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Abstract

Homologous recombination over large genomic regions is difficult to achieve due to low
efficiencies. Here, we report the successful engineering of a humanized mTert allele, hmTert, in
the mouse genome by replacing an 18.1-kb genomic region around the mTert gene with a
recombinant fragment of over 45.5-kb, using homologous recombination facilitated by the
Crispr/Cas9 technology, in mouse embryonic stem cells (MESCs). In our experiments, with
specific sites of DNA double strand breaks (DSBs) by Crispr/Cas9 system, the homologous
recombination efficiency was up to 11% and 16% in two mESC lines TC1 and v6.5,
respectively. Overall, we obtained a total of 27 mESC clones with heterozygous hmTert/mTert
alleles and 3 clones with homozygous hmTert alleles. DSBs induced by Crispr/Cas9 cleavages
also caused high rates of genomic DNA deletions and mutations at small guide RNA (sgRNA)
target sites. Our results indicated the Crispr/Cas9 system significantly increased the efficiency
of homologous recombination-mediated gene editing over a large genomic region in mammal
cells, but also inherently caused mutations at unedited target sites. Overall, this strategy

provides an efficient and feasible way for manipulating large chromosomal regions.
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Introduction

Homologous recombination involving large DNA fragments is often necessary in genome
editing. Cis-regulatory elements for many genes spread over a large genomic region, including
the intergenic region between two genes. For example, human telomerase reverse transcriptase
gene, hTERT, is controlled by multiple cis-regulatory elements over a large genomic regions,
including the intergenic region between hTERT and its upstream gene cisplatin resistance-
related protein 9 (CRR9) in somatic cells (Zhu et al., 2010). To study these elements in their
native context, it was necessary to edit the genomic region over 45-kb. However, the traditional
replacement segment strategy, mediated by homologues recombination, has been very

inefficient (1 in 105-10° cells), and therefore labor- and time-consuming (Hsu et al., 2014).

Crispr/Cas9 is a new genome editing technique and has been developed recently. Cas9,
a nuclease from S. pyogenes, facilitates DNA cleavage on specific genomic sequence with
about 20-bp single guide RNAs (sgRNAs) in vitro and in vivo (Cong et al., 2013; Jinek et al.,
2012). The target sequence is followed by an NGG protospacer adjacent motif (PAM) in the 3’
terminal, which can be recognized by Cas9. The site-specific alteration is subsequently created
by repairing the DNA double strand breaks (DSBs), through non-homologous end-joining
(NHEJ) or homologous directed repair (HDR) mechanisms in vivo (Chu et al., 2015). The
Crispr/Cas9 system significantly increases genomic editing efficiencies in variety of organisms
(Khatodia et al., 2016; Li et al., 2016; Platt et al., 2014). Researchers successfully exchanged
genome segments combining Crispr/Ca9 and a donor vector containing homologous sequences
with targeted DNA region. A 7-kb DNA fragment was integrated into E.coli chromosome with
efficiency exceeding 60% when facilitated by the Crispr/Ca9 system (Chung et al., 2017). 7 out
of 60 mouse embryonic stem cell (ESC) colonies were inserted with 7.4-kb segment upon
Crispr/Cas9-mediated cleavage (B. Wang et al., 2015). Unfortunately, replacement of larger

fragments (>10-kb) still occurred with very low efficiencies. In addition, it is difficult to create



chimeric genomic regions, even with a modified Crispr/Cas9 system, such as Tild-CRISPR or
HMEJ-based method (Yao et al., 2017; Yao, Zhang, et al., 2018; Zhang et al., 2017). Therefore,
it is necessary to develop a new strategy to precisely integrate large DNA segments into

chromosomes with high efficiency.

In this study, we edited a large genomic region in mouse ES cells and generated a
humanized mTert gene, hmTert, using a Crispr/Cas9 assisted homologous recombination
strategy. In this strategy, an 18.1-kb mouse genomic region at the mTert locus was cleaved by
Cas9 guided by two sgRNAs, and precisely replaced by a 45.5-kb chimeric human/mouse
genomic DNA fragment from a bacterial artificial chromosome (BAC). The efficiency of
homologous recombination was increased from 0.05% to 11% in mouse ES cell line. Our data
indicated that Crispr/Cas9-mediated homologous recombination provided a feasible method to

increase the efficiency of genomic editing with large genomic regions.

