sequence with attB (bacterial attachment) site/sequence unique for the enzyme. attP and
attB sites are not identical to each other which is not the case for tyrosine recombinases.
Bxb1 mediated recombination event results in crossover sites - attL and attR which do not
serve  as  sites  on  which  the  integrase  can  act  upon.  Bxb1  recombinase  is  unlikely  to
recombine  with  pseudo-attP sites  found in the genome as  seen  in  case of  phiC31 serine
recombinase (Russell et al., 2006, Zhao et al, 2014). The arrangement of attP and attB sites
results  in  one  of  the  three  possible  outcomes  of  the  recombination  reaction  -
integration/insertion, excision or integration as shown (Figure 6). Insertion/integration results
from recombination between attP and attB sites present on different DNA molecules (Figure
6a). Excision results by having recombination between sites on the same DNA molecule with
head to tail orientation (Figure 6a). Inversion takes place when recombination between sites
on the same DNA molecule have head to head orientation (Figure 6b). Figure 6c shows the
cassette exchange as described by Turan and Bode, 2011. The cassette exchange involves two
recombination sites in each DNA molecule. The outcome of the cassette exchange depends
on the first interacting pair of recombination sites (attP/attB or attPi/attBi). For targeted gene
delivery, insertion or cassette exchange can be preferred. Insertion would allow inclusion of
complete  plasmid DNA. Insertion  would  require  only single recombination reaction  with
expected single correct orientation. In case of cassette exchange, only GOI replaces the viral
sequence allowing no extra, unwanted sequence to be integrated. Cassette exchange would
require double recombination reactions and the orientation of GOI would depend upon first
interacting recombination site pair. In both cases of insertion or cassette exchange, promoter
trap strategy could be used to  retrieve clones  that  have successful  reaction.  The positive
clones can be sorted from the population as described later.
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Figure  6 – Recombination process  results  in  three possible outcomes –a)  insertion/integration and excision
shown in a), inversion shown in b), recombination mediated cassette exchange shown in c)

In an attempt to deliver GOI at lentiviral at integration sites, SSR is used for designing a
landing in the lentiviral transfer plasmid sequence. The concept at hand is to use lentivirus as
a tool to deliver the recombination sites i.e., landing pad within the genome of CHO cells.
The recombination sites will serve as landing pad for gene delivery. A schematic of lentivirus
design is shown in Figure 7. In this case, the viral sequence has mCherry fluorescent protein
flanked by attP and attP inverse (attPi) sites. Once CHO cells are infected with lentivirus, the
landing pad could be used to exchange the viral sequence with GOI flanked by recombination
sites. Figure 7 shows the mechanism by which SSR would work and allow targeted insertion
known as recombination mediated cassette exchange (RMCE). SSR allows more efficient and
precise targeting than homologous recombination. This means that expected off-target effects
are considerably low in SSR (Turan and Bode, 2011). As can be seen in Figure 7, the plasmid
DNA contains promoter-less mCerulean fluorescent protein flanked by attB and attBi (attB
inverse) sites. Since mCerulean is not driven by any promoter, there is no initial expression.
Upon recombination reaction using Bxb1 recombinase enzyme, mCerulean ends up in either
orientation  depending  upon the  first  interacting  sites  (attP with  attB  or  attPi  with  attBi)
replacing  the  mCherry sequence.  Successful  RMCE is  represented  by correct  orientation
where mCerulean would get driven by Ef1α promoter present in the viral sequence (Figure
7). This kind of strategy is called promoter trap. Screening of positive cells for mCerulean
would show successful exchange.
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Figure 7 – Bxb1 recombinase used for cassette exchange at the landing pad which is delivered using lentivirus.
Following  recombination,  promoter  trap  strategy  allows  screening  for  mCerulean  positive  cells.  attP  –
attachment phage site, attB – attachment bacteria site, attPi – inverse attP site, attBi – inverse attB site, attL –
attachment left arm, attR – attachment right arm 

1.6 Genome walking – integration site analysis
After  lentiviral  integration,  the  next  step  is  to  identify the  integration  site  i.e.,  unknown
genomic  loci.  Genome  walking  is  the  procedure  for  identification  of  unknown  genomic
sequence by taking advantage of the known sequence (in this case viral sequence). Other
approach  can  be  to  isolate  single  cell  clones  and  perform  whole  genome  sequencing.
However, this approach can prove time consuming and expensive. Genome walking approach
coupled  with  next  generation  sequencing  can  be  used  to  identify  integration  sites  in
polyclonal population. As per Volpicella et al., the genome walking methods can be divided
into three categories – i) restriction based methods involving digestion of genomic DNA with
restriction enzymes,  ii) primer based methods involving PCR amplification from genomic
DNA  with  sequence  specific  primer  coupled  with  random/degenerate  primer,  and  iii)
extension  based  methods  involving  linear  amplification  of  genomic  DNA with  sequence
specific  primer  followed  by ligation  with  adaptor  sequences.  In  all  the  categories,  PCR
amplification is always the final step. Leoni et al. have compiled a list of all the genome
walking  methods  in  eukaryotes  and  described  use  of  individual  methods  for  various
applications such as viral integration site analysis. Use of linear amplification mediated PCR
(LAM-PCR)  and  flanking-sequence  exponential  anchored  PCR  (FLEA-PCR)  has  been
suggested for viral integration site analysis (Leoni et al., 2011). Schmidt et al. used LAM-
PCR for integration site analysis in transduced murine transplant model. LAM-PCR method
is based on use of restriction enzymes which does not allow to locate all the integrations
(Paruzynski et al., 2010). Non-restrictive (nr) LAM-PCR has been developed (Paruzynski et
al.,  2010)  based  on  LAM-PCR  eliminating  the  use  of  restriction  enzymes.  The  use  of
restriction enzymes limits the analysis of complete pool of integration sites as covering the
entire genomic DNA requires various restriction enzymes with unique motifs (Paruzynski et
al.,  2010).  nrLAM-PCR  is  coupled  to  next  generation  sequencing  allowing  polyclonal
population analysis. In this report, nrLAM-PCR is used to perform integration site analysis.
nrLAM-PCR is  performed  on DNA extracted  from polyclonal  population  to  identify the
frequency of integration sites (Figure 8). The procedure starts with linear amplification of
genomic DNA with viral sequence specific biotinylated primer. The fact that there is only one
sequence end known (LTR sequence), linear PCR is performed with a single primer. Linear
PCR will  result  in  generation  of  single  stranded  (ssDNA)  amplicons  of  varying  lengths
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containing a part of LTR sequence with unknown genomic DNA sequence. The amount of
ssDNA amplicons generated will be few as this is not an exponential amplification. Linear
PCR product is purified to remove primer sequences (not shown in figure). As the primer is
biotinylated, ssDNA amplicons are captured using streptavidin coated beads. The captured
product  is  then  ligated  to  a  single  stranded  linker  (ssLinker)  cassette.  The  linker  has
modifications allowing binding to 3’end of a template and preventing binding to a 5’ end
template.  Since now there is  an adaptor  bound to the other end of the sequence through
ligation process, a series of exponential PCR can be performed using LTR sequence specific
primer and ssLinker sequence specific primer. The nested PCR reactions are used to amplify
and  enhance  sequence  specific  amplification.  Because  there  is  no  restriction  digestion
performed, the PCR product will appear as a smear on the gel (Paruzynski et al., 2010). The
resultant PCR amplification product is used for high throughput sequencing using Illumina
platform to analyse the frequency of integration sites within the population. The sequence
data obtained in high-throughput sequencing is processed in an automated form by designing
Python scripts and using online bio-informatic tools. The bio-informatic analysis involves –
LTR and linker specific sequence trimming followed by clustering of identical sequences
reducing  computational  complexity,  alignment  of  the  remaining  sequence  to  the  CHO
genome for  identification of the genomic loci,  and annotation of  sites  with characteristic
features of surrounding genomic loci like nearest gene, nearest transcription start site, CpG
islands, and repetitive elements (Paruzynski et al., 2010). The integration sites obtained from
different  sorted  populations,  at  different  time  points  and  from different  samples  can  be
compared and analysed.

Figure 8 – nrLAM-PCR protocol as described (Paruzynski et al., 2010). The steps involved are – Linear PCR,
Magnetic capture, ssLinker ligation, first exponential PCR and second exponential PCR. The output of second
exponential PCR is used for high-throughput sequencing in Illumina platform. The sequence data obtained from
high-throughput sequencing is analysed using bio-informatic tools.

