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A novel two-step genome editing strategy ® e
with CRISPR-Cas9 provides new insights into
telomerase action and TERT gene expression
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Abstract

abundance proteins.

Background: To facilitate indefinite proliferation, stem cells and most cancer cells require the activity of telomerase,
which counteracts the successive shortening of telomeres caused by incomplete DNA replication at the very end
of each chromosome. Human telomerase activity is often determined by the expression level of telomerase reverse
transcriptase (TERT), the catalytic subunit of the ribonucleoprotein complex. The low expression level of TERT and
the lack of adequate antibodies have made it difficult to study telomerase-related processes in human cells.

Results: To overcome the low CRISPR-Cas9 editing efficiency at the TERT locus, we develop a two-step “pop-in/
pop-out” strategy to enrich cells that underwent homologous recombination (HR). Using this technique, we fuse
an N-terminal FLAG-SNAP-tag to TERT, which allows us to reliably detect TERT in western blots, immunopurify it
for biochemical analysis, and determine its subcellular localization by fluorescence microscopy. TERT co-localizes
detectably with only 5-7 % of the telomeres at a time in S-phase Hela cells; no nucleolar localization is detected.
Furthermore, we extend this approach to perform single base-pair modifications in the TERT promoter; reverting a
recurrent cancer-associated TERT promoter mutation in a urothelial cancer cell line results in decreased telomerase
activity, indicating the mutation is causal for telomerase reactivation.

Conclusions: We develop a two-step CRISPR-Cas9 genome editing strategy to introduce precise modifications at
the endogenous TERT locus in human cell lines. This method provides a useful tool for studying telomerase biology,
and suggests a general approach to edit loci with low targeting efficiency and to purify and visualize low
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Background

All continuously proliferating cells, like stem cells and
cancer cells, require a mechanism to compensate for telo-
mere attrition during continuous division [1]. Most often
this requirement is fulfilled by the telomerase enzyme.
However, somatic cells lack telomerase activity, due to the
transcriptional inactivation of the gene encoding TERT,
the catalytic subunit of the telomerase holoenzyme [2—4].
Reactivation of TERT transcription in somatic cells allows
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them to divide indefinitely, which is a crucial step during
tumorigenesis [5]. Therefore, investigating TERT expres-
sion is of great significance to understand how the level of
telomerase activity is regulated under physiological and
pathological conditions.

For several reasons, determining the expression level of
TERT is hampered by the difficulty to detect the endogen-
ous TERT protein. First, TERT is a lowly expressed
protein with only several hundred molecules per cell [6].
Second, commercially available TERT antibodies have
been shown to be either inefficient or non-specific in tar-
geting endogenous TERT [6, 7]. CRISPR-Cas9-mediated
genome editing provides an alternative approach, allowing
tagging of the endogenous TERT protein with a well-
defined epitope tag, for which well-characterized antibodies
are available.
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Furthermore, targeted genome editing also provides an
approach to introduce specific mutations to the en-
dogenous TERT locus and study their effects on TERT
expression. For instance, two point mutations in the pro-
moter region of the human TERT gene (C-124T and C-
146T) have been reported to be highly recurrent in
various cancers types [8, 9] and correlate with higher tel-
omerase levels [10]. Results of luciferase reporter assay
suggest that either mutation increases the transcriptional
activity of the TERT promoter [8]. The association of
these mutations with telomerase activation is well estab-
lished, but the direct causality between these mutations
and the activation of TERT expression in the endogen-
ous context remains uncertain. Modifying the endogen-
ous TERT promoter using genome editing can address
this important question.

Here, we describe methods to modify the endogenous
TERT locus with the CRISPR-Cas9 system, labeling the
endogenous TERT protein with an affinity purification
and localization tag or introducing a single base-pair
modification in the TERT promoter. To overcome the low
efficiency of genome editing at the TERT locus, we de-
signed a two-step protocol similar to the “pop-in/pop-out”
gene replacement method in yeast [11] to facilitate screen-
ing for successfully edited clones. With these methods, we
generated HEK 293 and HeLa cell lines expressing FLAG-
SNAP-tagged TERT protein, allowing efficient immuno-
purification (IP) and subcellular localization of endogen-
ous TERT. Our results demonstrate that telomerase only
localizes to a small number of telomeres at any given time.
We also generated HEK 293T and SCaBER cells with a
modified TERT promoter, suggesting that removing the C-
124T mutation from a urothelial cancer cell line is suffi-
cient to decrease the telomerase level and shorten telo-
meres. These methods not only provide useful tools for
studying telomerase biology, but also offer a general
approach to purify and visualize low abundance proteins,
as well as making single base-pair modifications at gen-
omic sites with low editing efficiency.

Results

Modification of the endogenous TERT protein with an
N-terminal FLAG-SNAP-tag

We found that the efficiency of genome editing in the
TERT 5’ region was very low (see below). We therefore de-
signed a two-step protocol to introduce the sequence cod-
ing for a FLAG-SNAP-tag into the TERT locus (Fig. 1a).
The tag was fused to the N-terminus of TERT because C-
terminal tagging has been shown to impair the ability of
telomerase to elongate telomeres within cells [12].

First, the tag sequence and an enhanced green fluor-
escent protein (eGFP) expression cassette flanked by
LoxP-sites were inserted immediately upstream of the en-
dogenous translational start site of TERT by transfecting a
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Cas9-single guide RNA (sgRNA) plasmid [13] and a donor
template (DT) plasmid into cells (Fig. 1a). The fluores-
cence marker expressed from the eGFP cassette was used
to screen for clones that had undergone homologous
recombination (HR). We tested a number of sgRNA se-
quences (Table S1 in Additional file 1) in HEK 293T cells,
and chose to use the sgRNA that directs Cas9 to cut be-
tween the base pairs at the —2 and -1 positions relative to
the translational start site, because it would not target the
DT, thus preventing cutting of an edited allele. We com-
pared circular plasmid versus linearized plasmid as DT
(Table S2 in Additional file 1) to determine whether there
was an effect on targeting efficiency. The percentage of
GEFP-positive cells in the Cas9—sgRNA groups was higher
than that in the corresponding control groups lacking
Cas9—sgRNA. However, the targeting rates in both cases
were low (~1 %), demonstrating the utility of the fluores-
cence marker. Because the frequency of non-specific inte-
gration (percentage of GFP-positive cells in the groups
lacking Cas9—sgRNA) was higher using the linear DT, we
chose to use the circular DT for subsequent experiments
to reduce off-target effects.

The validated protocol was then used to edit HEK 293
cells, which carry two copies of the TERT gene. To iso-
late single cell clones, GFP-positive cells obtained by
fluorescence-activated cell sorting (FACS) were seeded
in 96-well plates by limiting dilution. The low efficiency
of eGFP insertion at the TERT locus is readily apparent
from FACS profiles of targeted cells (Fig. 1b). HR was
confirmed by PCR with the primer pairs a—b and c—e
(Fig. 1a, ¢; Table S3 in Additional file 1); 27 out of 32
clones (84 %) gave rise to PCR products of the expected
size (Fig. 1c). To determine the number of TERT alleles
that had undergone HR, we performed PCR with the
primer pair a—e, demonstrating that all clones had
undergone HR at one of the two alleles (Fig. 1d). We se-
quenced the PCR products of a-b, c—e and a—e from
both alleles. The allele that had undergone HR carried
the expected sequence, while the second allele in all
clones contained small insertions or deletions (indels)
around the Cas9 target site. This suggested that both al-
leles had been cut by Cas9, one being repaired by HR
and the other being repaired by non-homologous end
joining (NHE]), generating small indels.

