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Abstract. CHO cells are most commonly used for the synthesis of recombinant proteins in biopharmaceutical pro-
duction. When stable producer cell lines are obtained, the locus of transgene integration into the genome has a
great influence on the level of its expression. Therefore, the identification of genomic loci ensuring a high level of
protein production is very important. Here, we used the TRIP assay to study the influence of the local chromatin en-
vironment on the activity of transgenes in CHO cells. For this purpose, reporter constructs encoding eGFP under the
control of four promoters were stably integrated into the genome of CHO cells using the piggyBac transposon. Each
individual transgene contained a unique tag, a DNA barcode, and the resulting polyclonal cell population was cul-
tured for almost a month without any selection. Next, using the high-throughput sequencing, genomic localizations
of barcodes, as well as their abundances in the population and transcriptional activities were identified. In total,
~640 transgenes more or less evenly distributed across all chromosomes of CHO cells were characterized. More than
half of the transgenes were completely silent. The most active transgenes were identified to be inserted in gene
promoters and 5’ UTRs. Transgenes carrying Chinese hamster full-length promoter of the EF-Ta gene showed the
highest activity. Transgenes with a truncated version of the same promoter and with the mouse PGK gene promoter
were on average 10 and 19 times less active, respectively. In total, combinations of genomic loci of CHO cells and
transgene promoters that together provide different levels of transcriptional activity of the model reporter con-
struct were described.
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AHHOTauua. KynbTrBrpyemble KNeTKM ANYHMKA KuTalckoro xomadka (CHO) Hambonee yacto mcnonb3yotca and
CUHTE3a PeKOMOMHaHTHbIX 6eNKoB B 6rodapmaLieBTYeckoM Npon3BoacTae. Mpn NoyyeHnn CTabubHbIX KNeTou-
HbIX JIMHW-NPOAYLIEHTOB JIOKYC MHTErpaLmm TpaHCreHa B reHOM OKa3blBaeT 60JIbLIOe BNAHUE HA YPOBEHb €ro 3KC-
npeccun (ABneHne, N3BeCTHoe Kak 3GdeKT nonoxeHus reHa). COOTBETCTBEHHO, MOWCK JIOKYCOB reHoMa, obecneyu-
BalOLLMX BbICOKMI YPOBEHb NPOAYKLMM BENKOB, ABMAETCA aKTyallbHOWN NpaKTNYecKoi 3agayeit. B gaHHoOM paboTe mbl
ncnonb3oBanu metog TRIP gna nccnepoBaHUA BAVAHNA JIOKANIbHOTO OKPYXEHMA XPOMaTUHA Ha aKTUBHOCTb TPaHC-
reHOB, BCTPOEHHbIX B Pa3Hble TOKYCbl reHoMa KynbTuBrpyembix kneTok CHO. C 3Toi Lenbio penopTepHble KOHCTPYK-
uuu, Koaupytowre 6enok eGFP nof KOHTponem YeTbipex pasHbiX MPOMOTOPOB, Obinn CTabUIIbHO BCTPOEHb! B FEHOM
knetok CHO npw nomowm TpaHcno3oHa piggyBac. Mpun 3ToM KaXkabll OTAENbHbIN TPAHCreH CoAep»Kan YHUKaNbHY0
MeTKy — JHK-wrpuxkop. MNonyyeHHaa TpaHCreHHaa NOMKOHaNbHaA NOMYNAALMA KNEeTOK Oblia KynbTMBMPOBaHa B
TeueHne mecaua 6e3 Kakon-nnbo cenekumn. [lanee npy NOMOLUM NPUCYTCTBYIOLNX B KOHCTPYKLMAX LUITPUXKOAOB 1
BbICOKOMPOW3BOANTENBHOrO CEKBEHNPOBAHWA OblIN onpefeneHbl CaiTbl IOKanM3auun TPaHCreHOB B reHoMe, M3-
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AHanM3 akTMBHOCTU TPAHCTEHOB, MHTErPYPOBAHHbIX
B pa3Hble NOKyCbl reHoMa knetok CHO

