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Dysfunctional telomeres trigger cellular senescence
mediated by cyclic GMP-AMP synthase
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Defective DNA damage response (DDR) signaling is a
common mechanism that initiates and maintains the cellular se-
nescence phenotype. Dysfunctional telomeres activate DDR sig-
naling, genomic instability, and cellular senescence, but the
links among these events remains unclear. Here, using an array
of biochemical and imaging techniques, including a highly regu-
latable CRISPR/Cas9 strategy to induce DNA double strand
breaks specifically in the telomeres, ChIP, telomere immunoflu-
orescence, fluorescence in situ hybridization (FISH), micronu-
clei imaging, and the telomere shortest length assay (TeSLA),
we show that chromosome mis-segregation due to imperfect
DDR signaling in response to dysfunctional telomeres creates a
preponderance of chromatin fragments in the cytosol, which
leads to a premature senescence phenotype. We found that
this phenomenon is caused not by telomere shortening, but by
cyclic GMP-AMP synthase (cGAS) recognizing cytosolic chro-
matin fragments and then activating the stimulator of inter-
feron genes (STING) cytosolic DNA-sensing pathway and
downstream interferon signaling. Significantly, genetic and
pharmacological manipulation of cGAS not only attenuated
immune signaling, but also prevented premature cellular senes-
cence in response to dysfunctional telomeres. The findings of
our study uncover a cellular intrinsic mechanism involving
the cGAS-mediated cytosolic self-DNA-sensing pathway that
initiates premature senescence independently of telomere
shortening.

Senescence is an intrinsic cellular response that induces irre-
versible cell-cycle arrest. Although there are many triggers for
cellular senescence, defective DNA damage response (DDR)
signaling is thought to be one of the common mechanisms that
induces and maintains the senescence phenotype (1). DDR sig-
naling is often activated by telomere dysfunction due to loss of
or defects in telomere-binding proteins, endonuclease (Iscel)-
based introduction of double strand breaks (DSBs) in the subte-
lomeric regions (2), telomeric DSBs induced by TRF1 fusing
with the Fokl enzyme (3), telomeric damage induced by laser
microirradiation (4), targeted DNA damage at individual telo-
meres caused by KillerRed chromophore fused to TRF1 (5),
and irreparable telomeric DSBs induced by ionizing radiation
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(6, 7). This DDR activation can result in chromosome fusions
and subsequent progression through the cell cycle, causing
breakage-bridge fusion cycles, which eventually lead to genome
instability and cellular senescence (8—10). Cellular senescence
due to replicative exhaustion, i.e. telomere shortening, has been
studied extensively (11). However, the signaling cascade re-
sponsible for initiating cellular senescence independently of
telomere shortening, but in response to telomere dysfunction,
remains incompletely characterized.

Recent findings have provided mechanistic insights into how
genomic instability due to defective DDR signaling triggers
immune signaling. Cyclic GMP-AMP synthase (cGAS), a cyto-
solic DNA sensor, detects cytosolic DNA as a danger-associ-
ated molecular pattern and initiates immune responses (12).
Several reports suggest that the accumulation, due to improper
DDR signaling, of chromatin fragments in the form of micronu-
clei and the subsequent rupture of the nuclear envelope under-
lie cGAS activation (13-18). As a result of cGAS activation in
response to cytosolic chromatin fragments, cells can undergo
apoptosis, progress to cancer, or undergo irreversible cell cycle
arrest, ie cellular senescence (19-23). However, it is not
known whether DDR signaling activated in response to telo-
mere damage can also activate the cytosolic DNA-sensing path-
way and trigger cellular senescence.

In this study, we have not only developed a novel approach to
induce DSBs specifically in telomeric DNA, but we also provide
novel evidence that cGAS-mediated innate immune signaling is
activated in response to cytosolic chromatin fragments generated
by dysfunctional telomeres. Furthermore, we show that cells that
harbor fused chromosomes in response to dysfunctional telo-
meres progress to mitosis, which leads to the accumulation of
chromatin fragments in the cytoplasm. Within the cytoplasm,
cGAS binds to chromatin fragments harboring DSBs and activates
innate immune signaling, which often leads to premature senes-
cence. Thus, cGAS recognizes cytosolic chromatin fragments gen-
erated in response to dysfunctional telomeres, and that triggers
premature senescence independently of telomere shortening.

