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Abstract 

Background  One of the most prominent questions in the field of transgenesis is ‘Where in the genome to integrate 
a transgene?’. Escape from epigenetic silencing and promoter shutdown of the transgene needs reliable genomic safe 
harbor (GSH) loci. Advances in genome engineering technologies combined with multi-omics bioinformatics data 
have enabled rational evaluation of GSH loci in the host genome. Currently, no validated GSH loci have been evalu-
ated in the chicken genome.

Results  Here, we analyzed and experimentally examined two GSH loci in the genome of chicken cells. To this end, 
putative GSH loci including chicken HIPP-like (cHIPP; between DRG1 and EIF4ENIF1 genes) and chicken ROSA-like 
(cROSA; upstream of the THUMPD3 gene) were predicted using multi-omics bioinformatics data. Then, the durable 
expression of the transgene was validated by experimental characterization of continuously-cultured isogenous 
cell clones harboring DsRed2-ΔCMV-EGFP cassette in the predicted loci. The weakened form of the CMV promoter 
(ΔCMV) allowed the precise evaluation of GSH loci in a locus-dependent manner compared to the full-length CMV 
promoter.

Conclusions  cHIPP and cROSA loci introduced in this study can be reliably exploited for consistent bio-manufactur-
ing of recombinant proteins in the genetically-engineered chickens. Also, results showed that the genomic context 
dictates the expression of transgene controlled by ΔCMV in GSH loci.
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Background
Epigenetic silencing and promoter shutdown are the 
main impediments ahead of reliable and consistent 
transgene expression over time [1, 2]. In this regard, 
both vector-dependent and host-dependent factors may 
affect the fate of transgene expression (reviewed in [2]). 
To avoid the effects of negative host-dependent factors 
on transgene expression, several research projects have 
tried to find the most appropriate target loci across the 
genome and to integrate the transgene therein [3–5]. In 
previous studies, intergenic [5], intronic [3], pseudo attP 
[6], mCreI [7], and pMEI [8] sites have been used as GSH 
loci to safely host and stably express the transgenes.

The CRISPR/Cas9 technology has revolutionized the 
genomic site-specific targeting of somatic and embryonic 
cells [9]. Site-specific integration into the predicted GSH 
loci and subsequent isolation of cells carrying monocopy 
transgene can lead to low clonal variations, and homo-
geneous as well as consistent gene expression [10, 11]. 
The in vitro evaluation of the long-term expression com-
petency of a transgene integrated into a predicted GSH 
locus is very important and valuable before generating 
genetically engineered animals. This is to avoid the pos-
sible shutting down of the promoter or silencing of the 
transgene over time [5, 6].

In recent years, several attempts have been made to 
identify GSH regions [3, 7, 12–14] and to exploit them 
for efficient transgenesis in rodents [5, 15–18], mammals 
[19–22], and human [23], as well as manufacturing of 
recombinant protein in cell lines [10, 24, 25].

The following criteria may be considered for the evalu-
ation of a candidate locus as a potential/putative GSH, 
mainly for biotechnological applications. i) GSH loci 
should be located in a stable chromosome with low rear-
rangements. The use of cells with a heavily-mutated 
genome, inappropriate genome integrations, and high 
chromosomal duplications should be avoided. In this 
regard, using primary cells or cells derived from non-can-
cerous tissues are preferable. ii) weak or cell-specific pro-
moters should be used to evaluate the expression profile 
of a potential GSH locus, iii) the intronic regions should 
be preferably avoided since they are subject to transcrip-
tion read-through events, iv) to minimize expression 
variations, isogenous cell clones harboring the transgene 
in the GSH locus should be used. The main feature of a 
GSH locus for biotechnological applications is its abil-
ity to support long-term and consistent expression in a 
population of cells.

Several GSH regions such as ROSA26 [26], HIPP [5], 
AAVS1 [27], and HPRT1 [28] have been used to host 
the transgene. Also, different heterologous and homolo-
gous promoters have been used to drive the transgene 
expression from these GSH regions [4, 29]. It has been 

demonstrated that the expression profile of a given 
transgene in a GSH locus would be promoter-, genome 
context-, copy number-, and orientation-dependent 
[30, 31]. Among these, the transgene expression can be 
strongly affected by the genomic context and the type of 
promoter over time [10]. In GSH studies, transgenes have 
been driven by strong/weak heterologous promoters [4], 
homologous promoters (especially cell/tissue-specific 
promoters) [4, 29], minimal promoters [29, 32], as well as 
promoter-less genomic regions [18, 19, 22, 33].

To evaluate GSH loci, exploiting strong heterologous 
or homologous promoters might be deceptive/mislead-
ing and lead to unpredictable results. Insertion of strong 
promoters in the genome would not necessarily lead to 
the ubiquitous expression of the reporter [10, 29]. In 
most previous studies, the identification of GSH loci has 
been conducted by a strong promoter. However, by using 
weak or tissue-specific promoters, the prediction of the 
potential GSH regions would be more realistic [19, 29, 
34, 35]. In addition, the investigation of expression pro-
files of the integrated transgene in a potential GSH locus 
should be carried out in parallel with the integration 
of the same transgene in a non-GSH locus [6]. To our 
knowledge, there is no report regarding the evaluation of 
GSH loci using a transgene driven by a weak promoter 
that is simultaneously integrated both in GSH and non-
GSH loci.

There are different strategies that could be used for 
screening the genomic loci to predict the safe loci for 
transgene knock-in; i) the traditional gene trapping 
method which relies on random integration of reporter 
construct followed by isolating the cells with higher 
expression [36, 37] or whole genome sequencing to 
predict the reporter integration sites that are support-
ing the high expression of the reporter [38], ii) random 
integration of the transgene by homologous recombina-
tion followed by in-vivo imaging to identify the permis-
sive loci for the generation of stably-expressed reporter 
animal [29], iii) Mining of the genomic [3, 7, 14, 39, 40], 
the epigenomic [13, 41], and the transcriptomic [41] data 
based on registered data in bioinformatic databases, iv) 
Comparative genomics for screening and detecting the 
similarity between GSH in one species and other species 
based on homologous sequences [12, 18, 21, 22].

Here, using multi-omics bioinformatics such as com-
parative genomics approach, transcriptomics data, and 
Hi-C data, two novel GSH loci including cROSA and 
cHIPP were predicted in the chicken genome. The simi-
larity in the sequences or neighboring gene arrangement 
with ROSA26 [12, 18, 21, 22] and H11 [19, 23, 42, 43] 
loci were used to predict these potential GSH regions 
in the chicken genome. These two loci are located in 
micro-chromosomes 12 and 15 which are proven as 
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hyperacetylated and highly-transcribed chromosomes 
and have high stability against the rearrangement and 
insertion of repetitive elements [44].

It has been demonstrated that the transgene expression 
from intergenic regions is highly preferable to that from 
intragenic regions [3, 5]. Although intragenic regions 
such as ROSA26, CCR5, and AAVS1 were successfully 
implemented for safe and durable transgene expres-
sion in different cell types, there are some constraints. 
For example, the insertion of transgenes in the AAVS1 
region directly affects the growth rate of engineered cells 
following transgene silencing [45]. Also, endogenous 
promotor located in the ROSA26 locus leads to the ubiq-
uitous expression of the transgene and may influence 
transgene expression driven by exogenous promoters. 
Mosaic expression of the transgene in multiple organs 
was reported when the CAG promoter was used in the 
ROSA26 locus [46, 47]. Silencing of the transgene can 
occur in the CCR5 locus due to the 0.9 kb sequence that 
is susceptible to methylation [4]. Thus, it seems that the 
use of intergenic loci to host the transgene for biotechno-
logical applications is advantageous over the intragenic 
loci. Higher rate of recombination, targeting efficiency, 
and level of transgene expression in vivo as well as stable 
transgene expression without silencing are the features of 
an intergenic locus such as H11 [5].

We used CRISPR/Cas9 technology to integrate the 
EGFP transgene under the control of strong CMV and 
weakened ΔCMV promoter in the identified GSH loci 
as well as in the non-GSH ovalbumin locus (hereafter 
called cOVA) in the chicken fibroblast cell lines (DF1 
cell lines). In contrast to our expectation, the transgene 
expression under the control of a CMV promoter in a 
non-GSH locus outperformed the one integrated into 
the GSH locus. This result suggested that the expression 
of a transgene controlled by a strong promoter may act 
independently from its chromosomal position effects. 
Replacing the CMV promoter with ΔCMV altered the 
expression level in favor of GSH loci. To fully decipher 
the behavior of GSH loci, isogenous cell clones harboring 
ΔCMV promoter-driven EGFP were isolated. The results 
revealed that mono-allelic and mono-copy expression 

levels of EGFP controlled by ΔCMV promoter in GSH 
loci were significantly higher than that in non-GSH locus. 
Also, we found that DF1 cell lines that have integrated the 
transgene cassette in the GSH locus can express EGFP 
for more than 6 months. For applications in biotechnol-
ogy, consistent and homogenous level of expression of 
the transgene is preferred [30].

