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Abstract Expression of the reporter gene in transgenic animals depends on the surrounding chromatin
environment. Recent genome-wide studies have
shown that, in mammals, the entire genome is
transcribed. Transcription through a transgene often
has a negative effect on the expression of a reporter
gene. Here, we compared the ability of well-studied
chicken chromatin insulator HS4 and bidirectional
transcription terminators from the human genome to
support high-level expression of the firefly luciferase
gene (Fluc) under control of the previously characterized goat b-casein gene promoter. The insertion of
HS4 or either of the two transcription terminators
upstream of the promoter resulted in tenfold enhancement of Fluc expression in the mammary glands of
transgenic mice. These results suggest that transcriptional terminators, similar to the HS4 insulator, can be
used to improve the reporter gene expression in
transgenic animals.
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Introduction
A substantial problem in generating transgenic animals is that the transgene expression is dependent on
integration site (Bishop and Smith 1989; Burkov et al.
2013; Choo et al. 1989; Dobie et al. 1996; Eszterhas
et al. 2002; Suzuki et al. 2006). Several strategies have
been developed to ensure position-independent transgene expression and, in particular, to protect the
transgene from inactive surrounding chromatin and/or
endogenous transcription at the locus of integration
(for review, see (Houdebine 2018; Maksimenko et al.
2013), which may interfere with transgene transcription (Eszterhas et al. 2002). One of the best characterized and frequently used approaches to improve the
transgene expression upon its random integration is
relied on transgene flanking with the HS4 insulator
derived from the chicken b-globin locus (Emery et al.
2002; Guglielmi et al. 2003). For example, inclusion
of two tandemly repeated HS4 copies at the 50 end of
the construct resulted in improved transgene expression (Guglielmi et al. 2003; Truffinet et al. 2005). The
CTCF protein is responsible for the ability of the HS4
insulator to block enhancers (Yannaki et al. 2002;
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Yusufzai and Felsenfeld 2004). The HS4 insulator is
also bound by the USF1, USF2, and BGP1/Vezf1
proteins which form the boundary between active
chromatin and heterochromatin (Dickson et al. 2010;
West et al. 2004).
Recent developments in targeted genome editing
have made it possible to insert the transgene into a
predefined genomic site (so-called safe harbor) where
its expression is ensured (DeKelver et al. 2010).
However, a number of experiments performed to date
indicate that a major portion of the mammalian
genome is transcribed and that a large percentage of
the transcripts are accounted for by long non-proteincoding sequences (lncRNAs) (Bertone et al. 2004;
Cheng et al. 2005; Kapranov et al. 2007). Transcription through the transgene can affect its expression by
many different mechanisms. Transcripts can act as
molecular scaffolds in recruiting different enzymatic
complexes that repress transcription (Long et al.
2017). The RNA Pol II complex moving through the
transgene regulatory region can disturb protein complexes associated with DNA (Erokhin et al. 2013;
Martianov et al. 2007; Mazo et al. 2007; Palmer et al.
2011). Finally, transcription through the transgene
often induces RNA interference, which leads to
transcription repression (Eszterhas et al. 2002).
Based on the facts indicating that transcription
through regulatory elements usually induces transgene
repression, we have tested whether transcription
termination at the transgene borders has a positive
effect on transgene expression. The firefly luciferase
gene (Fluc) under control of the previously characterized goat b-casein gene promoter was used as a
reporter. The goat b-casein gene promoter, known for
its high efficiency, is used in commercial vector pBC1
(Invitrogen) for the production of target proteins in the
mammary glands of mice, goats, and cows (Edmunds
et al. 1998; Goldman et al. 2012; Maksimenko et al.
2013; Tong et al. 2011; Zhang et al. 2008). The 6.2-kb
regulatory region of the b-casein gene consists of a
promoter and a hormone-dependent enhancer that
stimulates the promoter only in the mammary gland
cells (Kabotyanski et al. 2009). The pBC1 vector also
contains two chicken HS4 insulators located upstream
of the goat b-casein promoter.
To exclude the effect of strong virus transcriptional
terminators such as SV40, we selected two bidirectional transcription terminator sequences (TTSs) from
the human genome and inserted them upstream of the
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goat b-casein gene promoter. The control transgenic
mice (without regulatory elements upstream of the
promoter) showed low expression of the firefly
luciferase reporter in the mammary glands. In contrast,
insertion of HS4 or TTS upstream of the promoter
resulted in approximately tenfold enhancement of the
reporter gene expression. Thus, TTSs can be used for
improving the reporter gene expression in transgenic
lines.

