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ABSTRACT

Chromosome instability (CIN) is an early step in car-
cinogenesis that promotes tumor cell progression
and resistance to therapy. Using plasmids integrated
adjacent to telomeres, we have previously demon-
strated that the sensitivity of subtelomeric regions
to DNA double-strand breaks (DSBs) contributes to
telomere loss and CIN in cancer. A high-throughput
screen was created to identify compounds that af-
fect telomere loss due to subtelomeric DSBs intro-
duced by I-SceI endonuclease, as detected by cells
expressing green fluorescent protein (GFP). A screen
of a library of 1832 biologically-active compounds
identified a variety of compounds that increase or
decrease the number of GFP-positive cells following
activation of I-SceI. A curated screen done in tripli-
cate at various concentrations found that inhibition
of classical nonhomologous end joining (C-NHEJ) in-
creased DSB-induced telomere loss, demonstrating
that C-NHEJ is functional in subtelomeric regions.
Compounds that decreased DSB-induced telomere
loss included inhibitors of mTOR, p38 and tankyrase,
consistent with our earlier hypothesis that the sensi-
tivity of subtelomeric regions to DSBs is a result of
inappropriate resection during repair. Although this
assay was also designed to identify compounds that
selectively target cells experiencing telomere loss
and/or chromosome instability, no compounds of
this type were identified in the current screen.

GRAPHICAL ABSTRACT

INTRODUCTION

Chromosome instability (CIN) plays an important role in
carcinogenesis by contributing to an increased mutation
rate that leads to tumor cell progression and resistance to
anti-cancer therapy (1). CIN is an early event in most can-
cers and can arise through a number of different mech-
anisms (2), including oncogene-induced replication stress,
which causes chromosome breaks at fragile sites (3). The
investigation of CIN is therefore essential, not only to fully
understand the cancer process, but to develop therapies to
specifically target and kill cancer cells with CIN.

The ends of chromosomes, called telomeres, play a criti-
cal role in preventing CIN (4,5). Telomeres are composed of
a 6 base-pair repeat sequence, which along with associated
proteins called the shelterin complex, protect the ends of
the chromosomes and keep them from appearing like DNA
double-strand breaks (DSBs) (6,7). Telomere dysfunction is
common in cancer cells and has been associated with CIN
(8–11). Using plasmids integrated adjacent to telomeres,
we have investigated the consequences and mechanisms of
spontaneous telomere loss and its role in CIN for individ-
ual chromosomes in human cancer cells. One of the cell
clones used in these earlier studies was derived from EJ-
30, a bladder cell carcinoma cell line also known as MGH-
U1 (12). EJ-30 is ideal for monitoring CIN in individual
chromosomes, since despite being a p53-deficient cancer cell
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line, it has a relatively stable genome with 46 chromosomes
(13–15).

Our results have shown that spontaneous telomere loss
results in the fusion of sister chromatids (13–15), which then
break during the subsequent mitosis and fuse again in the
next cell cycle. These breakage-fusion-bridge (B/F/B) cy-
cles continue for many cell generations, resulting in gene
amplification and extensive gross chromosome rearrange-
ments (GCRs) (14,15). B/F/B cycles continue until the
chromosome acquires a new telomere, which often occurs
by nonreciprocal translocation (15). Although telomere ac-
quisition by nonreciprocal translocation stabilizes the chro-
mosome that lost its telomere, it passes the instability on to
the donor chromosome that gives up a telomere, and there-
fore the loss of a single telomere can eventually result in CIN
involving multiple chromosomes.

Using this same telomeric plasmid system in combina-
tion with DSBs induced by I-SceI endonuclease, we have
demonstrated that subtelomeric regions are highly sensitive
to DSBs. This sensitivity is evident from the observation
that I-SceI-induced DSBs at subtelomeric sites result in a
much greater frequency of large deletions and GCRs than
DSBs at interstitial sites (16–19). Importantly, this sensi-
tivity to DSBs involves telomere loss and CIN similar to
that seen with spontaneous telomere loss, as shown by both
chromosome painting and DNA analysis in both mouse ES
cells (20) and human cancer cells (19). This observation led
to the proposal that spontaneous telomere loss in cancer
cells results from a combination of the sensitivity of telom-
eric regions to DSBs, and a high frequency of DSBs near
telomeres in cancer cells due to oncogene-induced replica-
tion stress (5).

The sensitivity of telomeric regions to DSBs is also ev-
ident from the persistence of ionizing radiation induced-
DSBs in telomeric regions in nondividing primary human
fibroblasts, which remain long after DSBs at interstitial
sites have been repaired (21,22). This observation led He-
witt et al. to propose that the sensitivity of telomeric regions
to DSBs is an important mechanism for protecting against
CIN by promoting cellular senescence (22). However, unlike
normal cells, our results demonstrate that in human cancer
cells the sensitivity of subtelomeric regions to DSBs has the
opposite effect and promotes CIN, likely due to the lack cell
cycle regulation, and therefore this sensitivity to DSBs plays
an important role in CIN in human cancer (5).

The sensitivity of subtelomeric regions to DSBs pro-
vides the opportunity to investigate the cellular pathways
involved in DSB repair and the mechanisms of formation
of DSB-induced mutations. There are multiple pathways for
repair of DSBs (23,24). The most common pathway for re-
pair of DSBs in mammalian cells is C-NHEJ, which involves
rejoining broken DNA ends. C-NHEJ utilizes the DNA-PK
holoenzyme, which contains Ku70 and Ku80, which bind
the free DNA ends to prevent resection (25,26), and DNA-
PKcs, a large PI3K-related kinase whose signaling is impor-
tant in the DDR and DSB repair (25,27,28).

A second option for DSB repair is homology-directed re-
pair (HDR). Unlike C-NHEJ, HDR does not usually re-
sult in a mutation. However, HDR is limited to the S/G2
phases of the cell cycle, after DNA replication and before
chromatin condensation, since it requires the adjacent sis-

ter chromatid as a template. HDR is initiated by binding of
the MRE11/RAD50/NBS1 (MRN) complex to the DSB,
which leads to activation of ATM, another PI3K-like ki-
nase involved in the DDR (29). ATM is involved in pro-
tecting the break through the activation of 53BP1 (30), as
well as initiating resection in S/G2 to generate a 3′ single-
stranded DNA overhang used for HDR (31). Importantly,
the resection at the DSB prevents C-NHEJ, which is unable
to rejoin resected ends (32–35). Therefore, once HDR has
been initiated at a DSB, C-NHEJ can no longer occur.

A third DSB repair pathway, alternative end-joining (Alt-
EJ, also called backup DSB repair and microhomology me-
diated repair) can rejoin short and long single-stranded
overhangs utilizing sites of microhomology (36–40). Alt-EJ
has often been considered to be a backup repair pathway
in the absence of C-NHEJ or HDR, and is associated with
the formation of large deletions and GCRs (37,38,41–43).
However, Alt-EJ involving Pol � primarily results in small
deletions in the absence of defects in other DSB repair path-
ways, and therefore has been proposed to be important in
maintaining chromosome stability (44–46).

We have previously investigated the mechanism responsi-
ble for the sensitivity of subtelomeric regions to DSBs. The
focus of these studies was to attempt to understand how the
proximity of telomeric repeat sequences and shelterin pro-
teins influence the efficiency of DSB repair. The importance
of telomeric repeat sequences in the sensitivity of telomeric
regions to DSBs is evident from our results demonstrating a
high frequency of large deletions at DSBs located near inter-
stitial telomeric repeat sequences (17). Consistent with this
observation, it was found that tethering the TRF2 shelterin
protein near an interstitial DSB resulted in a deficiency in
DSB repair, leading to the conclusion that TRF2 inhibits C-
NHEJ (21). Importantly, we have shown that the sensitivity
to DSBs extends at least 100 kb from a telomere (16). More-
over, as we have previously pointed out (4), the subtelomeric
region that is sensitive to DSBs may be much larger than 100
kb based on the estimation of target size from the dose of
ionizing radiation previously used to demonstrate persistent
DSBs near telomeres in normal human cells (21,22).

Based on an earlier report that ATM is inhibited by
TRF2 (47), we previously investigated whether a deficiency
in ATM might be responsible for the sensitivity of telomeric
regions to I-SceI-induced DSBs. The knockdown of ATM,
or inhibition of ATM with KU55933, resulted in an increase
in large deletions at interstitial DSBs (18). However, this in-
creased frequency of large deletions was nowhere near that
observed at subtelomeric DSBs. The results also showed
that ATM is active near telomeres, because the inhibition
of ATM caused a further increase in large deletions at sub-
telomeric DSBs. It was therefore clear that the sensitivity of
subtelomeric regions to DSBs was not due to a deficiency
in ATM. Our observation that ATM is active in response
to subtelomeric DSBs is consistent with a subsequent study
showing that ATM is active in response to DSBs in telom-
eric repeat sequences (48).

Due to its importance in resection of DSBs, we subse-
quently investigated the role of MRE11 in the sensitivity of
subtelomeric regions to I-SceI-induced DSBs, using both
knockdown with shMRE11 and inhibition of MRE11 ex-
onuclease activity with Mirin (49). Our results showed that
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inhibition of MRE11 exonuclease activity reduced the fre-
quency of large deletions and GCRs, both at interstitial and
telomeric DSBs, demonstrating a role for MRE11 in the for-
mation of large deletions and GCRs at both locations.

The current study involves the development of an assay
to identify proteins that either promote, inhibit or target
telomere loss and CIN resulting from an I-SceI-induced
subtelomeric DSB. This assay is only possible because of the
high frequency of large deletions and GCRs at subtelom-
eric DSBs, although the proteins identified will likely pro-
vide information on mechanisms involved in the formation
of rearrangements at interstitial DSBs. Telomere loss fol-
lowing the activation of I-SceI is detected as a result of the
loss of a tet-repressor (TetR) gene adjacent to the telomere,
which results in the expression of a gene for green fluores-
cent protein (GFP) located at another location (Figure 1).
The cell clone used in this assay was derived from an EJ-
30 cell clone previously used to monitor the consequences
of the loss of a telomere (13–19). This assay was used in an
unbiased high-throughput screen whose purpose was two-
fold. First, to learn more about the mechanism of sensitivity
of subtelomeric regions to DSBs, and thus, the mechanisms
of mis-repair of DSBs and CIN. Second, to identify com-
pounds that can target proteins important in DSB repair
and CIN that may be useful for cancer therapy, by either
preventing telomere loss and CIN, or by selectively killing
cells that have undergone telomere loss and/or CIN.