1.7 Promoter engineering
For  production  of  next  generation  of  mammalian  cell  factories,  transcriptional  rate  of
recombinant genes plays  a significant role.  Promoters are the drivers of gene expression.
Rational modulation of promoter sequence can lead to positive changes in gene expression
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levels. Promoter sequence has two components – a core promoter sequence binding to RNA
polymerase and general transcription factors, and a proximal sequence containing binding
sites for regulatory transcription factors (Brown and James, 2015). Transcription factors bind
to DNA consensus sequence helping enhance or suppress transcription process. Previously,
recombinant  CHO  clones  derived  for  recombinant  protein  production  often  had  virally-
derived promoters driving the gene expression. However, viral promoters have been shown to
be prone to epigenetic silencing (Kim et al., 2011). Use of endogenous promoters is often
limited due to their large size. However, they do provide higher expression levels though.
Therefore, use of synthetic promoters derived from native mammalian promoter provide an
alternative  solution.  Synthetic  promoters  will  have  an  advantage  of  size  compared  to
endogenous promoters. Since the design of synthetic promoter can be based on a mammalian
promoter architecture, the silencing of expression can be subdued. Synthetic promoters can
be designed by assembling synthetic random oligonucleotides or assembling cis-regulatory
elements i.e., transcription factor binding sites (TFBS). Brown et al. designed a library of
synthetic promoters based on utilization of CHO cell transcription machinery. Brown et al.
reported a list of transcription factors that can be used in design of synthetic promoters. In
this  report,  synthetic  promoters  have  been  designed  based  on  the  utilization  of  CHO
transcription  machinery  with  Ef1α  core  promoter.  Also,  the  concept  of  random spacing
between TFBS has been utilized as mentioned in Tornoe et al. The synthetic promoters are
designed with objectives of having -  i) short sequence length in comparison to native Ef1α
promoter, and  ii) comparable or higher expression compared to native Ef1α promoter. The
purpose  of  designing  synthetic  promoters  is  to  use  them  for  integration  of  multi-gene
cassettes.  The activity of these synthetic  promoters  have been assessed in  comparison to
native Ef1α promoter.
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2.0 Materials and Methods

2.1 Plasmid construction
Standard cloning techniques were used to construct plasmids. E.coli DH5α or Stbl3 served as
the  cloning  strains,  cultured  in  LB  Broth  Miller  Difco  (BD,  catalogue  no.  244610)
supplemented with Ampicillin, 100 μg/mL. Plasmid purification was performed from 100 mL 
cultures of  E.coli DH5α or Stbl3 grown overnight at 37 °C at 200 RPM in LB Broth Miller   
Difco  (BD,  catalogue  no.  244610)  supplemented  with  ampicillin  antibiotic  using  HiPure
Plasmid Filter Maxi/Midi Kit (Invitrogen, catalogue no. K210004 or K210017) or PureYield
Plasmid  Midiprep  Kit  (Promega,  catalogue  no.  A2495).  Endotoxin  removal  step  was
performed following plasmid purification using Endotoxin Removal Midi/Maxi Kit (Norgen
Biotek Corporation,  catalogue no. 52200 or 21900). DNA amounts were quantified using
Nanodrop (ND-2000). Enzymes were purchased from New England Biolabs (NEB). Phusion
High-Fidelity DNA Polymerase (NEB, catalogue no. M0530S)/ Taq DNA Polymerase (NEB,
catalogue no. M0267S) were used for PCR amplification. Oligonucleotides used as primers
were purchased from Microsynth or Sigma-Aldrich. Digestion products or PCR fragments
were purified using GenElute Gel  Extraction Kit  (Sigma-Aldrich,  catalogue no. NA1111-
1KT) or Qiagen PCR purification kit (Qiagen, catalogue no.28104). Ligation reactions were
performed  using  T4  DNA Ligase  (NEB)  at  room temperature  for  1 hour  for  sticky end 
overhangs,  followed by transformation  into  electro-competent  cells  (DH5α or  Stbl3)  and
plating on LB Agar plates with ampicillin antibiotic (100 μg/mL). Plasmids were sequenced
by Microsynth. Detailed cloning procedure for each plasmid can be found in Appendix (Table
1), with primers listed in Appendix (Table 2).

2.2 Cell culture and transfection
CHO-K1  adherent  cell  line  (ATCC  #CRL-9096)  was  maintained  at  37⁰C,  5%  CO2  in
Iscove’s Modified Dulbeco’s Medium - IMDM (Life technologies, catalogue no. 12440046),
supplemented with 10% (vol/vol) Foetal bovine serum - FBS (Sigma Aldrich, catalogue no.
F9655 or Life Technologies, catalogue no. 10270106), 1% Penicillin-streptomycin solution
(Sigma Aldrich, catalogue no. P4333) and 1 mL hypoxanthine-thymidine (ATCC, catalogue
no. 71-X). HEK293H cell line (Invitrogen, catalogue no. 11631-017) was maintained at 37⁰C,
5% CO2 in Dulbeco’s Modified Eagle Medium - DMEM (Life Technologies, catalogue no.
21885-025), supplemented with 10% (vol/vol) FCS and 1% Penicillin-streptomycin solution.
These cells were passaged up to 20 times at 70-80% confluency roughly in every 3-4 days
using 0.25% trypsin-EDTA (ethylene diamine tetraacetic acid) (Life Technologies, catalogue
no.  25200-072).  24-well  plates  (Thermo Scientific,  catalogue no.  142475)  were  used  for
transfection  experiments.  Wells  were  seeded with 0.5-1*105 cells  per  well  24 hours  pre-
transfection. For suspension cells, seeding was done in a spinner flask with density of 2*105

cells/mL in a total volume of 50 mL prior to transfection. DNA was re-suspended in Opti-
MEM without  serum (Life  Technologies,  catalogue  no.  31985-062)  in  combination  with
Lipofectamine  2000  (Invitrogen,  catalogue  no.  11668-019)  at  1:1  ratio  of  DNA (µg)  to
lipofectamine (µL). The mixture was incubated at room temperature for 20 minutes before
adding it to the cell culture. The transfected samples were analysed using FACS at 24 or 48 or
72 hours after transfection.

2.3 Fluorescence assisted cell sorting (FACS)
Cell analysis was done with BD LSR Fortessa. Cells were trypsinized with 0.25% Trypsin-
EDTA (Life Technologies, catalogue no. 25200-072). mCherry was measured using 561-nm
laser and 610/20 band pass emission filter with a photomultiplier tube (PMT) voltage of 200-
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280  or  equivalent.  mCerulean  was  measured  with  445-nm  laser  and  510/42  band  pass
emission filter with PMT voltage of 250 or equivalent. mCitrine was measured using 488 nm
laser and 530/11 band pass emission filter with PMT voltage of 190-200 or equivalent.

2.4 Data analysis 
Flow cytometry data analysis was done with FlowJo software (Tree Star). Quantification of a
particular fluorescent  protein (FP) output in arbitrary expression units  (a.u.)  was done as
follows: i) Un-transfected cells were gated for live cells with forward scatter and side scatter
parameters, ii) Within the live gate, FP positive cells were gated on un-transfected cells such
that 99.9% of cells fall outside the gating, iii) For FP positive cell population in each channel,
mean value of fluorescence intensity was calculated and multiplied with frequency of FP
positive cells to obtain absolute intensity (a.u.): 

Absolute intensity of FP (a.u.) = mean FP intensity in FP positive cells * frequency of FP
positive cells 

For relative intensities (rel.u.), the absolute intensity of a FP was divided by absolute intensity
of another FP that was co-transfected in the form of a plasmid. Compensation of mCitrine
cross-talk to the mCherry channel was performed.

Relative intensity of FP X (rel.u.) = absolute intensity of FP X / absolute intensity of FP Y 

2.5 Glycerol stock
Plasmids were stored as glycerol stocks by mixing 750µl of plasmid containing bacterial
culture with 250µl of glycerol (100%) in a pre-labelled cryo-tube (Star lab, catalogue no.
E3090-6222). The cryo-tubes were then transferred to -80°C.

2.6 Cryopreservation of mammalian cells
Cells were cryopreserved during passaging both for adherent and suspension cells. Cells were
cryopreserved with 10% DMSO (Sigma, catalogue no. D8418) final concentration. Volume
corresponding  to  2*106 cells  was  taken  and  centrifuged  at  200g  for  5  minutes.  The
supernatant was discarded carefully and the pellet dissolved in 900µL of IMDM medium.
100µL of 100% DMSO was added drop-wise to the cells. The mix was then aliquoted in 1
mL pre-labelled cryo-tubes (Star lab, catalogue no. E3090-6222) and immediately placed at
-80⁰C. After 24 hours, cryo-tubes were transferred to the liquid nitrogen tank for storage at
-196⁰C.

2.7 Suspension adaptation of CHO-K1 adherent cells
The protocol for suspension adaptation has been previously described (Sinacore et al., 2000).
The whole process of suspension adaptation involves serum-free transformation which was
not pursued here.

1. CHO-K1 adherent cells were seeded in a T-75 flask. They were allowed to reach a
confluency of ~70-80%. At this point, the cells were split using 0.25% trypsin-EDTA.
Cells were counted by the help of automated counter or hemocytometer.

2. Approximate  volume  corresponding  to  9*106 cells  was  taken.  This  volume  was
centrifuged at 200g for 5 minutes. 

3. After centrifugation, the supernatant was discarded and the pellet was re-suspended in
4-5 mL of IMDM media. 

4. The re-suspended media containing cells was transferred to a spinner flask and the
final volume made up to 45 mL. The cell density obtained was 2*105 cells per mL.

5. Cell growth was monitored by taking the cell count every 24 hours.
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6. Passaging of cells was performed after 3-4 days or if the cell count reached to 1*106

cells per mL. Volume of culture corresponding to 22.5*106 cells was transferred as
seed into a new spinner flask. Final volume was made up to 75 mL by adding fresh
IMDM media. Thus, cell density was brought to 3*105 cells per mL.

7. The cells were passaged 4-5 times as mentioned above (steps 4-7) before they were
considered adapted to suspension mode. 