MepeHa UX NpeAcTaBNeHHOCTb B NOMYNAALMUNY, @ TakxKe TPaHCKPUMLUMOHHAA akTUBHOCTb. Bcero yaanocb NonHOCTbIO
oxapakTepr3oBaTb 0KoJ10 640 TpaHCreHOB, 60/ee-MeHee PaBHOMEPHO pacnpefAeneHHbIX Mo BCeEM XPOMOCOMaM Kiie-
Tok CHO. bonee nNosoBrHbI TPaHCrEHOB OKa3anucb NOIHOCTbIO MoNYaLyMU. Hanbonee akTMBHbIe TPaHCreHbl BbisiB-
NEHbl B OKPECTHOCTAX FEHOMHbIX CATOB MHMLMALMMN TPAHCKPUMLMK — B MPOMOTOPHBIX U 5'-HEKOAMPYOLLNX palioHax
reHoB. Hanbonbluein akTMBHOCTbIO 06M1afany TpaHCreHbl, HecyLuye NosHOpPa3MepHbIi MPOMOTOP reHa EF-1a KuTai-
CKOro XoMAYKa. TpaHCreHbl C YKOPOUYEHHbIM BapMaHTOM 3TOFO e NPOMOTOpPa, @ TakXKe TpaHCreHbl C MPOMOTOPOM
MbILWVHOTO reHa PGK (mPGK) 6bin COOTBETCTBEHHO B cpefHeM B 10 1 19 pa3 MeHee aKTVBHbI. B Lefiom B pesynbTaTe
[aHHOI pPaboTbl BbIABJIEHbI COYETaHNA TOKYCOB reHOMa KynbTuBUpyembix Knetok CHO 1 MpOMOTOPHbIX 311eMeHTOB,
KOTOpble 06eCcneyrBaloT pasHble YPOBHY TPAHCKPUMLNOHHON aKTUBHOCTY MOLENbHOI PENOPTEPHON KOHCTPYKLMM.
Kniouesble cnosa: TRIP; wtpuxkord; 3bdeKT NonoxeHWs reHa; TpaHCreH; XpOMaTUH; TPaHCKpUNLUUA.

Introduction

The TRIP (thousands of reporters integrated in parallel) assay
enables large-scale studies of the influence of the chromatin
position effects on the transgene activity. It is based on DNA
barcodes (hereafter, barcodes) and was originally performed
on the mouse embryonic stem cells using the piggyBac trans-
poson system to deliver reporter transgenes into the genome
(Akhtar et al., 2013). A barcode is a short DNA sequence
(1620 bp) that is unique to each individual transgene in the
study. It should be noticed that the barcode is located within
the transcribed region of the transgenes ensuring its presence
not only in DNA, but also in mRNA molecules. Therefore,
the barcode can be used for quantitative measurements of the
level of transcriptional activity of transgenes.

The piggyBac transposon system has been previously used
to effectively modify various cell lines and organisms (Wilson
et al., 2007) even with large transgenic constructs (Ding et
al., 2005). In addition, the piggyBac transposon is characte-
rized by a relatively uniform distribution of insertions across
chromosomes (Huang et al., 2010). In TRIP experiments, the
system for transgenesis consists of two plasmid constructs:
a construct for the expression of piggyBac transposase, which
catalyzes the insertion of a transgene into a random genome
locus, and the transgene itself — a target construct (consisting
of a promoter, a reporter gene, a barcode, and a polyadeny-
lation signal) located between the inverted terminal repeats of
the piggyBac transposon (Akhtar et al., 2014; Lebedev et al.,
2019). Co-transfection of cells with such plasmid constructs
enables obtaining a polyclonal population of transgenic cells,
in which each individual transgene insertion in the genome is
marked with a unique barcode sequence. After cultivation of
transfected cells, genomic DNA and total RNA are isolated
from them. Using the genomic DNA sample, the genomic
localization of each transgene is identified and the abundance
of each barcode in the cell population is measured. Based
on the total RNA sample, the abundance of each barcode in
the total pool of transcripts synthesized from transgenes is
measured. Finally, the ratio of the abundance of each barcode
in mRNA molecules to its abundance in the cell population
allows quantitative estimation of transcriptional activity of all
transgenes (Akhtar et al., 2014).