Material and Methods

1. Bacterial artificial chromosomes (BACs) and plasmids

BAC clones containing human and mouse genomic loci, hnTERT and mTert were
constructed as previously described (S. Wang et al., 2009a). The 5’ intergenic region (5’ IR),
introns 2 (In2) and 6 (In6) of the hTERT gene were inserted into the mTert gene to replace their
mouse counterparts in BACs using the BAC recombineering technique (Lee et al., 2001; Zhao
et al., 2011). Nine nonsense substitutions were created in the coding region of mTert exon 2 to
distinguish the modified humanized mouse Tert (hmTert) gene from the endogenous allele. Two
selection markers, puromycin and TKneo, were also engineered into the BAC for screening (Fig.

1A).

2. Single quide RNA (sgRNA) design




sgRNAs were designed to target sequences near 5" and 3’ ends of the replacement
region in mouse chromosome, as indicated in Figure 1A. sgRNA 1 targeted the 5’ IR region
while sgRNA 2 targeted intron 6 of mTert locus. sgRNA oligos (Integrated DNA Technologies)
were cloned into pSpCas9 (BB)-2A-GFP (pX458) plasmid as previously described (Ran et al.,

2013). sgRNAs sequences were listed in the Table S1.

3. Cell culture and Analysis

TC1 and v6.5 mouse ESCs were cultured as previously described (Cheng, Wang, et al.,
2017). Genomic DNA PCR, reverse transcription (RT)-PCR and real-time RT-PCR analysis
were performed also as previously described (Zhao et al., 2014). PCR products were purified
using Qiagen PCR purification kit and sequenced by Eurofins Scientific. Primer sequences were
listed in Table S1. Luciferase assays were performed using Dual Luciferase Assay system

(Promega, Madison, WI).

4. Replacement of large genomic regions via homologous recombination in mouse ESCs

BAC construct with the chimeric hmTert sequence and two Crispr/Cas9-sgRNAs
expressing vectors pX458-sgRNA1/2 were co-transfected into mESCs using lipofectamine 2000
(Invitrogen, US), then the cells were selected with 1.5 pg/ml puromycin. One week later,
puromycin resistant colonies were individually seeded in 96-well plates and treated with 50 pM
Ganciclovir (GCV) for two days. The survived clones were expanded for further analysis. A

diagram of this procedure is shown in Fig. 1B.

5. Genomic DNA analysis

Genomic PCR analysis was used for the initial identification of homologous
recombination at the 5’ end of chimeric locus. Primer sequences were listed in Table S1.
Southern blot was performed as previously described (S. Wang et al., 2003) to validate PCR-

positive clones. Briefly, 2.0 pg genomic DNA was digested with restricted enzymes, and



separated in 0.7% agarose gel, and then transferred to nylon membranes. After pre-
hybridization, the membranes were incubated overnight with 32P-labeled DNA probes in Church
buffer at 60°C. Signals were detected with Phosphorimager system (GE healthcare). DNA

probes were summarized in Table S2.

6. TRAP Assay

Telomerase activities were determined using a modified telomeric repeat amplification
protocol (TRAP) assay (Krupp et al., 1997; S. Wang et al., 2003). Primer sequences were listed

in Table S1.

7. Generation of chimeric mice

hmTert/mTert TC1 mESCs were injected into C57BL/6J embryos (Cornel University,
US). 6 chimeric lines were generated as the fur color indicated. hmTert or mTert copy humbers
in FO generation were determined by quantitative PCR analysis on genomic DNA from chimeric
mouse tissues with different primers, which located at 5kb upstream (-5kb) of hmTert and mTert

TSS, respectively. Primers were listed in Table S1.

Results

1. sgRNA guided large genomic deletion in mESCs

Our previous studies indicated that the 5’'IR and In2 & In6 of the hTERT gene likely
contained cis regulatory elements for human-specific regulation of the telomerase gene (Cheng,
Wang, et al., 2017; Cheng, Zhao, et al., 2017). To study these elements in mouse, we set out to
knock-in these human genomic regions into mouse ESCs to replace their counterparts in the
mouse genome. A chimeric donor BAC, in which 5’IR, introns 2 and 6 of mTert gene were
replaced by their human counterparts, was constructed and shown in Fig. 1A. The donor
sequence of chimeric hmTert totaled over 45-kb. Two flanking sequences, 4.4-kb and 7.1-kb,

respectively, on each side of the chimeric hmTert region served as homologous arms (Fig. 1A).