2.8 Landing pad design
Gibson assembly was used to assemble the components required in the lentiviral  transfer
plasmid pJD17 (Appendix, Figure 1). Primers were designed in such a way that they had
overlapping  sequences  as  required  for  Gibson  assembly.  attP  recombination  sites  were
incorporated in the primer sequences. 
i) Ef1α promoter sequence was amplified from plasmid pRA16 (Appendix, Table 1). The
primers  used  for  amplification  were  -  PR2818  and  PR2819  (Appendix,  Table  2).  PCR
program was as follows - a) Initial denaturation - 98ºC for 30 seconds; b) Denaturation - 98ºC
for 10 seconds; c) Annealing - 67ºC for 30 seconds; d) Extension - 72ºC for 40 seconds;
repeated steps b-d for 34 more cycles; e) Final extension - 72ºC for 5 minutes followed by
storage at 4ºC. The amplification product was loaded on 1.5% agarose gel and the band of
~1.4kb was sliced and purified using GenElute gel extraction kit (Sigma-Aldrich, catalogue
no. NA1111-1KT). The concentration of Ef1α amplified fragment obtained was 165 ng/μL.
ii) mCherry protein sequence was amplified from plasmid pKH026 (Appendix, Table 1). .The
primers  used  for  amplification  were  -  PR2820  and  PR2821  (Appendix,  Table  2).  PCR
program was as follows - a) Initial denaturation - 98ºC for 30 seconds; b) Denaturation - 98ºC
for 10 seconds; c) Annealing - 63ºC for 30 seconds; d) Extension - 72ºC for 30 seconds;
repeated steps b-d for 34 more cycles; e) Final extension - 72ºC for 5 minutes followed by
storage at 4ºC.The amplification product was loaded on 1.5% agarose gel and the band of
~700 bp was sliced and purified using GenElute gel extraction kit (Sigma-Aldrich, catalogue
no.  NA1111-1KT).  The  concentration  of  mCherry  amplified  fragment  obtained  was  220
ng/μL.
iii) Digestion of plasmid pJD13 (Appendix, Figure 1) with PacI (NEB) and EcoRI HF (NEB).
The digestion mix was prepared (Table 3) and incubated at 37ºC for 1 hour followed by heat.

Table 3 - Digestion reaction of pJD13 plasmid

Component Volume (μL)

pJD13 (2.5μg/μL) 2

EcoRI HF 5

PacI 5

10x Cut Smart buffer 2

ddH2O 6

inactivation at 65ºC for 20 minutes. The digestion mixture was loaded on 1.5% agarose gel
and the band at ~7.9kb was sliced and purified using GenElute gel extraction kit (Sigma-
Aldrich, catalogue no. NA1111-1KT).
iv) Products from steps (i,  ii,  iii) were assembled using NEB Gibson assembly master mix
(NEB, catalogue no. E2611). The gibson assembly reaction mix was prepared (Table 4). The
fragments were used in 3 fold excess to that of plasmid backbone. Positive control reaction
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Table 4 - Gibson assembly reaction to incorporate Ef1a promoter, mCherry protein and recombination sites (attP
and attPi)

Components Volume (μL)

Digested pJD13 (from step iii) 3

Amplified Ef1α fragment (from step i) 1.8

Amplified mCherry fragment (from step ii) 0.8

ddH2O 4.4

Gibson assembly master mix 2x 10

was performed as per the manufacturer protocol. The mixture was incubated at 50ºC for 30
minutes. Thereafter, the samples were kept on ice. Further, 1μL of the sample was taken and
diluted with 2 μL of ddH2O. This diluted mix was used for transformation of Stbl3 strain by
electroporation method. The isolated colonies were inoculated in 5 mL LB media containing
5 μL ampicillin and incubated at 37ºC overnight. The plasmid pJD17 was isolated next day
from the bacterial culture using PureYield Plasmid Midiprep Kit (Promega, catalogue no.
A2495). The plasmid was sequenced to verify the assembly before use. 

2.9 Lentivirus production and titration
Third generation lentiviral transfer plasmid pJD13 (pFUGW; addgene #14883) was deposited
in the addgene repository by David Baltimore (Lois et al., 2002). Third generation lentiviral
packaging  plasmids  pJD14  (pMDLg/RRE;  addgene  #12251),  pJD15  (pMD2.G;  addgene
#12259), and pJD16 (pRSV-Rev; addgene #12253) were deposited by Didier Trono (Dull et
al., 1998). The transfer plasmid pJD13 (Appendix, Figure 1) was modified to have mCherry
gene flanked by attP recombination sites under the control of Ef1α promoter and thereby turn
into  plasmid pJD17 (Appendix,  Figure  1).  This  was achieved using  Gibson assembly as
mentioned  in  Section  2.8.  The  lentivirus  production  was  based  on  calcium  phosphate
mediated transfection protocol as previously described (Tiscornia et al., 2006).

1. Day 1 - 5*106 cells HEK293H cells were seeded in each of five 60 cm2 dishes. Each
plate was fed with 9 mL DMEM media.

2. Cells adhered to the plate after 3-4 hours. Then, a 1x-phosphate buffered saline (PBS)
(Life  Technologies,  catalogue no.  10010-015) wash was given and 9 mL of  fresh
DMEM media was supplied.

3. Prepared 2M CaCl2 for transfection – Weighed 22 g of CaCl2 powder and added to 80
mL of ddH2O. The solution was stirred until CaCl2 dissolved completely and appeared
clear. Added ddH2O to make final volume of 100 mL.

4. Prepared 2xBBS solution (BES buffered solution) for transfection – Mixed 16.36 g of
NaCl,  10.65  g  of  BES,  and  0.21  g  of  Na2HPO4.  Added  ddH2O  up  to  900  mL.
Dissolved and titrated to pH 6.95 with 1M NaOH and brought volume to 1 L.

5. Prepared plasmid mixture for transfection -  third generation lentiviral  transfer and
packaging system constituted of 4 plasmids (pJD14, pJD15, pJD16 and pJD17). For
each 60cm2 plates, prepared the plasmid mix in an eppendorf tube by adding 15 µg of
pJD17, 10 µg of pJD14, 2 µg of pJD15, and 1 µg of pJD16 followed by addition of 62
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µl  of  2M CaCl2 and  brought  final  volume to  500 µL using  ddH2O. Added equal
volume of 2xBSS solution. Incubated the solution for ~20 minutes. The solution was
then added drop-wise to each of the five plates. 

6. The plates were then incubated at 37°C at 3% CO2 for about 16-20 hours.
7. Day 2 – The plates were observed under the microscope for mCherry fluorescence.

The media from the plates was removed and discarded. 3 mL 1x PBS wash was given
and the plates were supplemented with 9 mL fresh DMEM media. The plates were
then incubated at 37°C at 10% CO2 for about 24 hours.

8. Day 3 – The supernatant containing virus was collected and mixed together from all
the plates. The supernatant solution was filtered using 0.45µ filtration assembly. The
filtered  solution containing  virus  was collected  in  aliquots  of  5  mL and stored at
-80°C. 

9. The plates were given a 3 mL 1x PBS wash supplemented with 9 mL fresh DMEM
media.

10. Day 4 - The supernatant containing virus was collected and mixed together from all
the plates. The supernatant solution was filtered using 0.45µ filtration assembly. The
filtered solution containing virus was stored in 5 mL aliquots and stored at -80°C.

The  protocol  for  lentiviral  titration  was  adapted  from  previously  described  protocol
(Tiscornia et al., 2006).

1. Day 1 - Seeded 0.5*105 HEK293H cells in each well of the 24-well, in a final volume
of 500 µL of DMEM media per well. Incubated the 24 well plate at 37°C; 5% CO2.

2. Day 2 - Made a ten-fold serial dilution (from undiluted to a dilution of 10-3) of the
lentiviral stock solution in 1× PBS i.e., took 100 µL of viral stock solution and added
900 µL of 1x PBS (for dilution 10-1). 

3. The media was removed from the wells of 24-well plate and supplemented with 250
µL of fresh DMEM media.

4. Added 20 µL of each viral  dilution to the cells, mixed thoroughly but gently and
incubated the cells at 37 °C. After 2-3 hours, 250 µL of media was added to the wells
of 24-well plate.

5. Cells were grown for 48 hours. The media was removed and discarded. Cells were
washed once with 150 µL of 1x PBS. Cells were re-suspended in 150 µL of 1x PBS
by vigorous pipetting.

6. FACS analysis  was performed to determine the percentage of fluorescent  reporter
positive cells.

7. Calculated  biological  titer  (BT  =  TU/mL,  transduction  units)  according  to  the
following formula: TU/µL = (P × N / 100 × V) × 1/DF, where P = % mCherry+ cells,
N = number of cells at time of transduction = 105, V = volume of dilution added to
each well = 20 µL and DF = dilution factor = 1 (undiluted), 10–1 (diluted 1/10), 10–2

(diluted 1/100), and so on.

2.10 Lentiviral transduction of CHO-K1 S cells
1. 25*106 suspension adapted CHO-K1 S cells were taken in a final volume of 30 mL in

a spinner flask and incubated at 37°C; 5% CO2; 150 RPM resulting in a density of
8*105 cells/mL.

2. 2.6 mL of lentivirus (Figure 9b) produced as per Section 2.9 was taken and added to
the suspension culture to obtain MOI of 0.2.

3. After 24 hours, 45 mL of fresh IMDM media was added and cultured.
4. Passaging of cells was performed every 3-4 days.
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FACS analysis  was performed every week to  analyse  the  stability of  the  cell  pool.  Cell
sorting was performed after 4 weeks of suspension culture. The sorted cells were collected in
two wells  of 12-well  plate with density of 2*105 cells.  The recovery of sorted cells  was
performed by growing them in adherent mode.