Results

Telomeric DNA DSBs cause micronuclei accumulation due to
inefficient DNA damage response signaling

To induce DSBs specifically in telomeric DNA, we used a
novel telomere DNA-directed CRISPR/Cas9 genome editing
system (24). This two-component system consists of a single-
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guide RNA (sgRNA) and a Cas9 nuclease (Fig. 14). The sgRNA
(sgTelomere) contains a 22-nucleotide telomere targeting
sequence with enhanced sgRNA-Cas9 assembly characteristics
(25). This well-characterized sgRNA has been used previously
to study telomere dynamics in living human cells (25). Cas9 is
an endonuclease with two active DNA-cutting sites, one for
each strand of the helix (24). The sgTelomere directs the Cas9
nuclease to telomeric DNA. To induce regulated DSBs within
the telomeric DNA, we fused Cas9 to FK506-binding protein
12 (FKBP or DD-degradation domain) to produce dose-depend-
ent, small-molecule—regulated post-translational stabilization. In
the presence of Shieldl, a small (750 Da), membrane-permeant,
stabilizing ligand, the DD-tagged Cas9 (DD-Cas9) is stabilized
(protected from proteasomal degradation) and accumulates in
the cell. Ligand-dependent stabilization occurs very quickly (26).
Additionally, Cas9 is controlled by a tetracycline-inducible
(TetO) promoter. Hence, adding Shieldl to cells treated with
doxycycline (DOX) stabilizes Cas9, and withdrawing Shieldl
results in the rapid (within 12 h) degradation of Cas9 (Fig. 1, B,
Ci, and Di). We noticed a clear co-localization of a major fraction
of yH2AX foci with TRF2 foci and a telomere DNA-specific
(TelC) PNA probe at 24 h after adding DOX + Shield1 (Fig. 1C,
ii, top and middle panels). Under similar conditions, we observed
a distinct co-localization between phosphorylated DNA-PKcs
(pS2056) and TRF2 (Fig. 1C, ii, lower panel).

Although the sgRNA that we have used for targeting telo-
meric repeat DNA in this study has been well characterized, we
cannot rule out the recognition of interstitial telomeric repeats
by this sgTelomere RNA. Therefore, we further verified the
specificity of sgTelomere RNA by ChIP using anti-yH2AX anti-
bodies and next-generation sequencing (NGS). For this pur-
pose, we induced DSBs in the telomeric-DNA by treating
U20S-sgTelomere + DD-Cas9 cells with doxycycline and
Shieldl for 24 h (Fig. S1, A-C), protein-DNA complex was
cross-linked with 4% paraformaldehyde and the chromatin
fraction was co-immunoprecipitated using anti-yH2AX anti-
bodies (27). Subsequently, we purified genomic DNA and then
conducted NGS. Our NGS data analysis using different bioin-
formatic tools revealed that about 88% of the total sequences
(or peaks) were localized around the telomeric region, i.e. at the
end of the chromosome (Fig. S1D). Thus, these results imply
that a majority of DSBs induced by sgTel-DD-Cas9 are local-
ized within the telomeric region.

Data indicate that telomeric DSBs (T-DSBs) are more refrac-
tory to repair than nontelomeric DSBs (6). To test telomeres’
ability to repair DSBs induced by our sgTelomere RNA + DD-
Cas9 system, we treated cells with DOX + Shield1 for 24 h and
then immunostained the cells with TRF2 and yH2AX antibod-
ies at different post—-DOX + Shield1 withdrawal times (Fig. 1D,
ii). Similar to a previous study with telomere damage induced
by KillerRed-fused TRF1 (5), we found the most (20-28 TRF2 +
YH2AX foci/cell) DSBs (yH2AX) in the telomeric region
(TRF2) at 12-24 h (T12-T24) after removing DOX + Shieldl
from the culture medium (Fig. 1D, iii). We observed that ~55%
(13 TRF2 + yH2AX foci per cell) of these telomeric DNA DSBs
persisted even 72 h (T72) after the withdrawal of DOX +
Shield1. Besides these YH2AX + TRF2 colocalized foci, we also
detected some yH2AX foci that were not-colocalized with
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TRF2 (Fig. 1D, iii). These noncolocalized yH2AX foci could
represent DSBs those occur as a result of endogenous metabolic
reactions and replication stress (28). Thus, under our experi-
mental conditions, a major fraction of telomeric DSBs were re-
pairable, but some remained unrepairable.

Evidence suggests that the G2/M checkpoint allows cells
enough time to repair DSBs before they enter mitosis. This
checkpoint has an estimated threshold of 10-20 DSBs, below
which cells can enter mitosis (29-31). We found that the num-
ber of unrepairable telomeric DSBs was below the threshold
required for G2/M checkpoint activation. Therefore, we sys-
tematically examined the induction and maintenance of the
G2/M checkpoint. We found that phosphorylation of ATM
and CHK1/2, crucial kinases involved in G2/M checkpoint
maintenance, was less activated in response to T-DSBs than to
DSBs generated by ionizing radiation (Fig. 1E, i). Further exam-
ination of the G2/M checkpoint via the anti—phosphohistone 3
(pHis-3) antibody revealed that cells with T-DSBs were only
transiently arrested in M phase and progressed through G2/M
phase normally (Fig. 1E, ii). Overall, G2/M checkpoint activa-
tion in response to telomeric DSBs is transient and insufficient
to permanently arrest cells that harbor T-DSBs in G2/M phase.