In this study, we used the TRIP assay to investigate the
chromatin position effects on the transcriptional activity of
stably integrated transgenes in the Chinese hamster ovary cells
(CHO). The CHO line is the most commonly used cell line
to produce a variety of proteins (Xu et al., 2023). Despite the
availability of other mammalian cells, such as baby hamster
kidney cells, murine myeloma NSO cells, human embryonic
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kidney cells (HEK293), human embryonic retinal PerC6 cells,
more than 70 % of all recombinant therapeutic proteins are
produced in CHO cells (Kim et al., 2012; Ritacco et al., 2018;
Gupta et al., 2021). The popularity of CHO cells is explained
by the following reasons. First, the use of CHO cells for the
production of recombinant proteins is safe, since CHO cells are
insensitive to infection by human viruses (Lalonde, Durocher,
2017). Second, CHO cells have the ability for efficient post-
translational modification and produce recombinant proteins
in human-compatible glycoforms (Stache et al., 2019). Third,
CHO cells have a high growth rate and are relatively easily
adapted to growth in suspension, which is a preferred charac-
teristic for large-scale cultivation in bioreactors (Ritacco et
al., 2018; Dahodwala, Lee, 2019). Currently, bioreactors with
a volume of more than 10 thousand liters are used for suspen-
sion cultures of recombinant CHO cells producing therapeutic
antibodies (Kim et al., 2012).

Localization in the genome has a great influence on the
expression level of the recombinant gene (a phenomenon
known as the chromatin position effect) (Gierman et al., 2007;
Babenko et al., 2010; Ruf et al., 2011; Chen M. et al., 2013;
Elgin, Reuter, 2013). Integration into inactive heterochromatin
results in low or no transgene expression, whereas integration
into active euchromatin often allows moderate to high trans-
gene expression. However, simple integration into euchroma-
tin may not be sufficient to ensure long-term expression of the
recombinant gene. The phenomenon of transgene expression
silencing is well known in mammalian cells, it occurs in part
likely due to the influence of adjacent condensed chromatin.

Thus, integration of transgenes into transcriptionally highly
active regions of the genome is a reasonable strategy to avoid
position effects. This study was aimed at analyzing the tran-
scriptional activity of the piggyBac transgenes integrated into
different loci of the genome of CHO cells in the absence of
selection pressure.

Materials and methods

Generation of the pPB-mPGK-Puro-IRES-eGFP-PI.11-
TR.242 construct. Plasmid pPB-mPGK-Puro-IRES-eGFP-
PI.11-TR.242 was made based on a previously described
“universal” construct (Lebedev et al., 2019). The insertion
was amplified using the primers mPGK-EcoRI-F and eGFP-
Xbal-R (Table 1) and the plasmid pPTK-Gal4-mPGK-Puro-
IRES-eGFP-sNRP-pA as a template (Akhtar et al., 2013).
Fifty pl of the reaction mixture contained 1 ng of plasmid
template, 10 ul of 5x Phusion HF buffer (Thermo Fisher Scien-
tific), 1 pl of each 10 uM primer, 0.2 mM dNTPs, and 2.5 U
of Phusion polymerase (Thermo Fisher Scientific). The PCR
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Table 1. Primers used in the study

Analysis of the activity of transgenes integrated
at different genomic loci of CHO cells

Primer name

Primer sequence (5'—3’)

mPGK-EcoRI-F aaagaattctcgacaattctaccgggtagg
eGFPXbAR aaatctagacectecggattactg
hamPgkiEcRF aaagaattcaggtecctggggateca
hamPgkiBgliR aacagatctcggtaggatcaagaggctcag
CHEF-1vIEORFE aaagaattccacgtigtgeatagaaacagatgc
CHEF-IvIBAR aaatgatcatggttttcacaacaccttaaaaaaaaagticg
CHEF-1v2EoRE aaagaattcaagctictotggatagasaatgattag
CHEF-1N2BAR aastgatcactgegtictgacggcaaac
Plasmid1 cegettaattaatceagettttgttc
oPBeGFPPLGR ctegagtctcgatctctagacc
pPB-eGFPPLIIR crcactagetcgatctctagace
OPBeGPPLIGR cieugtactcgatctctagace
OPBeGFPPI28R crecteggetcgatctctagace

Note. N;g - random 18-nt barcode sequence.

thermal cycle conditions were as follows: 98 °C for 30 sec,
35 cycles of 98 °C for 10 sec, 62 °C for 10 sec, 72 °C for
1 min, and a final incubation for 10 min at 72 °C.