2.11 Bxb1 mediated cassette exchange 
To test the cassette exchange, CHO-K1 S cells infected with lentiviral construct (Figure 9b)
prior to sorting (Section 2.10) were transfected with 10 μg of pEL0215 (Appendix, Table 1)
and 10 μg of plasmid pJD20 (Appendix, Figure 1) by lipofection in a spinner flask with cell
count of 106 cells. FACS analysis was performed at every passage of cells i.e., 72 hours, 144
hours, 216 hours, 288 hours post transfection. DNA was isolated from the transfected cells at
17  days  post  transfection  and  PCR analysis  was  performed  using  PR2896  and  PR3181
primers (Appendix, Table 2) to check for the presence of modified recombination site, attL.
PCR analysis was also performed using PR3182 and PR3183 primers (Appendix, Table 2) to
check for the presence of mCerulean sequence in case of random integration. The primers
were  tested  for  non-specific  binding  on  genomic  DNA  using  PrimerBLAST  tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  The  cassette  exchange reaction was also
performed on sorted CHO-K1 S cells infected with lentiviral construct (Figure 9b) as shown
(Appendix, Figure 2 & 3).

2.12 Lentiviral transduction of CHO-K1 cells
1. Day 1 – Seeded CHO-K1 cells in a 24 well plate at a density of ~2*105 cells per well.

The cells were supplied with 500 µl IMDM media. The 24 well plate was incubated at
37ºC; 5% CO2 overnight.

2. Day 2 – The cells appeared 80-90% confluent when looked under the microscope.
The media from the wells was removed. The cells were replenished with 250 µl of
IMDM media.

3. Thawed the pre-made lentiviral particles – L1 and L3 (AMSBio, catalogue no. LVP
467) (Figure 12) by taking the respective tubes out of -80ºC freezer. The lentiviral
particles had concentration of 107 TU/mL. After the lentiviral particles were thawed,
appropriate volumes were transferred to obtain MOI of 0.2 and 1 to the respective
wells. The 24 well plate was incubated for 3-4 hours at 37ºC; 5% CO2.

4. After 3-4 hours, the wells were supplied with additional 250 µL of IMDM media.
5. The plate was cultured for another 48 hours and then splitting was performed using

0.25% trypsin-EDTA. An appropriate volume of cells was transferred to seed a 6 well
plate. 3 mL of IMDM media was added to individual wells of 6-well plate. The plate
was incubated at 37ºC; 5% CO2. 

Cell sorting was performed two weeks after transduction to select for positive pool of cells
for fluorescent protein. The sorted cells were cultured for another 6.5 weeks. Thereafter, cell
sorting was performed for different fluorescence level thresholds: 500-4000 (low) and >4000
(high)  relative fluorescence units.  The threshold level  of auto-fluorescence was 500.  The
sorted populations (high and low) were cultured for a week and then genomic DNA was
extracted  from the  population  using  DNeasy Blood & Tissue  kit  (Qiagen,  catalogue  no.
69504) and a fraction of cells were cryopreserved. The original population of cells obtained
after initial sorting were kept in culture for another 6.5 weeks. Another round of cell sorting
was performed with the same strategy of obtaining two different populations (high and low)
as mentioned above. The sorted populations (high and low) were cultured for a week and then
genomic DNA was extracted from the populations. The extracted genomic DNA from both
time  points  was  then  used  as  a  template  for  integration  site  analysis.  The population  of
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infected cells obtained after initial sorting was cultured continually throughout the process
and is still under culture.

2.13 Integration site analysis
Integration  site  analysis  was  performed  using  the  nrLAM-PCR  protocol  as  described
(Paruzynski  et  al.,  2010).  The  protocol  was  adapted  to  the  Illumina  MiSeq  platform by
designing  the  first  exponential  PCR primers  accommodating  Illumina  adaptor  sequences.
PR3007 and PR3008 primers (Appendix, Table 2) were used for first exponential PCR step.
Primers used for integration site analysis were checked for binding at non-specific sites in the
genomic  DNA using  Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  All
PCR steps were done using Taq polymerase enzyme. PR3006 biotinylated LTR sequence
specific primer (Appendix, Table 2) was used for linear PCR step. 500ng - 1µg of genomic
DNA sample  was  used  for  linear  PCR.  PCR  conditions  for  linear  PCR  were  same  as
described (Paruzynski et al., 2010). Alternatively, different linear PCR conditions were tested
to check for ssDNA product (Appendix, Figure 4). gBlock #178 (JD_ssL1) was used as a
single stranded linker cassette for ligation. The linker cassette was 5’ phosphorylated and 3’
dideoxy modified. First exponential PCR product and second exponential PCR product were
cloned for sequence analysis using InsTAclone PCR cloning kit (Thermo Fisher Scientific,
catalogue no. K1213).

2.14 Synthetic promoter design
Synthetic  promoters  were  designed  based  on  native  Ef1α promoter  architecture.  A core
promoter  sequence (TATA box,  Initiator  element,  downstream process  element)  of  native
Ef1α of  125  bp  was  synthesized  as  a  gBlock  (#165;  Appendix,  Table  3)  and  tested.  A
sequence that contained core promoter sequence with additional TFBS from proximal Ef1α
promoter sequence with no spacing between individual TFBS was synthesized and tested
(gBlock #166, Appendix, Table 3). These TFBS were predicted by using Length-Aware Site
Alignment  Guided  by  Nucleotide  Association  -  LASAGNA  (http://biogrid-
lasagna.engr.uconn.edu/lasagna_search/)  tool  (Lee  and  Huang,  2013).  A small  library  of
synthetic promoters was designed that contained core promoter sequence (TATA box, Initiator
element, 5’ splice acceptor site) of length 171 bp with six copies of four TFBS sequences –
Sp1, NFκB, Ap1 and E-box randomly arranged around the core promoter sequence. A python
script  was  used  to  automate  the  process  of  design  of  promoter  sequences.  The  spacing
between the randomly arranged TFBS was either 10bp (gBlock. #173, #174) or 6bp (gBlock
#175,  #176,  #177).  The  sequence  end  possessed  the  splice  acceptor  site.  Based  on  the
rational, a small library of promoter gBlocks – 173, 174, 175, 176, 177 (Appendix, Table 3)
were ordered from IDT. gBlocks were cloned as mentioned (Appendix, Table 1). Promoter
strength was tested by monitoring fluorescent reporter expression levels using FACS.
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3.0 Results

3.1 Landing pad integration using lentivirus in CHO-K1 S cells
CHO-K1 cells were suspension adapted as mentioned (Section 2.7). The adaptation did not
include complete serum-free transformation. Following adaptation, CHO-K1 S (suspension
adapted) cells were infected with in-house produced lentiviral particles (Figure 9b) at MOI –
0.2  as  mentioned  (Section  2.10).  Lentiviral  particles  had  mCherry  fluorescent  protein
expressed  under  native  Ef1α  promoter.  FACS analysis  of  infected  CHO-K1 S  cells  was
performed over 4 weeks as shown (Figure 9a). There is a small peak representing ~15% of
infected CHO-K1 S cells  showing stable mCherry expression levels of >103  fluorescence
units. The fluorescence levels has remained stable over 4 weeks of culture before sorting.
Majority of the cells (~85%) remain non-infected as represented by a large peak (Figure 9a)
and predicted  using Poisson distribution  at  MOI -  0.2.  CHO-K1 S cells  were  sorted  for
mCherry expression with gating of >103 fluorescence units and the histogram post-sorting
displays majority of recovered cells having mCherry fluorescence (Figure 9a). Post-sorting,
the cells were recovered in adherent mode since it was observed that cells were unable to
survive in suspension mode for unknown reason. 

Figure  9 – a) Histogram of CHO-K1 S cells infected with lentivirus showing mCherry fluorescence over 4
weeks of culture. Week 1 (red), week 2 (blue), week 3 (orange), week 4 (light green) are plots prior to sorting.
The mCherry expression levels are in a stable range over 4 weeks of culture. There is a sharp peak representing
a large number of cells are showing no fluorescence. There is a small peak of mCherry positive cells with range
103-104 fluorescence units. Post-sorting histogram (dark-green), the non-fluorescent cells are removed and the
peak shifts towards number of cells showing stable mCherry fluorescence in range 103-104 fluorescence units.
20000 events recorded each time. b) In-house engineered lentivirus vector having mCherry fluorescent protein
under native Ef1α promoter. mCherry protein is flanked by recombination sites – attP and attPi for cassette
exchange. 