Materials and Methods
Bioinformatic Identification of GSH Loci
To identify and characterize the potential GSH loci in the 
chicken (Gallus gallus domesticus) genome, we applied a 
stepwise multi-omics bioinformatics strategy (Fig. 1). Vali-
dated GSH loci (HIPP/H11 and Gt ROSA 26Sor/ROSA26 
loci in human, murine, and porcine genomes) were ana-
lyzed using the NCBI’s genome data viewer (https://​www.​
ncbi.​nlm.​nih.​gov/​genome/​gdv/)  (Fig.  1A). Then, flanking 
genes of these GSH loci were determined (Fig. 1B). If the 
arrangement of two flanking genes in the chicken genome 
was similar to the orthologous genomes, these regions were 
aligned together (Fig.  1C-b). To this end, pairwise align-
ment of the validated and candidate intergenic region was 
conducted by EMBOSS WATER algorithm (https://​www.​
ebi.​ac.​uk/​Tools/​psa/​emboss_​water/). The alignment was 
excluded if only one flanking gene around the validated 
GSH locus was similar to that in the chicken genome 
(Fig.  1C-a). If there was no similarity, the region was not 
considered as a potential GSH (Fig.  1C-c). The presence 
of possible coding or non-coding genes in the potential 
GSH locus was evaluated by NCBI’s genome data viewer 
or UCSC genome browser (https://​genome.​ucsc.​edu) 
(Fig.  1D). Chicken Hi-C data was used to study whether 
the potential GSH is contained within an individual TADs 
(Fig. 1E and Additional file 1). Hi-C data was visualized by 
Juicebox software (version 1.11.08) which is available at 
the following link: https://​github.​com/​aiden​lab/​Juice​box/​
wiki/​Downl​oad. Coordinates of defined TAD boundaries 
are shown in Additional file 2 and coordinates of the anno-
tated genes are shown in Additional file 3. The coordinate 
system of the map corresponds to the genome version Gal-
Gal5. After visualizing the data by Juicebox, the chromo-
some containing the genes of interest (DRG1, EIF4ENIF1, 

(See figure on next page.)
Fig. 1  A schematic pipeline for the prediction of genomic safe harbor loci in the chicken genome. Seven steps were followed to predict the 
chicken genomic safe harbor loci. Step 1) A few validated GSH loci in the human, murine, and porcine genomes were nominated (A). Step 2) 
Flanking genes surrounding the validated GSH loci were analyzed in the chicken genome using the genome data viewer of NCBI (B). Step 3) Gene 
arrangement around the validated GSH loci was compared to the potential GSH locus in the chicken genome (C). Step 4) If one flanking gene was 
similar, the pairwise alignment was excluded and the process was followed from step 5 (C-a). If two flanking genes were similar, pairwise alignment 
was performed (C-b). And if there was no similarity, the region was not considered a potential GSH (C–c). Step 5) The presence of possible 
annotated coding or non-coding genes in the predicted GSH locus was evaluated by GDV (Gallus gallus genome assembly bGalGal1.GRCg7b/w) 
and the UCSC Genome Browser (D). Step 6) The coordinates of predicted GSH loci were evaluated by Hi-C data to ensure that the insertion site 
was contained within an individual TAD (E). Step 7) The expression levels of the genes flanking the potential GSH locus were accessed from Gene 
Expression Atlas to determine whether these genes are highly-transcribed (F). A sgRNA-binding site in close proximity of the highly-transcribed 
gene will be selected by a valid online tool (G)

https://www.ncbi.nlm.nih.gov/genome/gdv/
https://www.ncbi.nlm.nih.gov/genome/gdv/
https://www.ebi.ac.uk/Tools/psa/emboss_water/
https://www.ebi.ac.uk/Tools/psa/emboss_water/
https://genome.ucsc.edu
https://github.com/aidenlab/Juicebox/wiki/Download
https://github.com/aidenlab/Juicebox/wiki/Download
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Fig. 1  (See legend on previous page.)
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THUMPD3, flanking the potential chicken GSH locus, and 
OVAL and OVALY flanking the a non-GSH locus) was 
selected and visualized at 5 kb resolution.

Chicken RNAseq data in the Gene Expression Atlas 
(https://​www.​ebi.​ac.​uk/​gxa/​home) were used to deter-
mine the transcript level of the flanking genes (Fig. 1F) 
in embryonic and adult stages. In the Gene Expression 
Atlas, the expression heatmap included four defined cut-
off levels: below (0.5 TPM; transcript per million), low 
(0.5 to 10 TPM), medium (11 to 1000 TPM), and high 
(more than 1000 TPM).

Preparation of Targeting Vectors
In order to construct cROSA, cHIPP, and cOVA target-
ing vectors, 5’ and 3’ homology arm (HA) sequences 
spanning the sgRNA target sites were amplified from 
the genomic DNA (gDNA) of DF1 cell lines (chicken 
embryonic fibroblast cell lines) (Additional file  4) by 
the specific primer sets (Additional file  5; primers P1 
to P4 for amplification of cROSA left HA, primers P5 
to P8 for amplification of cROSA right HA, primers 
P9 and P10 for amplification of cHIPP left HA, prim-
ers P11 and P12 for amplification of cHIPP right HA, 
primers P13 to P16 for amplification of cOVA left HA, 
and primers P17 to P20 for amplification of cOVA right 
HA). To generate cHIPP targeting vector (VH), cROSA 
targeting vector (VR), and cOVA targeting vector (VO), 
the 5’ and 3’ HA sequences related to each locus were 
sub-cloned into the PvuI/XhoI and NheI/XcmI sites of 
a vector containing DsRed2-PolyAsignal-CMV-EGFP-
IRES-PACr-PolyAsignal (hereafter called DsRed2-CMV-
EGFP), respectively (Fig. 3A, B-a, C-a, D-a). To generate 
targeting vectors with a weakend form of CMV pro-
moter (hereafter called ΔCMV promoter), the whole 
distal part of CMV and a part of proximal CMV from 
BglII to SnaBI restriction sites was removed (Fig.  4B). 
These vectors containing DsRed2-PolyAsignal-ΔCMV-
EGFP-IRES-PACr-PolyAsignal cassette (hereafter called 
DsRed2-ΔCMV-EGFP) were named ΔVH, ΔVR, and 
ΔVO (Fig.  4C-a, D-a, E-a). We used the promoterless 
DsRed2 reporter in the final targeting vectors to monitor 
any upregulatory effects of the GSH locus. The site-spe-
cific sgRNA oligonucleotides (for cROSA: 5’-tccgggtcg-
gtttggcccct-3’, for cHIPP: 5’-gcctgtactttgttagtgac-3’, and 
for cOVA: 5’-gctctagccatggtatacct-3’) were designed by 
CHOPCHOP (https://​chopc​hop.​cbu.​uib.​no) online soft-
ware (Fig. 1G; Additional file 6) and were cloned into the 
BbsI sites downstream of the U6 promoter in a Cas9/
gRNA vector containing CBA-Cas9-T2A-PACr. All vec-
tors contained puromycin-resistance gene indicated by 
PACr.