Evidence suggests that the repair of dysfunctional telomeres
causes end-to-end fusion of chromosomes (32). Therefore, it is
possible that the progression of cells from G2 to mitotic phase
causes mis-segregation of end-to-end fused chromosomes
in anaphase, which results in the generation of micronuclei.
Conventional chromosome analysis of metaphase spreads
revealed significantly higher levels of chromosome aberrations,
specifically dicentric chromosomal (chromosome—chromo-
some fusion) aberrations, in cells with telomeric DSBs than in
mock-treated cells (Fig. 1F). To determine the fate of fused
chromosomes after cytokinesis, we examined the frequency of
micronuclei formation after the induction of telomeric DSBs.
We found that the frequency of micronuclei-positive cells was
significantly higher in cells with telomeric DSBs than in mock-
treated cells (Fig. 1G). Furthermore, we observed higher levels
of micronuclei at TO-T72 h after removing DOX + Shieldl
than in mock-treated samples at the corresponding time points
(Fig. 1G). Overall, the DDR is more muted in response to telo-
meric DSBs, thus allowing cells to proceed to mitosis with re-
sidual damage or fused chromosomes, which results in the gen-
eration of micronuclei upon cytokinesis.

Telomeric DNA DSBs trigger cGAS accumulation in cytosolic
chromatin fragments and cause cellular senescence

Besides serving as a marker for genomic instability and a
binding substrate for DDR factors, micronuclei can recruit
c¢GAS and activate the cytosolic DNA-sensing pathway (14—
18). Therefore, we examined, first, cGAS recruitment to micro-
nuclei in response to T-DSBs (Fig. 24, i). As with previous
reports, we noticed not only an increase (38—-40%) in cGAS
localization in the micronuclei generated in response to T-
DSBs, but also that cGAS co-localized with yH2AX (Fig. 24, ii).
Second, we evaluated, by co-immunostaining, whether cGAS
binding to micronuclei activates STING in cells harboring
micronuclei whose nuclear envelope had ruptured (Lamin A/
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Figure 1. Defective repair of telomeric DSBs generates micronuclei. A, schematics showing sgTelomere RNA and DD-Cas9-expressing plasmid constructs
used for inducing DSBs in the telomeric DNA region. Constitutively expressed sgTelomere RNA binds to telomeric DNA; adding DOX induces expression of
DD-Cas9, and adding Shield1 stabilizes DD-Cas9. Subsequently, DD-Cas9 binds to sgTelomere RNA and induces DSBs in the telomeric DNA, TRE-tetracycline
responsive element. B, schematics of the experimental design used in all panels of this figure (and Fig. 2), illustrating treatment of HT1080 cells stably express-
ing sgTelomere RNA and DD-Cas9 with 500 ng/ml of DOX and 1 mm Shield1 for 24 h, as well as the collection of samples at different post-DOX/Shield1 treat-
ment times; T, hours; D, days. C, Western blotting shows DD-Cas9 stabilization at 24 h after DOX + Shield1 treatment (T0) and rapid disappearance of DD-Cas9
at 12 h after withdrawing DOX + Shield1 (T72, /). Representative images show co-localization of DSB markers yH2AX and phosphorylated DNA-PKCs (pDNA-
PKcs; S2056) with telomere markers TRF2 and telomeric DNA probe (TelC PNA probe) at 24 h after DOX + Shield1 withdrawal (ii). D, Western blotting shows
DD-Cas9 expression (i), representative images show co-localization of yH2AX and TRF2 foci (ii), and the line graph shows the appearance and disappearance
of telomere-associated yH2AX foci (i) in mock-treated cells and in treated cells at different post-DOX + Shield1 withdrawal times. Graph presents the mean =
S.D of 100-120 cells per condition from two independent experiments. E, Western blotting shows the extent of ATM (57987), CHK1 (5377), and CHK2 (T68) ki-
nases and KAP1 (S824) activation (i), and the graph shows the quantification of phosphorylated histone 3 (pH3)-positive mitotic phase cells (i) at different times
after mock (M), DOX + Shield1, and ionizing radiation (IR) treatments. Line graph presents the mean = S.D. from two independent experiments. IR served as a
positive control to check the activation of checkpoint proteins. F, representative images show fused chromosomes (red arrows) in (i) mock- and (i) DOX +
Shield1-treated cells (top). Bar graph shows the frequency of fused chromosomes in mock-treated cells and in treated cells at different post-DOX + Shield1
withdrawal times (bottom). Bar graph presents the mean = S.D. from three independent experiments. G, bar graph shows the frequency of micronuclei at differ-
ent post-DOX + Shield1 withdrawal times and in mock-treated HT1080 + sgTelomere + DD-Cas9 cells at corresponding time points. Bar graph presents the
mean = S.D.from 3 to 5 independent experiments. Statistical analyzes were performed using Student’s t test (F) and two-way ANOVA (G).
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Figure 2. Micronuclei generated in response to defective telomeric DSB repair recruit cGAS and cause cellular senescence. A, representative images
show co-localization of cGAS and yH2AX on micronuclei at 24 h after DOX + Shield1 withdrawal (i); the graph shows the frequency of micronuclei harboring
yH2AX, cGAS, both or neither (ii) in mock-treated cells and in treated cells at 24 h after withdrawing DOX + Shield1. Bar graph presents the mean = S.D. from two
independent experiments. B, lack of nuclear envelope (Lamin A/C) around micronuclei correlates with STING activation in the cytosol. Representative images show
the presence of STING speckles in the cytosol of cells harboring Lamin A/C-negative micronuclei (). Pie charts show the frequency of micronuclei harboring Lamin
A/C coating, STING, Lamin A/C and STING, or neither in mock-treated cells and in treated cells at 72 h after DOX + Shield1 withdrawal (ii). Pie charts represent the
percentage of cells with the indicated markers from 50 different imaging fields of each experimental condition. MN, micronuclei. C and D, Western blots show
increased activation of STING (5366), IRF3 (5S396), and TBK1 (5772) (G, i); the graph shows increased levels of mRNA associated with immune signaling quantified by
gRT-PCR (G, ii); and the graph shows IL-6 levels in cell culture supernatant measured by ELISA at the indicated times after DOX + Shield1 withdrawal (D). Bar graph
presents the mean mean = S.D. from 2 to 4 independent experiments. w/d, withdrawal; D + S, DOX + Shield1. E-G, telomeric DSBs trigger a senescence pheno-
type. Bar graphs show the frequency of cells positive for B-gal staining (E) and BrdU (F) at 10 days after DOX + Shield1 withdrawal. Bar graphs present the mean =+
S.D. from two independent experiments. Western blots show p16 expression and SUV39HT1 levels in mock-treated cells and in treated cells at different times after
DOX + Shield1 withdrawal (G). Statistical analysis were performed using Student’s t test (Aii, D, E, and F) and two-way ANOVA (G, ii).
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C-negative), that is, cytosolic chromatin fragments (CCFs) (Fig.
2B, i). As with previous findings, we found that most of the
Lamin A/C-negative, CCF-positive cells had STING puncta in
the cytosol (Fig. 2B, ii).