3.2 Cassette exchange at integration site
The infected,  pre-sorted  CHO-K1 S cells  were  used for  testing  the  cassette  exchange at
integration  site.  In  this  experiment,  the  cells  were  transfected  with  promoter-less-attB-
mCerulean-attBi (pJD20) and Bxb1 recombinase (pEL215) in 1:1 ratio (Section 2.11). The
transfected cells were analysed by FACS over a period of 15 days as shown (Figure 10). To
establish that the cassette exchange worked, cells should switch from mCherry to mCerulean
expression (Figure 7). At 72 hours, there was no clear indication whether cassette exchange
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worked since there could be leaky expression of mCerulean from the transfected plasmid. It
is expected that mCherry fluorescence will remain even after the cassette exchange due to the
half-life  of  the  fluorescent  protein.  However,  if  the  cassette  exchange  works,  the  stable
population of cells should migrate from bottom-right to top-left of the FACS plot. As can be
seen in Figure 10 (c, d, e, and f), there is a clear migration of a small population of cells
analysed  from 72 hours  to  288 hours.  But  it  can  be seen  that  the  efficiency of  cassette
exchange is low. Additionally, there is a small population of double positive cells (Figure10
d, e, f) explaining the fact that some of the cells have multiple viral integrations. A PCR assay
was performed in search of modified recombination sites (attL and attR) using template as
genomic DNA isolated from cells at 17 days post transfection. pKH024 plasmid served as a
positive control. As it is 

Figure 10 – FACS plots of transfection experiment to determine the cassette exchange. 106 events were recorded
each time. a) Un-transfected CHO-K1 S cells analysed at 72 hours, b) Infected CHO-K1 S cells showing stable
mCherry expression analysed at 72 hours. FACS plots of infected CHO-K1 S cells transfected with pJD20 and
pEL215 at c) 72 hours, d) 144 hours, and e) 216 hours, f) 288 hours. The green rectangle in d, e and f shows
migration of a small population of mCerulean positive cells eventually losing mCherry fluorescence. The red
rectangle in e and f shows the double positive cells representing cells with multiple viral integrations.

understood that after cassette exchange, mCerulean sequence will replace mCherry sequence
which is driven by native Ef1α at the viral integration site. So, PCR primers were designed
the  following  way  -  forward  primer  having  binding  sequence  to  native  Ef1α  promoter
sequence,  and  reverse  primer  having  binding  sequence  to  mCerulean  sequence.  An
amplification can only be observed if  mCerulean replaces  mCherry in correct orientation

Page | 27 

72 hours 144 hours 216 hours 288 hours 72 hours 144 hours 216 hours 288 hours 72 hours



Uppsala University Jiten Doshi

(Figure 7). For positive control, pKH024 plasmid had been amplified with same primers. The
expected band size in both cases Figure 11(b) and 11(c) was ~1.3kb. As can be seen in Figure
11 (b, c), the amplification obtained is of the correct size. The bands were gel-purified and
sent for sequencing but it was not possible to determine the modified recombination sites,
attL/attR. Another PCR was performed to check for mCerulean sequence within the genomic
DNA sample.  This  would  confirm  the  presence  of  mCerulean  sequence  irrespective  of
orientation.  Figure 11 (d,  e)  confirms the presence  of  mCerulean  sequence.  The positive
control confirms the observed band in Figure 11d is of correct size i.e., 240bp. 

Figure  11 – PCR assay to verify cassette exchange. Lane – a) 1 kb ladder, b) Genomic DNA amplified with
PR2896 and PR3181, c) pKH024 plasmid amplified with PR2896 and PR3181, d) Genomic DNA amplified
with  PR3182  and  PR3183,  e)  pKH024  amplified  with  PR3182  and  PR3183.  The  identical  bands  seen  in
genomic DNA sample and the pKH024 plasmid confirms the presence of mCerulean sequence.

3.3 Lentivirus infection and integration site analysis
This  study  was  intended  to  establish  a  protocol  for  lentivirus  mediated  infection  and
integration site analysis. In this study, CHO-K1 cells were infected with pre-made lentiviral
constructs – L1 and L3 as shown in Figure 12 at MOI of 0.2 and 1 (Section 2.12). Since the
lentiviral constructs possess fluorescent genes mCitrine (L1) and mCerulean (L3) driven by
native Ef1α promoter, it was possible to sort the cells based on fluorescence intensities. The
workflow is as described previously (Figure 2). After infection, the cells were cultured for 2
weeks and then sorted for mCitrine and mCerulean positive cells in respective samples. The
cells were maintained in culture for another 6.5 weeks. Thereafter, cells were sorted in two
different  populations  based  on  fluorescence  intensities.  These  cells  were  then  recovered,
expanded,  and  genomic  DNA extracted  for  integration  site  analysis.  As  the  expression
strength and stability depends on the location of the integration site in the genome, the cells
obtained from first round of sorting were cultured for another 6.5 weeks. The same process of
sorting  was  repeated  in  order  to  obtain  two  different  populations  based  on  fluorescence
intensities.  To proceed  with  integration  site  analysis,  biotinylated  primers  were  designed
specific to LTR sequence of lentivirus. The mechanism of lentiviral integration shows that
there is dinucleotide deletion of viral sequence at 3’end in the LTR and there is addition of 4-
6bp  repeats  at  the  integration  sites  (Kvaratskhelia  et  al.,  2014).  In  order  to  check  for
preserved  LTR sequence,  PCR amplification  was  performed  and  verified  by  sequencing
(Appendix,  Figure 5). Linear amplification conditions were tested and visualised in high-
resolution agarose gels as shown (Appendix, Figure 4). The visualization of product at this
stage was not possible. Thereafter, the protocol was followed as described (Paruzynski et al.,
2010). The first exponential PCR was performed and loaded on 2% agarose gel (Figure 13).
There was a faint band visible below 100bp size. This band was gel extracted and cloned. The
resulting sequence showed that ssLinker got ligated to the biotinylated linear PCR primer and
thus  the amplified product  was a  primer-dimer. Since the amount  of product  expected is
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unknown,  the  PCR  product  was  subjected  to  HPLC  (high  performance  liquid
chromatography) for high sensitivity analysis (Figure 14A). Negative control for the PCR
containing no template was also analysed using HPLC (Figure 14C). The primers showed a
peak at ~40bp (Figure 14C). The HPLC analysis of PCR product displayed a sharp peak
observed at 79bp confirming the primer-dimer obtained from the process of cloning (Figure
14A). This showed that there was carry-over of linear PCR primer in the following steps and
the purification following linear PCR was not effective. As can be seen in Figure 13A, there
were several minor peaks in range of 100bp-600bp. To analyse carefully, the PCR product
was purified with intention to remove sequences less than 100bp. The purified PCR product
was subjected to HPLC analysis. As can be seen in Figure 13B, the sharp peak which was
observed earlier at ~79bp diminished. The profile also showed that there were several minor
peaks within range of 100-600bp. The minor peak observed at ~630bp previously (Figure
14A) was now prominent. The analysis showed smear within range of 100-200bp. It is not
exactly clear whether these peaks have any relevant amplification of unknown genomic DNA
sequence. Second exponential PCR step was performed and the product was analysed using
HPLC as well as on agarose gel (data not shown). The smear was observed as described
(Paruzynski et al., 2010). This smear was gel extracted, TA cloned and sequences analysed.
The  analysis  showed  no  relevant  genomic  sequence  amplification  as  well  as  no  viral
sequence was found. Thus, adaptation of the protocol is required with changes in linear PCR
conditions, ssLinker ligation conditions to obtain the desired results. 

Figure 12 - Pre-made lentiviral constructs L1 and L3 used for infecting CHO-K1 cells. 

Figure  13 - 2% Agarose gel load of first exponential PCR product. There is a faint band visible right below
100bp marker which was found to be primer-dimer. Lane 1 – 1kb ladder, 2 – 100bp ladder, 3 – first exponential
PCR product.
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Figure  14 – HPLC analysis of PCR product. A) First exponential PCR product loaded on HPLC. The profile
shows that there is a sharp peak at 79bp (highlighted by blue circle) followed by minor peaks in the range of
200bp – 600bp (highlighted by orange ellipse). B) Analysis of first exponential PCR product after purification
wherein sequences less than 100bp were removed. The analysis shows the sharp peak at 79 bp seen before
reduced to a minor peak. There were several minor peaks visible in the range of 100-600bp (highlighted by
orange ellipse).  There was  a sharp  peak  observed  at  637bp (highlighted  by blue circle).  The analysis  also
showed smear within the range of 100-200bp. C) PCR control containing no template was loaded for analysis.
The negative control sample showed peak for primers at 41bp.

3.4 Synthetic promoters for expression
In order to design synthetic promoters that are shorter in length and possess comparable or
higher  expression  levels  to  native Ef1α promoter, CHO cell  transcription machinery was
utilized as described (Brown et al., 2014). Four TFBS were chosen – NFκB, Sp1, Ap1 and E-
box. These TFBS were randomly arranged in six copies each around the core Ef1α promoter
sequence. The core promoter contained the following elements – TATA box, Initiator element,
Downstream Process element. In addition, splice donor and acceptor sites were included at
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respective locations. With this rational, five sequences were synthesized and tested (sequence
no. 173, 174, 175, 176, and 177). Two additional sequences –  i) a core promoter sequence
without  splice sites (sequence no.  165),  and  ii)  concatenated TFBS found in native Ef1α
promoter without spacers (sequence no. 166) were also tested. To determine the strength of
the synthetic promoters designed, mCitrine fluorescent protein was kept under the control of
these  synthetic  promoter  sequences.  The  expression  levels  were  compared  to  mCitrine
expression under the control of native Ef1α promoter (Figure 15). It can be seen that #165
and  #166  had  negligible  expression  levels  compared  to  native  Ef1α  promoter.  This
emphasizes on the significance and use of regulatory transcription factors in the eukaryotic
context  for  attaining higher  expression levels.  Also,  this  shows that  the  spacing between
TFBs  plays  an  important  role  in  modulating  expression.  Since  transcription  factors  are
proteins of significant size, it is probable that keeping binding sites of different transcription
factors adjacent to each other would result in steric hindrance. Among the other sequences,
#177 has shown the highest expression levels. It has around 0.8 fold activity compared to
native Ef1α. It is worth noting that while designing promoter sequences in an automated
fashion,  the  consensus  splice  donor  site  as  found  in  native  Ef1α  was  modified  in  the
sequences #173, #174, #175, and #176. The difference between #175 and #177 is the splice
donor  site  sequence,  restored  as  found  in  native  Ef1α  for  #177.  The  expression  levels
obtained from #175 was around 0.6 fold compared to native Ef1α promoter. 
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Figure  15 – Synthetic promoters (#173, #174, #175, #176, #177) were designed by randomly arranging six
copies of each NFκB, Ap1, Sp1 and E-box TFBS around the core Ef1α promoter. Synthetic sequence (#165)
representing core promoter and sequence (#166) representing concatenation of TFBS present in native Ef1α
promoter were tested. Each bar represents the mean of two transfections. Transfection experiment and FACS
plots are shown (Appendix, Figure 6)
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4.0 Discussion
Various  expression  systems  are  employed  for  production  of  recombinant  proteins.  The
difficulty  in  obtaining  the  recombinant  proteins  in  an  active  form with  correct  PTMs in
prokaryotic and yeast systems has led to focus on using mammalian cells. CHO cells are the
expression system of choice because of its ability to provide PTMs compatible to humans,
high specific productivity, history of regulatory approvals and better safety profile. In this
report, an attempt to engineer CHO cell genome has been made with aim of developing an
alternative  roadmap  to  the  mammalian  cell  line  development  for  recombinant  protein
manufacturing. The state of the art technology that is currently in use produces clones that are
randomly  integrated,  heterogeneous  in  expression,  and  often  succumb  to  silencing.  In
addition,  it  takes  around  6-12  months  of  time  to  develop  clones  that  are  suitable  for
recombinant  protein  production.  This  report  describes  lentivirus  based  genome  wide
screening  in  CHO  cells  for  search  of  stable  and  high  expressing  integration  sites.  This
approach allows to obtain stable and homogenous clones for recombinant protein production.
Additionally, a landing pad has been constructed for targeted gene delivery at the lentiviral
integration sites.