Cell Culture, Transfection, and Generation of Heterogenous 
Cell Pools and Isogenous Cell Clones
DF1 cells were grown in Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco, 
USA) supplemented with 10% fetal bovine serum 
(Gibco, USA), and penicillin (10,000 I.U./mL)/strepto-
mycin (10,000 μg/mL) (Thermo Fisher Scientific, USA). 
To achieve stable heterogenous EGFP-expressing cell 
pools, VH, VR, VO, ΔVH, ΔVR, and ΔVO targeting 
vectors (1ug/ul from each) along with the correspond-
ing specific Cas9/gRNA vectors (1 ug/ul from each) 
were co-transfected into the DF1 cells (2 × 105 cells per 
12 well-plate) using Lipofectamine 3000 (Invitrogen, 
USA) in six different experimental groups (in three 
biological replicates). These groups included cells with 
CMV-driven EGFP and ΔCMV-driven EGFP in three 
loci of cHIPP, cROSA, and cOVA  (Additional file  7B, 
C). Transfection was followed by a 1-week selection 
with 1  μg/mL of puromycin (Sigma-Aldrich, USA) 
and another week for recovery (Additional file  7A). 
At the end of month two (MTH2), the heterogene-
ous cell pools carrying DsRed2-ΔCMV-EGFP in each 
of the three loci were subjected to limiting dilution to 
achieve the isogenous cell clones that stably expressed 
EGFP  (Additional file  7C). At the end of months four 
(MTH4) and six (MTH6), each group of long-term 
cultured isogenous cell clones was evaluated for EGFP 
and DsRed2 expression (Additional file 7D, E). We rea-
soned that any possible DsRed2 expression without any 
promoter may indicate the influence of the genomic 
context in the relevant GSH locus. To make control 
groups, the sgRNA-free Cas9 (-gRNA) vector (1 ug/ul) 
was co-transfected with each of the VH, VR, VO, ΔVH, 
ΔVR, and ΔVO (1ug/ul from each) targeting vectors. 
The expression of EGFP and DsRed2 was assessed in 
heterogenous cell pools at the end of MTH2 (Addi-
tional file  7B and 7C), and in isogenous cell clones 
isolated from the long-term culture (> 2  months) of 
heterogenous cell pools at the end of MTH4 (Addi-
tional file 7D) and MTH6 (Additional file 7E).

Limiting Dilution to Isolate Isogenous Cell Clones
For each experimental  group, a total number of 100 
heterogeneous cells carrying DsRed2-ΔCMV-EGFP 
were counted, resuspended in 1000  µl of complete 
medium, and dispensed in 96 well plates (10  µl/well) 
containing 90ul medium per well. Isogenous cell clones 
appeared within 2 weeks of culture (Additional file 8A). 
Then, individual isogenous cell clones were picked up 
and expanded in 24 well-plates 1  month more. These 
cells were continuously maintained for more than 
6 months in culture.

https://www.ebi.ac.uk/gxa/home
https://chopchop.cbu.uib.no
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Verification of Bi‑ or Mono‑Allelic Integration 
of the dsRed2‑ΔCMV‑EGFP Cassete
Six isogenous cell clones were evaluated for bi- or 
mono-allelic integration of the DsRed2-ΔCMV-EGFP 
cassete for each gene locus (Additional file 8B). To this 
end, three different PCR reactions were performed to 
verify the mono-allelic integration events; using P1/
GS2 and VS2/GS2 primer pairs for the cROSA locus, 
GS3/GS7 and VS2/GS4 primer pairs for the cHIPP 
locus, and P13/GS6 and VS2/GS6 primer pairs for the 
cOVA locus (Additional file 5).

Verification of On‑Target Integration
Correctly-knocked-in heterogenous cell pools and isog-
enous cell clones were confirmed by 5’/3’ junction PCR. 
GS1-VS1, GS3-VS1, and GS5-VS1 primer pairs were 
used to confirm on-target integration in the 5’ junction 
of cROSA, cHIPP, and cOVA loci, respectively. In addi-
tion, GS2-VS2, GS4-VS2, and GS6-VS2 primer pairs were 
used to validate on-target integration in the 3’ junction 
of these loci, respectively (Figs. 3 and 4, Additional file 5, 
Additional files 8C, 9). Amplified fragments from the 5’ 
and 3’ sides of each locus by the above-mentioned primer 
pairs were confirmed by restriction enzyme digestion and 
Sanger sequencing (Additional files 8D, 9, 10).

Flowcytometry
For the flow cytometric analysis, heterogenous cell pools 
(containing either CMV or ΔCMV) from each experi-
mental group (cROSA, cHIPP, and cOVA) were analyzed 
using FACS Calibur (BD Biosciences, USA) in three bio-
logical replicates at the end of MTH2. To this end, 3 × 
105 cells were counted, washed twice with cold D-PBS 
(DENAzist Asia, Iran), and resuspended in cold D-PBS. 
Then, the percentage of EGFP- and DsRed2-positive cells 
were acquired in green and red channels, respectively. 
The mean fluorescence intensity (MFI) index was calcu-
lated by FlowJo software (version 7.0) for all experimental 
groups. A comparison of the MFI index was performed 
among the experimental groups where the cOVA group 
was used as a control group for both cROSA and cHIPP 
groups. Similarly, isogenous cell clones were analyzed at 
the end of MTH4 and MTH6 to determine the percent-
age of EGFP- and DsRed2-positive cells as well as the 
MFI index.

Image Analysis Using ImageJ and Gnuastro Softwares
The images captured from each group of heterogeneous 
cell pools (containing either CMV or ΔCMV promoter) 
were analyzed by ImageJ Fiji software (version 1.52p) to 
calculate the integrity density index. For this purpose, cells 
were imaged with identical parameters (for images from 

CMV groups: 10X magnification, 100  µs exposure, 1X 
analog gain, and for images from ΔCMV groups: 20X mag-
nification, 1 s exposure, 2.2X analog gain). Also, isogenous 
cell clones containing ΔCMV promoter were analyzed to 
calculate the integrity density index. These cells were also 
imaged with identical parameters (20X magnification, 1 s 
exposure, 1X analog gain). The integrity density index was 
further analyzed by GNUastro Linux-based software (ver-
sion 0.18) for images taken from isogenous cell lines con-
taining ΔCMV promoter (Additional file 11).

qPCR Quantification of EGFP Transcripts
Total RNA was extracted from cells in each biological 
replicates using the Column RNA Isolation Kit (DENA-
zist Asia, Iran). A total of 2000 ng RNA was reverse tran-
scribed using RevertAid First Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific, USA). qPCR was conducted 
with 200  ng cDNA in a 20  µl reaction using the RealQ 
Plus 2 × Master Mix Green (Ampliqon, Denmark) and 
Rotor-Gene TM6000 Real-Time PCR Analyzer (Qiagen, 
Germany) in three technical replicates. Primer-pair for 
EGFP (P21/P22) and chicken ACTB (P23/P24) was used to 
amplify EGFP and ACTB transcripts, respectively (Addi-
tional file 5). All reactions were subjected to 35 cycles of 
initial denaturation for 15 m at 94 °C, 30 s denaturation at 
94 °C, 30  s annealing at 68 °C for EGFP primer-pair and 
55°C  for chicken ACTB primer-pair, and 30  s extension 
at 72 °C. The melting curve was acquired between 45 °C 
and 95 °C. The size of the EGFP and chicken ACTB ampli-
cons were 174  bp and 118  bp, respectively. One to five 
dilution series of EGFP cDNA was prepared and used to 
generate a standard curve using the SYBR Green qPCR 
mastermix (Ampliqon, Denmark) by amplifying EGFP. To 
this end, 2 µl of the cDNA from each dilution was added 
to 18  µl SYBR Green qPCR Mastermix in three techni-
cal replicates. The logarithm of the initial copy number of 
transcripts was plotted along the x-axis, and their respec-
tive CT values were plotted along the y-axis. Based on the 
equation for the linear regression, the following equa-
tion was used to determine the copy number of the EGFP 
mRNA in the heterogenous cell pools and isogenous cell 
clones based on the standard curve equation formula.

where n = CT for each sample, b = 53.7092, m = -3.6916
Chicken ACTB was used as a house-keeping mRNA for 

normalization of the data. To this end, the average CT of 
ACTB in the cHIPP group was devided individually to the 
average CT of ROSA and OVA groups. Then, CT of EGFP 
of ROSA and OVA groups was devided by the calculated 
ratios. The copy number of EGFP transcripts was calcu-
lated using the standard curve equation formula.

Copy number = 10̂
n− b

m
,
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Western Blotting Analysis of EGFP Expression
Total protein was extracted from isogenous cell clones 
carrying  DsRed2- ΔCMV-EGFP using RIPA lysis buffer 
(Cytomatin gene, Iran). Briefly, 50 µl RIPA lysis buffer was 
poured on the cells cultured in a 0.35 cm2 cell culture dish 
after removing the culture medium, followed by 30  min 
incubation in a minus 30 freezer. Then, cells were scraped 
and centrifuged in 4  °C with a speed of 13,000  rpm for 
5  min. Total protein was collected from the supernatant 
and stored at a minus 80 freezer. The BCA protein assay 
was conducted to determine the concentration of total 
protein. Each protein sample (30 μg) was subjected to 10% 
SDS-PAGE, transferred onto 0.45 µm nitrocellulose mem-
brane (Biorad, USA) according to the standard protocol, 
followed by blocking (overnight at 4 °C) with 5% w/v skim 
milk prepared in D-PBS. The membrane was incubated 
with rabbit monoclonal antibody (Sino Biological Inc., 
China) against EGFP (1:2000) for 3 h at room temperature, 
and with HRP-conjugated goat anti-rabbit secondary anti-
body (1/18000) (Abcam, UK) for 1 h at room temperature. 
As an internal control, chicken β-actin protein was used 
to normalize the results. To this end, stripping of the same 
membrane was performed using a standard protocol and 
blocking was conducted with 5% skim milk overnight at 
4 °C. Then, the membrane was subjected to a mouse mon-
oclonal anti-β-actin antibody (1/20000) (Sigma Aldrich, 
USA) for 1 h at room temperature. Throughout the experi-
ments, each membrane was washed three times (15  min 
per wash) using TBST solution. Finally, in order to detect 
the HRP signals, membranes were subjected to chemilu-
minescence detection with the Chemiluminescence Kit 
(Parstous, Iran), and the Chemiluminescence Detector 
system (G: BOX Chemi XT Analyser, SYNGENE, Eur.). 
The ImageJ software was used for densitometric analysis of 
the EGFP (27 kilodalton) and chicken β-actin (42 kilodal-
ton) protein bands. Mean relative intensity was calculated 
and Mann–Whitney test was used to compare the relative 
intensity among the analyzed groups (p < 0.05).