A puromycin-resistant cassette, flanked by two Lox511 sites, was inserted in front of nTERT
5’IR, and which acted as the positive selection for donor segment replacement. A negative
selection marker, TKneo, was placed at upstream of 5 homologous arm. This donor BAC
contained the entire 45.5-kb replacement sequence, from 5'IR to intron 6 of the chimeric hmTert
gene. In the first attempt to engineer the hmTert gene, the donor BAC was transfected into
MESC line TC1. Transfected cells were subjected to consecutive puromycin and GCV selection
and the surviving colonies were analyzed by genomic PCR and Southern analysis. Among 2016
colonies isolated and characterized, only one of them had anticipated recombination (Table 1).
Therefore, this traditional method to induce homologous recombination over such a large

fragment (over 45-kb) was extremely inefficient.

To increase recombination efficiency, we used the Crispr/Cas9 system to introduce DNA
DSBs within the targeted genomic region. Unlikely other reported genome editing methods
using only one sgRNA cleavage, we utilized a pair of sgRNAs: one targeted the 5'IR region
between mTert and mCrr9, and the other targeted the end of mTert intron 6 (Fig.1A). The
sequences at both targeted sites were unigue in the mouse genome and not conserved in the
human genome. Our goal was to induce more homologous recombination at both homology

arms by cleaving these sites in mouse genome.

To test cutting efficiencies of these sgRNAs, pX458-sgRNA plasmids were co-
transfected into TC1 mESCs, and GFP fluorescence imaging indicated that the transfection
efficiencies ranged 40%~60% (Fig. 2A). Genomic DNAs were harvested from ES cells after
transfection 48 hours later, and the chromosomal deletion between two cleavage sites were
detected by PCR with a paired primer which located upstream and downstream of two cleaved
sites, respectively. The mTert genomic sequence between two cleavage sites was about 18-kb
and could not be amplified in un-transfected cells in our PCR condition. An expected bright 730-

bp band was detected from cells which transfected with sgRNA constructs, indicating that the



sgRNAs cleaved the intended chromosomal targets efficiently (Fig. 2B). Furthermore, we
isolated individual ESC colonies following transfection of pX458-sgRNA plasmids to examine
the cleaved and deletion efficiency by PCR. The genomic deletion was achieved when a 730-bp
band was detected in these colonies, whereas the non-deleted mTert locus would be detected
by the presence of a 478-bp PCR band using a pair of primers surrounding the downstream of
SgRNAL cleavage site (Fig. 2C). The data revealed that 38% of isolated clones contained at
least one deleted mTert allele (Table S3), suggesting that the sgRNAs induced deletion at the

targeted region in these cells.

2. Co-transfection of plasmids and BACs

To optimize transfection efficiencies of both plasmids and BAC constructs, pX458-
sgRNA plasmids were transfected into mESCs together with BAC reporter H(wt), containing a
160-kb human genomic DNA with the whole hTERT locus and its neighboring genes, CRR9 and
Xtrp2. In this BAC, a Renilla (Rluc) and a Firefly luciferase (Fluc) reporters were inserted
downstream of hTERT and CRR9 promoters, respectively (S. Wang et al., 2009b). Luciferase
activities were measured two days after transfection. As shown in Table S4, increasing amounts
of pX458-sgRNAs led to a significant drop in luciferase activities. Conversely, increasing
amounts of BAC DNA resulted in an increasing of luciferase activities (Table S5). Therefore, the
ratio of 0.25 pg pX458-sgRNA plasmids and 1.0 ug BAC DNA was used for co-transfection in

mMESCs.