Third, we evaluated whether cGAS recruitment to CCFs and
STING aggregation activate downstream innate immune sig-
naling in response to telomeric DSBs. We found that phospho-
rylation of STING, TBK1, and IRF3, accepted markers for the
cytosolic DNA-mediated immune signaling pathway, increased
after the induction of T-DSBs (Fig. 2C, 7). Similarly, the expres-
sion of a panel of innate immune genes also increased after the
generation of T-DSBs (Fig. 2C, ii), which correlated with the
secretion of IL-6 in the culture medium (Fig. 2D).

We investigated whether the CCF-mediated activation of
immune signaling we found is specific to one-cell type by test-
ing our notion on U20S cells, an established cell model for the
alternative lengthening of telomeres pathway, which stably
expressed SgTelomere RNA and DD-Cas9 (Fig. S1, A-C).
Then, we assessed the generation of micronuclei and the activa-
tion of immune signaling in these cells. As with the HT1080
cells, inducing DSBs in the telomeric DNA of U20S cells not
only increased the number of micronuclei (Fig. S1A), but it also
activated proteins involved in immune signaling and the
expression of inflammatory cytokine genes (Fig. S1, B and C).
Taking all of this evidence into account, we concluded that
c¢GAS recruitment to CCFs correlates positively with the activa-
tion of immune signaling in response to telomeric DSBs and is
independent of the nature of telomere length maintenance
pathways.