Next, we selected a single clone (clone 3 in Fig. 1c) to
carry out the second step of the protocol. This clone
contained a small deletion of 19 bp in the allele repaired
by NHE]J (-1 to +18 relative to the original translation
start site), removing the endogenous start codon and
presumably knocking out TERT protein expression from
this allele. We transiently expressed an eGFP-Cre fusion
protein [14] in this clone to excise the eGFP cassette.
Eight days after transfection, we screened the cell popu-
lation for GFP-negative cells using FACS (Fig. 1e). Single
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Fig. 1 Inserting the sequence for the FLAG-SNAP-tag in the endogenous TERT locus. a Introducing an N-terminal FLAG-SNAP epitope tag to the
endogenous TERT protein. First, a double-strand break was generated next to the translational start site of TERT with the CRISPR-Cas9 system

(red scissors). Cells that underwent homologous recombination (HR) with the donor template (D7) containing the sequence for the tags and the
SV40-driven enhanced green fluorescent protein (eGFP) expression cassette were screened for GFP signal and confirmed by PCR with primers g, b,
¢, and e, the sequences of which are listed in Table S3 in Additional file 1. HA homologous arm, 7SS transcription start site. Next, the eGFP
expression cassette was removed from the TERT locus through Cre-mediated recombination, leaving only the sequence for FLAG- and SNAP-tags
and an intervening LoxP site at the 5" end of the TERT coding sequence. b Fluorescence-activated cell sorting (FACS) screen for GFP-positive HEK
293 cells at the first step. Data shown are from cells transfected with the circular DT only or the circular DT + the Cas9-sgRNA plasmid. Cells with
GFP signal in the green-shaded region were sorted. Inset figure: the green-shaded region enlarged. The DT-only group contained 0.5 % cells in this
region and the Cas9-sgRNA + DT group contained 1.1 % cells in this region. ¢ Sample data of PCR screen for clones that underwent HR. PCR
products amplified by primer pairs a-b (upper panel) and c-e (lower panel), from genomic DNA of the GFP-positive HEK 293 single cell clones and
untreated parental cells, were visualized by gel electrophoresis. Marker: 1 kb DNA ladder (Promega). Among the eight clones shown, six generated
PCR products of the expected sizes in both PCRs (1402 bp for primer pair a—b, 1773 bp for primer pair c—e). Clone 2 only generated the correct
PCR product in the a-b PCR. Clone 9 did not generate any PCR products, as was the case for the parental cells. d Sample data of PCR examination of
the zygosity in the clones, from an experiment in which the sequence of a FLAG-tag and the eGFP expression cassette were inserted into the
endogenous TERT locus in HEK 293T cells. PCR products amplified by primer pair a—e, from genomic DNA of the selected HEK 293T single cell clones
and untreated parental cells, were visualized by gel electrophoresis. PCR with genomic DNA from the parental cells only generated the expected

2384 bp PCR product. Clones carrying the targeted insertion in both TERT alleles should generate only the 3652 bp PCR product. Clones carrying the
targeted insertion in one of the TERT alleles should generate PCR products of both lengths. All eight clones shown were heterozygous for the insertion.

by Cre recombination, the size of the PCR product decreases to 1874 bp

The middle bands (indicated by asterisk) between the 3652 and 2384 bp bands might be the hybrid of one 2384 nucleotide strand and one 3652
nucleotide strand, since it contains the same sequence as the top band corresponding to the edited allele in our sequencing data. The same
experiment was later performed on the HEK 293 clones with the insertion of FLAG-SNAP-tag sequence and the eGFP-expression cassette. The PCR
product from the allele that underwent HR should be 4321 bp, which we failed to obtain, presumably because of the long length. We then regarded
a clone as heterozygous if the 2384 bp product appeared. e FACS screen for GFP-negative cells at the second step. After transfection of the Cre
plasmid or no transfection, cells with low GFP signal (blue-shaded region) were sorted. f Sample data of PCR screen for clones in which the eGFP
expression cassette was excised through Cre recombination. PCR products amplified by primer pair a-d, from genomic DNA of the original
GFP-positive clone without Cre expression (Cre”) and several single cell GFP-negative clones after Cre recombination (Cre*), were visualized by gel
electrophoresis. Marker: 1 kb DNA ladder (Promega). In Cre™ cells, the size of the PCR product is 3031 bp. After the eGFP expression cassette is excised

cell clones were generated by limiting dilution, and PCR
with primer pair a—d (Fig. 1a; Table S3 in Additional file 1)
was used to confirm the excision of the eGFP expression
cassette (Fig. 1f). All five clones tested were confirmed to
contain the FLAG-SNAP-tag sequence inserted at the 5’
end of the endogenous TERT coding sequence. Gene copy
number analysis verified that all clones contained two cop-
ies of TERT (Additional file 2).

An alternative approach with a puromycin resistance
marker instead of the eGFP fluorescence marker in the
DT plasmid was carried out in HeLa cells (Fig. S1 in
Additional file 1). First, a puromycin-selected cell popula-
tion was used to generate single cell clones. All isolated
clones had undergone HR (Fig. Sla in Additional file 1).
Two days after transient transfection of the eGFP-Cre
plasmid, single cell clones were seeded from the GFP-
positive cell population. All clones generated with this
method had undergone successful excision of the puro-
mycin resistance cassette (Fig. S1b in Additional file 1).
Sequencing of the PCR products verified the FLAG-
SNAP-tagged alleles that had undergone HR, and re-
vealed untagged alleles that contained small indels
around the Cas9 cut site (presumably via NHE]). Since
HeLa cells carry five or six copies of the TERT gene
[10], the exact number of HR alleles and NHE] alleles is
unknown.

Analysis of expression and activity of the FLAG-SNAP-TERT

protein

To determine whether the FLAG-SNAP-TERT fusion
protein was expressed in the edited HEK 293 cells, we
analyzed whole cell lysates by western blot. An anti-
FLAG antibody detected a band of the expected size in
the edited clones, but not in the parental HEK 293 cells
(Fig. 2a), confirming the expression of the FLAG-SNAP-
TERT protein. Similarly, FLAG-SNAP-TERT was only
detected in the edited HeLa clones but not in the paren-
tal HeLa cells (Fig. S2a in Additional file 1).