Materials and methods
Plasmids
The bicistronic expression construct pRFP-IRESEGFP (Fig. 1a) was prepared on the basis of
pEGFP-N1 vector (Clontech, USA) containing cDNA
for the enhanced green fluorescent protein gene
(EGFP) under control of the constitutive early/immediate cytomegalovirus (CMV) promoter, in which
cDNA for the red fluorescent protein gene (RFP) and
encephalomyocarditis virus internal ribosomal entry
sequence (IRES) derived from pIRES vector (Clontech) were sequentially cloned into multiple sites
located between the CMV promoter and EGFP cDNA
so that the EGFP cDNA was not in frame with the RFP
cDNA. The bicistronic expression construct pRlucIRES-Fluc was prepared by the same scheme, but the
Renilla and firefly luciferase genes Rluc and Fluc were
inserted instead of RFP and EGFP.
Candidate TTSs identified in silico (Table 1) were
amplified with the corresponding primer pairs and
cloned into the EcoRV restriction site of the pBluescript II SK(?) vector (Stratagene, USA) for subsequent subcloning into the pRFP-IRES-EGFP or
pRluc-IRES-Fluc plasmid between the first ORF
(RFP or Rluc) and IRES in direct or reverse orientation
(Fig. 1a).
Plasmids for producing transgenic animals were
constructed on the backbone of the pBC1 vector
(Invitrogene, USA). First, the entire 30 -region of the
goat b-casein gene located between XhoI and NotI
restriction sites was replaced by the bovine growth
hormone gene transcription termination sequence.
Firefly luciferase cDNA was derived from pGL3control vector (Promega, USA) and engineered so as
to contain at its 50 -end, immediately after translation
initiation AUG codon, the sequence from goat b-
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Fig. 1 a Scheme of bicistronic RFP/EGFP reporter constructs
containing the CMV promoter (CMVp), polyadenylation signal
from SV40 virus (pA), internal ribosome entry site (IRES), and
test termination sequence (T). b Histogram of IRES-directed
EGFP expression in CHO cells transfected with control pRFPIRES-EGFP construct without TTSs (‘C’) and constructs with
selected TTSs inserted in direct (dir) or reverse (rev) orientation.
‘b’ is the control termination sequence from the b-globin locus
that work as terminator only in one direction (‘dir’). Data are
presented as ‘termination activity’ estimated from the ratio of
the number of CHO cells expressing EGFP after transfection
with the control construct to the number of such cells after
transfection with the test constructs. Dot line shows the level for
negative control. Here and in Fig. S1, TTSs are named as in

Table 1. Error bars show standard deviations (n = 3).
c Scheme of bicistronic Rluc/Fluc reporter construct. d Histogram of IRES-directed Fluc expression in CHO cells
transfected with control pRluc-IRES-Fluc construct without
TTSs (C) and constructs with polyA sequences from the test
TTSs (pA_SI, pA_SD, pA_PS) inserted in direct (dir) or reverse
(rev) orientation. Data are presented as ‘termination activity’
estimated from the ratio of Rluc expression to Fluc expression
normalized with respect to that in the control (C). ‘b’, ‘c’, are the
control termination sequences from the b-globin and c-globin
loci, respectively, that work as terminator only in one direction
(‘dir’); ‘SV40’ is the control termination sequence from the
SV40 virus that works as terminator in both orientations. Error
bars show standard deviations (n = 3)

casein cDNA encoding a signal peptide that enables
luciferase secretion into milk when expressed in the
mammary gland (secreted luciferase, SLuc). SLuc
cDNA was then cloned into the XhoI restriction site of
the modified pBC1 vector (plasmid pHS4-SLuc). For
microinjection to generate transgenic animals, the
plasmids were digested with PacI, DNA fragments
were separated in agarose gel, and the plasmid
backbone-less DNA fragment encompassing the
transgene was purified using Zymoclean Large Fragment DNA Recovery Kit (Zymo Research).