A screen of a library of 1832 biologically-active com-
pounds using this assay identified a variety of compounds
that could either increase or decrease the frequency of GFP-
positive cells following the introduction of DSBs through
the activation of I-SceI. The results demonstrate that inhibi-
tion of DNA-PKcs increases the frequency of DSB-induced
telomere loss, and therefore contrary to a previous report
(21), a deficiency in C-NHEJ cannot explain the sensitiv-
ity of telomeric regions to DSBs. The inhibition of DNA-
PKcs also greatly increases the frequency of small deletions
at the I-SceI site, demonstrating that small deletions at the I-
SceI-induced DSB are formed through Alt-EJ, and that Alt-
EJ, like C-NHEJ, is important in preventing DSB-induced
telomere loss. Finally, the results show that inhibition of
mTOR, p38 and tankyrase decrease the frequency of telom-
ere loss resulting from subtelomeric DSBs, demonstrating
that these proteins contribute to the sensitivity of subtelom-
eric regions to DSBs. No compounds that selectively target
cells experiencing telomere loss and/or chromosome insta-
bility were identified in this screen, although modifications
of the assay are proposed to improve the chances of iden-
tifying this type of compound in future screens with larger
compound libraries.

MATERIALS AND METHODS

Plasmids

Four different stably-integrated plasmids were used in this
study. The first, pBS-TRex-GFP-hph, contains the gene for
GFP under the control of a promoter that is regulated by
the tetracycline-repressor protein (TetR) (Figure 1A). To
construct this plasmid, the GFP gene, with a minimal cy-
tomegalovirus (CMV) promoter and TetR binding sites im-
mediately upstream, was excised from the pPRIME-TREX-

GFP-FF3 plasmid (50) and inserted into a Bluescript plas-
mid containing a hygromycin-resistance gene, pBS-hph-PA.

The second plasmid, pIRT-PEST-tel (Figure 1A), con-
tains the gene for TetR with a recognition site for I-SceI
endonuclease inserted on one end and telomeric repeat
sequences inserted on the other end. pIRT-PEST-tel was
derived from the plasmid pcDNA6/TR (ThermoFisher),
which contains the TetR gene under the control of a CMV
promoter, as well as a gene for resistance to blasticidin. A
PEST sequence, which targets proteins for rapid degrada-
tion (51), was inserted in-frame at an EcoRI site near the C-
terminal of the TetR gene to reduce its half-life and shorten
the assay response time. The I-SceI recognition site used to
introduce DSBs with I-SceI endonuclease (16–19,49) was
inserted in a linker at a NotI site between the TetR gene
and blasticidin-resistance gene. Eight-hundred base pairs
of telomeric repeat sequences excised from plasmid pSX-
neo1.6T2AG3 (52) were inserted at the end of the TetR gene
opposite the I-SceI site, and were oriented so that they seed
the formation of a new telomere following integration, as
we have previously described (13–19,49). Importantly, the
ampicillin-resistance gene and plasmid origin of replication
in pIRT-PEST-tel is the same as that found in the pNCT-
tel plasmid located immediately adjacent to a telomere on
the long arm of chromosome 16 in cell clone B3-4 (13–15).
This homology was used to target and replace the pNCT-tel
plasmid with the pIRT-PEST-tel by homologous recombi-
nation, as has been previously performed by us with other
plasmids in clone B3-4 (16,17,19).

The third plasmid, ddSceGR (not shown, kindly pro-
vided by Dr Simon Powell, Sloan Kettering), contains an
inducible gene for a modified I-SceI endonuclease that can
be activated by the addition of two separate agents, one that
allows for transport into the nucleus (Triamcinolone Ace-
tonide, TA), and the other for increased stability (Shield1,
Sh1) (53). ddSceGR also contains the Neo gene for selec-
tion with G418.

The fourth plasmid, pGK-puro-3xnls-mScarlet-I (not
shown), contains a constitutively-expressed gene for mScar-
let that contains three tandem nuclear localization signals
(54). The mScarlet-labeled nuclei were used to monitor cell
number. Nuclear localization was used because in our ini-
tial attempt using whole-cell labeling, the automated system
was unable to accurately determine cell number as the cells
became confluent. The 3xnls-mScarlet portion of the plas-
mid was derived from 3xnls-mScarlet-i (Addgene), and was
inserted into the pPGKpuro plasmid containing the puro
gene for selection.

Cell line

The mS11fs clone used in this assay contains the four differ-
ent stably-integrated plasmids described above, which were
used to detect telomere loss following the introduction of a
subtelomeric DSB. Telomere loss in clone mS11fs was de-
tected by loss of the adjacent TetR gene, which results in
expression of GFP (Figure 1A). mS11fs was derived from
clone B3-4 of the bladder cell carcinoma cell line, EJ-30,
also known as MGH-U1 (12). B3-4 contains the pNCT-
tel plasmid integrated at the end of the long arm of chro-
mosome 16 and has been used extensively to analyze how
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Figure 1. Two of the plasmids integrated in cell clone mS11fs that are used to monitor DSB-induced telomere loss. (A) An I-SceI endonuclease-induced
DSB within the pIRT-PEST-tel plasmid located adjacent to a telomere results in loss of the distal TetR gene and telomere. The loss of the TetR gene
results in expression of the GFP gene controlled by a TRex promoter in the pBS-TRex-GFP-hph plasmid integrated at another location. Clone mS11fs
also contains (not shown) the stably-integrated ddSceGR plasmid containing a gene for inducible I-SceI, and the pGK-puro-3xnls-mScarlet-i plasmid
containing a gene for the constitutively-expressed nuclear mScarlet that is used to control for cell number. (B) Images of constitutive mScarlet-labeled
nuclei (red), GFP-labeled cells following treatment with TA/Sh1 (green), and merged mScarlet and GFP-labeled cells.

both spontaneous (13–15) and DSB-induced (16–19,49,55)
telomere loss influence CIN.

To create clone mS11fs, clone B3-4 was first trans-
fected with plasmid pBS-TRex-GFP-hph, and hygromycin-
resistant colonies expressing GFP were selected. Next, one
of the hygromycin-resistant, GFP-positive clones was trans-
fected with the pIRT-PEST-tel plasmid. As mentioned
above, pIRT-PEST-tel shares homology with the pNCT-
tel plasmid located at the telomere on chromosome 16 in
clone B3-4, which facilitates targeted integration by homol-
ogous recombination. Targeted integration was achieved
by first selecting with blasticidin for stable integration of
pIRT-PEST-tel, followed by selection with ganciclovir for
clones that had lost the pNCT-tel plasmid, which contains
the HSV-tk gene that sensitizes cells to ganciclovir. Sev-
eral GFP-negative clones resulting from the presence of the
TetR repressor were then selected and the DNA analyzed
by Southern blot using a probe specific for the TetR and
blasticidin genes to determine whether the telomeric repeat
sequences in pIRT-PEST-tel had become the new telomere
on chromosome 16 (Supplementary Figure S1). As we have
previously demonstrated, plasmids in which telomeric re-
peat sequences in the plasmid seed the formation of a new
telomere are easily identified by the heterogeneity in the
size of the bands due to the variability in telomere length
(13). Unlike other bands, these diffuse bands are sensitive
to Bal31 exonuclease, demonstrating that they are termi-
nal telomeric repeats (13). Similar targeting by homologous
recombination has previously been used by us to substi-
tute other plasmids for the telomeric plasmid in clone B3-4

(16,17,19). Using this criteria, two clones, 8 and 11, con-
tained the targeted pIRT-PEST-tel plasmid located at the
telomere. These clones demonstrated GFP-positive sectors
as colonies grew in size, as would be expected from spon-
taneous loss of the telomere containing the TetR repressor
(data not shown), typical of telomeres in clone EJ-30 (13–
15) and other cancer cells (8,9).

Next, one of the clones showing GFP-positive sectors
was grown up and transfected with the ddSceGR plas-
mid, and G418-resistant colonies were selected. Several of
these G418-resistant clones were then tested for the pres-
ence of the I-SceI gene by addition of TA (50 nM) and
Sh1 (500 nM). One of the clones that showed a large in-
crease in GFP-positive cells in response to TA/Sh1 was se-
lected for further use. This clone was then transfected with
the pGK-puro-3xnls-mScarlet-I plasmid, and selection was
performed with puromycin. Clones containing nearly 100%
bright mScarlet-labeled nuclei were selected for further use.
One of these clones, mS11, was then subjected to flow sort-
ing for GFP-negative cells to reduce the low level of GFP
background caused by the spontaneous loss of the telom-
ere. This clone, named mS11fs, was used for the assay in
this study.

It is important to point out that with each of the four
plasmids, individual clones were selected that showed max-
imum stability of the integrated plasmid and expression.
With pBS-TRex-GFP-hph, this involved selecting for the
clones with the brightest GFP that showed little if any var-
iegation when the culture was expanded. With pIRT-PEST-
tel, this involved selecting for clones in which GFP could be
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induced rapidly in all cells following the addition of doxycy-
cline to inactivate TetR. With pGK-puro-3xnls-mScarlet-I,
this involved selecting clones that continued to show bright
mScarlet staining in nearly all nuclei in the population dur-
ing expansion of the clone. Finally, with ddSceGR, this in-
volved screening for clones that upon expansion continued
to show high levels of GFP-positive cells following the ad-
dition of TA/Sh1. Although re-selection is possible with all
four of the plasmids, this has not been necessary to maintain
their expression.