Next, we compared IP of FLAG-SNAP-TERT using a
FLAG antibody with that using a well-established TERT
antibody, which is useful for IP but not for western blots
[15, 16]. As an internal control for the IP we added cata-
Iytically inactive ProA-FLAG-TERT (IP control (IP ctrl)).
The ProA-FLAG-tag is smaller than the FLAG-SNAP-
tag, and thus IP ctrl runs at an intermediate size be-
tween endogenous TERT and FLAG-SNAP-TERT on
SDS-PAGE. Anti-FLAG IPs efficiently enriched FLAG-
SNAP-TERT from the edited HEK 293 clones but not
from the parental cells (Fig. 2b; Fig. S2b in Additional
file 1). (Most of the signal in lanes 3-6 of Fig. 2b is due
to the FLAG-SNAP-TERT, because the IP ctrl is present
at low levels as seen in lanes 1-2.) The identity of the
FLAG-SNAP-TERT band was verified by its detection
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Fig. 2 Expression, purification and activity of the FLAG-SNAP-TERT protein. a Western blot of lysates of parental HEK 293 cells and edited clones
expressing FLAG-SNAP-TERT using a FLAG antibody. Bands at the expected size of FLAG-SNAP-TERT (arrow) indicate that the fusion protein is
expressed in the edited clones. b FLAG-SNAP-TERT immunopurified with a FLAG antibody from parental HEK 293 cells and various edited clones
was revealed by western blot using antibodies against the FLAG-tag and TERT. Fluorescence was detected using SNAP Surface® 594 dye covalently
bound to the SNAP-tag. All samples were supplemented with IP control (IP ctrl). ¢ FLAG-SNAP-TERT immunopurified with a TERT-antibody from
parental HEK 293 cells and various edited clones was revealed by western blot using antibodies against the FLAG-tag and TERT. A band with
the size of endogenous TERT was also observed on the western blot of the modified clones, which should not arise from the NHEJ allele as
the start codon was removed by the indel. One possibility is that the original start codon for the endogenous TERT on the FLAG-SNAP allele
was still used to some extent instead of the start codon before the FLAG-tag sequence. Fluorescence detection and IP ctrl is as in panel (b). d Western
blots and fluorescence imaging, comparing the IP efficiency of FLAG-SNAP-TERT using the anti-FLAG (F) or anti-TERT (7) antibody. e Direct telomerase
activity assay of telomerase purified from parental HEK 293 cells and various edited HEK 293 clones with the anti-FLAG or anti-TERT antibody. Note lack
of telomerase activity in lane 1 because no FLAG-labeled TERT is expressed in the parental cells. LCT and LC2 are two oligonucleotide loading controls.
f Telomeric restriction fragment length analysis by Southern blot of parental HEK 293 cells and several edited clones expressing FLAG-SNAP-TERT. Cells
were harvested at the indicated time points. Average telomere lengths are plotted in the lower panel. Clones 3 and 4, which have higher levels of
telomerase activity as shown in panel (), have elongated telomeres. g Direct telomerase activity assay of telomerase purified from parental HEK 293
cells and various edited HEK 293 and Hela clones using the anti-TERT antibody. Cells were transfected with a telomerase RNA expression plasmid (TR OF)
to assure that FLAG-SNAP-TERT was the limiting component for telomerase assembly. IP ctrl was included in one sample after cell lysis to confirm that it

did not affect telomerase activity. LCT and L2 are two oligonucleotide loading controls. Quantitative analysis of the data is plotted in the lower panel

with both anti-FLAG and anti-TERT antibodies (Fig. 2b).
Both antibodies also readily detected the IP ctrl added to
the parental HEK293 cells, which do not contain FLAG-
SNAP-TERT. Additionally, FLAG-SNAP-TERT was de-
tectable using fluorescence imaging, indicating that the
SNAP-tag is fully functional (Fig. 2b). Similar results
were obtained using the edited HeLa clones (Fig. S2b in
Additional file 1). IP with the TERT antibody also puri-
fied FLAG-SNAP-TERT from the edited clones but not
the parental cells (Fig. 2¢; Fig. S2c in Additional file 1).
In addition, the TERT antibody also enriched endogen-
ous TERT from the parental cells. Curiously, wild-type
(WT) TERT bands were also present in the edited
clones, potentially due to usage of the WT TERT start
codon.

To compare the IP efficiency of the FLAG and TERT
antibodies, we carried out IPs without adding the IP ctrl
to the edited clones (IP ctrl was still included with par-
ental cell samples, since it is clearly distinguishable from
endogenous TERT). In all edited cell lines, the anti-
FLAG IP was much more efficient for purifying TERT
(compare each pair of F and T lanes in Fig. 2d). Quanti-
fication of the fluorescence signal indicated that the IP
with the anti-FLAG antibody purified five- to seven-fold
higher amounts of FLAG-SNAP-TERT (Fig. 2d). Thus,
the anti-FLAG IP provides a more efficient purification
of TERT expressed from an endogenous chromosomal
locus than previous methods.

To determine the expression level of FLAG-SNAP-
TERT in the edited clones relative to endogenous TERT,
we compared the amounts of TERT and FLAG-SNAP-
TERT purified using the anti-TERT IP (Fig. 2d; samples
from edited clones did not include IP ctrl). Unexpect-
edly, FLAG-SNAP-TERT in edited clones was present at
approximately 20-fold higher levels than endogenous
TERT in parental cells, even though FLAG-SNAP-

TERT is expressed from its endogenous locus. Reverse
transcription-quantitative PCR (RT-qPCR) analysis in-
dicated the edited clones expressed higher levels of
TERT mRNA than the parental cells (Fig. S2d in Additional
file 1), suggesting that the sequence of the FLAG-SNAP-tag
improved TERT transcription and/or TERT mRNA
stability.

Finally, we tested the enzymatic activity of FLAG-
SNAP-TERT to determine whether the tag interfered
with the catalytic function of TERT. Telomerase purified
using the FLAG and TERT antibodies was used in direct
telomerase extension assays, measuring incorporation of
radioactive dGTP into a telomeric oligonucleotide pri-
mer. As expected, anti-TERT IP resulted in telomerase
activity from all cells, while anti-FLAG IP showed tel-
omerase activity only in the edited clones (Fig. 2e; Fig.
S2e in Additional file 1). In the edited clones, the FLAG
antibody precipitated four- to eight-fold more telomer-
ase activity than the TERT antibody, consistent with the
increased efficiency of TERT IP (Fig. 2d, e). Further-
more, in the edited clones 3 and 4, IP with the TERT
antibody yielded two- to five-fold more telomerase activ-
ity than in the parental cells, consistent with TERT being
overexpressed. Clones 1 and 5 did not show elevated tel-
omerase activity; the reason for this clonal variation is
unknown. Accordingly, we observed telomere lengthen-
ing in clones 3 and 4 but not clones 1 and 5 (Fig. 2f).
Activity in edited HeLa clones was comparable to the in-
creased activity in HEK 293 clones 3 and 4 (Fig. 2g). The
observation that the fold increase in the telomerase
activity (less than five-fold) is much lower than the fold-
increase in the protein level (20-fold) is presumably
because the amount of telomerase RNA (TR), the other
key component of the telomerase catalytic core, limits
telomerase assembly. This was anticipated from the en-
dogenous molecule numbers of TERT and TR previously
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measured [6], and was also indicated by transient over-
expression of TR in the edited clones, which further
increased their telomerase activity (Fig. 2g).

In summary, these results demonstrate that the FLAG-
SNAP-tag allows a higher IP efficiency and retains the
enzymatic activity of TERT.

Subcellular localization of FLAG-SNAP-TERT

The localization of TERT in human cells has been inferred
from many studies with overexpressed tagged protein
[17-20]. Although cytolocalization of endogenous TERT
has been reported [21, 22], such studies have been frus-
trated by the low abundance of TERT and lack of a good
antibody. Here, we use FLAG-SNAP-TERT expressed
from the endogenous locus as a surrogate for endogenous
TERT, realizing that the overexpression due to insertion
of the tag, although much more modest than that pro-
duced by standard transient transfection, could neverthe-
less influence the results. CRISPR-edited HeLa clones
were used for these experiments because HeLa cells attach
to the glass surface better than HEK 293 cells. We labeled
the FLAG-SNAP-TERT using a cell-permeable substrate
for the SNAP-tag (BG-647-SiR) [23]. Cells were fixed and
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stained for TRF2 and coilin to visualize telomeres and
Cajal bodies, respectively.