Cell cultivation and transfection
CHO-K1, MCF7 and HeLa cells were cultured in
DMEM with 10% of inactivated fetal bovine serum,
2 mM L-glutamine, 35 mg/L L-proline, and MycokillAB antibiotic mixture (PAA Laboratories) at a working concentration at 37 °C in a humidified atmosphere
with 5% CO2. The cells were subcultured every 5 days
at a concentration of 105 cells/cm2. Transient cell
transfection with recombinant plasmids was performed as follows. To prepare the transfection mixture, 3–4 lg of plasmid DNA was added to 375 lL of
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50 -ACATCTGGCAGGTTTGGA-30

5 -GCCCATATGGTATGTGGAA-3

50 -GGAGAGACGAGCTGCTTTCTAC-30

5 -GCCCAGAGCACGGTTGTC-3

PSMC5
TermPS

SMARCD2

50 -GCATGTATGCCCTGCGAGAAC-30

1396

50 -GGCTAGGGCATGTGTGTGT-30

264
0
0

50 -ATCGTATTTGCGGCCAGC-30
768

0
0

50 -CTGAATTTTGGGCTGGTTG-30
SKIV2L

50 -TAAGGCTGTCCTGGCATCCATG-30

TermSD

DOM3Z

246
50 -TGGATTCCCCTTCCCACTC-30

50 -CGCCAGTTCTCCACAACCA-30
SRPK3
TermSI

IDH3G

50 -TTCCATGGCACAGACCACATCGCTCAC-30

1178

950
50 -TCTCTTCAAAGGTGAGGCCCA-30

5 -AAGAGGAGCTGGGGTGGACAG-3

50 -CTGGACAAGGACCTGGAAGGC-30
SELO
TermST

TUBGCP6

1680
0
0

50 -GGCTGAGAAGCTCCGGTCTGT-30
LYPLA2
TermLG

GALE

1550
50 -ATCTTGGAGCGTCTGCAGTACTG-30

ITPKA
TermIL

LTK

50 -ACACCCTGGAGGTATCCGAGTT-30

Length (bp)
Primers for amplification
Length (bp)
Primers for amplification

Full TTS element
30 gene
50 gene
TTS

Table 1 Characteristics of TTSs used in experiments

Minimal poly(A) element
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serum-free cell culture medium; in a separate tube,
Lipofectamine 2000 (3 lL per microgram plasmid
DNA) was mixed with the same volume of serum-free
cell culture medium; the solutions were then pooled
and incubated at room temperature for 30–40 min.
The cells that reached 70–80% confluence (8 9 104 cells/cm2) were washed with serum-free medium,
incubated in the transfection mixture for 4–6 h, and
then cultured in serum-containing DMEM. The level
of reporter gene expression was assessed on day 2 after
transfection (36–48 h) by measuring fluorescence or
chemiluminescence intensity, using non-transfected
cells as negative control.
Cytofluorometric analysis
The cells were washed with phosphate buffered saline
(PBS), treated with trypsin to detach them from the
substrate, washed twice to remove trypsin, and
resuspended in a fresh portion of PBS. The resulting
suspension (106 cells/mL) was transferred to 5-mL
round-bottom test tubes.
Measurements were made in a MACSQuant Analyzer VYB flow cytofluorometer (Miltenyi Biotec,
Germany). The voltage in the measurement channels
was adjusted so as not to take into account the
autofluorescence of nontransfected cells and then was
maintained constant. The cells with fluorescence
intensity above 10 arbitrary units on the logarithmic
scale for a proper channel were counted and used to
quantify the level of reporter gene expression.
Dual luciferase assay
A Firefly & Renilla Luciferase Assay Kit (Biotium)
was used according to the manufacturer’s protocol.
Measurements were made in a Synergy 4 microplate
reader (BioTek) with a sensitivity of 100 and 1 s
exposure time.
Generation of transgenic mice
The purified DNA fragment containing the transgene
(5 ng/lL in 10 mM tris–HCl, pH 7.4, with 0.1 mM
EDTA) was injected into the male pronuclei of
fertilized F1 (CBA 9 C57BL/6) mouse oocytes
obtained by inducing superovulation (Zvezdova
et al. 2010), and the surviving zygotes were implanted
into pseudopregnant females.
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Identification of transgenic animals
Transgene presence was determined by PCR on the
template of genomic DNA (100 ng) isolated from tail
biopsy samples using proteinase K digestion and
phenol/chloroform extraction. PCR with primers to
detect luciferase cDNA (50 -TGGAAGACGCCAAAA
ACATAAAG-30 and 50 -GCGAAATGCCCATACT
GTT-30 ) and HS Taq polymerase (Sileks) was performed under the following conditions: 94 °C, 15 s;
94 °C, 20 s, 58 °C, 30 s, 72 °C, 40 s (35 cycles);
72 °C, 5 min. The presence of PCR product amplified
from the luciferase cDNA template (300 bp) was
detected by agarose gel electrophoresis. As a control,
PCR for the mouse actin gene with primer pair 50 -AG
CTGAGAGGGAAATTGTGCG-30 and 50 -GCAACG
GAACCGCTCGTT-30 was performed under the same
conditions.