Next, we examined whether cGAS-STING signaling activa-
tion in response to telomeric DSBs causes cellular senescence
independently of telomere shortening. First, we counted the
number of cells positive for 8-gal, a well-accepted marker for
the senescence phenotype. We found that the number of
B-gal—positive cells was significantly higher 10 days after the
induction of T-DSBs with DOX + Shieldl than in mock-
treated cells (Fig. 2E). Second, we assessed the number of prolif-
erating cells (S-Phase) by pulse labeling cultures with BrdU for
60 min before 3-gal staining. We noticed that the number of
BrdU-positive cells was significantly lower in DOX + Shield1—
treated cells than in mock-treated cells (Fig. 2F). Third, we eval-
uated pl6 expression and SUV39H1 levels, well-known
markers of the senescence phenotype, by Western blotting (33,
34). We found elevated levels of p16 expression and reduced
levels of SUV39H1 starting 7 days after the generation of T-
DSBs (Fig. 2G).

Because evidence suggests that telomere shortening is a
major driver of cellular senescence, we examined telomere
length in HT1080-sgTelomere-DD-Cas9 cells with damaged
telomeric DNA by the Telomere Shortest Length Assay
(TeSLA), as described previously (35). We found that the aver-
age telomere lengths were not statistically significant between
days 1 and 7 post-DOX + Shieldl treatment groups (Figs. S1Ei
and Eii). Additionally, we noticed that the percentage of telo-
meres below 1.6-kb lengths was comparable between days 1
(20.88%) and 7 (20.11%) groups but it was relatively higher than
the mock-treated (7.02%) group. We would like to point out
that the TeSLA approach requires free telomeric ends for
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detection and the presence of large numbers of fused chromo-
somes in telomeric DNA DSBs groups (days 1-7) can have
some impact on the detection of telomere lengths in days 1-7
groups. Nevertheless, these results imply that inducing DSBs in
the telomeric DNA generates micronuclei, and this, in turn,
activates cGAS-STING signaling, which culminates in cellular
senescence.

Micronuclei generated in response to dysfunctional telomeres
recruit cGAS and cause premature senescence

Next, we wanted to determine whether the cGAS recruit-
ment to CCFs, the immune signaling activation, and the cellular
senescence that we observed with telomeric DSBs induced by
sgTelomere RNA + DD-Cas9 occurred in other models of telo-
mere dysfunction. For this purpose, we stably expressed a tetra-
cycline-inducible dominant-negative form of TRF2, TRE2*BAM
(DN-TRF2), in HT1080 cells (Fig. 3B, i). Similar to previous
findings (32), inducing DN-TRF2 expression triggered telo-
mere dysfunction-induced foci, known as TIF (Fig. 3B, ii). As
with sgTelomere + DD-Cas9—induced DSBs, we observed sig-
nificantly higher levels of dicentric chromosomes (Fig. 3C, i)
and micronuclei generation (Fig. 3C, ii) in cells expressing DN-
TRF2 than in mock-treated cells. Importantly, as with micro-
nuclei induced by T-DSBs, we noticed that ~30% of the micro-
nuclei were positive for cGAS staining (Fig. 3D, i-ii). Addition-
ally, we found that cGAS binding to CCFs of DN-TRF2—
expressing cells correlated positively with the activation of
STING, IRF3, and TBK1 (Fig. 3E, i), increased the percentage
of micronuclei-positive cells with STING puncta (Fig. 3E, ii),
elevated expression of innate immune genes (Fig. 3F), and
secretion of the cytokine IL-6 (Fig. 3G). As expected, a signifi-
cantly higher proportion of DN-TRF2—expressing cells than
mock-treated cells exhibited $-gal staining (Fig. 3H). Further-
more, the greater number of B-gal cells correlated well with the
elevated expression of pl6 (Fig. 3I). Thus, cGAS binding to
micronuclei triggers immune signaling and cellular senescence
upon telomere dysfunction induced by DN-TRF2 expression.

Micronuclei generated by telomeric DNA replication stress
recruit cGAS and cause premature senescence

To validate the above findings, we induced dysfunctional
telomeres by using the newly-reported nucleoside analog,
6-thio-2’-deoxyguanosine (6-thio-dG) (36-38). 6-Thio-dG is
recognized by telomerase and incorporated into de novo syn-
thesized telomeres. This alters the overall chemistry, structure,
and function of the shelterin complex (such as G-quadruplex—
forming properties and protein recognition) (39, 40), which
leads to their being recognized as TTF signals, but almost exclu-
sively in cells expressing telomerase (36). As we reported previ-
ously (36, 37), treating cells with 6-thio-dG (3 um) caused TIF
(Fig. 4B). As with cells expressing sgTelomere + DD-Cas9 and
DN-TRF2, we observed significantly higher levels of micronu-
clei formation in cells treated with 6-thio-dG than in mock-
treated cells, with levels varying as a function of treatment time
(Fig. 4C). Similarly, not only did we observe cGAS recruitment
to ~30-40% of micronuclei (Fig. 4D, i and ii), but we also noticed
greater activation of STING, TBKI, and IRF3 (Fig. 4E, i),
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expressed p16 (Fig. 41). So, cGAS recognizes a certain percentage
of micronuclei, which triggers immune signaling and cellular se-
nescence after 6-thio-dG—induced telomere dysfunction.