Cells containing FLAG-SNAP-TERT displayed bright foci
at telomeres and Cajal bodies, the expected localization
sites of TERT. No nucleolar staining of TERT was ob-
served, in contrast to previous immunofluorescence (IF) ex-
periments using an anti-TERT antibody [17, 21]. The
parental HeLa cells showed only background staining
(Fig. 3; for full field-of-view images see Data files 3-6 in
Additional file 3). Z-stacks of the cells were also analyzed to
assure the co-localization (Fig. S3a in Additional file 1).
Since telomerase is recruited to telomeres during S phase
of the cell cycle [21, 24], we compared cells synchronized in
S phase and G1 phase (Fig. 4a—c; for full field-of-view im-
ages see Data files 3, 7 and 8 in Additional file 3). We found
each S-phase nucleus contained approximately 40 TRF2
foci (Fig. S3b in Additional file 1), instead of the 150-300
telomeres present in a HeLa cell pre- and post-replication,
respectively. Thus, the foci presumably contain clusters of
around four to eight telomeres on average. Most S-phase
cells contained a small fraction of telomere clusters that co-
localized with TERT (~5 %). These results suggest that only
a small number of telomeres are being elongated at any
given time point, even in S phase.
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Fig. 3 Subcellular localization of FLAG-SNAP-TERT. IF analysis of fixed Hela cells expressing FLAG-SNAP-TERT. The SNAP-tag was labeled with
SNAP-Cell® 647-SiR dye (scale bar=5 um). Telomeres and Cajal bodies were stained with antibodies against TRF2 and coilin, respectively. Edited
cells but not parental cells showed FLAG-SNAP-TERT foci that co-localized with telomeres and Cajal bodies. Two independent clones expressing

TRF2 Coilin

—
X
a
N

TERT

—
X
1
N

Coilin

Ed

TERT

! Coilin
—

—
m
=
=

o o
= =
B 5

-~
—
m
=
3

Coilin

Coilin




Xi et al. Genome Biology (2015) 16

231

Page 8 of 17

Parental

CRISPR-edited clone

Counts

Counts

Fig. 4 (See legend on next page.)

2N
8001 {
— Asynchronous
700
— S-phase
600 — Gl-phase
500
400
300
200
100
o!
0 100 200 300 400 500 600
Pl fluorescence [A.U.]
2N 4N
t '
Repeat 1
Asynchronous
0 hour ]
\ 2 hour
Release
4 hour | time after
double
6 hour | thymidine
block
9 hour
10 hour
T T T -
200 400 600

Pl fluorescence [A.U.]

Fraction of cells with > 2

Mean # of co-localizations

TERT foci at telomeres

per nucleus

1 2

Parental CRISPR-edited clones

Repeat 1
Repeat 2

0 2 4 6 8 10

Release time after double
thymidine block (hour)




Xi et al. Genome Biology (2015) 16:231

Page 9 of 17

(See figure on previous page.)

Fig. 4 TERT localizes to telomeres in S but not G1 phase of the cell cycle. a IF analysis of fixed Hela cells expressing FLAG-SNAP-TERT, synchronized in
G1 and S phase of the cell cycle (scale bar =5 um). Cells expressing FLAG-SNAP-TERT displayed telomere-localized TERT foci in S but not G1 phase of
the cell cycle, while parental cells never showed telomere-localized TERT foci. b FACS analysis of the DNA content of cells synchronized in S phase
showed a peak between the 2 N and 4 N peaks of asynchronous cells, confirming that they were in S phase. The G1 cell population contained 2 N
and 4 N peaks but was depleted for cells with intermediate DNA content. 4 N cells, which failed to release from their mitotic arrest, were easily
distinguished from G1 cells by their morphology. € Quantification of the number of TERT foci which co-localized with TRF2 signals in edited Hela cells
synchronized at different stages of the cell cycle. Data were generated from two independent experiments, each analyzing 50 cells per condition
(mean + standard deviation). d FACS analysis of the DNA content of edited Hela cells released from a double thymidine block as they transition
through S phase. Prior to release, the cell population contained mostly cells with 2 N DNA content, which progressively increased as the cells
underwent DNA replication. Nine to ten hours after release, DNA replication was complete, as indicated by the majority of cells having 4 N DNA
content. e Quantification of the number of TERT foci co-localized with TRF2 signals at different time points during S phase (50 cells per time point,
mean + standard error of the mean; for corresponding images see Fig. S4 in Additional file 1). A.U. arbitrary units, Propidium lodide (PI)

To further analyze telomere recruitment of telomerase
during S phase, we synchronized edited HeLa cells at
the G1/S border using a double thymidine block and
visualized TERT localization to telomeres as cells pro-
gressed through S phase (Fig. 4d). TERT localization in-
creased throughout the first 4—6 hours of S phase, at
which point it reached its maximal frequency of a mean
of around three co-localizations per cell, which corre-
sponded to ~7 % of TRF2 foci (Fig. 4e; Fig. S4 in
Additional file 1; for full field-of-view images see Data
files 3, 9-14 in Additional file 3). After completion of
DNA synthesis (9-10 hours post-release)) TERT
localization dropped to its minimum (mean of around
one co-localization per cell), indicating that telomerase
dissociates from telomeres in G2 phase of the cell cycle.
These observations are consistent with previous results
obtained using fluorescence in situ hybridization (FISH)
for TR, the RNA component of telomerase [21].

Thus, the SNAP-tag enables subcellular localization of
the lowly expressed TERT, and its localization at biologic-
ally functional sites demonstrates that TERT function is
not impaired by the N-terminal FLAG-SNAP-tag or by
the modest overexpression. The number of Cajal bodies
per cell (typically one to four; Fig. S3c in Additional file 1)
was indistinguishable from that observed in the parental
HeLa cells, in contrast to cells with highly overexpressed
telomerase where unnatural neo-Cajal bodies associate
with every telomere [19, 20]. It is worth noting antibodies
against the FLAG-epitope did not detect FLAG-SNAP-
TERT at telomeres, due to background foci (Data file 3, 15
in Additional file 3), indicating that the SNAP labeling is
more specific than conventional IF labeling.

Single base-pair modification in the endogenous TERT
promoter

Recently, two highly recurrent point mutations were iden-
tified in the TERT promoter in multiple cancers and shown
to be associated with telomerase activation during tumori-
genesis. To explore the effects of these mutations on TERT
expression levels in the endogenous context, we extended
our two-step “pop-in/pop-out” strategy to modify single

base pairs in the TERT promoter (Fig. 5a). A single base-
pair substitution was first introduced into the TERT
promoter alongside an eGFP expression cassette, which
was then removed by a second round of CRISPR-mediated
editing, resulting in a TERT promoter with only a single
base-pair alteration.