UCSF SMDC bioactive compound library and screen

The mS11fs cells used for the high-throughput screen were
thawed two days before they were to be used. Following
trypsinization, the trypsin was poured off and the cells re-
suspended in growth medium. The cells were then pipetted
multiple times with a small-bore plastic pipette, counted,
and pelleted by centrifugation. The cells were then sus-
pended in 5 ml of ice-cold PBS containing Proteinase K
(100 �g/ml), and incubated 10 minutes on ice. Proteinase
K treatment is necessary because without it the EJ-30 cells
aggregate after trypsinization, which becomes an issue due
to the prolonged time it takes to plate the cells for the screen.
Following Proteinase K treatment, 5 ml of ice-cold PBS
containing 1% Bovine Serum Albumin is added, and the
cells pelleted by centrifugation. The cells were then resus-
pended at approximately 1×106 cells/ml and counted again.
The cells were then diluted in ice-cold growth medium at
3750 cells/ml to provide the 150 cells in the 40 �l aliquots
used in the screen.

Cells were kept on ice until dispensed into 384 well opti-
cal (Greiner �Clear) plates by a WellMate automated bulk
dispenser, and incubated overnight at 37◦C in an incuba-
tor in 5% CO2. The day after plating TA (50 nM) and Sh1
(500 nM) in media were added to the wells of 6 of the plates
(screen). Six other plates (counter) were not treated with TA
and Sh1 and received media only. Pre-arrayed compounds
(SelleckChem) at 1mM in 100% DMSO) were then added
by automated pin-tool (Beckman Coulter Biomek FXP) to
a final concentration of 1 �M (0.1% DMSO) in both the
counter and screen plates to determine the effect of the
compounds on the frequency of GFP-positive cells and cell
number, with or without the addition of TA/Sh1. Each plate
contained four columns of controls in which no compounds
were added (columns 1, 2, 23 and 24), which consisted
of cells either without TA/Sh1 (counter) or with TA/Sh1
(screen). Automated image acquisition (INCell 2500 high-
content microscope) and analysis (INCell Developer Tool-
box) were performed beginning one day after addition of
the compounds (Day 1), followed by imaging and analysis
on days 4, 5 and 6 after compound addition. Image analysis
to determine cell number was performed by segmentation
and counting of mScarlet-labeled nuclei (Figure 2).

Image analysis to determine the number of GFP-positive
cells was performed by either determining the percent of
GFP-positive cells relative to mScarlet-positive cells, or by
multiplying the density and area of each GFP signal to get
the intensity (DxA), and then summing up the total DxA
for all GFP signals in an image. The total GFP DxA for

Figure 2. Analysis of cell number following growth with or without
TA/Sh1. Cell number was determined by counting mScarlet-labeled nu-
clei in cells treated with (red, Screen) or without (green, counter) TA/Sh1.
Cell growth was slightly slower in the TA/Sh1-treated cells at day 4 (P value
< 0.0001), with no significant change in cell number after day 5. Error bars
represent standard deviation.

each image was then normalized for cell number by divid-
ing by the number of mScarlet-positive nuclei in the same
image (Norm-GFP-Sum).

Low-intensity background GFP (low bin – grey scale in-
tensity < 25 000), measured either as percent GFP-positive
cells (%GFP+) or Norm-GFP-Sum, was often higher than
the GFP signal observed in the TA/Sh1-treated cells due to
low intensity background GFP (Supplementary Figure S2).
This background GFP was greatly reduced when measuring
mid-intensity GFP (mid bin – grey scale intensity 25 000–
40 000) (Supplementary Figure S2), and nearly eliminated
when measuring only high-intensity GFP (high bin – grey
scale intensity > 40 000) (Figure 3). The subsequent analysis
of the effect of compounds on the number of GFP-positive
cells resulting from TA/Sh1, as presented below, is therefore
adjusted for high-intensity GFP to eliminate background
GFP. To accomplish this, the effect of the compound, with
or without TA/Sh1, was determined by multiplying the
Norm-GFP-Sum by the fraction of cells with high-intensity
GFP (Norm-HI-GFP-Sum). The fold-change in the Norm-
HI-GFP-Sum caused by the compound was determined by
dividing the Norm-HI-GFP-Sum value in wells treated with
the compound in combination with TA/Sh1 by the aver-
age Norm-HI-GFP-Sum of the control wells treated with
TA/Sh1 alone in all six plates (384 wells). Norm-HI-GFP-
Sum is used in the analysis below to represent the number
of GFP-positive cells.

Analysis of compounds in the laboratory

The analysis of the effect of compounds on the frequency
of GFP-positive cells in the laboratory was performed us-
ing a Cellometer K2 (Nexcelom), which has the capability
of counting both GFP-positive and mScarlet-positive cells.
The day prior to addition of compounds with or without
TA/Sh1, 20K cells were added to triplicate six-well plates.
The following day 4 ml of medium containing the various
concentrations of test compounds with or without TA (50
nM) and Sh1 (500 nM). After incubating 5 days, cells were
trypsinized, resuspended in 1 ml of medium and the number
of GFP-positive and mScarlet-positive cells determined.
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Figure 3. Analysis of high-intensity GFP-positive cells in control and
TA/Sh1-treated wells. (A) The percent of high-intensity GFP-positive cells
following addition of TA/Sh1 increased to 20% by day 5, and 35% by day 6,
while background GFP remained nearly unchanged. (B) A similar increase
in GFP-positive cells following TA/Sh1 treatment is observed by monitor-
ing the combined high intensity GFP signal from all GFP-positive cells
(Norm-HI-GFP-Sum, see Materials and Methods). Norm-HI-GFP-Sum
is used in this study to represent the changes in high-intensity GFP-positive
cells in the population. Error bars represent Standard Deviation.

Analysis of small deletions

The frequency of small deletions in cell clone GFP-7F2 were
determined as previously described (17,18,49). Briefly, the
frequency of small deletions induced by I-SceI was deter-
mined by performing PCR on genomic DNA from the total
population of cells using two primers spanning the I-SceI
site. Digestion of the PCR product with I-SceI is the per-
formed to determine the percentage of cells in the popula-
tion that have lost the I-SceI, since the PCR product from
cells in the population that have small deletions will not be
cut by I-SceI. However, cells with large deletions or GCRs
at the I-SceI site do not generate a PCR product, which re-
sults in an overestimation of the percentage of cells in the
population that have small deletions. Therefore, the results
must first be corrected by multiplying the percentage of un-
cut PCR product by the fraction of cells without large dele-
tions or GCRs, as determined by the percentage of cells that
have maintained expression of the GFP gene in the plasmid
containing the I-SceI site.

The protocol involved plating 100K cells in duplicate T25
flasks. The following day, the compounds were added at 1
�M (except for ATR inhibitor VE-822, at 500 nM) in com-
bination with TA/Sh1. The cells were then grown for 12
days to allow for the generation of small deletions. The cells
were split on day 4 and again on day 8, at which time they
were transferred to a T75 flask. On the 12th day, the cells
were harvested, DNA prepared using QIAmp DNA kit (Qi-
agen).

RESULTS

Initial screen of a library of 1832 compounds

Our initial screen involved the analysis of a library of 1832
known bioactive compounds at a concentration of 1 �M,
with or without the addition of TA/Sh1 to induce DSBs.
Cell growth in control wells without test compounds, as
measured by the number of mScarlet-positive nuclei, slowed
after day 4 when cells became confluent (Figure 2), with
no significant change in cell number between days 5 and 6.
Cells treated with TA/Sh1 grew slightly slower than cells
without TA/Sh1 at day 4, based on the average of 384 to-
tal wells from all six plates (2319 ± 251 TA/Sh1, 2728 ±
226 control, P value < 0.0001). Treatment with TA/Sh1
resulted in a large increase in high intensity GFP-positive
cells, measured either as percent GFP-positive cells (GFP-
positive/mScarlet-positive cell ratio, Figure 3A) or the to-
tal high-intensity GFP signal divided by the number of
mScarlet-positive cells (Norm-HI-GFP-Sum, Figure 3B).
Norm-HI-GFP-Sum, which accurately tracks the percent
of GFP-positive cells, was selected for the analysis used in
this study. Monitoring only high intensity GFP was neces-
sary due to a background of low and mid-intensity GFP
(Supplementary Figure S2). After an initial delay, ∼35%
of the cells expressed high intensity GFP by day 6 in the
TA/Sh1-treated controls, while the increase in the percent
of cells expressed high intensity GFP was negligible in con-
trols without TA/Sh1. The initial delay in the increase in
the number of cells expressing high intensity GFP following
addition of TA/Sh1 was expected due to the time required
for telomere loss, TetR turnover, and GFP expression. The
large increase in the number of cells expressed high inten-
sity GFP after treatment with TA/Sh1 is consistent with
our earlier studies showing that telomeric regions are highly
sensitive to DSBs (16–19,49). In contrast, as we (16–19,49)
and others (56–59) have shown, I-SceI-induced DSBs at in-
terstitial sites rarely produce large deletions or GCRs.

As expected, some compounds in the initial screen caused
an increase in the Norm-high-GFP-Sum that was indepen-
dent of treatment with TA/Sh1 (Supplementary Figure S3),
and therefore did not result from loss of the TetR gene. The
compounds that resulted in expression of GFP in nearly all
of the cells by day 1 included tetracycline, doxycycline, and
methacycline, which directly bind and inhibit the TetR pro-
tein (60). Due to the potency of these compounds, some car-
ryover was also observed in the same wells in plates treated
subsequently. Therefore, the results of the wells with a large
increase in high intensity GFP-positive cells by day 1 (red
rectangles) were not considered for further analysis. Impor-
tantly, no carryover was evident with any of the other test
compounds in this screen.

Although it is also possible that some compounds could
also increase the number of GFP-positive cells in the ab-
sence of TA/Sh1 by promoting telomere position effect
(TPE), the silencing of genes near telomeres (61), this
was not observed. We have previously reported that TPE
actively silences telomeric transgenes in mouse ES cells
(62). However, we have found that TPE is much less ro-
bust in silencing telomeric transgenes in human tumor
cells (16), which has allowed us to stably express genes
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for prolonged periods. To determine whether compounds
produced a TA/Sh1-independent increase in the number
of GFP-positive cells by enhancing TPE, we utilized cell
clone GFP-6D1, which contains an expressed GFP gene
located adjacent to a telomere (17–19,49). None of the
compounds that caused a TA/Sh1-independent increase in
GFP-positive cells had any effect on suppressing the expres-
sion of the telomeric GFP gene in clone GP-6D1 (data not
shown).