3. Crispr/Cas9-mediated cleavages facilitated efficient long-range homologous recombination

To generate the hmTert locus, the donor BAC was co-transfected into mESCs with two
pX458-sgRNAs, sgRNA1 and sgRNA2, targeting the 5’IR and In6 of the mTert locus,
respectively. 800 colonies were picked from 3.5 million transfected TCL1 cells following
puromycin selection. Among them, 110 colonies survived after GCV selection (Table 2). To

detect successful recombination, genomic DNA PCR analysis was performed using primers just



outside of the 5" homology arm. Correct recombination resulted in a 4.9-kb PCR fragment (Fig.
3A). Furthermore, PCR detection of TKneo sequence would suggest random integration of the
donor BAC and thus lack of homologous recombination (Fig. 3A). Among 110 puromycin and
GCYV resistant clones, 84 yielded 4.9-kb PCR fragment, indicating that these clones had
undergone homologous recombination at the 5’ end (Table 2). Thus, the efficiency of
homologous recombination was about 76% (84/110) in TC1 cells. A similar experiment was
performed in v6.5 MESCs. Following co-transfection of pX458-sgRNAs, the rate of homologous
recombination among puromycin and GCV resistant clones was 83% (130/156) (Table 2).
However, without pX458-sgRNA1/2 assistance, the rate of homologous recombination was
significantly lower, only 1 clone among 1031 puromycin and GCV resistant clones when the
donor BAC was transfected alone (Table 1). Therefore, DSBs resulted from Crispr/Cas9-
mediated cleavages dramatically increased homologous recombination efficiency in mESC

lines.

Finally, the entire chimeric hmTert region was examined by Southern blotting. Figures
3B&D showed that BamHI and Hindlll digestion yielded expected restriction bands at hmTert
and mTert alleles. Figures 3C&E revealed that Hindlll and EcoRYV digestion also resulted in
correct restriction fragments from the hmTert and mTert alleles, respectively. Overall, our data
indicated that about average 80% of puromycin and GCV-resistant clones (84/110 in TC1 while
130/156 in v6.5) in two mESCs lines contained correct hmTert loci upon help with Crispr/Cas9-
mediated double stranded cleavages (Table 2). In comparison, the efficiency of homologous

recombination in TC1 cells without the assistance of Crispr/Cas9 was extremely low (Table 1).

From above mentioned experiments, we obtained a total of 27 clones with heterozygous
hmTert/mTert and 3 clones with homozygous hmTert/mTert alleles in TC1 and v6.5 mESCs

(Table 3). Furthermore, the number of clones with random insertion of the donor BAC also



decreased, with only 15% colonies in TC1 and 14% in v6.5 mESCs which containing the TKneo

cassette (Fig. 3A and Table 2).

4. Crispr/Cas9-induced mutations at the unmodified mTert alleles

Generation of DSBs by Crispr/Cas9-sgRNAs considerably increased the efficiency of
homologous recombination in the mouse genome. However, DNA repairing following DSBs
often introduced mutations and/or deletions at the cleavage sites. Southern blot results revealed
that over half of mMESCs clones with heterozygous hmTert/mTert alleles had an aberrant mTert
allele (Figure 4 and Table 3). To detect point mutations and small deletions, the chromosomal
regions around the predicted cleavage sites in mTert allele were amplified by PCR and
subjected to Sanger sequencing. Among six heterozygous clones with no apparent size
changes of restriction fragments in Southern analysis, sequencing results showed that five
clones contained deletions near the 5’ cleavage site, whereas four clones contained deletions at
the 3’ cutting site (Table 4). Fortunately, most of these nucleotide changes did not affect mRNA
expression of the mTert allele and telomerase activity (Fig. 5A&B). In addition, cDNA
sequencing results indicated that mTert mRNA splicing was unaffected (data not shown).
Finally, mESC clones with both heterozygous hmTert/mTert alleles and homozygous hmTert
alleles expressed similar levels of telomerase activity comparing with their parental mESCs
(m/m) (Fig. 5B), suggesting that the edited hmTert allele and the unmodified mTert allele were

both functional.

For further exploring hmTert function in vivo, chimeric mice were generated by injection
hmTert/mTert TC1 cells into C57BL/6J embryos. Analysis of genomic DNA from tissues of
chimeric mice showed chimeric ratio of hmTert/mTert ES cells in most organs were between
20% and 40%, indicating the Crispr/Cas9-assisted hmTert TC1 cells kept pluripotent ability (Fig.
6A). The expression level of hmTert and mTert were different in chimeric mice tissues. The

expression pattern of hmTert in chimeric mice was highly similar with hTERT in human tissues



(Horikawa et al., 2005; Jia et al., 2011) (Fig. 6B), which was strictly repressed in most of tissues
and highly activated in Thymus and Testis. Meanwhile, the expression of mTert was still
ubiquitous in most of chimeric mice tissues (Fig. 6C). These results suggested that the edited
hmTert mimicked the hTERT expression and unmaodified mTert kept normal expression pattern

in chimeric mice FO generation.