The protocol was first tested using HEK 293T cells,
which contain WT TERT promoter sequences. Ten
sgRNA sequences were tested, and a sequence directing
Cas9 to cut between the -148 and —147 positions rela-
tive to the endogenous translational start site was
chosen based on its targeting efficiency and position of
cleavage (Table S1 and Fig. S5 in Additional file 1). The
DT for the first step contained the C-146T mutation
and an eGFP cassette inserted between base pairs —140
and -139, which disrupted the sgRNA recognition site.
On days 6, 14 and 20 post-transfection, three rounds of
FACS were carried out to enrich for the GFP-positive
cells, from which single cell clones were generated.
PCR with the primer pair a—b or ¢’-¢’ (Fig. 5a; Table
S3 in Additional file 1) was used to identify clones that
had undergone HR. PCR with the primer pair a'—e’
suggested that both TERT alleles had undergone HR
(homozygous) in two clones, while in another three
clones only one TERT allele had undergone HR (hetero-
zygous) (Fig. S6a in Additional file 1). Sequencing of
the PCR products revealed that two out of the three
heterozygous clones had a small insertion of two cyti-
dines between -148 and —147 in the allele that had not
undergone HR. Quantification of the TERT mRNA
levels demonstrated that TERT expression was reduced
to 10 % and 60 % of WT level in the homozygous and
heterozygous clones, respectively, indicating that the in-
sertion of the eGFP expression cassette in the TERT pro-
moter disrupted transcription (Fig. S6b in Additional file 1).
The decrease in the TERT mRNA levels correlates
with the decrease in the levels of TERT protein and
telomerase activity, as well as telomere shortening
(Fig. Séc, d in Additional file 1).

We then used a heterozygous clone (clone 5) to carry
out the second step of the protocol, removing the eGFP
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Fig. 5 Single base-pair modification at the endogenous TERT promoter. a Outline of the protocol to modify a single base pair at the endogenous
TERT promoter. First, a double-strand break was generated at the endogenous TERT promoter next to the targeted base pair with the CRISPR-Cas9
system (red scissors). Cells that underwent HR with the DT containing the SV40-driven eGFP expression cassette and the single base-pair modification
were screened by GFP signal and confirmed by PCR with primers a', b, ¢, and €', the sequences of which are listed in Table S3 in Additional file 1. HA
homologous arm, 7SS transcription start site. Next, the eGFP expression cassette was excised by two double-strand breaks generated by the
CRISPR-Cas9 system. Cells that underwent HR with the DT containing the modified TERT promoter sequence were screened based on the loss
of the fluorescent signal and sequencing the PCR products generated with primers a’ and €. b Sample sequencing data demonstrating the
reversion of the C-7124T mutation from the TERT promoter in SCaBER cells. Peak color: red, T; green, A; blue, C; black, G. ¢ TERT mRNA levels in
the modified SCaBER clones are plotted relative to that in the parental cells (1.0, dashed line), as was measured by RT-gPCR with GAPDH mRNA
as an internal control. The black line in each group of data points indicates the median value. As a group, the three clones had significantly
reduced mRNA levels relative to the parental cells (p = 0.04 by Wilcoxon rank-sum test). d Telomerase activity in the modified SCaBER clones
was lower than that in the parental cells, as measured by the IP-direct extension assay (LC loading control). Signal of the extension products
on the gel was normalized to the LC signal and GAPDH protein levels in the IP input, which were quantified by western blot. The quantitative
result is shown in the bar graph (mean + standard deviation, n = 3 biological replicates, *p < 0.05 by Student’s t-test). e Telomeric restriction

and modified clones

fragment length analysis by Southern blot in the parental cells and modified clones. Cells were harvested at the indicated time points. The
average telomere length in each sample is plotted in the lower panel. *A DNA-Hindlll digest markers. f Growth curves for the parental cells

cassette. Two Cas9-sgRNA plasmids targeting the edges
of the eGFP cassette (Table S1 in Additional file 1) were
co-transfected with the DT plasmid, which contained the
sequence of TERT locus from —589 to +353, and included
the C-146T point mutation. Eight days post-transfection,
the cell population was analyzed by FACS. The Cas9~
group (transfected with only the DT) contained ~11.7 %
GFP-negative cells, which could be due to epigenetic si-
lencing of the eGFP expression cassette. The Cas9" group
contained a higher percentage of GFP-negative cells
(~16.5 %). The GFP-negative cells in the Cas9" group
were used to generate single cell clones. Eighty clones
were screened by PCR with the primer pair a'—e’ and se-
quencing, among which two were identified that had
undergone HR to remove the eGFP expression cassette
and had incorporated the C-146T mutation (Fig. S6e in
Additional file 1). Copy number variation analysis verified
that both clones have two copies of TERT. The remaining
clones either contained small indels or had lost one copy
of the TERT gene (Additional file 2). TERT mRNA levels
in the two C-146T clones measured by RT-qPCR were not
higher than that in the parental HEK 293T cells (Fig. S6f
in Additional file 1). However, since TERT expression is
activated through an alternative mechanism in HEK 293T
cells, it is perhaps not surprising that the introduction of
the TERT promoter mutation did not lead to a further in-
crease of TERT expression.

To determine the effects of the TERT promoter muta-
tions in a context where they would be functional, we used
the established protocol to modify the TERT promoter in
SCaBER, a urothelial cancer cell line which contains two
TERT alleles, one of which carries the C-124T mutation
[10]. Based on the hypothesis that the C-124T allele is
more active in transcription than the WT allele, we tar-
geted the C-124T allele to revert the mutation, since it
has been suggested that the CRISPR-Cas9 system has
increased accessibility in transcriptionally active regions

[25]. A DT with the eGFP cassette inserted in the WT
promoter sequence was used for the first step of edit-
ing. Out of 18 GFP-positive clones generated, 16 (89 %)
contained the eGFP cassette inserted into the TERT
locus. Based on sequencing results, we identified a
clone in which the C-124T allele had undergone HR
while the WT allele had neither undergone HR nor con-
tained indels. This clone was subjected to the second
round of genome editing to remove the eGFP cassette.
Out of 200 clones analyzed by PCR and sequencing, three
were found to contain only the WT TERT promoter
sequence (Fig. 5b). Copy number variation analysis dem-
onstrated that all three clones had two copies of TERT
(Additional file 2), ruling out the possibility that the
mutant TERT allele was lost during editing.

To determine the effect of reverting the promoter muta-
tion on TERT transcription, we analyzed TERT mRNA
levels by RT-qPCR. The three clones exhibited reduced
mRNA levels relative to the parental SCaBER cells
(Fig. 5¢). To assess whether the reduced TERT transcrip-
tion had functional consequences, we tested the telomer-
ase activity in these modified clones with direct
telomerase extension assays following TERT IP. The cellu-
lar telomerase activity levels were decreased by 40-50 %
in the modified clones compared with the parental cells
(Fig. 5d). Consistent with these results, telomere shortening
was observed in the edited clones (Fig. 5e). Furthermore, all
clones grew at a slower rate compared with the parental
cells (Fig. 5f). These results suggest that the C-124T muta-
tion in the SCaBER cell line is necessary for full activation
of TERT expression. Reverting the mutation in the TERT
promoter decreases telomerase levels and telomere length,
and thereby limits the growth of these cancer cells.