To further demonstrate that this phenomenon is not limited
to transformed cells nor to one cell type, we induced telomeric
DNA damage in hTERT-immortalized human skin fibroblasts
by 6-thio-dG treatment (Fig. S2A). As seen in HT1080 cells,
dysfunctional telomeres not only increased the number of
micronuclei but also activated immune signaling and prema-
ture senescence in hTERT-immortalized fibroblasts (Fig. S2,
B-E). Overall, these results indicate that, irrespective of the
mechanism that causes telomere dysfunction or the type of
cells used, micronuclei resulting from dysfunctional telomeres
in conjunction with cGAS recruitment initiate immune signal-
ing, which culminates in cellular senescence.

To verify that this premature senescence phenotype caused
by cytosolic chromatin fragments is distinct from senescence due
to replicative exhaustion, we assessed micronuclei formation and
immune signaling in primary fetal lung fibroblasts (IMR90)
undergoing replicative senescence, a widely used model for repli-
cative senescence caused by progressive telomere shortening
(41). We noticed that the frequency of senescence increased sig-
nificantly after we cultured the cells for 3 weeks (Fig. S2F). How-
ever, neither the number of micronuclei nor the expression of
innate immune signaling pathway genes changed substantially
between early (1 week) and late (2 week) passage IMR90 cells
(Fig. S2, G and H). Thus, our results clearly indicate that micro-
nuclei generated by dysfunctional telomeres activate cGAS-
STING signaling and cause cellular senescence, which is distinct
from replicative senescence caused by telomere shortening.

The progression from G2/M to G1 in response to
dysfunctional telomeres is critical for micronuclei formation
and premature senescence

The progression of G2/M phase cells with defective repair of
telomeric DSBs to G1 results in the generation of micronuclei,
which culminates in immune signaling-mediated premature
senescence. Therefore, as we reported previously (16), we
hypothesized that preventing the progression of G2/M cells
with unrepaired or misrepaired T-DSBs to the G1 would pre-
vent premature senescence. To test this notion, we used a selec-
tive small-molecule inhibitor of CDK1, RO-3306, that reversi-
bly arrests cells at the G2/M border of the cell cycle (Fig. 5A)
(42). Similar to a previous report (16), we found that blocking
the cells at G2/M border did not affect the induction of telo-

meric DSBs (Fig. 5B), but it did prevent telomeric DSB-medi-
ated micronuclei formation (Fig. 5C) and inflammatory signal-
ing (Fig. 5, D and E) in HT1080 + sgTel RNA + DD-Cas9 cells
upon induction of telomeric DSBs. Furthermore, blocking cells
at the G2/M border also prevented the onset of premature se-
nescence in cells with telomeric DNA damage (Fig. 5F). These
results clearly demonstrate that insufficient G2/M checkpoint
activation in response to telomeric DSBs is a major contributor
to micronuclei generation, which results in immune signaling
and premature senescence.

Only a limited number of micronuclei harbor both cGAS and
telomeric DNA in response to dysfunctional telomeres

To quantify the percentages of micronuclei positive for telo-
meric DNA and cGAS, both individually and co-localized, we
treated HT1080-DN-TRF2 cells with doxycycline for 72 h, then
subjected the cells to IF-FISH with Cy3-labeled telomeric DNA
(TelC) probe, anti-yH2AX, and anti-cGAS antibodies (Fig. 6, A
and B, images). First, we noticed that about 27-30% of the
micronuclei were positive for telomeric DNA in response to
dysfunctional telomeres, whereas only 8% of the micronuclei
contained telomeric DNA in the mock-treated group (Fig. 64,
pie charts). These observations suggest that only a limited num-
ber of micronuclei, not all of them, harbor telomeric DNA. Sec-
ond, we noticed that about 13% of the micronuclei were posi-
tive for both telomeric DNA and cGAS, and ~43% of the
telomeric DNA signal positive micronuclei harbor cGAS (Fig.
6B, pie charts). Thus, cGAS is recruited to a limited number of
telomeric DNA-positive micronuclei.

cGAS is essential for causing premature senescence in
response to telomere damage

To examine whether cGAS activation in response to CCFs
induced by dysfunctional telomeres is responsible for cellular
senescence, we depleted cGAS in BEAS-2B cells by using
shcGAS RNA (Fig. 7A, inset) and caused dysfunctional telo-
meres by treating with 6-thio-dG. ¢cGAS depletion did not
affect the formation of micronuclei in response to telomere
dysfunction (Fig. 7A, graph). However, cGAS-depleted cells
exhibited lower activation of IRF3 than cGAS-proficient cells
(Fig. 7B). Furthermore, cGAS-depleted cells failed to up-regu-
late the expression of immune signaling genes after telomere
dysfunction (Fig. 7C). Ultimately, the reduced immune signal-
ing resulting from cGAS depletion prevented cellular senes-
cence in response to dysfunctional telomeres (Fig. 7D).