Cloning of constructs with various Chinese hamster
gene promoters. The plasmid pPB-mPGK-Puro-IRES-
eGFP-PI.11-TR.242 was digested with EcoRI, Bglll, and
Agel restriction enzymes. To obtain inserts, the sequences
of the Chinese hamster PGK gene promoter and the long
and short variants of the EF-/a gene promoter were ampli-
fied using the primers hamPgkl-EcoRI-F and hamPgkl-
Bglll-R, CHEF-1-v1-EcoRI-F and CHEF-1-v1-Bcll-R, and
CHEF-1-v2-EcoRI-F and CHEF-1-v2-Bc¢lI-R (see Table 1),
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respectively. Fifty ul of the reaction mixture contained 50 ng
of genomic DNA template isolated from CHO cells, 10 ul
of 5% Phusion HF buffer (Thermo Fisher Scientific), 1 pl of
each 10 uM primer, 0.2 mM dNTPs, and 2.5 U of Phusion
polymerase (Thermo Fisher Scientific). The PCR thermal
cycle conditions were as follows: 98 °C for 30 sec, 35 cycles
of 98 °C for 10 sec, 62 °C for 10 sec, 72 °C for 1 min, and
a final incubation for 10 min at 72 °C.

Generation of barcoded plasmid libraries. Barcoded
plasmid libraries were made according to a previously de-
scribed protocol (Lebedev et al., 2019) using the Gibson clon-
ing method. For this purpose, vectors and inserts containing an
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18-nt DNA barcode and a promoter index were prepared using
PCR. For vector amplification, the primers Plasmid-1 and
pPB-eGFP-PI-6-R/pPB-eGFP-PI-11-R/pPB-eGFP-PI-16-R/
pPB-eGFP-PI-28-R were used (see Table 1) for the constructs
with the Chinese hamster PGK gene promoter/ mPGK gene
promoter/short variant of the EF-/a gene promoter/long
variant of the £F-1a gene promoter, respectively. The primers
PB-Barcode-PI-6-Gibson-F / PB-Barcode-PI-11-Gibson-F /
PB-Barcode-PI-16-Gibson-F/PB-Barcode-PI-28-Gibson-F
and PB-Gibson-R1 (see Table 1) were used to amplify the
barcoded inserts for constructs with the Chinese hamster
PGK gene promoter/the mPGK gene promoter/short variant
of the EF-1a gene promoter/long variant of the EF-/o gene
promoter, respectively. Fifty pl of the reaction mixture con-
tained 1 ng of template, 10 pl of 5x Phusion HF buffer
(Thermo Fisher Scientific), 1 pl of each 10 uM primer, 0.2 mM
dNTPs, and 2.5 U of Phusion polymerase (Thermo Fisher
Scientific). The PCR thermal cycle conditions were as fol-
lows: 98 °C for 30 sec, 35 cycles of 98 °C for 10 sec, 62 °C
for 10 sec, 72 °C for 1 min, and a final incubation for 10 min
at 72 °C. After purification, 200 ng of “vector” and 135 ng of
“inserts” were mixed with 10 pl of 2x NEBuilder HiFi DNA
Assembly Master in a total volume of 20 pl. DNA ligation
and bacterial transformation were performed as described
previously (Lebedev etal., 2019). Barcoded plasmid libraries
were isolated using the Mega Plasmid Kit (Qiagen).

Generation of polyclonal transgenic population of
CHO cells. Twenty-four h before transfection, CHO-S cells
(hereafter CHO cells; kindly provided by Dr. A.V. Taranin,
Institute of Molecular and Cellular Biology, Novosibirsk,
Russia) were seeded into a 12-well culture plate at a concen-
tration of 1.5x 103 cells per ml in IMDM medium supple-
mented with 10 % bovine serum. Cells were co-transfected
with a mixture of barcoded plasmid libraries (3 pg) and the
pRP[Exp]-mCherry-CAG>hyPBase plasmid (VectorBuilder
#VB160216-10057; kindly provided by Prof. V.V. Verkhu-
sha, Albert Einstein College of Medicine, Bronx, NY, USA)
(0.3 ng) using the X-tremeGENE HP DNA transfection re-
agent (Roche). The transfected cells were cultured for a month
in the absence of selection pressure.

Isolation of genomic DNA. Genomic DNA was isolated
from 5 - 107 cells of the resulting polyclonal transgenic popu-
lation using the PureLink® Genomic DNA Kit (Invitrogen)
according to the manufacturer’s recommendations.