Discussion
We developed several two-step “pop-in/pop-out” strat-
egies for precise genome editing at the endogenous
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TERT locus, which allowed us to label the TERT protein
with an N-terminal epitope tag and facilitated single
base-pair modifications in the TERT promoter. Using
cells edited with this strategy, we achieved detection of
TERT protein and IP of telomerase with unprecedented
efficiency, and we demonstrated that telomerase was
only detectable at 5-7 % of telomeres at any time in S
phase. We also corrected a cancer-associated TERT pro-
moter mutation in a urothelial cancer cell line and showed
that the telomerase level and growth rate of these cancer
cells were decreased.

Strategies for precise genome editing at endogenous loci
with low targeting efficiency

CRISPR-Cas9-mediated genome editing provides an easy
and rapid way to introduce targeted modifications in the
human genome. However, targeting efficiencies vary
greatly among different loci [26]. When we attempted to
utilize CRISPR-Cas9-mediated genome editing to study
telomerase biology, we found TERT to be one of the loci
with a low targeting efficiency. Because TERT is not a very
actively transcribed gene, its chromatin environment
might prevent the access of the Cas9—sgRNA complex.
Another potential explanation is that the high GC content
around the TERT 5’ region might block target recognition
by the Cas9—sgRNA complex — for example, because the
DNA was difficult to melt or because it formed higher-
order structures like G-quadruplexes. To overcome this
hurdle, we employed a “pop-in/pop-out” approach similar
to that used in yeast genome editing, including a marker
to enrich for clones that had undergone HR. Screening for
fluorescent cells (or selecting for drug-resistant cells)
greatly enriched the desired clones in the first step; over
80 % of the GFP-positive clones had undergone HR. It
should be pointed out that careful analysis of the zygosity,
sequence and copy number of the targeted gene is crucial,
as we found that a large percentage of the clones that had
one TERT allele modified by HR contained small indels in
the other allele, which was presumably also cut by Cas9
but then repaired through NHE]. We also observed that
some clones lost a copy of TERT after editing, most likely
due to the telomere-proximal location of TERT causing
partial chromosome loss after the induction of a double-
strand break.

Parallel experiments using a circular plasmid or a linear
plasmid as the DT demonstrated that their efficiency of
integration through HR is similar (circular, 1.0 %; linear,
1.2 %; Table S2 in Additional file 1). However, the linear
plasmid is more frequently integrated into off-target sites
in the genome. We therefore chose the circular DT be-
cause the ratio of specific to non-specific DT integration
in the GFP-positive clones was higher.

During the “pop-out” step, the marker expression cas-
sette was removed through Cre-mediated recombination,
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in the case of introducing the FLAG-SNAP-tag. A LoxP
site remained between the FLAG- and the SNAP-coding
sequences, but it did not interfere with the function of
either tag. To generate single base-pair modifications, a
second round of CRISPR-Cas9-mediated editing was
necessary. Loss of the fluorescence marker was used to
enrich for clones that had eliminated the eGFP expression
cassette, and 1.5 % of the selected clones contained the de-
sired sequence alteration. The frequency and specificity of
our approach might be further improved with previously
described methods such as using the D10A Cas9 nickase,
genetically or chemically inhibiting the NHE] pathway, or
cell cycle synchronization [27-30].

An unanticipated observation was that the insertion of
the FLAG-SNAP-tag sequence increased the expression of
the TERT gene. As mentioned above, TERT has a very
specific sequence context around its 5" region, which is
presumably responsible for its low transcriptional activity.
The insertion of the FLAG-LoxP-SNAP sequence may
somehow interrupt this state and improve the transcrip-
tion level. In general, C-terminal tagging might be less
likely to alter the transcription level. However, C-terminal
tagging of TERT impairs its function within cells [12] and
therefore was not an option for our studies. In addition,
the SNAP-tag could function as a solubility tag, stabilizing
the TERT protein. In the future, different tags could be
tested, in order to identify ones that have little effect on
TERT expression. Importantly, the total amount of assem-
bled telomerase holoenzyme was only increased less than
five-fold based on our telomerase activity measurements.
Therefore, the modification of TERT with the FLAG-
SNAP-tag should only have minimal effects in telomerase
biology.

Telomerase distributed unevenly among telomeres at S
phase

Using the FLAG-SNAP-TERT clones, we analyzed the
subcellular localization of the endogenously produced
TERT protein. As expected, TERT localized to Cajal
bodies and telomeres. Previous studies using anti-TERT
antibodies also detected non-telomere associated foci
[21] and signals associated with nucleoli [17, 21, 22],
which were not seen in our experiments and may reflect
a lack of specificity of IF detection of TERT. In contrast
to overexpressed telomerase, which localizes to all the
telomeres detected in S phase [19], the endogenously
produced TERT was only detectable at 5-7 % of TRF2
foci in S phase, which could represent clusters of mul-
tiple telomeres recruiting telomerase. This observation
indicates that the endogenous telomerase only elongates
a limited number of telomeres at any given time point.
Previous studies have suggested that all telomeres in
human cancer cells are elongated in each cell cycle [31],
which requires telomerase recruitment to each telomere.
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In budding yeast, telomerase does not extend all telo-
meres in any given cell cycle, but rather only the short-
est telomeres [32]; consistent with this finding, only a
subset of telomeres co-localize with yeast TR during S
phase [33]. Our data in human cells are consistent with
recruitment of telomerase to a subset of telomeres at
any given time point in S phase, but we cannot rule out
that a small number or a single telomerase holoenzyme
localizes to each telomere, because our method is not
sensitive enough to detect single molecules.

If telomerase is recruited to only a small number of
telomeres at any given time point, sequential telomere
elongation would have to occur to add telomeric repeats
to many or all telomeres in a single cell cycle. Our data
are consistent with the model in which telomeres
sequentially recruit telomerase, potentially controlled by
the replication timing of individual telomeres, which
differs dramatically among chromosomes [34]. In agree-
ment with this notion, TERT localization to telomeres is
maximal in the middle of S phase. Importantly, recruit-
ment of telomerase to telomeres does not necessarily
have to lead to telomere elongation. Telomerase might
be recruited to every telomere in a single S phase but
only elongate a subset of them. Several studies have
suggested that the shortest telomeres are preferentially
elongated in human cells [35, 36], but in these cases
telomerase was overexpressed, which has been shown to
deregulate telomerase recruitment to telomeres [19].
Alternatively, our data are also consistent with only a
subset of telomeres being elongated in a single cell cycle.
To distinguish these models, time-lapse microscopy of
telomerase recruitment to telomeres throughout S phase
will be necessary.

Reverting a cancer-associated TERT promoter mutation
decreased telomerase levels and limited the growth rate
of cancer cells

Recent studies of various human cancer genomes have
identified two highly recurrent TERT promoter mutations
(C-124T and C-146T) [8, 9, 37-39], which generate new
binding sites for the ETS transcription factor GABP [40].
Luciferase reporter gene assays comparing WT/mutant
TERT promoter sequences suggested that promoters with
either of the two mutations drive higher levels of gene ex-
pression (approximately two-fold increase compared with
WT) [8]. Quantitative analysis of endogenous TERT ex-
pression levels, cellular telomerase activity and telomere
lengths in cancer cell lines with or without these muta-
tions has demonstrated that these mutations are associ-
ated with higher levels of telomerase and longer telomere
lengths [10]. To test the causality between the mutations
and endogenous telomerase levels, we edited the endogen-
ous TERT promoter, allowing us to make comparisons
among presumptively isogenic cell lines. Reverting the C-
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124T mutation in a urothelial cancer cell line, which ori-
ginally carried one WT allele and one C-124T mutant al-
lele, resulted in decreased telomerase levels, telomere
shortening and reduced proliferation rate of these cells.