The  approach  to  establish  the  protocol  for  lentivirus  mediated  infection  and  search  for
integration sites was performed but did not yield the desired results.  There were difficulties
in obtaining the PCR product which was meant for high-throughput sequencing. The limiting
step of the integration site analysis procedure was ligation of ssLinker cassette to the ssDNA
amplicons generated from linear PCR (Paruzynski et  al.,  2010).  There are  three kinds of
templates that could be obtained for ssLinker ligation which are –  i) ssDNA amplicons of
biotinylated  linear  PCR  primer  sequence  +  partial  LTR  sequence  +  unknown  genomic
sequence,  ii) ssDNA amplicons of biotinylated linear PCR primer sequence + partial LTR
sequence + lentiviral vector sequence (as LTR sequences are identical on both ends of the
provirus),  and  iii)  unused  biotinylated  linear  PCR  primer.  As  seen  in  Figure  14A,  the
prominent  product  showing a  peak at  79bp is  due  to  template  (iii),  a  primer-dimer. The
biotinylated linear PCR primer gets ligated to ssLinker yielding a size of ~80 bp. This points
out that excess primer concentration was used in linear PCR step. It can also be probable that
ssLinker  ligation  favors  smaller  template  sequences.  The  profile  obtained  after  first
exponential PCR suggested a probable presence of some amplification as there were small
peaks  in  range  of  200-600  bp  (Figure  14A,  14B).  When  second  exponential  PCR  was
performed on this product and analysed, the expectation was to obtain a small amount of viral
LTR sequence  followed by genomic  sequence  and linker  sequence.  However, the  results
revealed  that  there  was  no  genomic  or  viral  sequence.  Therefore,  the  protocol  needs
adaptation by testing different linear PCR and ligation conditions. Also, there is a need to
confirm the  presence  of  desired  product  at  each  step  of  the  protocol.  The  nrLAM-PCR
protocol used in the report (Paruzynski et al., 2010) did not mention any quality control steps
until the second exponential PCR step. So, the protocol needs to be adapted using various
conditions  and further  experiments  need to  be  performed.  The significance  for  search of
integration sites can be explained by identification of certain locus – ROSA 26 (Friedrich and
Soriano, 1991), AAVS1 (Kotin et al., 1991) which provide stability and ubiquitous expression
(Smith  et  al.,  2008).  In  contrast  to  transient  transfection  where  the  expression  of  the
recombinant  protein occurred  for  2  to  6 days  (Subramanian and Srienc,  1996),  lentiviral
mediated infection allowed stable expression of the fluorescent protein for at least 6 weeks.
No antibiotic selection was performed in the experiment in order to avoid heterogeneity and
instability in expression levels (Kaufman et al., 2008). Gene silencing is also observed after
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cells are treated with antibiotic selection (Kaufman et al., 2008). The idea of sorting cells in
two different populations at different time points was to allow comparison of frequency of
integration sites shedding light on the strength and stability of the sites. It can be possible that
some sites lose expression over time which can be figured out by this comparison while some
sites will remain persistent in frequency of occurrence. In addition, it  could be worthy to
compare integration profiles obtained from lentivirus infection on CHO-K1 adherent cells
and suspension adapted CHO-K1 S cells. The discovered integration sites can be used for
targeted gene delivery using Zinc finger nucleases (ZFN), Clustered regularly interspaced
short  palindromic  repeats  (CRISPR)  or  Transcription  activator  like  effector  nucleases
(TALEN) tools (Silva et al., 2011). 

Targeted gene delivery at lentiviral integration sites was tested using SSR technology. Bxb1
serine recombinase, is a uni-directional enzyme found to be efficient and precise (Xu et al.,
2013). Bxb1 offer uni-directionality and prevent integration with pseudo sites (Russell et al.,
2006). The cassette exchange experiment used ratio of 1:1 for plasmids pEL215:pJD20 as
this  was  found  to  be  more  efficient  (Duportet  et  al.,  2014).  However,  in  this  study the
efficiency of  cassette  exchange  was  low and  therefore  needs  improvement.  The  cassette
exchange  reaction  was  also  performed  on  sorted  cells  for  two  reasons  –  i)  confirm the
cassette  exchange  since  the  experiment  performed  on  pre-sorted  cells  it  is  likely  that
mCerulean  positive  cells  could  be  originating  from non-fluorescent  population  i.e.,  non-
infected cells that do not express mCherry, and ii) check/enhance the efficiency of exchange
(Appendix, Figure 2). But the efficiency of cassette exchange remained low. Bxb1 insertion
efficiency is ~10% as currently published literature has suggested (Duportet et al.,  2014).
Integration avoids inclusion of prokaryotic parts present in the plasmid and thus provides
clean replacement as compared to insertion. Further experiments are required to test different
conditions  like transfection reagents,  amount  of  Bxb1 plasmid,  amount  of  donor plasmid
(here it is attB-mCerulean-attBi plasmid; pJD20) in order to improve efficiency. Integration
efficiency of ~0.7% was achieved by testing different amounts of plasmids (Appendix, Figure
3).

The reports also suggests a design of combining four transcription factors in tandem around
the core promoter element of native Ef1α. Elongation factor 1 alpha is the highly expressed
gene  in  most  tissue  types  (Deer  and  Allison,  2004).  Ef1α  promoter  has  shown  higher
expression strength in comparison to other promoters (Qin et al., 2010). Being of mammalian
origin, Ef1α promoter is not prone to silencing as is the case of viral promoters (Teschendorf
et al., 2002). The purpose of building a library of synthetic promoters was to utilize them for
obtaining varied expression levels when integrating mulit-gene cassettes. Since the landing
pad can also allow integration of gene cassettes, it can be possible to include a collection of
genes  required for  recombinant  protein production.  The rational  is  based on utilizing the
CHO transcription machinery as  described (Brown et  al.,  2014).  The design  outlines  the
importance of transcription factors as specific transcription regulators in eukaryotic system
by showing the difference in expression strength of core promoter element and promoters
with specific transcription factors. The experiment also points out the importance of spacing
between TFBS by showing difference in expression strength of un-spaced and spaced TFBS.
Inclusion of intron in front of the coding region is explained by the fact that splicing will
allow efficient cytoplasmic transport and translation of mRNA (Le Hir et al., 2003). Intron is
also present in the native Ef1α promoter sequence. Since the design relied on randomness to a
certain extent, it cannot be predicted certainly as for the reasons for varied expression levels
obtained among the synthetic promoters tested.
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In summary, this  report  describes an alternative strategy for development of recombinant
clones for bio-manufacturing.  Lentivirus mediated integration of landing pad and targeted
gene delivery using landing pad has been shown. The protocol for search of integration sites
needs  to  be  adapted  to  obtain  the  desired  results.  A semi-rational  design  of  constructing
synthetic promoters has been shown. This lays the foundation to build a library of synthetic
promoter sequences with utilization of same or different transcription factors based on CHO
transcription machinery.
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Appendix
1. Table 1 – Plasmid list with maps

Plasmid Description Construction procedure
pJD01 gBlock #165-mCitrine gBlock 165 amplified with PR2432 and PR2433. 