Isolation of total RNA, reverse transcription. Total
RNA was isolated from 5- 107 cells of the resulting poly-
clonal transgenic population using RNAzol RT (Molecular
Research Center) according to the manufacturer’s recom-
mendations. The isolated RNA was incubated with 20 U of
Dpnl restriction endonuclease (New England Biolabs) and 3 U
of DNase I (Thermo Fisher Scientific) for 30 min at 37 °C.
The Clean RNA Standard kit (Evrogen) was used to purify
RNA. Two pg of purified total RNA was mixed with 1 pl of
the 50 mM oligo(dT) primer in a total volume of 13.5 pl, and
the mixture was incubated for 5 min at 65 °C. The subsequent
reverse transcription reaction was carried out in a volume of
20 pl with the following components: 13.5 pl of RNA with
annealed primer, 4 pl of 5x RT buffer (Thermo Fisher Sci-
entific), 1 ul of 10 mM dNTPs, 1 pl of RNaseOUT (Thermo
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Fisher Scientific), 100 U of RevertAid reverse transcriptase
(Thermo Fisher Scientific). The mixture was incubated for
60 min at 42 °C, and the enzyme was inactivated for 10 min
at 70 °C.

Preparation of the normalization and expression sam-
ples. To prepare each sample, two rounds of PCR were per-
formed. For the first round of amplification, we used 600 ng of
genomic DNA template (for the normalization sample) or 3 pl
of cDNA (for the expression sample), 0.5 pl of 10 uM primers
Libr-cDNA-for and Libr-cDNA-A16-rev/Libr-cDNA-A23-
rev (see Table 1) for the normalization/expression sample,
respectively, 5 ul of 5x Phusion HF buffer (Thermo Fisher
Scientific), 2 ul of 2.5 mM dNTPs, and 1.25 U of Phusion
HS II DNA polymerase (Thermo Fisher Scientific) in a total
volume of 25 pul. The thermal cycle conditions of the first
round of PCR were as follows: 98 °C for 1 min, 15 cycles
of 98 °C for 30 sec, 70 °C for 30 sec, 72 °C for 30 sec, and
a final incubation for 5 min at 72 °C. The second round of
amplification was carried out in a volume of 25 pl with the
following components: 0.5 pl of the PCR products of the first
round, 0.25 pl of 10 uM primers Libr-P5-for and Libr-P7-rev
(see Table 1), 5 pl of 5x Phusion HF buffer (Thermo Fisher
Scientific), 2 pl of 2.5 mM dNTPs, and 1.25 U of Phusion
HotStart Il DNA polymerase (Thermo Fisher Scientific). The
thermal cycle conditions of the second round of PCR were
as follows: 98 °C for 1 min, 23 cycles of 98 °C for 30 sec,
61 °C for 30 sec, 72 °C for 30 sec, and a final incubation for
5 min at 72 °C.

Preparation of the mapping sample. Two pg of genomic
DNA was incubated with 10 U of DpnlI restriction endonuc-
lease (New England Biolabs) at 37 °C for 16 h, then purified
using the GeneJET PCR Purification Kit (Thermo Fisher
Scientific). 600 ng of the digested genomic DNA was mixed
with 4 pl of 100 mM ATP, 2.5 U of T4 DNA ligase (Evrogen)
in a total volume of 400 pul. The ligase mixture was incubated
for 2 h at room temperature and then for 16 h at 4 °C, fol-
lowed by enzyme inactivation at 65 °C for 10 min. 100 pl
of double-distilled water and 500 pl of a phenol:chloroform
solution (1:1 ratio) were added to the ligation reaction, mixed,
centrifuged at room temperature for 5 min at 10,000xg, and
the upper phase was transferred to a new tube. One-tenth vo-
lume of 3M NaOAc (pH 5.5) and 2.5 volumes of 96 % ethyl
alcohol were added to the resulting solution, the mixture was
incubated for 2 h at —70 °C, then centrifuged for 30 min at
4 °C, 14,000 rpm. The supernatant was removed, the pellet
was washed with 750 pl of chilled 70 % ethyl alcohol, and
centrifuged for 10 min at 4 °C, 14,000 rpm. The supernatant
was removed, the pellet was dried for 15 min at 37 °C and
then dissolved in 30 pl of double-distilled water.