One caveat of our genome editing protocol is that the
expression level of TERT affects cell growth. Both steps
(insertion of the eGFP cassette in the promoter and
introducing C at position —124 instead of T) would de-
crease the TERT expression level and render the desired
clones at a selective disadvantage. This would greatly
decrease the success rate of getting a desired clone; and
it also led to the concern that the three SCaBER clones
we obtained might have collected other mutations that
counteract the effects of loss of the C-124T mutation
and increase telomerase levels. This raises a general
question about how to target genes that affect cell
growth. One potential solution would be to supply a
functional copy of the gene during the editing process
and remove it afterwards. In addition, any potential off-
target effects of the genome editing could also affect the
phenotypes of clones. To help control for the off-target
effects, one could introduce both WT and mutant pro-
moter sequences to replace the eGFP expression cassette
integrated in the first step of genome editing. Due to these
potential concerns, we realize the phenotypes we observed
might reflect more than just the loss of the TERT pro-
moter mutation.

Interestingly, introducing the C-146T mutation in HEK
293T cells, which originally carried two WT alleles, was in-
sufficient to increase the level of telomerase. In our HEK
293T cell genome editing, a small insertion of two cyti-
dines was incorporated in the allele that underwent NHEJ;
it is possible that this insertion reduced the transcription
of TERT, which neutralized the activation effect of the C-
146T mutation on the allele that underwent HR. However,
the fact that clones with one CC-insertion allele and one
eGFP cassette-insertion allele have ~40 % of the telomer-
ase level compared with parental cells suggested the CC-
insertion does not greatly affect TERT expression (Fig. S6
in Additional file 1). Another possibility is that the C-
124T mutation and the C-146T7 mutation function
differently. But a more likely explanation would be that,
because HEK 293T cells have already activated TERT
expression through an alternative mechanism, the rate-
limiting step that can be facilitated by the promoter
mutation has already been surmounted by other means.
Whatever the mechanism, these results highlight the
importance of genomic background in the functional
investigation of disease-related mutations.

Conclusions

The 5’ region of the human TERT gene has a very low
efficiency for CRISPR-Cas9 genome editing. This limita-
tion was overcome by devising two-step “pop-in/pop-out”
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editing strategies, either screening for the insertion of an
eGFP gene or selecting for insertion of a puromycin-
resistance gene. In one set of experiments, insertion of a
FLAG-SNAP-tag at the N-terminus of TERT allowed reli-
able detection of the protein, efficient IP of active telomer-
ase ribonucleoprotein complexes, and cytolocalization.
Typically, only 5-7 % of clustered telomeres showed de-
tectable telomerase co-localization at any one time in S
phase. One possible explanation is that telomerase is re-
cruited to telomeres sequentially rather than simultan-
eously. Another set of experiments introduced single
base-pair changes in the TERT gene promoter at sites of
recurrent cancer-specific mutations, which had previously
been found to be associated with increased telomerase
activity. Reverting the heterozygous C-124T mutation in a
urothelial cancer cell line suggested the causality of the
mutation for telomerase activity, telomere length mainten-
ance and cell growth rate. More generally, our studies
show how introducing protein tags at endogenous loci
with genome editing can overcome multiple constraints
with purifying and visualizing low-abundance proteins.

Materials and methods

Cell culture

HEK 293 cells (ATCC), HEK 293T cells (ATCC) and
HeLa-EM2-11ht cells (Tet Systems Holdings GmbH
and Co. KG) were grown in high glucose Dulbecco’s
modified Eagle medium (DMEM) supplemented with
10 % fetal bovine serum (FBS), 2 mM GlutaMAX™-I
(Life Technologies), 100 units/ml penicillin and 100 pg/ml
streptomycin at 37 °C with 5 % CO,. SCaBER cells, a gift
from D. Theodorescu (University of Colorado Cancer
Center, Denver), were grown in minimum essential
medium (MEM) supplemented with 10 % FBS, 2 mM
GlutaMAX™-I, 0.1 mM minimal non-essential amino
acids (Life Technologies), 1 mM sodium pyruvate, 100
units/ml penicillin and 100 pg/ml streptomycin at 37 °C
with 5 % CO..

Plasmid construction and transfection

sgRNA sequences (Table S1 in Additional file 1) were
cloned individually into the pX330 plasmid vector as
described in [13]. DT sequences with the eGFP/puro-
resistance expression cassette for both methods were
synthesized by GENEWIZ and cloned into the pUC57-
Kan plasmid. The DT with the endogenous TERT se-
quence from -589 to +353 was PCR amplified from the
HEK 293T genomic DNA and cloned into the pUC57-
Kan plasmid. The QuickChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies, 200522) was used
to modify the DT plasmids with corresponding mutations.
The sequences of all the DT plasmids are provided as
Data files 16-19 in Additional file 4. pBS598 EFlalpha-
EGFPcre plasmid [14] was purchased from Addgene.
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The Nucleofector™ 2b Device (Lonza) was used to
introduce pX330 Cas9-sgRNA plasmids and pUC67-Kan
DT plasmids into cells. For HEK 293 and HEK 293T
cells, Amaxa™ Cell Line Nucleofector™ Kit V was used as
transfection reagent according to the manufacturer’s in-
structions. For each transfection, one million cells were
transfected with 2.5 pg pX330 Cas9-sgRNA plasmids
and 2.5 pg pUC67-Kan DT plasmids. For SCaBER cells,
Cell Line Optimization Nucleofector™ Kit for Nucleo-
fector™ Device was first used to optimize the transfec-
tion conditions. Based on the results, Amaxa™ Cell Line
Nucleofector™ Kit V and Program L-029 were chosen.
For each transfection, 0.5 million cells were transfected
with 2.5 pg pX330 Cas9-sgRNA plasmids and 2.5 pg
pUC67-Kan DT plasmids. For HeLa cells, one million
cells were transfected with 1.0 pg pX330 Cas9-sgRNA
plasmids and 1.0 pug pUC67-Kan DT plasmid using Li-
pofectamine® 2000 Reagent (Invitrogen) according to
the manufacturer’s instructions. The pBS598 EFlalpha-
EGFPcre plasmid was transfected with Lipofectamine®
2000 into both HEK 293 and HeLa cells.

FACS

Trypsinized cells were spun down at 200 g for 5 min
and re-suspended in phosphate-buffered saline (PBS)
with 3 % bovine serum albumin (BSA). The cells were
sorted based on the GFP signal on a MoFlo™ XDP cell
sorter (Beckman).

Genomic DNA extraction, genotyping and copy number
variation analysis

Genomic DNA samples were prepared with QuickExtract™
DNA Extraction Solution (Epicentre) or GenElute™ Mam-
malian Genomic DNA Miniprep Kit (Sigma-Aldrich)
according to the manufacturers’ instructions. Sequences of
the TERT locus were PCR amplified for Sanger sequencing
with the corresponding primers (Table S3 in Additional
file 1) as described in [10]. Copy number variation analysis
was performed on a StepOne™ Real-Time PCR instrument
(Life Technologies) using FAM-labeled TagMan™ Assays
as described in [10].