147bp band was cut from the gel, purified and digested
with MluI and EcoRI. pRA16 was digested with 
EcoRI and MluI. 4262 bp band was cut from the gel 
and purified. Ligation of 147bp with 4262bp was 
performed 

pJD02 gBlock #166-mCitrine gBlock 166 amplified with PR2434 and PR2435. 
273bp band was cut from the gel, purified and digested
with MluI and EcoRI. pRA16 was digested with 
EcoRI and MluI. 4262 bp band was cut from the gel 
and purified. Ligation of 273bp with 4262bp was 
performed

pJD09 gBlock #173-mCitrine gBlock 173 amplified with PR2751 and PR2752. 
792bp band was cut from the gel, purified and digested
with MluI and EcoRI. pRA16 was digested with 
EcoRI and MluI. 4262 bp band was cut from the gel 
and purified. Ligation of 792bp with 4262bp was 
performed

pJD10 gBlock #174-mCitrine gBlock 174 amplified with PR2485 and PR2486. 
822bp band was cut from the gel, purified and digested
with MluI and EcoRI. pRA16 was digested with 
EcoRI and MluI. 4262 bp band was cut from the gel 
and purified. Ligation of 822bp with 4262bp was 
performed

pJD11 gBlock #175-mCitrine gBlock 175 amplified with PR2754 and PR2755. 
696bp band was cut from the gel, purified and digested
with MluI and EcoRI. pRA16 was digested with 
EcoRI and MluI. 4262 bp band was cut from the gel 
and purified. Ligation of 696bp with 4262bp was 
performed

pJD12 gBlock #176-mCitrine gBlock 176 amplified with PR2489 and PR2490. 
696bp band was cut from the gel, purified and digested
with MluI and EcoRI. pRA16 was digested with 
EcoRI and MluI. 4262 bp band was cut from the gel 
and purified. Ligation of 696bp with 4262bp was 
performed

pJD13 5’LTR-UbC-GFP-WPRE-3’LTR plasmid from addgene #14883, deposited by David 
Baltimore, described in Lois et al.

pJD14 HIV1- GAG/POL plasmid from addgene #12251, deposited by Didier 
Trono, described in Dull et al. 

pJD15 VSV-G plasmid from addgene #12259, deposited by Didier 
Trono, described in Dull et al. 

pJD16 Rev plasmid from addgene #12259, deposited by Didier 
Trono, described in Dull et al. 

pJD17 5’LTR-Ef1α-attP-mCherry-attPi-
WPRE-3’LTR

described in section 2.8

pJD19 gBlock #177-mCitrine gBlock 177 amplified with PR2754 and PR2755. 
696bp band was cut from the gel, purified and digested
with MluI and EcoRI. pRA16 was digested with 
EcoRI and MluI. 4262 bp band was cut from the gel 
and purified. Ligation of 696bp with 4262bp was 
performed
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pJD20 Promoterless mCerulean PCR amplification of pKH025 with PR2973 and 
PR2974. 899bp band was cut from the gel, purified 
and cut with MluI and XmaI. pRA16 was digested 
with MluI and XmaI. 2876bp band was cut from the 
gel and purified. Ligation of 899bp with 2876bp was 
performed

pKH024 Ef1α-mCherry described in Prochazka et al.
pRA016 Ef1α-Citrine described in Prochazka et al.
pEL0215 pCAG-NLS-HA-Bxb1 plasmid from addgene #51271, deposited by Pawel 

Pelczar, described in Hermann et al.
pKH025 Ef1α-mCerulean described in Prochazka et al.
pKH026 Ef1α-mCherry described in Prochazka et al.
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Figure 1 – pJD13 and pJD17 plasmid maps showing lentivirus transfer plasmid sequences. pJD17 is derived
from plasmid pJD13 wherein UbC-GFP sequence is replaced with Ef1α-attP-mCherry-attPi. pJD20 plasmid map
showing attB-mCerulean-attBi sequence. mCerulean sequence is not driven by any promoter.

2. Table 2 – List of primers 

Primer Sequence

PR2432 AGCTCGACGCGTTGTACTGGCTCCGCCTTTTT

PR2433 TTGAGAATTCGGAACCACACACCGTCCTTA

PR2434 AGTTGCACGCGTTGAGTCAGCAATCGCGGG

PR2435 TCGAAGAATTCAAAACTTTGAACCAGATCCAAACTC

PR2485 CCACTGACGCGTATCGTAGGGACTGGGGACTT

PR2486 GATGTAGAATTCCTTCATATAACCAGGACCCTGC

PR2489 CTAGACACGCGTTCGGTCCTAATAGTAGGCGG

PR2490 CTGTACGAATTCCATGTCTTTCACGACACCTG

PR2751 GATTCGACGCGTACCGGGTTTTAAAGCA

PR2752 AGACAAGAATTCCAGAGCGCAAACGAC

PR2754 CAGACTACGCGTATGACGCAACTGGGACTTTCCTTC

PR2755 AGACTTGAATTCCCAGTTAGATACGACACCTGAAATGGAAG

PR2818 GGACAGCAGAGATCCAGTTTGGTTAATTAAGCTCCGGTGCCCG

PR2819
TATCCTGCAGGCGCGACTTAGGGTTTGTACCGTACACCACTGAGACCGCGGTGG
TTGACCAGACAAACCACGCTAGCGAACGTTTTTGAAC

PR2820 TAAGTCGCGCCTGCAGGATAGCCACCATGGTGAGCAAG

PR2821
TTGATTATCGATAAGCTTGATATCGTTCGAAGTGGTTTGTCTGGTCAACCACCGC
GGTCTCAGTGGTGTACGGTACAAACCCGTTAACAGCCTGCACCTGAGGAGT

PR2896 AACGGGTTTGCCGCCAG
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PR2973
ATGCTACGCGTGATCGGCCGGCTTGTCGACGACGGCGGTCTCCGTCGTCAGGAT
CATCCGGGCTCGCCACCATGGTGAG

PR2974
GTTCATCCCGGGTATCGGCCGGCTTGTCGACGACGGCGGTCTCCGTCGTCAGGA
TCATCCGGGCCACCTTCTGATAGGCAGCCT

PR3006 5'Biotin-CAAGGCAAGCTTTATTGAGGC

PR3007 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGGGTTCCCTAGTTAGCCA

PR3008 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGgatctgaattcagtggcacag

PR3090 GGTTAGACCAGATCTGAGCC

PR3091 TGCTAGAGATTTTCCACACT

PR3181 CCAGGTCAGGGTGGTCACGA

PR3182 GTGGTGCCCATCCTGGTCGA

PR3183 CTTCGGGCATGGCGGACTTGA

3. Table 3 - List of gBlocks 

gBlock # Sequence

165 TGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGGGGCGGGTATATAAGTGCAGTAGTCG
CCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGGACGGTGTGT
GGTTCC

166 TGAGTCAGCAATCGCGGGGTAAACTGGGAAATACTGGCTCCGCCTTTTTCGGGCGGGTA
TATAAGTTCTTTTTTTGCCGCCAGAACAGGACGCACGTGATTCTGAGTCACGGGCGGCG
AGAGGCGGGCGCCCCGCCCTGGGCGGCAAGGAAAGATGGCCGCTTCCCGGGCGGGTGA
GTCATTCATGTGACTCCACGGGGAGTTTCCCCTGGAATTTGCCCTTTTTGAGTTTGGATCT
GGTTCAAAGTTTT

173 ACCGGGTTTTAAAGCACGTGATCGGCCGCGTGCACTAGTCATCCGCCTAAATTTTGGGAC
TTTCCAGACTTGACTGTAGCTAAGACTGACATCGAGATTTCGCAGTAGGCGGATTCGTAT
ACTCCACTGACATCTTGGTAGCTTGGGACTTTCCCGACGACTTGGCACGTGATCGATACG
CGGCAGTAGGCGGATTTGCTTTCAATAGTAGGCGGATTGACTGTGGTTGCACGTGATCGC
GACGAAGTACTGACATCTGTATCCCTGAAAGGTACAAGGGACTTTCCGTTGATGTACTGG
CTCCGCCTTTTTCCCGAGGGTGGGGGGGGCGGGTATATAAGTGCAGTAGTCGCCGTGAA
CGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGGACGGTGTGTGGTTCCC
GCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTATGGTGCACGTGA
TCTGTGTATGGCAGTAGGCGGATTTGGTCAACACGGGACTTTCCCATAGCAAAAGCACG
TGATCGGGACGAGAGGCACGTGATCAGCAAAGAGTAGTAGGCGGATTAACTTAATCTGG
GACTTTCCAGTGTAGAGCACTGACATCACGCCCTTACACTGACATCCCCCCGTGTCAGTA
GGCGGATTGGCCCGTAGTGGGACTTTCCTCTCAAGGGGACTGACATCCCATCCAAGCCT
CAGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAGGTGTCGTTTGCGCTCTG

174 ATCGTAGGGACTGGGGACTTTCCAGCCGGTACGACTGACATCTCTGTCGGATACTGACAT
CTCTCCCACGTAGTAGGCGGATTGCAAGTGACTGTAGTCAACACTGACATCCTCGGACAT
AGCACGTGATCCCAGTACAGCGGGACTTTCCTAAAGCGTGCACTAGACGCAGCACGTGA
TCAGTCCCCCTGAAAGGTTTAGAGTAGGCGGATTTCGCTGCGACAGTAGGCGGATTACG
TTTCATCCGCCTAACGAAAGCACGTGATCAATGGCCCATGGGACTTTCCGTTAGTGTACT
GGCTCCGCCTTTTTCCCGAGGGTGGGGGGGGCGGGTATATAAGTGCAGTAGTCGCCGTG
AACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGGACGGTGTGTGGTTC
CCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTATTTGGCACGT
GATCGTTAAAGACGGCACGTGATCGTATTATTAGGGGACTTTCCAATATACGTTGCACGTG
ATCAGCGCTCTGAACTGACATCAAGTCGGTCTGGGACTTTCCGGTTAAGAAAACTGACA
TCCAAAGGTTCGGGGACTTTCCGGACATATTCAGTAGGCGGATTTTAAGTGTAAACTGAC
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ATCTCCCTGAGAAAGTAGGCGGATTAGTGCGGCGGAGTAGGCGGATTAATGTCAAGCCT
CAGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAGGTGTCGTCTCGGGTGGGACGATGC
GGCAGGGTCCTGGTTATATGAAG