Transgene copy number determination
Transgene copy number was determined in real-time
PCR using a calibration curve, which was plotted as
follows. A fragment of transgene was amplified with
primers
50 -GCTATGAAGAGATACGCCCTGGTT
0
CC-3 and 50 -CGACGATTCTGTGATTTGTATTCAG
CC-30 , cloned into the EcoRV restriction site of pBluescript II SK(?) vector (Stratagene, USA), and reamplified with M13dir (50 -GTAAAACGACGGCCAGT-30 )
and M13rev (50 -CAGGAAACAGCTATGAC-30 ) primers flanking the multiple cloning site of the vector
(amplification fragment length 378 bp, corresponding to
2.5 9 1011 molecules per 100 ng DNA). The amplification product was resolved by agarose gel electrophoresis, purified from the gel with ZymoClean Gel-recovery
kit (Zymo Research), and its concentration was determined with a Qubit fluorometer (Invitrogene, USA).
Calibration curve was plotted using different dilutions of
the fragment in wild-type mouse genomic DNA solution
(1650 diploid genomes per 100 ng) so as to mimic the
presence of 1, 2, 4, 8, 12, or 24 transgene copies per
diploid mouse genome and reflect the dependence
between the PCR cycle number at which the amplification signal reached the threshold level and the number of
mimicked transgene copies. The transgene copy number
in experimental samples was determined based on the
threshold cycle number, with reference to the calibration
curve.

The PCR reaction mixture contained 2 lL of
primer mix (10 pmol/lL each), 2 lL of dNTP
(2 mM each), 2 lL of 10 9 PCR buffer, 0.5 lL of
EvaGreen dye mix (Biotium), 1 lL of genomic DNA,
and 0.2 lL of HotStart Taq polymerase at 5 u/lL
(Sileks, Russia) in a total volume of 20 lL. Amplification conditions were as follows: 94 °C, 15 min (1
cycle); 94 °C, 20 s; 62 °C, 20 s; 72 °C, 20 s (45
cycles).
To normalize results with respect to the genomic
DNA content in the reaction, real-time PCR with the
mouse actin gene primers, 50 -AGCTGAGAGGGAA
ATTGTGCG-30 and 50 -GCAACGGAACCGCTCG
TT-30 , was performed using wild-type genomic
DNA as a template.
Mouse milking and milk processing
Lactating females were removed from the nest 2 h
before milking. Mice were immobilized during
surgery with Avertin (a 2.5% aqueous solution of the
preparation containing 1 g of 2,2,2-tribromoethanol in
1 ml of 2-methyl-2-butanol). Avertin was injected
intraperitoneally at 15 ll per gram body weight,
intraperitoneally injected with oxytocin (2 IU), and
milking was started after 2 min (DePeters and Hovey
2009). Milk was expressed using a vacuum milking
machine, collected in a 1.5 ml centrifuge tube and
placed on ice.
A milk sample was diluted with two volumes of
PBS, centrifuged for 10 min at 12,000g, and the
medium aqueous fraction was collected and stored at
- 70 °C.
Luciferase activity in 20-lL aliquots of processed
milk samples was determined with a Firefly Luciferase
Assay Kit (Biotium). For each set of samples, a
calibration curve was plotted using standardized
dilutions of recombinant firefly luciferase in the
processed milk of non-transgenic mice.
RNA purification and quantitative analysis
Total RNA was isolated from female mammary glands
using the TRI reagent (MRC) according to the
manufacturer’s instructions. For each replicate,
100 mg of tissue were collected and frozen in liquid
nitrogen. RNA was treated with TURBO DNA-freeTM
Kit (Thermo Scientific) to eliminate residual genomic
DNA. The synthesis of cDNA was performed using
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50 U of ArrayScript reverse transcriptase (Thermo
Scientific) in a reaction mixture containing 5 lg of
RNA and 25 lM random hexamer or 1 lM specific
primers.
The amounts of specific cDNA fragments were
quantified by real-time PCR. At least three independent
technical replicates were made for each RNA sample.
Relative levels of mRNA expression were calculated in
the linear amplification range by calibration to a standard
curve. Significance in level changes was calculated by
t test without equal variance (MS Excel). The sequences
of oligonucleotides used for quantification of mRNA
were: luciferase 50 -GCTATGAAGAGATACGCCCT
GGTTCC-30 and 50 -CGACGATTCTGTGATTTGTATTCAGCC-30 ; b-actin for normalization 50 -AGCTG
AGAGGGAAATTGTGCG-30 and 50 -GCAACGGAA
CCGCTCGTT-30 .