RNA extraction and RT-gPCR

Total RNA samples were extracted with TRIzol® Reagent
(Ambion) according to the manufacturer’s instructions.
For SCaBER, cells were first treated with 0.5 pg/pl pro-
teinase K in TE buffer (10 mM Tris—HCI pH 8.0, 1 mM
EDTA) at 65 °C for 20 min and then homogenized by
TRIzol°. The extracted total RNA samples were treated
with RQ1 RNase-free DNase (Promega) to eliminate
genomic DNA contamination. cDNA was then prepared
using the High Capacity ¢cDNA Reverse Transcription
kit (Applied Biosystems). RT-qPCR was performed with
iQ™ SYBR® Green Supermix (Bio-Rad) on the
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LightCycler® 480 Real-Time PCR System (Roche) with
primers described in [6].

Telomerase IP and telomerase activity assay

FLAG IP was performed with Anti-FLAG® M2 Affinity
Gel (Sigma-Aldrich, A2220) on HEK 293/HeLa cell lysates
prepared with CHAPS lysis buffer (10 mM Tris—HCl
pH 7.5, 1 mM MgCl,, 1 mM EGTA, 0.5 % CHAPS, 10 %
glycerol, 1 mM phenylmethanesulfonyl fluoride, 1 mM
dithiothreitol). Telomerase IP with the sheep polyclonal
anti-TERT antibody, which was a gift from S. Cohen
(Children’s Medical Research Institute and University
of Sydney, Sydney, Australia) and telomerase activity
assay were performed as described in [6, 15].

Western blot and SNAP-tag fluorescence labeling

The protein samples were electrophoresed on a 4-12 %
Bis-Tris gel (Life Technologies), followed by standard
western blotting protocols. Primary antibodies used
were as follows: anti-TERT antibody (Abcam, ab32020,
1:1000), anti-GAPDH antibody (Santa Cruz, sc-137179,
1:1000), anti-FLAG horseradish peroxidase-conjugated
antibody (Sigma-Aldrich, A8592, 1:1000). Secondary
antibodies used were as follows: peroxidase-AffiniPure
donkey anti-rabbit IgG (H + L) (Jackson, 711-035-152,
1:5000), peroxidase-AffiniPure donkey anti-mouse IgG
(H+L) (Jackson, 715-035-150, 1:5000). SuperSignal®
West Pico Chemiluminescent Substrate (Thermo Scien-
tific) was used to generate signals on western blots. The
signals were detected with a FluorChem HD2 imaging
system (Alpha Innotech) and quantified with Image-
Quant TL v2005 software. To detect the SNAP-tag,
10 uM SNAP Surface® 594 (New England Biolabs,
S9112S) was added to the input samples at the begin-
ning of the IP. The fluorescence signals were detected
with a Typhoon Trio PhosphorImager (GE Healthcare)
and quantified using ImageQuant TL v2005 software.

Telomeric restriction fragment length analysis

For each sample, 1.5 pg genomic DNA was digested with
Hinfl and Rsal at 37 °C for over 4 h and then electro-
phoresed on a 0.8 % agarose-1x TBE gel at 70 V for a
total of 1100 V-h together with a 5' end **P-labeled \
DNA-HindIII digest ladder. Next, the gel was shaken in
the following solutions: 0.25 M HCI for 15 min, 0.5 M
NaOH-1.5 M NacCl for two rounds of 15 min and 0.5 M
Tris—1.5 M NaCl pH 7.5 for 30 min. Then the DNA was
transferred from the gel to the Hybond™-N" membrane
(GE Healthcare) by capillary blotting with 20x SSC
buffer (3 M NaCl, 300 mM sodium citrate, pH 7.0), and
cross-linked to the membrane under UV 254 nm at
1200 x 100 pJ/cm® The membrane was pre-hybridized
in Rapid-hyb buffer (GE Healthcare) at 35 °C for 30 min,
then hybridized in Rapid-hyb buffer with 5' end **P-
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labeled (TTAGGG); probe at 35 °C for 1 h. After that,
the membrane was washed three times with 0.1x SSC,
0.1 % SDS at 50 °C for 20 min each time. The signals on
the membrane were detected with the Typhoon Trio
Phosphorlmager and quantified with ImageQuant TL
v2005 software.

Cell growth rate analysis

Parental SCaBER cells and the three modified clones
were grown in T75 flasks. At each passage, the total cell
number in each flask was counted, and 0.1 million cells
were seeded in fresh growth medium. The cells were not
confluent during the culturing.

IF and live cell SNAP-labeling

The SNAP-tag was labeled using 1-2 uM SNAP-Cell®
647-SiR (New England Biolabs, S9102S) for 2-3 h in
DMEM containing 10 % FBS, 2 mM GlutaMAX"™-1, 100
units/ml penicillin and 100 pg/ml streptomycin at 37 °C
with 5 % CO,. Following SNAP-labeling, cells were
washed with PBS and pre-extracted with Triton X Buffer
(20 mM HEPES pH 7.9, 50 mM NaCl, 3 mM MgCl,,
300 mM sucrose, 0.5 % Triton X-100), for 1 min on ice,
rinsed with PBS and fixed with formaldehyde (4 % formal-
dehyde, 2 % sucrose in PBS) for 10 min at room
temperature. Cells were then re-permeabilized using
Triton X Buffer for 10 min at room temperature, and
incubated in blocking buffer (3 % BSA in PBS) for
30 min. After blocking, cells were incubated with primary
antibodies for TRF2 (Imgenex, IMG-124A, 1:500) and coi-
lin (Santa Cruz, sc-32860, 1:100) in blocking buffer for
1 h. Next, cells were washed with PBS and incubated with
secondary antibodies (Life Technologies, A-31556, and
Abcam, ab150117, 1:500) in blocking buffer for 1 h. After
a final wash, cells were mounted using ProLong® Diamond
Antifade Mountant (Life Technologies, P36970).

Cell cycle synchronization and flow cytometry analysis

For S-phase synchronization, cells were arrested in
growth medium containing 2 mM thymidine for 16 h.
To release the cells, they were washed three times with
PBS and cultured in regular growth medium for 3 h. For
the double thymidine block, cells were released for 9 h,
followed by a second thymidine arrest prior to release
into S phase as described above. To enrich for cells in
the G1 phase of the cell cycle, cells were arrested in mi-
tosis using growth medium supplemented with 100 ng/
ml nocodazole for 14—16 h. To release the cells into G1,
the mitotic cell population was washed three times with
PBS and cultured in regular growth medium. To deter-
mine the cell cycle distribution of the cell populations,
cells were fixed in 70 % ethanol and subsequently stained
with propidium iodide solution (0.2 mg/ml RNase A,
0.1 % Triton X-100, 20 pg/ml propidium iodide in PBS).
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Stained cells were analyzed using the FACScan sorter
(Becton-Dickinson).

Microscopy

All images were acquired on a Deltavision Core deconvolu-
tion microscope (Applied Precision) using a 60x 1.42NA
PlanApo N (Olympus) or 100x UPLanSApo 1.4NA (Olym-
pus) objective and a sSCMOS camera. Twenty Z-sections
with 0.2 pm spacing were acquired for each image with
identical exposure conditions within each experiment. For
presentation in figures, representative images were decon-
volved (where indicated), followed by generation of max-
imum intensity projections of 5-10 Z-sections, which were
scaled identically for all experimental conditions.
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