Determination of the Copy Number of Integrated EGFP 
Transgene in Isogenous Cell Clones
Genomic DNA of non-transfected DF1 cells was isolated 
using the Animal Tissue DNA Isolation Kit (DENAzist 
Asia, Iran). Extraction of EGFP-containing plasmid was 
performed using the Plasmid Isolation Kit (DENAzist Asia, 
Iran). The copy number of extracted gDNA and plasmid 
were calculated by the following formula:

Number of copies of DNA template per �l =

DNA concentration

(

ng

�l

)

× Avogadro�s number
[

6.022 × 1023
]

length of template (bp) × conversion factor to ng
[

109
]

× average weight of a base pair (Da) [650]

The haploid size of chicken genome (1.05333 Mb accord-
ing to assembly GCA_016699485.1 bGalGal1.mat.broiler.
GRCg7b) was used to calculate the copy number of 
extracted gDNA. Then, the volume containing equal to one-
hundred copies of the diploid genome was mixed with a 
volume containing equal to one-hundred copies of the plas-
mid (i.e., ratio 1:1). Then, a 1:5 dilution series of the mix was 
prepared and was used to generate a standard curve using 
the SYBR Green qPCR mastermix (Ampliqun, Denmark) 
by amplifying EGFP. To this end, 2 µl of the mix from each 
dilution was added to 18 µl SYBR Green qPCR Mastermix 
in three technical replicates. The logarithm of the initial 
copy number of genomes (containing one copy of EGFP per 
genome) was plotted along the x-axis, and their respective 
CT values were plotted along the y-axis (Additional file 8E). 
Based on the equation for the linear regression, the follow-
ing equation was used to determine the copy of the EGFP 
transgene in the genome of isogenous cell clones with simi-
lar mass (extracted genomic DNA in ng).

where n = CT for each sample, b = 21.707, m = -3.611
Genomic DNA of isogenous cell clones and heterog-

enous cell pools was isolated using the Animal Tissue 
DNA Isolation Kit (DENAzist Asia, Iran). 10  ng from 
each gDNA (coresponding to 8662.28 genome copies) 
was added to 18  µl SYBR Green qPCR Mastermix in 
three technical replicates. Using the above-mentioned 
equation, EGFP copy numbers were calculated in each 
cell clone and cell pool.

Results
Bioinformatic Analysis for Predication of Genome Safe 
Harbor Loci in the Chicken Genome
A multiomics bioinformatics pipeline was used to predict 
potential GSH loci in the chicken genome (Gallus gallus 
domesticus) (Fig. 1). Genome data viewer (Fig. 2A), Hi-C data 
(Fig. 2B and Additional file 1), and RNA-seq data (Fig. 2C) 
were exploited to predict the potential GSH loci in the 
chicken genome. Based on two well-known GSH loci, HIPP 
(so-called H11) and Gt (ROSA) 26Sor (so-called ROSA26) 
which are validated GSH loci in several organisms includ-
ing mice, humans, and pigs, we first evaluated the genes sur-
rounding these intergenic loci. HIPP and ROSA26 intergenic 
loci are surrounded by EIF4ENIF1/DRG1 and THUMPD3/
SETD5 genes, respectively in mouse, human, and pig.

Copy number = 10̂

(

n− b

m

)

,
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Our survey using the genome data viewer of NCBI 
revealed that the EIF4ENIF1/DRG1 genomic arrange-
ment in the chicken genome (Fig.  2A-c) was similar to 
those in the indicated organisms (Fig.  2A-a). Pairwise 
alignment (EMBOSS Water algorithm) was used to find 
the percentage of identity and similarity of the intergenic 
sequences between the EIF4ENIF1/DRG1 genes in the 
chicken genome with the same intergenic sequence in 
the mouse, human, and pig genomes. Results showed 
that this locus in chicken had 35.9%, 44.6%, and 40.9% 
similarity with the corresponding region in the mouse, 
human, and pig genomes, respectively (data not shown).

Contrary to what we found in the mouse, human, and 
pig genomes (Fig. 2A-b), the SETD5 gene was not adja-
cent to the THUMPD3 in the chicken genome (Fig. 2A-
d). So, we were unable to use the intergenic sequence 
located between THUMPD3/SETD5 genes as a poten-
tial intergenic region. We noticed that the arrange-
ment and order of SRGAP3/THUMPD3 genes in the 
genome of the mouse, human, and pig (Fig.  2A-b) was 
exactly similar to those in the chicken genome (Fig. 2A-
d). Thus, two regions were chosen as GSH candidates 
in the chicken genome without considering the similar-
ity of sequences with other organisms; i) the intergenic 
region (14327  bp) between SETD5 and PLNXB3 genes 
(data not shown), and ii) the intergenic region (20105 bp) 
between THUMPD3 and SRGAP3 genes (Fig.  2A-d). 
The former contains two “LOC” genes (unpublished/
undetermined genes; data not shown) and the latter 
contains one “LOC” gene. It has been demonstrated 
that some unidentified coding or non-coding genes may 
reside in the intergenic regions and affect the expres-
sion of the integrated transgene [51]. Thus, we chose 
the upstream region of the THUMPD3 gene which is a 
wide intergenic region (Fig. 2A-d) and compared it with 
the upstream region of the SETD5 (data not shown). 
This is a gene-poor intergenic region compared with 
the upstream intergenic region of the SETD5 which is a 
gene-rich region. Consciously, we decided to integrate 
the transgene into the unpublished/undetermined gene 
named “LOC121106669” (the targeted site is located 
7742  bp upstream of the THUMPD3 gene inside the 
“LOC121106669” gene).

Evaluating the chicken genome TADs revealed that 
both cHIPP and cROSA loci were located inside the 
individual TADs (Fig. 2B-a, B-c, and Additional file 12a, 
b). Also, the cOVA locus resides inside an individual 
TAD (Fig.  3B-b and Additional file  12c). On the other 
hand, chicken RNA-seq data were adopted to evalu-
ate the expression levels (transcript per million; TPM) 
of the genes flanking the intergenic locus of interest 
(Fig.  2C-a, C–c). Since the expression levels of DRG1 
and THUMPD3 outweighed those of EIF4ENIF1 and 
SRGAP3 genes, respectively, we decided to target the 
cHIPP and cROSA loci near these genes. TPM average 
for the DRG1 gene was 76.16 and 65.16 in tissues and 
developmental stages, respectively. TPM average for the 
EIF4ENIF1 gene was much less (22.33 in several tissues 
and 30.75 for developmental stages) (Fig.  2C-a). TPM 
average for the THUMPD3 gene was 26.67 and 71.64, 
in tissues and developmental stages, respectively. This 
average for the SRGAP3 gene was 28.77 and 43.49 in tis-
sues and developmental stages, respectively (Fig.  2C-c). 
For the OVA gene, the TPM average was 6.8 in develop-
mental stages, but no expression was reported in tissues. 
Low TPM is only observed in testis for OVALY, while it 
is below the cutoff in other tissues. Also, TPM in devel-
opmental stages is low for the OVALY gene (Fig. 2C-b). 
Hence, cROSA and cHIPP were nominated as the poten-
tial GSH loci, and cOVA was used as a non-GSH locus. 
Also, we evaluated OVA gene expression in DF1 cells and 
found that this locus is not transcriptionally active in DF1 
cells (data not shown).