Results
Identification of candidate transcription
termination sequences
To test whether transcription termination sequences
can positively affect transgene expression, we made an
attempt to identify new bidirectional TTSs in the
human genome. A combination of the most effective
transcriptional terminators, introns, and regulatory
elements from different organisms in the same construct is a well-established approach to improve
transgene expression (Petitclerc et al. 1995). The best
characterized and strong bidirectional transcription
terminator is that derived from the SV40 virus which is
used for many applications in a wide range of higher
eukaryotes. Here, we tried to identify new bidirectional human TTS that could be used in the future to
generate different transgenic mammals. For this
purpose, we examined sequences between closely
spaced (100–200 bp), convergently oriented pairs of
housekeeping genes that are highly expressed in all
tissues (Fig.S1a).
A database of annotated human genes was compiled based on analysis of the reference human
genome assembly (Build 37.1) with our in-house
developed software (Fig.S1). The database contained
40 283 entries, each including taxon ID, chromosome
number, nucleotide positions of gene start and end,
information on gene location on the plus or minus
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strand, contig name and its position on a chromosome,
contig orientation, gene name, gene ID, record type
(‘‘gene’’), project ID relevant to an annotation, transcript type synthesized from a gene, and code for
annotation reliability (Table S1).
Using our in-house software, the database was
analyzed for the presence on the same chromosome of
pairs of genes that are transcribed in opposite,
convergent directions and whose 30 -ends are spaced
by a DNA segment not exceeding 100 nt in length
(Fig.S1). As a result, 141 sites satisfying this requirement were identified (Table S2), but 61 of these sites
were excluded from further analysis because the
existence of transcripts for the adjacent gene(s) was
only predicted but not demonstrated experimentally.
Finally, six out of the remaining 80 sites (Table S2)
were selected for in-depth analysis based on high
mRNA expression level (Table 1). These regions (ca.
200 bp each) had two sets of all the key cis elements
characterized for the mammalian mRNA 30 processing
sites (Shi and Manley 2015), including the AAUAAA,
GU-rich downstream element, and U-rich upstream
auxiliary element (Fig. 1a; Fig. S2). The selected
candidate TTS were amplified and cloned for further
experimental testing of their capacity to provide
efficient termination of transcription.
Transcription termination capacity of the selected
candidate sequences
To test the selected TTSs for transcription termination
efficiency, we used previously described approach
based on the bicistronic model system (Tikhonov et al.
2013). The bicistronic expression construct, pRFPTerm-IRES-EGFP, (Fig. 1a) contained RFP cDNA
under control of CMV promoter and EGFP cDNA
cloned at 30 to RFP cDNA, with mismatched open
reading frames of RFP and EGFP. The IRES from
encephalomyocarditis virus (Ngoi et al. 2004) was
inserted between RFP and EGFP cDNAs to support
cap-independent EGFP translation from long RFPIRES-EGFP transcripts. The candidate TTSs were
inserted either in direct or reverse orientation between
RFP cDNA and IRES, and their efficiency in
transcription termination was estimated from the level
of EGFP fluorescence: the more effective the transcription termination by the inserted TTS, the less the
amounts of RFP transcripts containing the EGFP
cDNA sequence and of the translated EGFP protein.
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Plasmids pRFP-Term-IRES-EGFP with each of the
six selected candidate TTSs and the control termination sequence from the b-globin locus either in direct
or reverse orientation were constructed and used for
transient transfection of CHO cells. The percentage of
cells with EGFP fluorescence above the selected
threshold (characterizing the efficiency of transcription termination) was estimated by FACS analysis
48 h after transfection. The results of a representative
experiment are summarized in Fig. 1b and Table S3.
They show that, among the six candidate sequences,
the highest transcription termination capacity in either
orientation was observed for two TTSs, TermSD, and
TermPS. The termination of transcription by the
selected sequences was confirmed in experiments on
transfection of MCF7 and HeLa cells (Fig. S3,
Table S3). To verify these results, we developed a
similar bicistronic model, pRluc-Term-IRES-Fluc,
based on Renilla and firefly luciferases (Fig. 1c). In
this system, we used the minimal TTS with
poly(A)signals (apr 200 bp) (Table 1) and determined
the Renilla- to-firefly luciferase luminescence ratio as
a quantitative characteristic of termination efficiency.
Plasmids pRluc-Term-IRES-Fluc with three selected
candidate sequences (pA_SI, pA_SD, and pA_PS) and
control termination sequences from SV40 virus, bglobin locus, and c-globin locus in direct or reverse
orientation were constructed and used to transiently
transfect CHO and HeLa cells. The results confirmed
effective transcription termination by the pA_SD and
pA_PS sequences in either orientation (Fig. 1d, S4).
However, the effect of SV40 termination sequences
was stronger than that of the test TTSs.
Transcription termination sequences improve
transgene expression in mouse mammary glands
Next, we tested whether the TTSs could improve
transgene expression in the mammary gland as was
previously shown for the two tandemly arranged HS4
insulators (Giraldo et al. 2003; Goldman et al. 2012;
Potts et al. 2000; Rival-Gervier et al. 2003). The
plasmid for transgenesis was constructed on the basis
of pBC1 vector (Invitrogen) commonly used for
transgenic protein production in the mammary gland.
The control construct (Luc) (Fig. 2a) contained the
promoter and 50 UTR from the goat b-casein gene
followed by the secreted firefly luciferase cDNA
(LUC) fused to the 30 UTR that included the