The compounds in the library used in this study are
well characterized as to their specific targets. However, as
with any inhibitor, off-target effects are always a possibil-
ity. To increase the chances of identifying specific protein
targets, compounds known to inhibit the same protein were
grouped together in the initial screen analysis for compari-
son (Figure 4). The effect of the compounds in these groups
on the Norm-HI-GFP-Sum in response to TA/Sh1 (fold-
change) was then compared with the average of the Norm-
HI-GFP-Sum in response to TA/Sh1 alone in the 384 con-
trol wells from all 6 plates. For the sake of comparison, the
Norm-HI-GFP-Sum of the compounds is shown relative
to the average of the Norm-HI-GFP-Sum in response to
TA/Sh1 for all compounds, which was 1.2-fold higher (blue
vertical line, Figure 4) than the average of the 384 control
wells with TA/Sh1 alone.

No groups of compounds targeting a specific protein
were found that consistently caused an increase in the
Norm-HI-GFP Sum in response to TA/Sh1, although some
individual compounds did, including etomidate and scrip-
taid (top panel, Figure 4). In contrast, multiple compounds
targeting a specific protein were found that caused a de-
crease in the Norm-HI-GFP-Sum in response to TA/Sh1
(lower panels, Figure 4). Some of these groups of com-
pounds target proteins that are involved in pro-growth path-
ways and/or resistance to cell stress (mTOR, p38, ALK). In
addition, two compounds targeting the WNT pathway also
caused a decrease in the Norm-HI-GFP-Sum in response
to TA/Sh1 (Figure 4). With some groups of compounds
targeting a specific protein (SRC, RAF), only a few com-
pounds in the group caused a large decrease in the Norm-
HI-GFP-Sum in response to TA/Sh1, suggesting off-target
effects for these compounds.

An important observation made in the course of these
studies is that the inhibition of cell growth by a compound
can in itself decrease the Norm-HI-GFP-Sum in response
to TA/Sh1. This is demonstrated by the results showing
that compounds that significantly inhibited cell growth in
the absence of TA/Sh1 invariably caused a decrease in the
Norm-HI-GFP-Sum in cells treated with TA/Sh1 (Supple-
mentary Figure S4). This result demonstrates that telom-
ere loss resulting from subtelomeric DSBs requires cell divi-
sion. Therefore, any decrease in the Norm-HI-GFP-Sum in
response to TA/Sh1 that occurs at concentrations of com-
pounds that inhibit cell growth in the absence of TA/Sh1 is
not necessarily a result of telomere loss, which is addressed
in greater detail below.

The initial screen identified a variety of compounds that
were candidates for further analysis. As seen in Figure 4,
our initial screen showed that many inhibitors of mTOR
greatly decreased the Norm-HI-GFP-Sum in response to
TA/Sh1, although some did not. Several of the mTOR in-

hibitors also inhibited cell growth, making it difficult to
tell whether the decrease caused by these compounds was
due to DSB-induced telomere loss. Four of the mTOR
inhibitors that decreased the Norm-HI-GFP-Sum in re-
sponse to TA/Sh1 with minimal impact on cell growth, tem-
sirolimus, AZD2014, GDC-0349 and OSI-027, were chosen
for further analysis in the follow-up screen (red circles, Fig-
ure 4).

All but one of the inhibitors of p38 caused a partial de-
crease in the Norm-HI-GFP-Sum in response to TA/Sh1
without impacting cell growth (Figure 4). The one exception
was asiatic acid, which is not specific for p38 (63). Four of
the p38 inhibitors, BIRB796, PH-797804, ralimetinib, and
TAK-715, were chosen for further analysis in the follow-up
screen.

Inhibitors of SRC and RAF varied considerably in their
ability to decrease the Norm-HI-GFP-Sum in response to
TA/Sh1 (Figure 4). Two of the SRC inhibitors, saracatinib
and bosutinib, and one of the RAF inhibitors, AZ628, that
caused a large decrease in the Norm-HI-GFP-Sum in re-
sponse to TA/Sh1, but had a minimal effect on cell growth
(red circles, Figure 4), were chosen for further analysis in
the follow-up screen.

Two of the inhibitors of the WNT pathway caused a large
decrease in the Norm-HI-GFP-Sum in response to TA/Sh1
with no apparent effect on cell growth (red circles, Figure
4). Importantly, unlike the other WNT pathway inhibitors
in the screen, these two inhibitors, IWR-1-Endo and XAV-
939, were the only two compounds that target the WNT
pathway through inhibition of tankyrase 1 and 2 (64–66),
suggesting that inhibition of tankyrase is responsible. IWR-
1-Endo and XAV-939 were chosen for further analysis in the
follow-up screen.

Similar to the inhibitors of p38, all of the inhibitors of
ALK in the initial screen, ceritinib, crizotinib, AP26113,
AZD3463, GSK1838705 and TAE684, caused a partial de-
crease in in the Norm-HI-GFP-Sum in response to TA/Sh1
with no apparent effect on cell growth (Figure 4). The ALK
inhibitors were not included in the follow-up screen.

Follow-up screen with the curated library

Based on the results of our initial screen, a curated library
of 37 compounds was generated for a more in-depth anal-
ysis. The follow-up screen with this curated library was
conducted in triplicate at 2-fold dilutions at concentrations
ranging from 1 �M to 7.8 nM (Figure 5A and B). Many
of the compounds selected for the curated library were
those in the groups of compounds mentioned above that
caused a decrease in the Norm-HI-GFP-Sum in response
to TA/Sh1 with minimal impact on cell growth (circled in
red, Figure 4). Several compounds were also included that
caused a moderate (sirtinol, EX-527 and beta-lapachone)
or large (scriptaid and etomidate) increase in the Norm-HI-
GFP-Sum in response to TA/Sh1. In addition, compounds
were included that are known to influence the DDR and
DSB repair (inhibitors of ATM, DNA-PKcs). Finally, com-
pounds were included that appeared to preferentially inhibit
the growth of TA/Sh1-treated cells, including 10058-F4,
ENMD-2076, NSC405020 and NSC697923. These com-
pounds were of interest because they might selectively kill
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Figure 4. The effect that selected groups of compounds that target specific proteins have on the fold-change in the number of GFP-positive cells at day
6 in the initial screen. (Top) The fold-change caused by all of the compounds in the library (Library) on the number of GFP-positive cells in response
to TA/Sh1 (x axis) is demonstrated by dividing the Norm-HI-GFP-Sum in the screen (wells treated with compounds and TA/Sh1) by the average of the
Norm-HI-GFP-Sum of the 384 control wells (all 6 plates) treated with TA/Sh1 alone. The fold-change values are plotted against the Norm-HI-GFP-Sum
from cells treated with the compounds alone without TA/Sh1 to control for the effect of the compounds in the absence of TA/Sh1 (y axis). (Bottom) The
results for compounds that target specific proteins (mTOR, p38, SRC, RAF, WNT, ALK) were grouped together for comparison. The cell counts in the
wells treated with (Cell count Control, marker size) or without (Cell count TA/Sh1, marker color) TA/Sh1 are indicated, as is the average Norm-HI-GFP-
Sum for all of the compounds tested (vertical blue line). Markers circled in red indicate specific compounds that were analyzed in the curated follow-up
screen.
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Figure 5. Effect of compounds in a curated follow-up screen on fold-change in GFP-positive cells in response to TA/Sh1. Fold-change in GFP-positive
cells was determined by dividing the Norm-HI-GFP-Sum in wells treated with both the compound and TA/Sh1 by the average Norm-HI-GFP-Sum of
the 192 control wells (3 plates) treated with TA/Sh1 alone. The screen was performed in triplicate with treatment at the different concentrations indicated.
The compounds in the curated library were added with or without TA/Sh1 for (A) 5 days or (B) 6 days at concentrations of 1000 (red), 500 (orange), 250
(yellow), 125 (green), and 62.5 nM (blue). (C) The results of a follow-up assay performed in the laboratory with M3418, a DNA-PKcs-specific inhibitor.
The influence of the compounds on the growth of cells (Cell count TA/Sh1) treated with TA/Sh1 is indicated by marker size. Compound TG101348 was
tested twice, and the results of both tests are included for comparison.
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cells that have undergone telomere loss and/or CIN, and
therefore be of use in cancer therapy.

Compounds that decrease the norm-HI-GFP-sum in response
to TA/sh1

The curated follow-up screen confirmed that the four
mTOR inhibitors, temsirolimus, AZD2014, GDC-0349 and
OSI-027 (67–70), all decrease the Norm-HI-GFP-Sum in
response to TA/Sh1 (Figure 5). These compounds were in-
cluded in the curated library because they showed minimal
effects on cell growth in the initial screen at 1 �M. However,
in the follow-up screen some inhibition of growth was ap-
parent with these compounds (Supplementary Figure S5),
especially with temsirolimus, which inhibited cell growth at
all of the concentrations tested down to 7.8 nM in the ab-
sence of TA/Sh1 (see arrows in mTOR panel, Supplemen-
tary Figure S5). Dose-response curves were generated to de-
termine the IC50 for the decrease the Norm-HI-GFP-Sum
in response to TA/Sh1 for these compounds for comparison
with their previously reported IC50 values with their known
targets (Figure 6). These comparisons were made with IC50
values derived from the other studies using cultured cells
(Table 1), since the IC50 values obtained in cell-free systems
are typically much lower due to factors such as uptake and
degradation of the compounds (69,71). However, IC50 val-
ues in cultured cells can also vary considerably depending
on cell type and times of treatment.