Transgene Expression from the Strong Heterologous 
Promoter is not Entirely Locus‑Dependent
In the first preliminary study, to evaluate the predicted 
GSH loci, a construct containing DsRed2-CMV-EGFP-
IRES-PACr was inserted into two predicted cROSA 
and cHIPP loci as well as the non-GSH cOVA locus of 
chicken DF1 cells. Heterogenous cell pools (in triplicate 
for each locus) were generated by 1-week puromycin 
selection, followed by two-month culture without selec-
tion (Additional file 7A and Fig. 3A, B-a, C-a, D-a).

CRISPR-mediated knock-ins of construct harboring 
strong heterologous promoter in the designated loci were 

Fig. 2  Bioinformatic analysis for predication of genome safe harbor loci in the chicken genome. A-a The schematic presentation of the validated 
HIPP locus including its flanking genes in the mouse, human, and pig genomes. A-b The schematic presentation of the validated ROSA locus 
including its flanking genes in the mouse, human, and pig genomes. A-c, A-d The schematic presentation of the potential cHIPP and cROSA loci in 
the chicken genome. Flanking genes around the validated HIPP locus (i.e., DRG1/ EIF4ENIF1) have been exactly the same as the genes found around 
the predicted cHIPP locus in the chicken genome, but the genes surrounding the validated ROSA locus (i.e., THUMPD3/SETD5/SRGAP3) have been 
relatively the same as the genes seen around the predicted cROSA locus. A-e The schematic presentation of the non-GSH cOVA locus in the chicken 
genome. B The coordinates of DRG1/EIF4ENIF1, THUMPD3/SRGAP3, and OVAL genes relative to the location of TADs, extracted from the chicken 
Hi-C data, and visualized by JUICEBOX online software (adopted from ref [48]). C The expression levels of the flanking genes in several tissues and 
developmental stages, adopted from the Gene Expression Atlas. ⇨: (adopted from ref [49]). ➲: (adopted from ref [50]). TPM avg.: transcripts per 
million averages. E: embryonic day. PN: post natal day

(See figure on next page.)
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verified by 5’/3’ junction PCR (Additional file 9A-a, A-d, 
B-a, B-d, C-a, C-d), restriction enzyme digestion of the 
amplicons (Additional file  9A-c, B-c, C–c), and Sanger 
sequencing (Additional file 10A-a, B-a, C-a). When cells 

were transfected with a gRNA-free Cas9 vector (-gRNA), 
no integrations were observed, judged by 5’/3’ junction 
PCR (Additional file 9A-a, A-d, B-a, B-d, C-a, C-d) and a 
lack of EGFP flourscence (data not shown).

Fig. 2  (See legend on previous page.)
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At the end of MTH2, correctly-knocked-in heterog-
enous cell pools for each locus/replicate were evaluated 
by flow cytometry to estimate the percentage of EGFP-
positive cells. Results showed that 19.47%, 21.01%, and 
19.81% of cells targeted in cROSA, cHIPP, and cOVA loci, 
respectively were EGFP-positive (Fig.  3B-d, C-d, D-d). 
The EGFP expression was highly variable in heterog-
enous cell pools, indicated by wide histograms (Fig. 3B-
d, C-d, D-d). Also, no expression of the promoter-less 
DsRed2 was detected in any of the three loci (red square), 
judged by flow cytometry (Fig.  3B-d, C-d, D-d). MFI 
index showed that the expression of CMV-EGFP inserted 
in the cOVA locus was significantly higher than that for 
the CMV-EGFP knocked-in reporter in the cROSA and 
cHIPP loci (p < 0.0001 and < 0.05, respectively; Fig.  3E). 
Analyzed images captured from each locus (Fig.  3B-b, 
B-c, C-b, C–c, D-b, D-c, and Additional file 13) showed 
that the ID index of CMV-EGFP inserted in the cOVA 
locus was significantly higher than that for the CMV-
EGFP knocked-in reporter in the cROSA and cHIPP loci 
(p < 0.005 and < 0.0001, respectively; Fig. 3F). The results 
of qPCR showed that the copy number of EGFP tran-
scripts transcribed from the cOVA locus was significantly 
higher than those transcribed from cROSA and cHIPP 
loci (p < 0.05 and p < 0.0001, respectively) (Fig. 3G).

Collectively, these data suggested that in the presence 
of a strong heterologous promoter, a non-GSH locus 
could support transcription higher than a GSH locus. So, 
it may be inferred that the transgene expression under 
a strong heterologous promoter is not entirely locus-
dependent and is mostly promoter-dependent.

Transgene Expression from the Weak Heterologous 
Promoter is Principally Locus‑Dependent
We expected that predicted GSH loci to support the 
elevated expression of a transgene under the control of 
a strong heterologous promoter. However, the EGFP 
expression from the non-GSH cOVA locus greatly out-
weighed the EGFP expression from the predicted GSH 
loci. Therefore, we assumed that the presence of a strong 
heterologous promoter unpredictably affects the expres-
sion of the integrated transgene. Thus, in the second pre-
liminary study, we set out to evaluate the expression of 

EGFP under the control of a weak promoter integrated 
into the predicted GSH loci of cROSA and cHIPP, as well 
as the non-GSH cOVA locus (Additional file 7A; Fig. 4A, 
B). To this end, we generated three new targeting vectors 
named ∆VR, ∆VH, and ∆VO (Fig. 4B; C-a, D-a, E-a) in 
which EGFP was under the control of ∆CMV. Heterog-
enous cell pools harboring DsRed2-∆CMV-EGFP were 
cultured for two months. The 5’/3’ junction PCR (Addi-
tional file  9A-b, A-e, B-b, B-e, C-b, C-e), restriction 
enzyme digestion of the amplicons (Additional file 9A-c, 
B-c, C–c), and Sanger sequencing (Additional file  10A-
b, B-b, C-b) were performed to verify knocked-in ∆VR, 
∆VH, and ∆VO in the designated loci. In the absence of 
locus-specific gRNAs, 5’/3’ junction PCR did not verify 
knock-ins in the experimental groups (Additional file 9A-
b, A-e, B-b, B-e, C-b, C-e).

At the end of MTH2, 23.17%, 21.65%, and 25.07% of 
cells harboring the transgene in cROSA, cHIPP, and 
cOVA loci, were EGFP-positive, respectively (Fig.  4C-b, 
D-b, E-b). In contrast to the use of CMV, ∆CMV could 
improve MFI index and ID index in favor of GSH loci. 
MFI index of ∆CMV-EGFP inserted in the cHIPP locus 
was significantly higher than that for the ∆CMV-EGFP 
inserted in the cOVA locus (p < 0.0001; Fig.  4D-c), but 
there was no statistically significant difference between 
MFI of ∆CMV-EGFP inserted in the cROSA and cOVA 
loci (Fig.  4C–c). Highly variable levels of EGFP expres-
sion in heterogenous cell pools were observed, as dem-
onstrated by wide histograms (Fig.  4C-b, D-b, E-b). 
Moreover, no expression of promoter-less DsRed2 was 
detected in all loci (red square), judged by flow cytometry 
(Fig. 4C-b, D-b, E-b). ID index was calculated by analyz-
ing images captured from each locus (Additional file 14). 
The ID index findings supported MFI index (Fig.  4C-
d, D-d). The copy number of transcripts from  ∆CMV-
driven EGFP inserted in the cROSA and cHIPP loci 
was significantly higher than those transcribed from 
the cOVA locus (p < 0.005 and p < 0.0001, respectively; 
Fig. 5C-e, D-e).

Comparison of EGFP expression and transcription 
status in heterogeneous cell pools harboring the CMV-
driven EGFP or  ∆CMV-driven EGFP integrated into 
designated loci confirmed that the strong activity of the 

(See figure on next page.)
Fig. 3  Transgene Expression from the strong heterologous promoter is not entirely locus-dependent. CRISPR-mediated integration of CMV-driven 
EGFP and promoter-less DsRed2 in the predicted GSH loci and non-GSH locus was performed in DF1 cell lines. A Schematic depiction of 
CMV-EGFP-expressing heterogeneous cell pools at the end of MTH2. (B-a, C-a, D-a) CRISPR-mediated integration of DsRed2-CMV-EGFP in cROSA, 
cHIPP, and cOVA loci. (B-b, B-c, C-b, C–c, D-b, D-c) Light and fluorescence microscope images of the cells expressing EGFP heterogeneously driven 
by the CMV promoter (Scale bar: 100μm). (B-d, C-d, D-d) Flow cytometry results from EGFP-expressing cROSA, cHIPP, and cOVA cells (each in 
triplicate). Non-transfected cells were used as the negative control. No expression signal was detected in the red channel. E Mean fluorescent 
intensity (MFI) index of the cOVA group was higher than that in the cHIPP and cROSA groups. F The integrated density (ID) index of the cOVA 
group was higher than that in the cHIPP and cROSA groups. G The copy number (CN) of EGFP transcripts in the cOVA group was higher than that 
in the cHIPP and cROSA groups. **: p < 0.05, ***: p < 0.005, and ****: p < 0.0001 are statistically significant. Avg.: The average expression of EGFP. Exp: 
Experiment. N: Number
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Fig. 3  (See legend on previous page.)
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CMV promoter has been significantly reduced when 
the promoter changed to  ∆CMV (p < 0.0001), judged by 
MFI index, ID index, and qPCR (Additional file  15A, 
B, C). Also, fluorescence microscopy images showed a 
reduction in fluorescence intensity when the weak pro-
moter was used (Fig. 4C-f, C-g, D-f, D-g, E-c, E-d). The 
only exception was the MFI results of the cHIPP locus, 
as there was no significant difference in the MFI index 
between CMV-driven EGFP and  ∆CMV-driven EGFP 
(Additional file 15B-a). Overall, these results highlighted 
the beneficial effects of the weak heterologous promoter 
for evaluating and finding potential GSH loci.