175 ATGACGCAACTGGGACTTTCCTTCGTAGCACGTGATCGCGAGCGGGACTTTCCTACCTTG
GGACTTTCCATTGCCAGTAGGCGGATTCCATCATCCGCCTAATGAACTGACATCCTTCGT
GCACTAGGATAGTAGGCGGATTCCAGTGACTGACATCGAGCCCTGAAAGGCATAGTAGG
CGGATTTTCGTGGCACGTGATCATATGACTGTAGCGTGCACGTGATCCTGATCACTGACA
TCAAGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGGGGCGGGTATATAAGTGCAGT
AGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGGACGG
TGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTA
ACGCACGTGATCCGTAAAGCACGTGATCCTGTTGGGGACTTTCCAGAGTAGGGACTTTC
CCCGTATAGTAGGCGGATTAGCAGAAGTAGGCGGATTTCATGGACTGACATCTTTATCAG
TAGGCGGATTTGTGCCACTGACATCCCCCGTACTGACATCTTGTTGGGGACTTTCCCTAG
TCGCACGTGATCTAGCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAGGT
GTCGTATCTAACTGG

176 TCGGTCCTAATAGTAGGCGGATTTTGCGAACTGACATCCAGCGTGCACTAGTTGGCACGT
GATCTCAGAAAGTAGGCGGATTCCACGCACTGACATCGGCGTAGGGACTTTCCCAGCAA
AGTAGGCGGATTTCTCGAGGGACTTTCCGCTCCCTGAAAGGAAAACTGACATCAGTCGG
GGGACTTTCCATCGCAGCACGTGATCTGCTGACTGTAGTCATCCGCCTAAAATGCACGTG
ATCGCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGGGGCGGGTATATAAGTGCAG
TAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGGACG
GTGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATT
GGTAGTAGGCGGATTCCGTAAACTGACATCCAGCATAGTAGGCGGATTTATTGCGGGACT
TTCCCAATAAGGGACTTTCCTTAGAGAGTAGGCGGATTCGACAGGGGACTTTCCTCACA
CGCACGTGATCCGCGACGCACGTGATCTACGACGCACGTGATCTCTCGGACTGACATCC
AACTAACTGACATCCCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAG
GTGTCGTGAAAGACATG

177 ATGACGCAACTGGGACTTTCCTTCGTAGCACGTGATCGCGAGCGGGACTTTCCTACCTTG
GGACTTTCCATTGCCAGTAGGCGGATTCCATCATCCGCCTAATGAACTGACATCCTTCGT
GCACTAGGATAGTAGGCGGATTCCAGTGACTGACATCGAGCCCTGAAAGGCATAGTAGG
CGGATTTTCGTGGCACGTGATCATATGACTGTAGCGTGCACGTGATCCTGATCACTGACA
TCAAGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGT
AGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCG
TGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTA
ACGCACGTGATCCGTAAAGCACGTGATCCTGTTGGGGACTTTCCAGAGTAGGGACTTTC
CCCGTATAGTAGGCGGATTAGCAGAAGTAGGCGGATTTCATGGACTGACATCTTTATCAG
TAGGCGGATTTGTGCCACTGACATCCCCCGTACTGACATCTTGTTGGGGACTTTCCCTAG
TCGCACGTGATCTAGCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAGGT
GTCGTATCTAACTGG

178 
(JD_ssL
1) 5'P-CCTAACTGCTGTGCCACTGAATTCAGATCTCCCGGGTCddC

4. Cassette exchange reaction on sorted CHO-K1 S cells

Post-sorting, cells were recovered in adherent mode. The cells were then transfected in 24-
well  format to check for cassette exchange. FACS analysis  was performed 96 hours post
transfection.  Microscope  picture  of  well  transfected  with  Bxb1  recombinase  and  attB-
mCerulean-attBi plasmids was taken at 144 hours post transfection to look for mCerulean
positive cells.

Table 4 – Transfection experiment to test the cassette exchange

Sample Plasmid transfected Plasmid amount (ng)
A No plasmid -
B pJD20;attB-mCerulean-attBi 150
C pKH024; Ef1α-mCerulean 150
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D pEL215; CAG-Bxb1 150
E pEL215; Cag-xb1 +

pJD20; attB-mCerulean-attBi
150+150

Figure 2 – Transfection of  post-sorted CHO-K1 S infected cells.  FACS analysis  performed 96 hours  post-
transfection. FACS plots showing negative control wherein no plasmid has been transfected (A),  pJD20 plasmid
only (B), pKH024 plasmid serving as positive control(C), pEL0215 plasmid only (D), pEL215 + pJD20(E). The
highlighted square in E show the occurrence of small number of positive cells. pJD20 – attB-mCerulean-attBi,
pKH024 - Ef1α-mCerulean, pEL215 – Bxb1 recombinase. F – Microscope picture of well showing mCerulean
fluorescence  in  the  transfected  sample  –  Bxb1  recombinase  +  attB-mCerulean-attBi  at  144  hours  post-
transfection. The transfection details are mentioned above in Table 4.

Figure 3 – FACS analysis post 144 hours of sorted CHO-K1 S cells that were infected with lentivirus containing
mCherry fluorescent protein and then transfected with a) no plasmid, b) donor plasmid (pJD20) only, and c) 
Bxb1 recombinase (pEL215) and donor plasmid (pJD20) with ratio 1:3.  There is a clear shift of a population of 
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cells losing mCherry expression and gaining mCerulean expression as marked in square (orange) confirming the
cassette exchange. The same kind of population is not observed in (b) 

5. Linear PCR amplification of genomic DNA template to test various conditions

Linear  PCR was performed using  primer  PR3006 with  testing  following conditions.  Taq
polymerase was used for PCR. 4% high resolution metaphor gel was used for analysis as
shown in Figure 2. 

Tube
Annealing

temp.
Extension time (s) Primer amount. (pmol)

1

52

5
0.2

2 0.5
3

10
0.2

4 0.5
5

15
0.2

6 0.5
7

56

5
0.2

8 0.5
9

10
0.2

10 0.5
11

15
0.2

12 0.5
13

60

5
0.2

14 0.5
15

10
0.2

16 0.5
17

15
0.2

18 0.5
19

64

5
0.2

20 0.5
21

10
0.2

22 0.5
23

15
0.2

24 0.5
25 52 15 0.5
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Figure 4 – Linear PCR loaded on 4% metaphor high resolution agarose gel. gDNA – genomic DNA

6. LTR sequence verification

PCR was performed using Taq polymerase with primers PR3006 and PR3090 to amplify and
verify the LTR sequence presence at the integration site. The expected band size was ~80bp.
As positive control, pJD17 plasmid was amplified using the same primers. The band was gel-
purified and sequenced to confirm the presence of correct LTR sequence. This allowed to
verify that the linear PCR primer binding site was not modified.

Figure 5 – LTR sequence verification with forward primer (PR3006) and reverse primer (PR3090) by loading on
a 4% high resolution agarose gel. The amplification was carried out at different temperatures. Lane – 1 – 100bp
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ladder, 2 – LTR amplification at 56⁰C, 3 - LTR amplification at 60⁰C, 4 - LTR amplification at 64⁰C, 5 – pJD17
amplified at 60⁰C.

7.0 FACS plots of synthetic promoters

Transfection experiment was setup as mentioned in the table below.

Table 5 – Transfection experiment to check the strength of synthetic promoters.

Sample Plasmid transfected Plasmid amount (ng)
Negative control No plasmid -
Negative control No plasmid -
Positive control pRA16; Ef1α-mCitrine 500
Positive control pRA16; Ef1α-mCitrine 500
Transfection control pKH026; Ef1α-mCherry 500
Transfection control pKH026; Ef1α-mCherry 500
#165 pJD01 + pKH026 450 + 50
#165 pJD01 + pKH026 450 + 50
#166 pJD02 + pKH026 450 + 50
#166 pJD02 + pKH026 450 + 50
#173 pJD09 + pKH026 450 + 50
#173 pJD09 + pKH026 450 + 50
#174 pJD10 + pKH026 450 + 50
#174 pJD10 + pKH026 450 + 50
#175 pJD11 + pKH026 450 + 50
#175 pJD11 + pKH026 450 + 50
#176 pJD12 + pKH026 450 + 50
#176 pJD12 + pKH026 450 + 50
#177 pJD19 + pKH026 450 + 50
#177 pJD19 + pKH026 450 + 50
Native Ef1α pRA16 + pKH026 450 + 50
Native Ef1α pRA16 + pKH026 450 + 50
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Figure  6  –  FACS  plot  of  transfection  experiment  for  testing  expression  strength  of  synthetic  promoters.
Annotations  -  Negative  control  –  no  plasmid  transfected;  Positive  control  –  pRA16  (Ef1α-mCitrine);
Transfection control – pKH026 (Ef1α-mCherry); gBlock #165 – pJD01; gBlock #166 – pJD02, gBlock #173 –
pJD09, gBlock #174 – pJD10 , gBlock #175 – pJD11, gBlock #176 – pJD12, gBlock #177 – pJD19. 
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