The dose-response curve for the mTOR inhibitor,
AZD2014 (Figure 6), demonstrated an IC50 of 69 nM
for the decrease in the Norm-HI-GFP-Sum in response to
TA/Sh1 (Table 1), which is lower than the IC50 for inhi-
bition of TORC1 in cultured cells, 210 nM (72). Similarly,
the dose-response curve for the mTOR inhibitor, GDC-
0349 (Figure 6), demonstrated an IC50 of 142 nM (Table
1), which is lower than the EC50 for the anti-proliferative
activity of GDC-0349 with a prostate cancer cell line, 310
nM (69). These dose-response curves also show that these
inhibitors of mTOR are capable of causing a decrease in
the Norm-HI-GFP-Sum in response to TA/Sh1 that is in-
dependent of any effect on cell growth. mTOR is a key pro-
tein in promoting cell growth and survival and the cellu-
lar response to stress (73). mTOR expression also promotes
DSB repair (74), and inhibition of mTOR results in down-
regulation of critical HDR proteins (75).

The four p38 inhibitors, BIRB796, PH-797804, ralime-
tinib, and TAK-715 (76,77), were shown in the follow-
up screen to cause a decrease in the Norm-HI-GFP-Sum
in response to TA/Sh1 without any effect on cell growth
(Figure 5, Supplementary Figure S5). The dose-response
curves for the decrease the Norm-HI-GFP-Sum in response
to TA/Sh1 for three of these p38 inhibitors, BIRB796,
PH-797804, and ralimetinib (Figure 6) were used to com-
pare IC50 values in our assay with the IC50 previously
reported for inhibition of p38 in cultured cells. The IC50
estimated for ralimetinib, 17 nM (Table 1), is lower than
the IC50 required for ralimetinib to sensitize cultured cells
to bortezomib, 200-400 nM (78,79). The IC50 estimated
for BIRB796, 65 nM (Table 1), is lower than the IC50 of
BIRB796 required to inhibit various p38-dependent func-
tions and sensitize cultured cells to bortezomib, 100 to 400

nM (80,81). The IC50 estimated for PH-797804, 49 nM (Ta-
ble 1), is somewhat higher than the IC50 required to inhibit
p38, 5–10 nM (71). The uniformity in the ability of the p38
inhibitors to decrease the Norm-HI-GFP-Sum in response
to TA/Sh1 (Figures 5 and 6) with no impact on cell growth
shows that p38 is likely to play a role in promoting telom-
ere loss in response to subtelomeric DSBs. However, why
this decrease is limited to approximately half of the cells is
unclear. p38 is vital for cellular resistance to stress in p53-
deficient cells and telomere dysfunction (82), although the
absence of any effect on cell growth demonstrates that this
the modulation of cell death by p38 is not involved.

One of the SRC inhibitors that caused a large decrease in
the Norm-HI-GFP-Sum in response to TA/Sh1 in our ini-
tial screen (Figure 4), saracatinib (83,84), also produced a
large decrease in the follow-up screen (Figure 5). Although
saracatinib had some effect on cell growth at 1 �M, lower
concentrations had no apparent effect on cell growth (Sup-
plementary Figure S5). The dose-response curve for saraca-
tinib (Figure 6) showed an IC50 of 86 nM (Table 1), which
is comparable to the IC50 for inhibition of SRC in cultured
cells, 62.5 nM (85,86). These results confirm that saraca-
tinib is capable of causing a decrease in the Norm-HI-GFP-
Sum in response to TA/Sh1 that is independent of any ef-
fect on cell growth. However, in view of the fact that other
SRC inhibitors had much less of an effect (Figure 4), off-
target effects seem likely, possibly due to the ability of SRC
inhibitors to target multiple proteins (86).

A RAF inhibitor that caused a large decrease in the
Norm-HI-GFP-Sum in response to TA/Sh1 in our initial
screen, AZ628 (Figure 4), also produced a large decrease in
the follow-up screen (Figure 5). The dose-response curve for
AZ628 (Figure 6) demonstrated an IC50 of 40 nM (Table
1), which is comparable to the IC50 for C-RAF, 29 nM and
B-RAF, 105 nM, in cell-free assays (87). AZ628 had some
effect on cell growth at 1 �M, however, at lower concen-
trations no apparent effect on cell growth was observed
(Supplementary Figure S5). AZ628 can therefore decrease
the Norm-HI-GFP-Sum in response to TA/Sh1 in the ab-
sence of inhibition of cell growth. However, the fact that
other RAF inhibitors varied considerably in their ability to
decrease the Norm-HI-GFP-Sum in response to TA/Sh1
(Figure 4), makes it likely that this is an off-target effect.
Consistent with this possibility AZ628 prevents activation
of a number of different tyrosine protein kinases, including
VEGFR2, DDR2, Lyn, FLT1 and FMS (87). It is interest-
ing to note, however, that SRC and RAF are in the same
pathway (88,89).

The follow-up screen confirmed that the two compounds
that inhibit tankyrase, IWR-1-Endo and XAV-939, cause
a large decrease in the Norm-HI-GFP-Sum in response
to TA/Sh1 without any inhibition of cell growth (Figure
5, Supplementary Figure S5). The dose-response curve for
IWR-1-Endo and XAV-939 (Figure 6) demonstrated that
the IC50 for the decrease in the Norm-HI-GFP-Sum in re-
sponse to TA/Sh1 for IWR-1-endo is 33 nM, and that for
XAV-939 is 212 nM (Table 1). This IC50 value IWR-1-endo
is lower than the IC50 for inhibition of tankyrase by IWR-
1-endo, 80 nM (90). The value for XAV-939 is much higher
than the IC50 for inhibition of tankyrase by XAV-939 in
a cell-free system, 11 nM (65), however, the IC50 is much
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Figure 6. Dose response curves for the effect of various compounds in the follow-up screen on the fold-change of GFP-positive cells in response to
TA/Sh1. Fold-change in GFP-positive cells was determined by dividing the Norm-HI-GFP-Sum in wells treated with both the compound and TA/Sh1 by
the average Norm-HI-GFP-Sum of the 192 control wells (three plates) treated with TA/Sh1 alone. Graphs are shown for mTOR, p38, tankyrase, SRC and
RAF inhibitors. The IC50 values were determined for each compound based on the maximum decrease observed in the Norm-HI-GFP-Sum using a four-
parameter non-linear regression (see Table 1). Error bars represent Standard Deviation. Data points in which some growth inhibition by the compound
(see Supplementary Figure S5) that would contribute to the decrease in the Norm-HI-GFP-Sum are indicated by dashed lines.
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Table 1. IC50 values for the decrease in the Norm-HI-Sum-GFP in response to TA/Sh1

Target Compound
Max % Inhib of

GFP+ cells Estimated IC50 (nM)� Published IC50 (nM)∞ Reference Small deletions�

mTOR AZ2014 99* 69 2.8/210 (78) No effect
mTOR GDC-0349 99* 142 5.5/310� (75) ND
p38 Ralimetinib 50 17 7/200� (84,85) No effect
p38 PH-797804 50 49 5.8/5-10 (77) No effect
p38 BIRB 796 50 65 0.1/100� (86,87) ND
RAF AZ628 92* 40 29 (C-RAF) (93) No effect
SRC Saracatinib 92* 86 2.7/62.5 (91,92) No effect
TNKS IWR-1-endo 87 33 180 (96) No effect
TNKS XAV-939 85 212 11/1000$ (71,97) ND

�Estimated IC50 is based on maximum level of inhibition observed with compound.
*Some inhibition of cell growth in controls without TA/Sh1.
∞IC50 in cell free system / IC50 in living cells.
$Concentration (not IC50) used for 12hrs to inhibit tankyrase in living cells.
�Ki for inhibitory potency and EC50 for anti-proliferative activity.
� Concentration required to inhibit the toxicity of bortezomib.
�Effect of compound on I-SceI-induced small deletions (ND, not determined).

less than the concentration of 1 �M that was used to in-
hibit tankyrase in cultured cells (91). Importantly, IWR-
1-Endo and XAV-939 stood out in this study in that they
were the only two compounds that decreased the Norm-
HI-GFP-Sum in response to TA/Sh1 by more than 80% in
the absence of any effect on cell growth. It appears likely,
therefore, that tankyrase plays a role in promoting telomere
loss in response to subtelomeric DSBs. Tankyrase 1 and 2
have many functions (92), including stabilizing DNA-PKcs
to promote C-NHEJ (91), and promoting HDR and cell
cycle checkpoints in response to DSBs (93). In addition,
tankyrase 1 has important roles at telomeres, where it is in-
volved in terminating sister chromatid cohesion at telom-
eres after DNA replication (94) and regulating the addition
of telomeric repeat sequences by telomerase (95).

Excluding possible artifacts as mechanisms for the decrease
in the norm-HI-GFP-sum in response to TA/sh1

To confirm that the decrease in the Norm-HI-GFP-Sum in
response to TA/Sh1 was a result of DSB-induced loss of
the TetR gene, additional assays were performed to rule out
that candidate compounds did not interfere with various as-
pects of the assay system. There are several ways that com-
pounds could cause a decrease in the Norm-HI-GFP-Sum
in response to TA/Sh1 other than the loss of the TetR gene.
First, as discussed above, a decrease in the Norm-HI-GFP-
Sum in response to TA/Sh1 could result from the inhibition
of cell growth, because cell division is required for DSB-
induced telomere loss. Second, it could result from the inhi-
bition of expression of the GFP gene. Third, it could result
from the inhibition of formation of I-SceI-induced DSBs,
either by inhibiting I-SceI endonuclease directly, or by in-
terfering with activation of I-SceI by inhibiting uptake or
activity of TA and Sh1.

Although it is clear that the inhibition of cell growth
can cause a decrease the Norm-HI-GFP-Sum in response
to TA/Sh1 (Supplementary Figure S4), the effects of com-
pounds on cell growth have been minimized by considering
only compounds in which a large decrease the Norm-HI-
GFP-Sum in response to TA/Sh1 was observed at concen-

trations that had minimal impact on cell number (Figure 5,
Supplementary Figure S5).

To rule out the possibility that compounds might de-
crease the Norm-HI-GFP-Sum in response to TA/Sh1
by inhibiting GFP expression, a subsequent analysis was
performed in the laboratory using the EJ-30 cell clone
GFP-7F1. As mentioned above, clone GFP-7F1contains a
constitutively-expressed GFP gene integrated at an intersti-
tial site (17,18,49). After addition of various candidate com-
pounds selected for the follow-up screen, no decrease in the
number of GFP-positive cells was observed after 5 days of
growth (data not shown). These compounds therefore do
not inhibit GFP expression.