Three rounds of PCR were used to prepare the mapping
sample. For the first round of amplification, we used 5 pl of
purified ligase mixture, 0.5 pl of 10 uM primers PB-outer-
F-2 and cDNA-ampl-R (see Table 1), 5 pl of 5x Phusion HF
buffer (Thermo Fisher Scientific), 2 ul of 2.5 mM dNTPs, and
1.25 U of Phusion HS II DNA polymerase (Thermo Fisher
Scientific) in a total volume of 25 pl. The subsequent rounds
of amplification were carried out similarly using (i) primers
PB-cDNA-fwd-A7 and InvPCR-F-Nextera2 (see Table 1) and
1 pl of the PCR products of the first round for the second round
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of amplification and (ii) primers Libr-P5-for and Libr-P7-rev
(see Table 1) and 1 ul of the PCR products of the second
round for the third round of amplification. The thermal cycle
conditions for the first round of PCR were as follows: 98 °C
for 1 min, 12 cycles of 98 °C for 30 sec, 65 °C for 30 sec,
72 °C for 2 min, and a final incubation for 5 min at 72 °C. The
thermal cycle conditions for the second round of PCR were as
follows: 98 °C for 1 min, 12 cycles of 98 °C for 30 sec, 62 °C
for 30 sec, 72 °C for 2 min, and a final incubation for 5 min
at 72 °C. The thermal cycle conditions for the third round of
PCR were as follows: 98 °C for 1 min, 16 cycles of 98 °C for
30 sec, 61 °C for 30 sec, 72 °C for 2 min, and a final incuba-
tion for 5 min at 72 °C. Finally, 5 pg of the mapping sample
was treated with 10 U of Notl restriction endonuclease (New
England Biolabs) in a total volume of 100 pl at 37 °C for 2 h
to remove byproducts.

High-throughput sequencing and data analysis. Se-
quencing of the samples was performed on the Genolab
2 x75 bp platform (https://genomed.ru/). Demultiplexing of
the obtained fastq files using the sabre tool (https://github.com/
najoshi/sabre) resulted in ~4.5, ~1.6 and ~1 million reads for
the mapping, normalization, and expression samples, respec-
tively. The quality analysis of the raw data was carried out
using the FastQC tool (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Next, using the TASK tool (The TRIP
Analysis Software Kit, https://trip.nki.nl/), the sequences of
reliably identified barcodes, as well as their normalized ex-
pression levels and genomic locations in the Chinese hamster
genome assemblies CriGri-PICRH-1.0 (GCA_003668045.2)
and Cgrl.0 (GCA_000448345.1) were identified. The genome
assembly CriGri-PICRH-1.0 is characterized by the presence
of extremely long sequences corresponding to all expected
chromosomes, and therefore it was used as the “default”
genome of CHO cells, whereas the genome assembly Cgrl.0
was previously used to map chromatin types in CHO-K1 cells
(Feichtinger et al., 2016). Then, to determine the most reli-
able (hereafter referred to as filtered) transgenes, the follow-
ing additional parameters were applied to the TASK output:
norm >=5, reads_r>= 10, freql r>0.60. Data on chromatin
types were taken for the TpO time point corresponding to the
culturing of CHO-K1 cells for 4 h (https://cho-epigenome.
boku.ac.at/JB/). A positional weight matrix for genomic
sequences overlapping transgene insertion sites was gener-
ated using the pLogo application (https://plogo.uconn.edu/)
(O’Shea et al., 2013).

Results and discussion

To study the activity of several promoters in different local
chromatin environments in CHO cells in parallel, barcoded
model transgenes were constructed based on the piggyBac
transposon. The transgenes contained the puromycin-N-ace-
tyltransferase (pac) resistance gene (hereafter PuroR) and the
improved green fluorescent protein (eGFP) gene (separated
by an IRES element) under the control of the following four
promoters: (1) the promoter of the mouse PGK (mPGK) gene,
previously used for a similar study on mouse embryonic stem
cells (Akhtar et al., 2013), (2) the promoter of the Chinese
hamster PGK gene, homologous to the mPGK promoter,
(3) full-length (“long”) and (4) truncated (“short™) variants of
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the Chinese hamster £F-/a gene promoter (Running Deer, Al-
lison, 2004; Orlova et al., 2014; Wang et al., 2017) (Fig. 1, A).
Constructs with each individual promoter also contained a spe-
cific 5-bp motif (promoter index) immediately before the 18-bp
barcode located in the 3'UTR region. The presence of promoter
indexes allowed the simultaneous use of all 4 barcoded model
transgenes in a single experiment (Gisler et al., 2019) (see
Fig. 1, A). Thus, the resulting barcoded plasmid libraries of
the constructs with the long EF-1a, short EF-1a, mPGK and
PGK promoters were mixed in a molar ratio of 7:7:7:1. The
smaller proportion of the latter construct was due to its use in
this experiment as a control; we also used the PGK promoter-
containing construct to obtain stable transgenic populations
of CHO cells upon puromycin selection (the results of that
study will be reported elsewhere) and it seemed useful to us
to have the technical ability to correctly compare data for such
different transgenic populations in the future.