Transgene Expression from the Weak Heterologous 
Promoter is Consistent and Homogenous in the Potential 
GSH Loci of Isogenous Cell Clones
We reasoned that the expression of the transgene under 
the control of a weak promoter in the potential GSH 
loci might be more locus-dependent and homogenous 
in isogenous cell clones. To this end, isogenous cell 
clones were isolated from the heterogenous cell pools 
harboring  ∆CMV-driven EGFP (integrated into GSH 
and non-GSH loci) which were in culture for more than 
2 months (Additional file 7A). Furthermore, the R2, R5, 
and R8 clones (cROSA clones that contain DsRed2-∆ 
CMV-EGFP-IRES-PACr in the cROSA locus), the H1, 
H4, and H6 clones (cHIPP clones that contain the same 
cassette in the cHIPP locus), and the O3, O5, and O8 
clones (cOVA clones that contain the same cassette in 
the cOVA locus) were expanded and analyzed at the 
end of MTH4 (Fig. 5A-a) and MTH6 (Fig. 5B-a). After 
isolation of single-cell clones by limit-diluting method 
(Additional file 8A), they were screened for bi- or mono-
allelic knock-ins (Additional file 8B), and were subjected 
to 5’/3’ junction PCR (Additional file  8C) with further 
validation by restriction enzyme digestion (Additional 
file  8D) and Sanger sequencing (Additional file  10A-
c, B-c, C–c). To confirm single-copy transgene knock-
in, the copy number of EGFP transcripts transcribed 
from the GSH loci and non-GSH locus was determined 
(Additional file 8E).

Evaluation of the homogenous expression of EGFP in 
the correctly-targeted isogenous cell clones showed that 
cHIPP clones had highly uniform levels of EGFP expres-
sion compared to the cROSA clones, as demonstrated by 
narrow histograms in the offset graph (Fig.  5A-b, A-e, 
B-b, B-e). Although EGFP expression was homogeneous 
in the cOVA clones, transgene silencing occurred over 
time, judged by shifting the peak to the left in the off-
set graph from MTH4 to MTH6 (Fig.  5A-h, B-h). The 
average expression of EGFP (green square) in the MTH4 
for cHIPP, cROSA, and cOVA were 98.27%, 94.54%, and 
95.82%, respectively (Fig.  5A-c, A-f, A-i); while it was 
92.05%, 94.95%, and 67.31% in the MTH6, respectively 
(Fig. 5B-c, B-f, B-i). Moreover, no expression of the pro-
moter-less DsRed2 (red square) was detected in all loci 
during the six-month culture of these cells (Fig.  5A-c, 
A-f, A-i, B-c, B-f, B-i). Also, the results of our findings 
showed that integration of the transgene in the candi-
date GSH loci does not alter the morphology and dou-
bling time of cells, either in targeted heterogeneous or in 
isogenous cells (Additional file 15D, E, F, G).

At the end of MTH4, the comparison of the MFI index 
of GSH loci with that of the non-GSH locus showed that 
the MFI index of cROSA clones Fig.  5A-d, p < 0.005) as 
well as cHIPP clones (Fig.  5A-g, p < 0.0001) were sig-
nificantly higher than that of cOVA clones. At the end 
of MTH6, the same comparison was made and results 
showed that the cHIPP clones have maintained their 
superiority of transgene expression over cOVA clones 
and are consistently expressing the transgene (Fig. 5B-g), 
but cROSA clones showed reduced EGFP expression to 
almost near the expression level of that in cOVA clones 
(Fig.  5B-d). At the end of MTH4, analysis of captured 
images from each locus (Additional file 16) showed that 
both cROSA (p < 0.005) and cHIPP (p < 0.0001) clones 
had significantly higher ID index than cOVA clones 
(Fig.  5A-j) (analyzed by imageJ and GNUastro soft-
wares). However, the comparison of this index between 
cROSA and cOVA clones showed no significant differ-
ences, judged by GNUastro software (Fig.  5A-k). qPCR 
results showed that the copy number of EGFP transcripts 

Fig. 4  Transgene Expression from the weak heterologous promoter is principally locus-dependent. CRISPR-mediated integration of 
∆CMV-driven EGFP and promoter-less DsRed2 in chicken predicted GSH loci and non-GSH locus was performed in DF1 cell lines. A Schematic 
depiction of ∆CMV-EGFP-expressing heterogeneous cell pools at the end of MTH2; B Schematic illustration of CMV and ∆CMV promoter as 
well as negatively- and positively-regulated transcription factor response elements (TFREs). C-a, D-a, E-a) CRISPR-mediated integration of 
DsRed2-∆CMV-EGFP in cROSA, cHIPP, and cOVA loci verified by 5’/3’ junction PCR, restriction enzyme digestion of the amplicons, and Sanger 
sequencing; C-b, D-b, E-b) flowcytometry results from EGFP-expressing cROSA, cHIPP, and cOVA cells have been achieved in three individual 
experiments (each in triplicates). Non-transfected cells have been used as a negative control. Average expression of EGFP for cROSA, cHIPP, and 
cOVA cell pools has been shown (green square). Expression of EGFP has been detected in the green channel. No expression signal has been 
detected in the red channel (red square); C–c, C-d, C-e, D-c, D-d, D-e) comparison of integrated density (ID) index, mean fluorescent intensity 
(MFI) index, and copy numbers (CN) of EGFP transcripts have been conducted among the main experimental groups (i.e., cROSA and cHIPP) against 
the control group (cOVA). C-f, D-f, E-c, C-g, D-g, E-d) Fluorescence microscope images of the cells expressing ∆CMV-driven EGFP and CMV-driven 
EGFP heterogeneously (Scale bar: 100um). ns: non-significant, ***: p < 0.005, and ****: p < 0.0001 are statistically significant. Avg.: The average 
expression of EGFP. N: Number

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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transcribed from the cROSA and cHIPP loci (p < 0.0001) 
was significantly higher than those from the cOVA locus 
(Fig.  5A-l). Moreover, western blot analyses confirmed 
that the expression levels of EGFP in cROSA and cHIPP 
clones were higher than those in cOVA clones (Fig. 5A-m 
and Additional file 17).

At the end of MTH6, results were similar to what 
was found in MTH4  (Fig.  5B-j, B-k, B-l, B-m). The 
only exception was that the ID index of cROSA clones 
was reduced compared with that in MTH4, and no sig-
nificant differences with the ID index of cOVA clones 
were detected (Fig. 5B-j). The coefficient of variation 
(CV) of data extracted from ID index for each locus at 
the end of MTH4 and MTH6 was compared to evalu-
ate the homogeneity of expression of the transgene 
(Additional file 15A-d, B-d, C-d). Among all loci, the 
cHIPP locus supported the homogenous expression 
of the knocked-in transgene more than the other loci. 
Although data showed that the cROSA locus can sup-
port the long-term and stable transgene expression 
better than the cOVA locus, CV values for both loci 
increased over time, indicating the heterogeneity in 
the expression of the transgene (Additional file 15A-d, 
B-d, C-d).

To determine whether isolated isogenous cell clones 
harbor mono-copy or multi-copies of the EGFP transgene 
in the genome, a standard curve was plotted using a serial 
dilution of the mix containing EGFP plasmid and the 
haploid equivalent of chicken genomic DNA (ratio 1:1). 
Ct values of isogenous cell clones indicated that EGFP 
transgene has been integrated into the genome of isog-
enous cell clones in a mono-copy manner (Additional 
file 8E).