Figure 3. Micronuclei produced in response to dysfunctional telomeres recruit cGAS and trigger cellular senescence. A, schematics of the experimen-
tal design used in panels B-l, illustrating treatment of HT1080 cells stably expressing DN TRF2 with 500 ng/ml of DOX for 72 h and the collection of samples at
different post-DOX treatment times; T, hours, D, days. B, Western blotting shows expression of DN-TRF2 cells (i), and representative indirect immunostaining
images show co-localization of yH2AX and 53BP1 with telomeric DNA probe (telC PNA probe; ii) at 72 h (T72) post-DOX treatment; M, mock. C, bar graphs
show quantification of percentages of chromosome-chromosome fusions (i) and micronuclei (i) in mock-treated and 72 h (T72) post-DOX treatment samples.
Bar graph presents the mean = S.D. from three independent experiments. D, representative images show co-localization of cGAS and yH2AX in micronuclei
(i), and the graph shows quantification of percentage of cGAS, yH2AX, cGAS/yH2AX, and neither positive micronuclei (i) in DN-TRF2-expressing cells treated
with either mock treatment or DOX for 72 h (T0). E-G, Western blots show phosphorylation status of STING (5366), IRF3 (S396), and TBK1 (S772) at the indicated
times during and after DOX treatment (£, i); the graph shows the percentage of micronuclei-positive cells with STING puncta at 72 h after DOX treatment (£, ii);
the graph shows increased levels of mRNAs associated with immune signaling quantified by gRT-PCR at 48 h post-DOX (T48) treatment time (F); and the graph
shows IL-6 levels in cell culture supernatant at 48 h post-DOX (T48) treatment (G). Bar graph presents the mean = S.D. from three independent experiments. H
and /, dysfunctional telomeres cause premature senescence. Bar graph shows frequency of B-gal-stained HT1080-DN-TRF2 cells at 10 days post == DOX treat-
ment time (H). Bar graph presents the mean = S.D. from 10-15 fields from three independent experiments. Representative Western blots show p16 expression
at the indicated times during DOX treatment and after DOX removal (/). Statistical analysis were performed using Student's t test (Ci, Cii, Eii, G, and H) and two-
way ANOVA (Dii and F).
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To validate these results, we inhibited the enzymatic activ-
ities of cGAS using a recently identified small molecule inhibi-
tor, RU.521 (43). RU.521 treatment did not affect micronuclei
formation after 6-thio-dG treatment (Fig. 7E), but as with
cGAS-depleted BEAS-2B cells, RU.521-treated HT1080-DN-
TRF2 (Fig. 7F, i) and HT1080 + 6-thio-dG (Fig. 7F, ii) cells
showed less IRF3 phosphorylation. Additionally, RU.521-
treated HT1080-DN-TRF2 exhibited lower expression of
immune signaling genes than mock-treated cells (Fig. 7G). Fur-
thermore, the proportion of cells positive for B-gal staining was
also significantly reduced when HT1080 cells were simultane-
ously exposed to RU.521 and 6-thio-dG (Fig. 7H). Taken to-
gether, these findings indicate that the cGAS-mediated cyto-
solic DNA sensing pathway is necessary to cause cellular
senescence in response to dysfunctional telomeres.

Discussion

Cellular senescence restricts uncontrolled cell proliferation
and plays critical roles in both aging and tumor suppression. We
can distinguish at least two types of cellular senescence: replicative
senescence, which depends on telomere shortening, and stress-
induced premature senescence, which does not depend on telo-
mere shortening. Although many stimuli may cause premature se-
nescence, this study provides evidence that the accumulation of
cytosolic chromatin fragments caused by dysfunctional telomeres
initiates the cGAS-mediated cytosolic DNA-sensing pathway and
the premature senescence phenotype. This study supports the
idea that a mechanism that depends on telomere damage, but not
telomere shortening, contributes to this phenotype.