Fig. 2 (a) Schematic of constructs for mouse transgenesis that
contained b-casein promoter (b-cas), polyadenylation signal
from bovine growth hormone (bgh_pA), insulator from chicken
b-globin locus (HS4), and test termination sequences (T1 and
T2). The firefly luciferase reporter gene (LUC) fused with the
sequence encoding N-terminal b-casein signal peptide was
inserted between 50 -UTR from the b-casein gene and 30 -UTR
from the bovine growth factor gene. (b) Box plots of luciferase
expression in the mammary glands of F1 and F2 female progeny
of the founders transgenic for the indicated constructs.
Luciferase content in the milk (lg/ml) is shown only for the
females with a confirmed single copy of the construct. Data are
presented as dots for each single-copy transgenic line, boxes
demonstrate the spread of values for each construct, the
horizontal line in the box is the mean

polyadenylation signal of the bovine growth hormone
gene (bdh_pA) (Goodwin and Rottman 1992). The test
constructs (HS4-Luc, T1-Luc, and T2-Luc) contained
HS4, T1 (TermSD), and T2 (TermPS) sequences
inserted upstream of the goat b-casein promoter. In
addition, we made the T1-Luc-T2 construct in which
the T1 and T2 sequences flanked the reporter gene.
These linear constructs were injected into the male
pronuclei of mouse zygotes, and the injected singlecell embryos were implanted into recipient females.
Transgenic mice in F0 (founders) were identified by
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PCR and crossed with non-transgenic mice. The
construct copy numbers in the F1 lines derived from
the founders were estimated using a qPCR technique.
As a result, we identified females with different
numbers of construct copies in the progeny of all the
founders. For several transgenic males and females we
obtained the F2 progeny by crossing transgenic mice
with new non-transgenic mice. In many cases, parents
carrying multiple copies of a construct gave birth to
offspring of females with different numbers of copies
of the construct. Thus, during initial injection of DNA,
constructs simultaneously were inserted at different
genomic regions in founders.
To compare the luciferase expression in different
constructs, we have summarized the results for
females carrying only a single copy of a construct,
single-copy female (Fig. 2b, Fig. S5). In general, we
have obtained at least one female with an independent
single-copy insertion from each founder. Different
females with single-copy insertions derived from a
single founder, may have a common origin from a
single integration event for the construct. As a result,
there were at least three independent integration
events with the Luc construct, four with HS4-Luc,
two with T1-Luc, two with T2-Luc, and three with T1Luc-T2 (Fig. S5, Table S4). Firefly luciferase content
in the milk, as a measure of the transgene expression,
was determined by a luminometric assay in heterozygous F1 and F2 females (Fig. 2b). Milk samples were
taken at the end of the first and second week of
lactation (Table S4). Some females had two pregnancies and milk samples were taken twice. Also, we
found correlation between luciferase activity in the
milk and the level of luciferase mRNA expression in
the mammary glands of transgenic females (Fig. S6).
The level of luciferase expression in the control
transgenic lines (Luc) proved to be approximately 10
times lower than in the lines carrying tandem HS4
insulators, which confirmed the role of this insulator in
stimulation of the goat b-casein promoter. Substitution of HS4 insulators with either T1 or T2 sequence at
the 50 -end of the transgenic expression unit provided
for a similar level of luciferase expression, attesting to