Altogether, these results demonstrated that consist-
ent and sustainable expression of a transgene could be 
achieved using weak promoters integrated into a GSH 
locus. Among evaluated GSH loci, the cHIPP locus sup-
ports the consistent and homogenous expression of the 
transgene better than cROSA locus.

Discussion
This study set out to identify and evaluate novel GSH loci 
that can support a predictable, durable, and safe expres-
sion of desired genetic constructs in the chicken genome. 
First, we used a multi-omics bioinformatics pipeline 
to predict GSH loci (Fig.  1) in three individual experi-
ments using DF1 cells (Additional file 7). Using this pipe-
line, potential GSH loci were selected from two regions: 
7500  bp upstream of the THUMPD3 gene (consciously 
inside the LOC121106669 gene), and an 1100-bp inter-
genic region between the DRG1 and EIF4ENIF1 coding 
genes (Fig. 2). Then, we performed functional experiments 
by integrating the transgene into the predicted GSH loci 
as well as a non-GSH locus. In the first preliminary study, 
results revealed that EGFP expression from the CMV pro-
moter was not entirely locus-dependent (Fig. 3). The evi-
dence from the second preliminary study suggested that 
EGFP expression drived by ∆CMV promoter was princi-
pally locus-dependent (Fig.  4). Moreover, the isogenous 
cell clones with ∆CMV-driven EGFP integration were 
derived. Long-term transgene expression in GSH loci 
from the ∆CMV promoter was locus-dependent, consist-
ent, and homogenous in isogenous cell clones (Fig. 5).

For this study, an intergenic region between the DRG1 
and EIF4ENIF1 genes and inside of an unknown gene 
located upstream of the THUMPD3 gene was chosen as 
a potential GSH locus to insert the transgene. Also, the 
first intron of the cOVA gene was chosen as a non-GSH 
locus. To insert the transgene, three individual gRNAs 
were designed for each locus. Those gRNAs that had 
high rank, high GC contents and low self-complemen-
tary were used in the CRISPR/Cas9-based HDR knock-
ins. The current data highlight the importance of gRNA’s 
GC content, as cleavage activities remarkably decreased 
with increasing GC content. Hence, gRNAs with high 
GC content were used to avoid the high activity of Cas9 
and possible off-target effects [52]. Also, avoiding self-
complementary should be considered for choosing an 
effective gRNA [53]. Since, in this study, the genetically 

(See figure on next page.)
Fig. 5  Transgene expression from the weak heterologous promoter is consistent and homogeneous in the potential GSH loci of isogenous 
cell clones. Clonally-expanded isogenous cells harboring the ∆CMV-driven EGFP in the potential GSH loci were able to consistently express the 
transgene. A-a, B-a) Schematic depiction of the process in which clonally-isolated cells were cultured for about six months. Offset (A-b, B-b for 
cROSA; A-e, B-e for cHIPP; A-h, B-h for cOVA at the end of MTH4 and MTH6) and overlay (A-c, B-c for cROSA; A-f, B-f for cHIPP; A-i, B-i for cOVA at the 
end of MTH4 and MTH6) illustrate the EGFP expression levels for correctly-targeted isogenous cell clones targeted at the cROSA (clones R2, R5, R8), 
cHIPP (clones H1, H4, H6), and cOVA (clones O3, O5, O8) loci. Shifting the peak to the right in the offsets shows an increase in the expression of EGFP 
(arrows show the high density of EGFP-positive cell clones). The MFI index in the cROSA (A-d, B-d) and cHIPP (A-g, B-g) clones with cOVA clones at 
the end of MTH4 and MTH6 were compared. Green squares show the average expression of EGFP for cROSA, cHIPP, and cOVA clones in the green 
channel. No expression signal was detected in the red channel (red square). The integrated density (ID) index was compared using the ImageJ (A-j, 
B-j) and GNUastro (A-k, B-k) software. The copy number of EGFP transcripts (A-l, B-l), and the expression levels of EGFP (A-m, B-m) were determined 
in the main experimental groups (i.e., cROSA and cHIPP) versus the control group (cOVA) at the end of MTH4 and MTH6. ns: non-significant, ***: 
p < 0.005, and ****: p < 0.0001 are statistically significant. Avg.: The average expression of EGFP. N: number. Integrated density by imageJ (ID by Im.J). 
Integrated density by GNUastro (ID by Gnu). Copy Number (CN) by qPCR. Expression by Western Blotting (Exp. by WB)
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Fig. 5  (See legend on previous page.)
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engineered cells were achieved by either antibiotic selec-
tion or limit diluting method, there was no need to apply 
highly-active gRNA for increasing knock-in efficiency.

It has been revealed that the genomic and epigenomic 
interactions occur within the individual TADs [54], or 
specifically inside the sub-TAD regions [55]. To avoid 
unwanted/irregular interactions among the transgene 
integrated into the targeted locus and the genes located 
in the same sub-TAD, it is preferred to insert the 
transgene at least in a gene-poor sub-TAD [8]. It has 
been proposed to analyze the TAD/sub-TAD arrange-
ments for evaluating GSH loci [7]. Unfortunately, sub-
TAD data has not been registered in the chickens so 
far, but TAD data is available [48]. Hence, we located 
the coordinates of cROSA, cHIPP, and cOVA loci in the 
genome of chicken according to the previously-reported 
TAD data [48]. However, we found that the cROSA, 
cHIPP, and cOVA loci are located in the TADs in which 
15, 19, and 16 genes are annotated, respectively. Due to 
the lack of sub-TAD data, we could not exactly specify 
the number of genes in the same sub-TAD where those 
loci are located. Although studies related to the gene 
therapy emphasize that linear and three-dimensional 
distance from a GSH locus to neighboring genes, far-dis-
tance genes, and regulatory elements should be evaluated 
[8], this can be ruled out for biotechnological applica-
tions including protein manufacturing [24] and generat-
ing genetically-engineered animals [5, 19, 56]. Similar 
to the mouse HIPP (H11) locus [5], the cHIPP locus is 
located in a transcriptionally active intergenic region, 
judged by RNAseq data of flanked genes adopted from 
gene expression atlas (https://​www.​ebi.​ac.​uk/​gxa/​home). 
Despite the cROSA locus which has been chosen near 
the highly-active THUMPD3 gene, unpredictable/fluc-
tuated expression of the knocked-in transgene from the 
cROSA locus seems to occur due to the integration site of 
the transgene inside an unknown gene.

For an accurate functional evaluation of potential 
GSH loci, the durable/stable and homogenous expres-
sion of a mono-copy transgene should be met. The sta-
ble expression of the mono-copy transgene is preferable 
to multi-copy transgenes [31], or concatemers of trans-
genic DNA [28]. Also, it has been found that while the 
expression of a multi-copy transgene is 1.5 times higher 
than a single-copy transgene, the coefficient of variation 
for the multi-copy transgene is 6 times higher than that 
for a single-copy transgene, indicating the heterogeneity 
of expression [30]. Hence, isogenous cell clones harbor-
ing a mono-copy transgene in the potential GSH locus 
are required. These kinds of cells provide low clonal vari-
ation and homogenous expression of the transgene [10, 
57, 58]. In this study, a dual reporter cassette was inserted 
into the cROSA and cHIPP GSH loci as well as into the 

cOVA non-GSH locus. Expression of CMV- or  ∆CMV-
driven EGFP and promoter-less DsRed2 were evaluated. 
Durable and stable EGFP expressions were used to deter-
mine the reliability of the expression from the locus, and 
the lack of DsRed2 expression specified that there weren’t 
any cis- or trans-regulations on the transgene. These 
findings are in line with the previous study reported by 
Ruan et al. [19].

Several studies have used strong heterologous promot-
ers to explore whether a predicted locus is GSH [3, 5, 6, 
10, 14, 21, 24, 26, 59]. Although the stable expression of 
the transgene (more than 3 months in the cell lines and 
at least 1 generation for transgenic animals) has been 
achieved using strong promoters, it is uneasy to deter-
mine whether this durable expression is locus-dependent 
or promoter-dependent [3, 5, 6, 10, 21, 24, 26]. In the 
first preliminary study, we began the functional analy-
sis of GSH loci using a strong heterologous promoter 
and tested the expression status of CMV-driven EGFP 
inserted in both the non-GSH and potential GSH loci at 
the end of MTH2 in the continuously-cultured heterog-
enous cell pools (Additional file 7B). The results showed 
that the expression of CMV-driven EGFP integrated into 
the cOVA non-GSH locus outweighs to those integrated 
into the cROSA and cHIPP loci. This raises two ques-
tions; is this due to the conformational changes of the 
insertion site for the non-GSH locus that provides the 
ease of accessibility of transcription factors, and improves 
the EGFP expression? or that negative transcription fac-
tors may have a rapid occupancy rate on the CMV’s tran-
scription factor regulatory elements (TFREs) at the GSH 
loci, leading to the epigenetic silencing?