The possibility that the compounds in our follow-up
screen might decrease the Norm-HI-GFP-Sum in response
to TA/Sh1 by inhibiting the formation of DSBs by I-SceI
was investigated by monitoring the effect of the compounds
on the frequency of small deletions at the I-SceI site. We
have been unable to directly measure the frequency of DSBs
at the I-SceI site, most likely because the I-SceI-induced
DSBs are repaired very quickly and are therefore present
for only a very short period of time (96). However, small
deletions can be used as a surrogate marker for I-SceI-
induced DSBs (Figure 7A, Supplementary Figure S6). Un-
like large deletions and GCRs that are much more frequent
at subtelomeric DSBs than interstitial DSBs (17–19,49),
small deletions occur at the same frequency at subtelom-
eric and interstitial DSBs (17–19,49). Therefore, small and
large deletions resulting from I-SceI-induced DSBs must oc-
cur through different mechanisms. Small deletions there-
fore provide a separate endpoint for monitoring the con-
sequences of I-SceI-induced DSBs that is independent of
the mechanism involved in producing large deletions and
GCRs. Moreover, small deletions at I-SceI sites do not lead
to CIN and cell death.

The effect of compounds on the production of small dele-
tions produced by I-SceI was analyzed in the cell clone
GFP-7F1, which contains the plasmid pGFP-ISceI inte-
grated at an interstitial site. Clone GFP-7F1 was previ-
ously used in our studies demonstrating that the frequency
of small deletions was similar at interstitial and subtelom-
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Figure 7. Effect of various compounds on the frequency of small and large
deletions at an interstitial I-SceI in response to TA/Sh1. Cell clone GFP-
7F1, which has an I-SceI site located between a constitutively expressed
GFP gene and its promoter, was used to monitor both the frequency of
small and large deletions at an interstitial I-SceI-induced DSB. (A) The
percentage of cells with small deletions was determined from the fraction
of a PCR product spanning the I-SceI site that cannot be cut with I-SceI
(Supplementary Figure S7). (B) The frequency of large deletions and/or
GCRs was determined from the increase in the percentage of cells that
have lost GFP expression. Two separate experiments were performed us-
ing duplicate cultures in each. Error bars represent Standard Deviation.
The data was analyzed using two-tailed t-test where (*) represents P-value
<0.005 and (**) represents P-value <0.05.

eric DSBs (17–19,49). To measure small deletions, genomic
DNA was isolated from cultures of clone GFP-7F1 follow-
ing treatment TA/Sh1 for 12 days, and PCR was performed
using primers that span the I-SceI site. The vast major-
ity (99%) of the PCR product spanning the I-SceI site was
cut by I-SceI endonuclease in control cells not treated with
TA/Sh1 (Figure 7A, Supplementary Figure S6), demon-
strating the absence of small deletions at the I-SceI site. The
small percentage of the PCR product cut by I-SceI is likely
due to a slight leakiness of the inducible I-SceI. In contrast,
20% of the PCR product was uncut in the cells treated with
TA/Sh1, demonstrating the presence of small deletions at
the I-SceI site in many cells in the population (Figure 7A,
Supplementary Figure S6). Cells treated with the mTOR in-
hibitor OSI-027, the p38 inhibitor TAK-715, the JAK2 in-
hibitor TG101348, the ATR inhibitors ETP-46464 and VE-

822, and the tankyrase inhibitor IWR-1-endo all showed
amounts of uncut PCR product similar to that of the cells
treated with TA/Sh1 alone (Figure 7A, Supplementary Fig-
ure S6), demonstrating that these compounds had no effect
on the production of I-SceI-induced small deletions. These
compounds therefore do not inhibit the formation of I-SceI-
induced DSBs. Similarly, other compounds in our studies
that inhibit mTOR, p38, and SRC using concentrations that
decrease the Norm-HI-GFP-Sum in response to TA/Sh1
were also found to have no effect on the frequency of I-SceI-
induced small deletions (Table 1).

As we have previously reported (16–19), the results with
clone GFP-751 also show that I-SceI-induced DSBs cause
very few large deletions at interstitial sites, as seen by the
fact that very few of the cells lose GFP expression as a result
of the DSB between the GFP gene and its promoter (Fig-
ure 7B). Of the compounds tested, only inhibitors of DNA-
PKcs caused an increase in large deletions at the interstitial
I-SceI-induced DSB, which is discussed in more detail be-
low.

Determining whether compounds that decrease the norm-HI-
GFP-sum in response to TA/sh1 do so by preventing telomere
loss or by eliminating cells that have undergone telomere loss

Compounds that decrease the Norm-HI-GFP-Sum in re-
sponse to TA/Sh1 could do so by either reducing the fre-
quency of DSB-induced telomere loss or by eliminating cells
that have lost a telomere and/or have CIN. One method
of distinguishing between these two possibilities is to deter-
mine whether the various compounds preferentially inhibit
the growth of cells treated with TA/Sh1, which would be
the case if the compounds selectively kill cells experiencing
telomere loss and/or CIN. We therefore compared the ef-
fect of various compounds on the number of cells treated
with or without TA/Sh1 (Figure 8). This analysis was per-
formed using data obtained at day 5, since cells experiencing
delayed growth might catch up to control cells by day 6 af-
ter control cells become confluent and stop growing at day 5
(see Figure 2). The difference in growth due to DSB-induced
telomere loss would be limited to the number of cells that
had lost a telomere by day 5. The number of GFP-positive
cells at day 5 is 20% (see Figure 3A), which corresponds to
∼35% of the cells having lost a telomere due to the delay
in GFP expression. Therefore, if all of the cells experienc-
ing telomere loss were selectively eliminated in the TA/Sh1-
treated cells, then the maximum ratio of the number of con-
trol cells to TA/Sh1 treated cells would be 1.5 (100/65).

Comparison of the ratios of the number of cells in
wells treated with the compound alone divided by the
number of cells in wells treated with the compound plus
TA/Sh1 demonstrated that some compounds preferentially
inhibit growth in TA/Sh1-treated cells (Figure 8). This was
most evident with the MEK1/2 inhibitor PD184352, which
showed an increased ratio at all concentrations, although
only the maximum ratio of 1.2 at 500 nM was significant
(two-sided t-test P-value 0.028). These results were con-
firmed in the laboratory (data not shown). However, ex-
periments in the laboratory also showed the same effect in
cultures treated with TA alone, despite the fact that treat-
ment with TA alone did not increase the Norm-HI-GFP-
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Figure 8. Comparison of the effects of compounds on cell growth with and without TA/Sh1. The ratio of the number of cells in the curated follow-up
screen without and with TA/Sh1 (Control/Screen) at day 5 is shown for each of the compounds at different concentrations (marker color). The relative
number of cells in the screen (with TA/Sh1) is indicated by marker size. Note that 35% of the cells will have lost a telomere by day 5, so that if a compound
completely eliminates cells with telomere loss and/or CIN (GFP-positive cells), the ratio of the number of control to TA/Sh1-treated cells would be 1.5
(100/65).

Sum in response to TA/Sh1 (data not shown). The pref-
erential inhibition of growth in TA/Sh1-treated cells with
PD184352 therefore appears to be because TA sensitizes
cells to PD184352, which indirectly reduces the Norm-HI-
GFP-Sum in response to TA/Sh1 by inhibiting cell growth.

A small preferential inhibition of growth in TA/Sh1-
treated cells was also seen with the RAF inhibitor AZ628,
which was only significant at 1 �M (two-sided t-test P-value
0.012). However, experiments in the laboratory with mS11fs
cells pretreated with TA/Sh1 for 3 days prior to addition of
AZ628 showed no preferential elimination of GFP-positive
cells. Therefore, AZ628 did not appear to show a preferen-
tially toxicity in experiencing CIN as a result of telomere
loss.

In addition to the compounds discussed above, other
compounds that decreased the Norm-HI-GFP-Sum in re-
sponse to TA/Sh1 and appeared to selectively inhibit the
growth of TA/Sh1-treated cells in the initial screen were
also included in the follow-up screen (Supplementary Fig-
ure S7). However, in the follow-up screen, 10058-F4 and
NSC405020 had no effect on cell growth at any concentra-
tion, with or without TA/Sh1 (Figure 5), while ENMD-
2076 and NSC697923 both nearly completely inhibited
growth at 1 �M (Figure 5), but this was not specific to
TA/Sh1-treated cells (Figure 8).

Although not included in the follow-up screen, a number
of other compounds in our initial screen gave results indi-
cating that they may preferentially inhibit growth in cells
treated with TA/Sh1 (see Supplementary Figure S7). Al-
though several of these compounds were found to be false
positives when tested in the laboratory, one compound,
NH125, gave results similar to the initial screen in subse-
quent assays (data not shown). NH125 looked to be an in-
teresting candidate, since it has been shown to be selectively
toxic to a wide variety of cancer cell types (97–99) and to
sensitize cells to ionizing radiation (100). Moreover, NH125
is a potent inducer of the Integrated Stress Response path-
way which bypasses p53-dependent DNA damage pathways
(101). However, similar to PD18435, NH125 also showed
a preferential inhibition of growth in cells treated with TA
alone (data not shown). Therefore, like PD184352, the pref-
erential inhibition of growth in TA/Sh1-treated cells with
NH125 is likely due to the ability of TA to sensitize cells to
NH125.

Compounds that increase the norm-HI-GFP-sum in response
to TA/sh1

Two compounds in the original screen, scriptaid and eto-
midate, produced nearly a 3-fold increase in the Norm-HI-
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Table 2. Fold-change in the Norm-HI-GFP-Sum in response to TA/Sh1
caused by compounds that inhibit C-NHEJ

Compound Conc (nM) Day Fold change� P-Value*

Scriptaid 1000 6 1.75 ± 0.01 0.007$

Scriptaid 500 6 1.48 ± 0.29 0.064$�

Scriptaid 1000 5 1.42 ± 0.07 0.003�

Scriptaid 500 5 1.20 ± 0.07 0.005�

NU7026 125 5 2.80 ± 0.50 0.055$�

M3814 1000 5 2.04 ± 0.13 0.004�

M3814 500 5 2.00 ± 0.12 0.020�

M3814 250 5 2.14 ± 0.03 <0.001�

M3814 125 5 2.09 ± 0.10 <0.001�

*Two-tailed t-test P-value.
�± Standard Deviation.
$Value from follow-up screen, compared with 192 wells treated with
TA/Sh1 alone (three plates).
�Performed in triplicate in the laboratory.
� Not statistically significant.