the capacity of these TTSs to insulate the transgene.
Importantly, when the transgenic expression unit was
flanked with TTSs on both 50 and 30 ends, the level of
luciferase expression was further increased, suggesting a cumulative effect of complete transgene insulation with TTSs.
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Discussion
Transcription termination is triggered by multipartite
signals on the nascent RNA, which are recognized by
the mRNA 30 processing complex (Shi and Manley
2015). Thus, termination activity of a TTS depends on
the efficiency of processing complex recruitment to
RNA synthesized by RNA Pol II moving along the
TTS. Our attempt to identify the strongest human
TTSs was based on the premise that transcription
should be completely terminated between the closely
spaced, convergently oriented, and actively transcribed genes. As a result, we identified human
bidirectional transcription termination sequences
located between two gene pairs, PSMC5/SMARCD2
and SKIV2L/DOM3Z. Similar to the SV40 terminator,
these TTSs contain all motifs that are essential for
transcription termination. Despite this similarity,
however, they proved to function less effectively than
the SV40 terminator in our assays. In our opinion, the
difference in activity between different terminator
sequences may be explained by as yet unknown
variations in the motifs that are important for their
recognition by the mRNA 30 processing complex.
As follows from analysis of transgene product
secretion with milk, the two selected TTSs indeed
supported higher transgene expression when inserted
upstream of the goat b-casein promoter. These results
agree with data on the negative role of transcription
through the transgene. The expression level in the
presence of either TTS was enhanced approximately
tenfold, as in the presence of two tandemly arranged
HS4 insulators from the chicken b-globin locus that
are traditionally used to improve the reporter gene
expression in transgenic animals. Therefore, the
identified TTSs can functionally substitute for the
HS4 insulators in transgenic constructs, with their
smaller size being an advantage in such experiments.
A noteworthy fact is that transgene flanking with two
different TTSs resulted in further enhancement of
transgene expression. A likely explanation is that the
TTSs on both 50 and 30 ends of the transgene prevent
the spread of transcription from neighboring genomic
regions. This is in line with data on the improved
expression of two expression units in a single
construct when one of them is flanked by insulators
on both sides (Hasegawa and Nakatsuji 2002).
There are several possible mechanisms how proteins bound to the HS4 insulator can improve the
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expression of a transgene. The CTCF protein can
block the spreading of repressor complexes (Ghirlando and Felsenfeld 2016); the USF1/2 proteins form
multiprotein complexes with NURF and hSET1 that
have nucleosome-remodeling and histone H3K4
methyltransferase activities (Li et al. 2011); finally,
the BGP1/Vezf1 protein protects the GC-rich
sequences of an insulator against methylation (Dickson et al. 2010). Interestingly, it has also been shown
that BGP1/Vezf1 is also able to terminate weak
transcription in the HS4 sequences that is initiated in
the neighboring heterochromatic region (Gowher et al.
2012). Thus, the HS4 insulator can function as a weak
TTS. It seems likely that HS4 and strong TTSs have
partially complementary activities. Therefore, a combination of these elements may have a synergetic
effect in improving transgene expression. Further
research is needed to elucidate this question.
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