Discussion

Genetic engineering or gene editing often requires the manipulation of large genomic
regions. The procedures involving homologous recombination of large chromosomal regions are
inherently inefficient due to the need to transfect large DNAs, such as bacterial artificial
chromosomes, into cells and the need for recombination machineries to catalyze DNA
recombination in a vast genomic region. In our approach to engineer a chimeric hmTert gene,
we designed a recombination strategy and replaced an 18.1-kb chromosomal region within the
mTert gene, from 5’ intergenic region to intron 6, with a 45.5-kb hTERT/mTert chimeric
fragment. Our data showed that the efficiency of this recombination was dramatically increased
from 0.05% to 11% by co-transfection of plasmids encoding the Cas9 enzyme and sgRNAs

targeting mTert genomic sequence near 5’ and 3’ ends of the replacement region.

In side-by-side comparisons between Crispr/Cas9-mediated and -unmediated large
fragment replacement, the efficiency of Crispr/Cas9-assisted homologous recombination was
significantly higher than this of unassisted (11% vs 0.05%) in mMESCs. At the same time, the
ratio of random BAC integration into homologous recombination was much lower in the
Crispr/Cas9-assisted experiments. All the clones with 5’ recombination also underwent correct
recombination at the 3’ end (data not showed). In addition, recombination involving homologous

sequences in the middle of the donor BAC, resulting in the loss of human introns 2 and/or 6,



also decreased upon Crispr/Cas9 cleavage (data not showed). Therefore, Crispr/Cas9-induced
DSBs dramatically improved both efficiency and accuracy of homologous recombination over a

large chromosomal region in MESCs.

Site-specific foreign gene integration is typically based on HDR pathway through
coupling with Crispr/Cas9. Although recently some new approaches, like PITCH (precise
integration into target chromosome) and HMEJ (homology-mediated end-joining) (Sakuma et
al., 2016; Yao et al., 2017; Yao, Wang, et al., 2018), achieved a bit progress in precisely and
efficiently knocking-in DNA fragment in mammalian chromosome, however the efficiency is still
limited by the length of insertion fragment. So far, successful integration above 20-kb DNA
fragment is still rare. In our experiments, the replacement of mTert sequence by a 45.5-kb
chimeric hmTert segment was mediated by homologous recombination within two homology
arms (4.4-kb and 7.1-kb, respectively). Guided by a pair of sgRNAs, Crispr/Cas9 cleavage
within the targeted mouse chromosomal region facilitated this recombination. The DSBs on
mouse chromosome increased both efficiency and accuracy of the recombination. In total, we
obtained 27 clones with heterozygous hmTert/mTert alleles and 3 homozygous hmTert/hmTert
clones out of 266 colonies (Table 3). These colonies contained accurate hmTert alleles
encoding functional mTert proteins. To assess off-target risk of Crispr/Cas9 cleavage, we
sequenced a potential SgRNA2 off-target site, predicted by the software Cas-OFF find (Bae et

al., 2014), and found no mutations at this site in all eight clones examined (Table S6).

The DNA repair occurs at the cutting sites, resulting in deletions, insertions, and/or
mutations. Over half of the heterozygous hmTert colonies contained deletions/mutations at the
sgRNA recognition sites in the unmodified mTert locus. Some of the clones even missed the
entire region between two Crispr/Cas9 target sites (Fig. 4A&B). Among 6 heterozygous clones

that were subjected to sequencing analysis, most of them contained nuclear acid missing at



both sgRNAs target sites in the unedited mTert allele (Table 4). Thus, sgRNAs should be

designed to avoid targeting at critical sequences, such as exons.