GFP-Sum in response to TA/Sh1 compared to the control
wells treated with TA/Sh1 alone (top, Figure 4). The results
with etomidate were not confirmed in our follow-up screen,
however, the results with scriptaid were (Figure 5). At day
6, scriptaid caused a significant 1.75-fold increase in the
Norm-HI-GFP-Sum in response to TA/Sh1 at a concentra-
tion of 1 �M (Figure 5B, Table 2). These results with scrip-
taid were confirmed in the laboratory (Table 2). Scriptaid is
an HDAC inhibitor used in cancer therapy (102,103). How-
ever, several other HDAC inhibitors in our initial screen did
not cause a similar effect (data not shown), suggesting that
HDAC was not the target of scriptaid that was responsible
for these results.

Neither of the two DNA-PKcs inhibitors in the initial
screen, NU7441 and NU7026 (104,105), caused an increase
in the Norm-HI-GFP-Sum in response to TA/Sh1 at 1
�M (data not shown). However, in the follow-up screen,
both NU7026 and NU7441 showed a small increase at
some concentrations at days 5 and 6, although these in-
creases were not statistically significant (Figure 5, Table 2).
This variability in the ability of NU7026 and NU7441 to
cause an increase in the Norm-HI-GFP-Sum in response to
TA/Sh1was also observed in experiments done in the lab-
oratory (data not shown). In addition to inhibiting DNA-
PKcs, at higher concentrations, NU7026 and NU7441 can
also inhibit mTOR (105). We therefore explored the pos-
sibility that the variability in the response NU7026 and
NU7441 at different concentrations might be due to the in-
hibition of mTOR, which causes a decrease in the Norm-
HI-GFP-Sum in response to TA/Sh1 (Figure 5). To investi-
gate this possibility, a follow-up study was performed in the
laboratory with a newer DNA-PKcs inhibitor that does not
inhibit mTOR, M3814 (106). Importantly, M3814 caused
a 2-fold increase in the Norm-HI-GFP-Sum in response
to TA/Sh1 that was significant at all of the concentrations
tested, from 125 nM to 1 �M (Figure 5C, Table 2). These re-
sults confirmed that DNA-PKcs is important in preventing
telomere loss and CIN resulting from subtelomeric DSBs,
and that C-NHEJ is functional in subtelomeric regions.

To further investigate the influence of the various com-
pounds on the repair of DSBs, we analyzed their effect on

the formation of small deletions at an interstitial I-SceI site
in cell clone GFP-7F1. As mentioned earlier, this method
detects small deletions by the inability of I-SceI to cut a
PCR fragment spanning the I-SceI site. Unlike the other
compounds tested, both scriptaid and M3814 caused more
than a 2-fold increase in the amount of uncut PCR frag-
ment, demonstrating that both compounds caused a large
increase in small deletions (Figure 7A, Supplementary Fig-
ure S6). The results suggest, that like M3814, scriptaid
is an inhibitor of C-NHEJ, consistent with its ability to
sensitize cells to ionizing radiation (107). The results also
clearly demonstrate that C-NHEJ suppresses the forma-
tion of small deletions at I-SceI-induced DSBs, and there-
fore that small deletions at I-SceI-induced DSBs are formed
by Alt-EJ. Small deletions have been shown to be formed
by both C-NHEJ and Alt-EJ at blunt-ended Cas9-induced
DSBs (108). However, at I-SceI-induced DSBs, which have
a 4-nt overhang, the vast majority of repair involving C-
NHEJ results in restoration of the I-SceI site (96), which is
not the case in cells deficient in C-NHEJ (36,37,109). Thus,
the results demonstrate that both C-NHEJ and Alt-EJ help
to prevent telomere loss and CIN resulting from subtelom-
eric DSBs, consistent with a study demonstrating that Alt-
EJ is important in preventing chromosome rearrangements
(46).

We also used cell clone GFP-7F1 to monitor the ef-
fect of various compounds on the frequency of large dele-
tions and/or GCRs at interstitial I-SceI-induced DSBs, as
we have previously done with other compounds (17,18,49).
With clone GFP-7F1, large deletions and/or GCRs at the
I-SceI site are detected by loss of expression of GFP be-
cause the I-SceI site is located between the GFP gene and
its promoter. Consistent with our earlier results (17,18,49),
activation of the inducible I-SceI in clone GFP-7F1 follow-
ing treatment with TA/Sh1 alone did not result in a sig-
nificant decrease in GFP-positive cells (Figure 7B) because,
unlike at subtelomeric DSBs, large deletions and/or GCRs
are very infrequent at interstitial DSBs. However, the ad-
dition of M3814, and to a lesser extent scriptaid, caused a
large significant increase in large deletions and/or GCRs at
the interstitial DSB in response to TA/Sh1 (Figure 7B), as
would be expected from the inhibition of C-NHEJ. Thus,
the inhibition of C-NHEJ dramatically increases both large
and small deletions, indicating that both types of deletions
at I-SceI-induced DSBs involve Alt-EJ.

Compounds that did not have a significant effect on the norm-
HI-GFP-sum in response to TA/sh1

Some compounds that inhibit ATR and JAK were found
to cause a decrease in the Norm-HI-GFP-Sum in re-
sponse to TA/Sh1 at 1 �M in the original screen (data not
shown). Similarly, the ATR inhibitors AZ20, ETP-46464,
VE-821 and VE-822, and the JAK inhibitor TG101348, also
caused a large decrease at 1 �M in the follow-up screen (Fig-
ure 5). However, with all of these inhibitors, the dose of
1 �M significantly inhibited cell growth, whereas at lower
concentrations where little effect on cell growth was ob-
served, the decrease in the Norm-HI-GFP-Sum in response
to TA/Sh1 was greatly reduced (Supplementary Figure S5).
Therefore, although the compounds inhibiting ATR and
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JAK may have a modest ability to decrease the Norm-HI-
GFP-Sum in response to TA/Sh1, due to their effect on cell
growth, the results are inconclusive.

Two other compounds that appeared to cause a decrease
in the Norm-HI-GFP-Sum in response to TA/Sh1 in the
initial screen, cytidine and aminophylline (data not shown),
did not show a similar effect in the follow-up screen (Fig-
ure 5). Similarly, three compounds that appeared to cause
a moderate increase in the Norm-HI-GFP-Sum in response
to TA/Sh1 in the initial screen, sirtinol, EX-527, and beta-
lapachone (data not shown), did not have an effect in the
follow up screen (Figure 5).

In addition to the compounds mentioned above, a variety
of other compounds were included in the curated follow-
up screen. Two ATM inhibitors, KU-55933 and KU-60019
(110), were included because ATM is an important sig-
naling protein in the DDR (29,111). KU-55933 at 10 �M
was previously reported by us to influence the outcome of
I-SceI-induced DSBs at both interstitial and subtelomeric
sites (18). However, in our current studies, KU-55933 and
KU-60019 had little or no effect on the Norm-HI-GFP-
Sum in response to TA/Sh1, either in the initial screen at 1
�M (data not shown) or the follow-up screen at any of the
concentrations tested (Figure 5). These results are consis-
tent with other studies that even the highest concentration
used in our current screens, 1 �M, is not sufficient to gen-
erate a response with either KU-55933 (112) or KU-60019
(113,114).

DISCUSSION

Proteins affecting the sensitivity of subtelomeric regions to
DSBs

The results presented here provide new insights into the
mechanism responsible for the sensitivity of subtelomeric
regions to DSBs, and in doing so provide insights into the
mechanisms of generation of DSB-induced mutations. The
sensitivity of subtelomeric regions to DSBs is characterized
by a high frequency of large deletions and GCRs, which
has been observed in yeast (115), mouse embryonic stem
cells (20), and human cancer cells (16–19,49). Although
telomeric repeat sequences are also sensitive to DSBs, there
are important differences in the sensitivity of subtelom-
eric regions and telomeric repeat sequences to DSBs. DSBs
within telomeric repeat sequences are not repaired by C-
NHEJ (48,116,117). Instead, enzymatically-induced DSBs
in telomeric repeat sequences in dividing human cells have
been reported to be repaired by either HDR (116), or a com-
bination of Alt-EJ and HDR (48). To explain these results,
it was proposed that enzymatically-induced DSBs may be
generated during S phase when resection is involved in DSB
repair (48). However, as we have previously reported (117),
enzymatically-induced DSBs in telomeric repeat sequences
in cells in G1 are also resected but not repaired, and there-
fore resection in telomeric repeat sequences in not depen-
dent on cells being in S/G2 at the time that I-SceI-induced
DSBs occur. As a result, it was proposed that the resection
at DSBs in telomeric repeat sequences may be the result of
a failed attempt to generate the single-stranded overhang
required to re-establish a t-loop to protect the end of the
chromosome (117).

Unlike with telomeric repeat sequences, our current re-
sults demonstrate that subtelomeric DSBs are efficiently re-
paired by C-NHEJ, as shown by the fact that inhibition of
DNA-PKcs has a dramatic effect on the frequency of both
large (Figure 5) and small (Figure 7A, Supplementary Fig-
ure S6) deletions. Therefore, as we have previously proposed
(49), our results suggest that the sensitivity of subtelomeric
regions to DSBs being a result of inappropriate resection,
which indirectly inhibits DSB repair by C-NHEJ. This inap-
propriate resection of DSBs at subtelomeric DSBs is consis-
tent with our observation that not only are large deletions
more frequent at subtelomeric DSBs, they are also much
greater in size (19). Inappropriate resection is also consis-
tent with the increased frequency of GCRs observed at sub-
telomeric DSBs (17), which may or may not occur in con-
junction with large deletions (16). These GCRs appear to
involve Alt-EJ, as indicated by the presence of microhomol-
ogy at the recombination junctions (20), and results demon-
strating that Alt-EJ can occur with or without extensive re-
section (45,118,119).