CHO cells (CHO-S subline) were co-transfected with the
above-described mixture of model transgenes, as well as a
plasmid encoding the piggyBac transposase. Seventy-two h
after transfection, the eGFP protein expression was observed
in approximately 40 % of the cells (see Fig. 1, B). After that,
the cells were cultivated in the absence of any selection for
additional 25 days in order to multiply the transgenic cells and
to get rid of plasmid DNA molecules that could ultimately
contaminate the data. As a result, multiple clones of transgenic
cells were observed in the population (see Fig. 1, B).

From the resulting polyclonal population of cells, genomic
DNA and total RNA were isolated, on the basis of which the
genomic localizations and normalized expression levels of
barcoded transgenes were determined. A total of 641 uniquely
barcoded and genome-mapped transgenes were identified in
the transgenic population. These transgenes were present
in more or less expected numbers on all chromosomes of
CHO cells (see Fig. 1, C). Analysis of genomic sequences
overlapping transgene insertion sites revealed their at-richness,
as well as the presence of a central ttaa motif (see Fig. 1, D)
specific for the piggyBac transposon (Frase et al., 1996; Li et
al., 2013; Chen Q. et al., 2020).

Among the identified transgenes, 38.8 % were with the
tacaa promoter index (corresponding to the short EF-/a pro-
moter), 24.3 %, with the ccgag promoter index (corresponding
to the long EF-10 promoter), 32.2 %, with the ctagt promoter
index (corresponding to the mPGK promoter), and 4.7 %,
with the promoter index agctc (corresponding to the Chinese
hamster PGK promoter) (Fig. 2, A).

Analysis of the activity of reporter constructs under the
control of four different promoters revealed the presence
of a large number of silent (i.e., transcriptionally inactive)
transgenes with each promoter (Table 2), which is most likely
due to the lack of antibiotic selection during generation of the
population of transgenic cells.

Comparison of promoter activities among the filtered ex-
pressed transgenes (144 cases) showed that the main part of
highly active reporter constructs is under the control of the
full-length variant of the EF-/a gene promoter (see Fig. 2, B,
Table 2). Particularly, among 10 % of the most active filtered
transgenes, the promoters were distributed as follows: long
EF-10—70 %, mPGK —20 %, short EF-10.— 10 %, PGK -0 %.
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Fig. 1. Stable integration of model piggyBac transgenes into the genome of cultured CHO cells.

A, Schematic of the barcoded reporter constructs with four different promoters used in the study. 5-TR and 3'-TR are inverse terminal repeats of the piggyBac
transposon; IRES - internal ribosome entry site, Pl - promoter index, BC — barcode, PAS - polyadenylation signal. B, CHO cells 3 and 28 days after transfection.
C, Distribution of all uniquely mapped transgenes across Chinese hamster chromosomes. Red and blue vertical lines indicate transgene insertions on the plus and
minus strand of the genome, respectively. D, Analysis of the genomic motifs, at which integration of all uniquely mapped transgenes occurred. Positions +1...+4
correspond to the sequence that is duplicated upon the piggyBac transposon insertion and flanks the integrated transgene.

It is worth noting that due to the small number of transgenes
with the PGK promoter, the results on its activity are rather
preliminary.

Two thirds of all transgenes were inserted into the genome
of CHO cells within genes (which were defined as —1000 bp
from the distal transcription initiation site to the transcription
termination site), predominantly in introns (42.3 %), promo-
ters (8.5 %) and 5'UTRs (9.4 %) (see Fig. 2, C). It should
be noted that promoters were defined as —1000...+100 bp
from the transcription start site. Similar patterns of transgene
integration based on the piggyBac transposon have been des-
cribed previously for cell cultures of other species (Ding et
al., 2005; Wilson et al., 2007; Galvan et al., 2009; Li et al.,
2013). Analysis of 10 % of the most active filtered reporter
constructs (21 cases) revealed a ~1.6-fold, ~1.4-fold and
~1.1-fold increase in the proportion of transgenes in 5'UTRs,
promoters and introns, respectively (see Fig. 2, D). In addi-
tion, it is interesting to note that transgenes were more often
located closer to the gene starts than to the gene ends. The

median distances from the transgene localization position in
the genome to the nearest transcription initiation and termina-
tion sites were 11.4 and 20.2 kb, respectively, for the complete
set of reporter genes (641 cases). At the same time, for 10 %
of the most active filtered transgenes (21 cases), these values
were equal to 6.6 and 17.8 kb, respectively.