In summary, we demonstrated a new Crispr/Cas9-assisted strategy to efficiently and

precisely edit a large genomic region in mouse ESCs.
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Table 1. Efficiencies of unassisted homologous recombination (HR) at the mTert locus in

MESCs
Cell # of puromycin- # of GCV- Recombi  Detection %of
lines # of cells resistant colonies resistant nationat of TKneo colonies
colonies isolated colonies the5 end by PCR via HR
1/2016 949/1013 1/1013
TC1 8.5x108 >8400 2016 1013
X (0.05%) (94%) (0.1%)

Table 2. Efficiencies of Crispr/Cas9 assisted homologous recombination at the mTert locus in

MESCs
Cell 4 of # of Puromycin-  # of GCV- Recombin  Detection % of
. resistant Clones resistant ation at of TKneo colonies
lines cells . . .
colonies isolated clones the 5" end by PCR via HR
84/800 16/110 84/110
TC1 3.5x 108 3400 800 110
X (11%) (15%) (76%)
130/800 22/156 130/156
6.5 2.2x108 1500 800 156
v X (16%) (14%) (83%)

Table 3. Southern blot analysis of the hmTert and mTert loci in mMESC clones

Cell # of colonies # of clones with correct # of hm/m clones with an
. Genotype
lines analyzed hmTert alleles aberrant mTert allele
Tc1 hm/m 50 12 (24%) 29 (58%)
hm/hm 2 1 (50%) N/A
V6.5 hm/m 60 15 (30%) 33 (55%)
' hm/hm 3 2 (67%) N/A

Table 4. Mutations at the 5’ cleavage sites of the mTert allele in hm/m mESC clones

mESC
clones

Sequences at the 5’ cleavage site
(5'-3)

Sequences at the 3’ cleavage site
(5'-3)

v6.5

hm/m #1
hm/m #2
hm/m #3
hm/m #4
hm/m #5
hm/m #6

GGAAAGGATGAGGTTGGGCCAATGGGCTA

GGAAAGGATGAGGT T--m--=mmmmmmmmmem GGGCTA
GGAAAGGATGAGGTTGGGC--AATGGGCTA
GGAAAGGATGAGGTTGGGCC--ATGGGCTA
GGAAAGGATGAGGTTGGGC--AATGGGCTA
GGAAAGGATGAGGTTGGGCCAATGGGCTA
GGAAAGGATGAGGTTGGGCC--ATGGGCTA

GACTCTGCAATGGCGTGGTCCCACGGTGTTCTG

GACTCTGCAATGGCGTGGTCCCACGGTGTTCTG
GACTCTGCAATGGCGTGG TCTG
GACTCTGCAATGGCGTGGTCCCACGGTGTTCTG
GACTCTGCAATGGCGTGGT----CACGGTGTTCTG
GACTCTGCAATGGCGTGGTCCCACGGTGTTCTG
GACTCTGCAATGGCGTGG----CCACGGTGTTCTG

Shaded sequences of V6.5 indicated the sgRNA targeted sequences.



Figure Legends

Figure 1. Engineering of an hmTert allele via homologous recombination (HR). A.
Schematic illustration of the donor BAC construct and HR strategy. Sequences within the donor
BAC contained the mTert gene components (light grey bars), in which its 5’ IR, In2 and In6 were
replaced by their counterparts from the hTERT gene (black bars). This 45.5-kb donor sequence
was flanked by 5" and 3" homologous arms (HAs). The 5’ HA is a 4.4-kb sequence from the 3’
end of mCrr9 gene whereas the 3' HA is a 7.1-kb region including exons 7-12 of the mTert
gene. In addition, a TKneo and a puromycin-resistant cassette (white boxes) were inserted at
upstream and downstream of 5’ HA, respectively. The target region is the 18.1-kb region from 5’
IR to intron 6 of the mTert gene. Asterisk (*) represents Crispr/Cas9-sgRNAS targeting sites.
Black vertical bars represent mTert exons. B. Schematic description of transfection and colony
screening strategies. mMESCs were co-transfected with the donor BAC and Crispr/Cas-sgRNA
expressing plasmids (pX458-sgRNA1/2) and seeded into 6-cm dishes, followed by puromycin
selection. Surviving colonies were individually picked and seeded into 96-well plates, followed
by GCV negative selection. The resulting colonies were expanded for further characterization by

PCR and Southern analysis.