Since the priority of EGFP expression was not observed 
in the non-GSH locus compared to GSH loci when we 
used the  ΔCMV promoter (weak promoter), it seems 
unlikely that the change in the conformation of the region 
upon transgene insertion is the reason for this phenome-
non. Epigenetic features of the target locus are remodeled 
upon transgene insertion [4]. If this happened, it might 
be the same for all loci. Due to the susceptibility of the 
CMV promotor to methylation [60, 61], it seems that 
epigenetic silencing of the CMV promoter in transcrip-
tionally active loci rapidly outweighs that in the non-GSH 
locus. It has been found that transcriptionally active loci 
are highly accessible to the transcription factors com-
pared with nucleosome-dense loci [62, 63]. We specu-
lated that the occupancy of transcriptionally active loci 
by both activators and repressors is the same and it might 
be higher in GSH loci than those in the non-GSH locus. 
Therefore, repression of CMV in GSH loci may rapidly 
occur, indicating much more recruitment of negative 
regulatory elements. It has been demonstrated that CMV 
is variably repressed in the mouse ROSA locus in several 

https://www.ebi.ac.uk/gxa/home
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tissues [29]. Also, the insertion of CAG-driven transgene 
in the AAVS1 locus has resulted in transgene silencing 
both mono-allelically and bi-allelically [64]. Both studies 
are indicating the inefficiency of a strong promoter for 
the stable/durable expression of a transgene.

To alleviate the epigenetic silencing, we used 
the  ∆CMV promoter. Context-specific transcriptional 
performance and cell-specific expression of CMV pro-
moter have been identified both in  vivo [65, 66] and 
in  vitro [67, 68]. Due to the discrepancy between the 
cell’s repertoire of endogenous transcription factors, 
interpretation of the results among the studies should 
be performed with caution [32]. It has been found that 
all positive TFREs are located at the proximal region 
(i.e., approximately -300 to -36, relative to the TSS) and 
negative TFREs reside at the distal part of the CMV (i.e., 
approximately -550 to -300). YY1, RBP-Jκ, and Gfi1 are 
the main negative transcription factors as their over-
expression results in CMV repression in mouse fibroblast 
cells [69–71]. Accordingly, we removed the distal part 
as well as a part of proximal CMV (i.e., approximately 
-550 to -245) and kept the sequence from -245 to + 1 
(named ∆CMV). Reduced expression of EGFP observed 
in DF1 cells when ∆CMV was used might be due to the 
removal of most of the positive TFREs located in -550 to 
-245. This finding is in line with the finding of another 
study that the use of -239 to + 48 led to more than 2 times 
reduction of EGFP expression in HEK cells compared 
with full-length CMV [32].

In the second preliminary study that was conducted 
in parallel with the first one, the expression status 
of  ∆CMV-driven EGFP was evaluated. Interestingly, 
the results changed in favor of GSH loci, as the expres-
sion of ∆CMV-driven EGFP integrated into the cROSA 
and cHIPP loci outweighed the expression from those 
integrated in the cOVA non-GSH locus. Although the 
expression/fluorescence of EGFP was reduced, the 
removal of the negative TFREs from CMV might result 
in the predictable/expected behavior of GSH loci. Also, 
significant variability of expression may be masked when 
EGFP is used as a reporter due to its stability and satu-
ration at high levels [30]. Therefore, we concluded that 
isogenous cell clones harboring a transgene controlled by 
weak promoters may resolve this issue and would be the 
best choice for evaluating GSH loci.

From these two preliminary studies, we inferred that 
the use of ∆CMV would be beneficial for evaluating GSH 
loci. Also, for further validation, homogenous expression 
and less clonal variation were required [10, 57]. Hence, 
isogenous cell clones harboring mono-copy/mono-allelic 
DsRed2-∆  CMV-EGFP integrated into these three loci 
were isolated. Stable/durable EGFP expression and the 
possible silencing of EGFP were evaluated over time. 

About 28% reduction of EGFP expression was seen in 
the cOVA locus, judged by flow cytometry. No expres-
sion reduction of EGFP was observed for GSH loci from 
the end of MTH4 to MTH6 in the 6-month continu-
ously-cultured isogenous cell clones. This is in line with 
the studies in which the expression of integrated EGFP 
in AAVS1 and HIPP loci was stable from passage 0 to 
30 [10] and over 3 months [3, 24], respectively. In these 
studies, EGFP was controlled by CAG or CMV promot-
ers. So, this is unclear whether durable expression in 
these studies is promoter-dependent or locus-dependent. 
In another study, EGFP containing cassettes controlled 
by viral origin (SFFV) or cellular origin (PGK and EF1A 
with or without intron) promoters were integrated into 
AAVS1 and CCR5 loci [4]. Flow cytometry analyses 
showed that the strong SSFV and EF1A (with intron) 
promoters maintained high EGFP expression in both loci 
at the same level over 3 months, but the EGFP expression 
in the CCR5 locus started to reduce when relatively weak 
promoters including PGK and EF1A (without intron) 
were used. Since the CCR5 locus is susceptible to silenc-
ing by cis-acting DNA sequences, this result demon-
strated that the transgene expression is locus-dependent 
when weak cellular origin promoters were used [4]. Also, 
expression of the EGFP controlled by SSFV or EF1A 
(with intron) promoters for about 5 weeks that was stably 
integrated into the intergenic, intronic, and enhancer loci 
generated the same results [30] as reported by Lombardo 
et al. [4].

We observed heterogeneity of EGFP expression among 
isogenous cell clones. This can be related to genetic varia-
bility and genome instability in studied immortalized cell 
lines that can lead to heterogenous expression even in 
different isogenous cell clones [3]. Also, expression vari-
ability of the transgene in isogenous cell clones has been 
reported to be influenced by genome plasticity, stochas-
ticity in biochemical reactions, and global interconnected 
cellular constraints (reviewed in [11]). These instabili-
ties may occur in the long-term cultured isogenous cell 
clones due to the loss or rearrangement of transgenes 
[72] or changes in epigenetic regulations of DNA or his-
tones [73]. Inevitable intrinsic clonal cell diversity and 
noisy gene expression may be uncontrollable [11]. Inter-
estingly, a high level of clonal variations was observed 
even in the master cell lines in which the same locus was 
targeted by several transgenes [57]. Hence, heterogenous 
EGFP expression among isogenous cell clones is inevita-
ble. Thus, to evaluate new GSH loci for transgenic tech-
nology applications, establishing isogenous cell clones 
with low clonal variations would be beneficial over the 
use of master cell clones.

In a previous study, “attP landing pads” were specifi-
cally inserted in the GSH loci of the host cell by CRISPR/
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Cas technology, and single cells harboring these pads 
were sorted to generate “master cell lines” for inserting 
the transgene using the RMCE method into these land-
ing pads [10]. Despite having genome plasticity and 
fewer position effects, these cell lines may lower clonal 
cell diversity and heterogenous productivity. These cells 
might be very beneficial for manufacturing recombinant 
proteins, but they may not be suitable for the evaluation 
of GSH loci. The organization of TADs and epigenetic 
marks may be very similar in these cells, avoiding them 
showing different expression profiles, leading to false 
positive results. Hence, it is preferred to use individual 
isogenic cell clones that are isolated from heterogenous 
cell pools, providing more realistic conditions for the 
evaluation of GSH candidate loci.

Conclusions
In this study, two novel genomic safe harbor loci named 
cHIPP and cROSA were found in the chicken genome. 
We reasoned that the evaluation of reliable GSH loci 
should be performed by weakened promoter in parallel 
with non- GSH loci. In contrast to our expectation, the 
transgene expression under the control of a full-length 
CMV promoter in a non-GSH locus outperformed the 
one integrated into the GSH locus. We inferred that 
if a strong promoter was used to evaluate GSH loci, 
transgene expression would be promoter-dependent not 
locus-dependent. So, evaluation of GSH loci harboring 
a transgene controlled by a strong promoter will not be 
reliable. Hence, we used weakened form of CMV to eval-
uate GSH loci. Our findings showed that in order to pre-
cisely evaluate the GSH loci by weakened form of CMV, a 
non-GSH locus should be used in parallel with potential 
GSH loci. Using a non-GSH locus in parallel with GSH 
locus can precisely decipher whether transgene expres-
sion is locus-dependent or promoter-dependent. In fact, 
the expression of transgene should be locus-dependent 
when GSH loci are being investigated.
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