To study the influence of the local chromatin environment
on the activity of reporter genes, previously published data
on the distribution of 11 chromatin types in the genome of
CHO-K1 cells were used (Feichtinger et al., 2016). Because
these data were originally associated with a version of the
Chinese hamster genome that is different from that used for
the analysis described above (see Materials and methods for
details), it was possible to extract chromatin types overlap-
ping positions of transgenes in the genome only for 595 out
of 641 transgenes. Among these 595 transgenes, only 39.5 %
were localized in inactive chromatin types “Quiescent/low”,
“Repressed heterochromatin (H3K9me3)” and “Polycomb
repressed regions (H3K27me3)”, which together cover more
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Fig. 2. Features of studied transgenes.

A, Distribution of all identified transgenes across the studied promoters. B, Comparison of promoter activities for the filtered 144 expressed transgenes (see Ma-
terials and methods). Dashed vertical lines indicate median normalized expression values. C, D, Distribution of all identified transgenes (C) and 10 % of the most
active filtered transgenes (D) in gene elements (promoters, 5’UTRs, exons, introns, 3'UTRs) as well as intergenic regions. E, F, Distribution of all transgenes (E) and
10 % of the most active filtered transgenes (F) in chromatin types of CHO-K1 cells described previously (Feichtinger et al., 2016).
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Table 2. Comparative activity of the studied promoters

Promoter Transgene Proportion Proportion Median promoter
number of silent transgenes, % of active transgenes, % activity value, a.u.*
long EF-Ta 156 42.31 57.69 18.93
short EF-Ta 249 60.24 39.76 1.84
mPGK 206 53.88 46.12 1
PGK 30 66.67 33.33 1.42
Total 641 54.13 45.87
* a.u. - arbitrary units.
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Fig. 3. Examples of genomic localization of transgenes with high (A) and medium (B) transcriptional activity.

The transgenes are not shown in scale. The activities of the transgenes and the genes nearest to them are indicated relative to the average
expression levels of all reporter genes (641 cases) and all endogenous genes, respectively.

than 88 % of the genome of Chinese hamster cells (Feichtin-
ger et al., 2016). The remaining 60.5 % of transgenes were
localized in various active chromatin types (see Fig. 2, F).
The most active transgenes were more often localized in
regions of the genome associated with the active chromatin
types “Enhancer (H3K27ac high)”, “Strong transcription
(H3K36me3)” and “Flanking active TSS” as well as with

MOJIEKYNAPHAA

the inactive chromatin type “Repressed heterochromatin
(H3K9me3)” (see Fig. 2, F). The latter rather unexpected
observation may be due to the fact that the chromatin types
were determined for a different subline of CHO cells.

Since, as noted above, two thirds of all transgenes were
localized within genes (see Fig. 2, C), it is worth noting that
the insertion of a transgene even into an important gene most
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likely has only a minor effect on cell viability. This is supported
by the following two considerations. First, not every insertion
of a foreign sequence within a gene significantly disrupts its
function. Second, typically, there is another native copy(ies)
of the gene in the genome of cultured cells. Together, this en-
sures the successful survival of transgenic cells in a polyclonal
population among non-modified (wild-type) cells. The chances
of damaging both alleles of a gene in the experimental setup
used are negligible: to achieve that, two transgenes must be
integrated into both alleles of the same gene in the same cell.
Accordingly, the genomic positions of active transgenes identi-
fied in this study may qualify for consideration as promising
sites for targeted integration of biotechnological transgenes,
even if they are located inside active genes (Fig. 3).

Conclusion

In a polyclonal population of transgenic CHO cells cultured
in the absence of selection pressure, more than half of the
model reporter constructs stably integrated into the genome
were transcriptionally inactive. Compared to the complete set
of transgenes, the most active transgenes were about 1.6 and
1.4 times more frequently localized in promoters and 5'UTRs
of genes, respectively. Also, compared to the complete set of
transgenes, the most active transgenes were about 2.3 and
1.4 times more frequently localized in the transcriptionally
active chromatin types “Strong transcription (H3K36me3)”
and “Enhancer (H3K27ac high)”, respectively. Transgenes
containing the full-length promoter of the Chinese hamster
EF-1o gene were on average the most active ones. At the same
time, the median activity of the short variant of the EF-/a
gene promoter was about 10 times lower than the median
activity of the full-length promoter of this gene. This can
be explained by the presence of important binding sites for
transcription factors in the full-length version of the EF-/a
gene promoter. Genomic sites of the most active insertions of
model transgenes may be of interest for further experiments
as promising positions for targeted integration of biotechno-
logical constructs.
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