Figure 2. Characterization of sgRNAs in mESCs. A. Transfection of mESCs with pX458-
sgRNA plasmids. The green fluorescence was from the GFP marker in the pX458-sgRNA
plasmids. Scar bar: 400 um. B&C. Chromosomal cleavage by sgRNA1/2 guided Crispr/Cas9.
The mESCs were transfected with pX458 vector or a mixture of pX458 plasmids containing
sgRNA1&?2 targeting upstream (5’'IR) and downstream (In6) regions of the mTert gene,
respectively. B. Genomic DNAs were isolated two days after transfection and subjected to PCR
analysis using primers located upstream of 5’ cleavage site and downstream of 3’ cleavage site.
A 730-bp band was amplified when both cleaved their target sites and the chromosomal region

between these sites was deleted. C. Individual mESC colonies were isolated following



transfection of pX458-sgRNA plasmids and analyzed by PCR. The undeleted mTert gene was

identified by PCR using a pair of primers within the mTert locus.

Figure 3. Characterization of mESC clones with hmTert locus. A. Identification of
candidate mESC clones with hmTert locus by PCR. The occurrence of HR at 5’ end was
detected by PCR using a pair of primers just outside of 5 HA (4888bp). The presence of TKneo
marker was determined by PCR using primers within the TKneo cassette (473bp). B-E.
Characterization of hmTert alleles by Southern analysis. Genomic DNAs (2 pg) from individual
MESC clones were digested by BamHI (B), Hindlll (C, D) and EcoRV (E), and hybridized with
P32-labeled DNA probes, a (B), b (C), ¢ (D), and d (E), respectively (Table 11). Left panels show
Southern blot images and band sizes are indicated by arrowheads on the left. m/m,
homozygous mTert genes; hm/m, heterozygous hmTert/mTert alleles; hm/hm, homozygous
hmTert alleles. Diagrams on the right show schematic illustrations of hmTert and mTert alleles.
Restricted enzyme sites are indicated by arrowheads. The dotted lines represent regions
covered by DNA probes. Black vertical bars denote exons. Asterisks (*) indicate sSgRNAs

cleavage sites.

Figure 4. Cleavage of the unedited mTert locus by Crispr/Cas9. Genomic DNAs were
digested with Hincll (A) and Pvull (B), followed by hybridization with 32P-labeled probes a and e,
respectively. Probes a & e (Table 11), marked by dotted lines, recognize the 5’ and 3’ ends of
the recombination region, respectively. Left panels show Southern blot images and right
diagrams are diagrams of mTert and hmTert loci. Arrowheads indicate restriction enzyme
digestion sites. The first lanes on the left are parental mESCs, and the rest are individual mESC
clones. + and - indicate that the sizes of restriction fragments from two alleles are correct and
incorrect, respectively. Black vertical bars are exons and asterisks (*) indicate sgRNAs target

sites.



Figure 5. The expression of edited hmTert alleles in MESCs. A. mRNA expression
levels of hmTert and mTert genes in MESCs. mRNA expression was determined by RT-qPCR
and the data was normalized to that of 18S ribosomal RNA. m/m, wildtype mESCs with
homozygous mTert alleles; hm/hm, homozygous knock-in mESC clones with hmTert/hmTert
alleles; hm/m, heterozygous knock-in mESC clones with hmTert/mTert alleles. (a), (b), & (c),
three independent heterozygous clones. hmTert mMRNA was detected by primers that distinguish
hmTert mMRNA from mTert mRNA by nine silent mutations near the 3’ end of exon 2 (Table 10).
B. Telomerase activities in m/m, hm/m, and hm/hm mESCs. Telomerase activities were

determined by TRAP Assay. Negative Control, RNase A treated m/m sample.

Figure 6. Expression of hmTert gene in chimeric mice. A. Chimeric ratio in chimera
mouse tissues. The chimeric ratio of hmTert/mTert ES cells in chimera were determined by ratio
of hmTert and mTert copy number. The ratio of hm/m.mES cells were defined as 100%. B&C.
hmTert and mTert transcriptional expression in chimera mouse tissues. The totally RNAs were
isolated from the same sample with genomic DNA in (A). hmTert (B) or mTert (C) expression
were determined by RT-gPCR with targeted primers, respectively. The expression level of
hmTert and mTert were normalized with the chimeric ratio in the same tissues, respectively.
hm/m.ES cells were used as a control and normalized with its 18S ribosomal RNA expression

level. hm/m.: hmTert/mTert.
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