The effect of compounds on the frequency of small dele-
tions provides important information on the mechanisms
of repair of subtelomeric DSBs. The inhibition of DNA-
PKcs greatly increased the frequency of small deletions
(Figure 7A, Supplementary Figure S6), which unlike large
deletions, occur at the same frequency at interstitial and
subtelomeric DSBs (17,18,49). The increase in small dele-
tions in response to inhibition of DNA-PKcs demonstrates
that small deletions at I-SceI-induced DSBs are formed by
Alt-EJ. Therefore, like C-NHEJ, Alt-EJ has an important
role in preventing telomere loss due to DSBs in subtelom-
eric regions. Although C-NHEJ can cause small deletions
(108,120), with I-SceI-induced DSBs, C-NHEJ almost al-
ways results in restoration of the I-SceI site (36), which does
not occur in Ku-deficient cells (36,37,109). It was previously
thought that Alt-EJ was primarily involved in the formation
of large deletions and GCRs in cells that were defective in
C-NHEJ (121). However, it is now clear that Alt-EJ medi-
ated by Pol � rejoins DSBs in cells without defects in C-
NHEJ (108) and is important in maintaining chromosome
stability (46). Alt-EJ mediated by Pol � is involved in the for-
mation of small deletions utilizing 3 bp of microhomology
or more (45,108,122–124), which must be located within 15
base pairs on either side of the DSB (122), limiting these
deletions to less than 30 base pairs.

The compounds identified in our screen that decrease
the Norm-HI-GFP-Sum in response to TA/Sh1 provide
clues as to the mechanism responsible for the sensitivity of
subtelomeric regions to DSBs. The inhibitors of mTOR,
p38 and tankyrase all decreased the Norm-HI-GFP-Sum
in response to TA/Sh1 (Figures 4 and 5). mTOR and p38
are important in protecting cells against stress (73,82). Al-
though mTOR and p38 can promote cell death in cells
with telomere loss or CIN, this is not the mechanism by
which they decrease the Norm-HI-GFP-Sum in response to
TA/Sh1, since they did not preferentially inhibit the growth
of cells treated with TA/Sh1 (Figure 8). Instead, the in-
hibitors mTOR and p38 appear to decrease the frequency
of telomere loss resulting from subtelomeric DSBs, possi-
bly by inhibiting attempted repair by HDR. The fact that
inhibition of p38 prevents DSB-induced telomere loss in
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only half of the cells could mean that p38 only promotes
telomere loss due to subtelomeric DSBs during a certain
part of the cell cycle. Both mTOR (74,75) and p38 (125)
promote HDR, which if not completed could lead to large
deletions, telomere loss, and GCRs. A role for HDR in the
sensitivity of subtelomeric regions to DSBs is consistent
with our earlier results demonstrating that there is a much
greater amount of BRCA1, RAD51 and CtIP at subtelom-
eric DSBs compared with interstitial DSBs (55). Other stud-
ies have also found that HDR can be deleterious when at-
tempted near telomeres. HDR is involved in the sister chro-
matid fusions responsible for senescence in normal human
cells with shortened telomeres (126,127). Similarly, HDR is
involved in the generation of the branched DNA structures
and extensive resection resulting in chromosome fusions in
POT1-deficient cells (128).

A role for HDR in the sensitivity of subtelomeric regions
to DSBs is also consistent with the results presented here
demonstrating that both of the compounds in the screen
that inhibit tankyrase almost completely eliminated DSB-
induced telomere loss. Tankyrase 1 and 2 have been shown
to be recruited to I-SceI-induced DSBs, where they stabi-
lized the BRCA1 complex and promote HDR and cell cy-
cle checkpoints (93). Tankyrase 1 also relaxes telomere co-
hesion after DNA replication to allow for separation of sis-
ter chromatid telomeres prior to mitosis (129). A reduced
amount of tankyrase 1 at telomeres as a result of short-
ened telomeres in aged human fibroblasts causes prolonged
sister chromatid telomere cohesion that protects against
detrimental subtelomeric recombination with other chro-
mosomes (130). Importantly, this subtelomeric recombina-
tion resulting from shorter telomere cohesion times due
to tankyrase 1 was found to be dependent on ATR and
RAD51, suggesting that HDR is involved. Therefore, com-
pounds that inhibit tankyrase may help prevent telomere
loss due to subtelomeric DSBs by both preventing HDR
and by prolonging G2 to allow for successful repair of the
resected DSBs by Alt-EJ.

One possible explanation for why HDR may be dele-
terious when attempted at subtelomeric DSBs is a defi-
ciency in 53BP1 in subtelomeric regions. 53BP1 regulates
the more extensive resection by EXO1 or DNA2/BLM
(131–134). Although the loss of 53BP1 overcomes the de-
ficiency in HDR in BRCA1-deficient cells, the HDR in
53BP1-deficient cells is only partially restored (133,135), in-
dicating that some of the more extensively resected ends can
no longer be used efficiently in HDR. Consistent with this
observation, Pol �-mediated Alt-EJ is essential in 53BP1-
deficient cells (136). 53BP1 also plays a critical role in
slow C-NHEJ, where it prevents more extensive resection
(137). Therefore, a deficiency in 53BP1 in subtelomeric re-
gions could contribute to excessive resection at subtelom-
eric DSB, both during HDR in S/G2 and with slow C-
NHEJ in G1. A role of 53BP1 in the sensitivity of subtelom-
eric regions to DSBs is consistent with observations that
53BP1 is dysfunctional in telomeric regions. We have pre-
viously shown that although DSBs in telomeric repeat se-
quences in G1 induce early signatures of the DDR, 53BP1
did not localize to the site of the DSBs (117). A study by
Doksani et al. (48) also showed that 53BP1 is not involved
in repair of DSBs within telomeric repeat sequences, and

that these DSBs also showed extensive resection. In addi-
tion, an inability of 53BP1 to prevent resection near telom-
eres has been observed in Saccharomyces pombe (138), in
which resection is increased at uncapped telomeres due to
decreased recruitment of Rad9, the 53BP1 ortholog. Sim-
ilarly, in Saccharomyces cerevisiae, which shows sensitivity
to I-SceI-induced DSBs near telomeres (115), the 53BP1 or-
tholog, Crb2 also binds less efficiently at uncapped telom-
eres than at interstitial DSBs (139).

The identification of new compounds for cancer therapy

The results of our screen demonstrate that this assay can be
used for the identification of new compounds that inhibit
C-NHEJ. Inhibition of C-NHEJ is currently being investi-
gated as a means of sensitizing cancer cells to ionizing ra-
diation or chemotherapy (140–142). The efforts to identify
C-NHEJ inhibitors has primarily been focused on DNA-
PKcs. However, due to the involvement of DNA-PKcs in
a number of different pathways (28), these inhibitors are
likely to cause numerous side effects, and therefore may not
be optimal as therapeutic agents. An unbiased approach,
such as the assay presented here, may therefore provide the
means of identifying other druggable targets that may be
more suitable for sensitizing cancer cells to ionizing radia-
tion or chemotherapy.

It remains to be determined whether this screen is capa-
ble of identifying compounds that target proteins or path-
ways that selectively eliminate cells experiencing telomere
loss and/or CIN. These compounds could be used to se-
lectively target cancer cells, which commonly experience a
increased rates of spontaneous telomere loss (8,9) as a re-
sult of oncogene-induced replication stress (5). Our previ-
ous studies have shown that cancer cells can have widely
different rates of telomere instability (143,144). EJ-30, the
cancer cell line used in the current study was chosen be-
cause it has a relatively low rate of telomere loss, as reflected
in its relatively stable genome with 46 chromosomes. Due
to this low background of spontaneous telomere loss, fol-
lowing the loss of the telomere on the marker chromosome
16, the CIN in the EJ-30 cancer cell line is primarily con-
fined to that chromosome, as determined by the presence of
anaphase bridges involving only chromosome 16 (14). As a
result, compounds that selectively target cells that have lost
a telomere and/or are experiencing CIN in our assay system
should primarily affect cells that have recently undergone
the I-SceI-induced telomere loss.

In view of our results, future attempts at identifying com-
pounds that specifically eliminate cells experiencing telom-
ere loss and/or CIN will focus on a variation of the as-
say. In this modified assay, the mS11fs cells are pre-treated
with TA/Sh1 for 3 days prior to plating in the 384-well
plates. The test compounds are then added the day after
plating, and the percentage of GFP-positive cells is mon-
itored for 6 days, by which time 35% of the control cells
will be GFP-positive. Compounds that selectively eliminate
cells that have lost a telomere and/or have CIN can then
be identified by their ability to cause a decrease the per-
centage of GFP-positive cells. Importantly, this approach
avoids the simultaneous treatment with TA/Sh1 and the test
compounds in our current assay, and therefore avoids po-



18 NAR Cancer, 2022, Vol. 4, No. 4

tential artifacts stemming from the sensitization of cells to
compounds by TA, and avoids possible inhibition of growth
by the compounds, which inhibits the generation of GFP-
positive cells by TA/Sh1. The success of this approach will
depend on the continued presence of cells in the popula-
tion with telomere loss and/or CIN for several days after
the initial telomere loss caused by TA/Sh1-induced DSBs.
We have previously shown that spontaneous telomere loss in
EJ-30 results in sister chromatid fusions that initiate B/F/B
cycles that continue for many cell generations (14,15). Al-
though I-SceI-induced telomere loss results in a wide vari-
ety of GCRs (19), not all of which are unstable (e.g. translo-
cations), many cells in this assay will also experience pro-
longed B/F/B cycles that would provide targets for com-
pounds that selectively eliminate cells with telomere loss
and/or CIN. Although the success of this approach is un-
certain, the importance of identifying compounds that can
selectively target cancer cells with telomere loss and/or CIN
makes these studies well worth the effort.
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