It is generally accepted that most human cancers and tissue
culture cells have overcome cellular senescence and achieved
immortality. However, the present study shows that cancer
cells and hTERT-immortalized cells can be induced to enter
cellular senescence independently of telomere shortening
when cGAS senses cytosolic chromatin fragments generated in
response to dysfunctional telomeres. This is most likely because
the cell’s inability to accurately process dysfunctional telo-
meres, combined with an improperly functioning cell-cycle
checkpoint mechanism, leads to the accumulation of cytosolic
chromatin fragments and ultimately activates the cGAS-medi-
ated cytosolic DNA sensing pathway-dependent premature se-
nescence. Consequently, suppressing cell cycle progression
reduces cellular senescence even in cells that harbor high levels of
dysfunctional telomeres (Fig. 5). Similarly, it has been shown that
genotoxic stress caused by ionizing radiation rapidly activates

G2/M checkpoint arrest; however, release from G2 arrest occurs
before DSB repair is complete, which results in micronuclei for-
mation and activates cGAS-mediated cytosolic DNA sensing sig-
naling (16, 31). Thus, dysfunctional telomeres together with inad-
equate DDR signaling contribute to micronuclei formation,
cGAS-mediated immune signaling activation, and a telomere
shortening-independent premature senescence phenotype.

A previous study reported that the activation of the alterna-
tive lengthening of telomere pathway causes an extra chromo-
somal telomere repeat DNA translocation to the cytoplasm
that is recognized by the cGAS DNA sensor and thus activates
the STING/TBKI1 signaling cascade to trigger IRF3 phospho-
rylation, which results in IFNB expression (44). However, we
found that about 27-30% of the micronuclei were positive for
telomeric DNA (Fig. 6A4), and ~43% of the telomeric DNA sig-
nal-positive micronuclei harbor cGAS (Fig. 6B). Furthermore, a
recent report showed that dysfunctional telomeres generate cyto-
solic chromatin fragments and thus activate cGAS-STING sig-
naling, which results in autophagic cell death and prevents
genomic instability (45). However, we hardly detected any
increase in the levels of cell death in our experimental
models (Fig. S3). Nevertheless, defects in telomeres are
associated with multiple cellular phenotypes, including se-
nescence, cancer and autophagy, via the cGAS-STING sig-
naling pathway. Specifically, our current study revealed
that dysfunctional telomeres together with imperfect DDR
signaling contribute to micronuclei formation, cGAS-
mediated immune signaling activation, and a telomere
shortening-independent premature senescence phenotype.

Together with previous findings (14, 15, 18), our study sug-
gests that cGAS plays an essential role in initiating the signals
required for telomere shortening-independent premature se-
nescence. However, the question of how cGAS establishes the
senescence phenotype remains unanswered (46). This is in-
triguing because cGAS recognition of cytosolic DNA fragments
and the subsequent activation of innate immune signaling pre-
cede the appearance of this phenotype. In contrast, depleting
cGAS or inhibiting its activity suffices to ameliorate premature
senescence in the presence of cytosolic chromatin fragments
due to dysfunctional telomeres. These results indicate that the
initial activation of the cGAS-mediated cytosolic DNA sensing
pathway suffices to establish a senescence phenotype. Reports
suggest that IL-8 and IL-6 feed back to the secreting cells
to reinforce senescence signaling (47, 48). Therefore, as sug-
gested previously (46, 49), cGAS-mediated expression of pro-

Figure 4. Micronuclei generated in response to telomeric DNA replication stress recruit cGAS and cause cellular senescence. A, schematics of the ex-
perimental strategy used in panels B-I, showing treatment of HT1080 cells with 3 um 6-thio-dG for 72 h, recovery in drug-free medium, and collection of sam-
ples at different post-treatment times; T, hours; D, days. B, 6-thio-dG treatment induces dysfunctional telomeres. Representative images show co-localization
of TIF marker 53BP1 with telomere DNA marker (TelC) at 48 h (T48) after 3 um 6-thio-dG withdrawal. C, bar graph shows the quantification of micronuclei per-
centage in mock-treated cells and in treated cells at the indicated times after 3 um 6-thio-dG withdrawal. Bar graph presents the mean = S.D. from three inde-
pendent experiments. D, cGAS is recruited to micronuclei induced by 6-thio-dG. Representative images show co-localization of cGAS and yH2AX in
micronuclei (i), and the graph shows the quantification of percentage of micronuclei positive for cGAS, yH2AX, cGAS/yH2AX, and neither (i) in mock-treated
cells and in treated cells at 72 h (T72) after 6-thio-dG withdrawal. Bar graph presents the mean = S.D. from two independent experiments. E-G, dysfunctional
telomeres induced by 6-thio-dG (dG) activate innate immune signaling. Western blots show phosphorylation of STING (S366), TBK1 (5772), and IRF3 (5396) at
the indicated times after 6-thio-dG withdrawal in BEAS-2B cells (E, i); the graph shows the percentage of micronuclei-positive cells with STING puncta at 72 h
after 6-thio-dG removal (£, ii); the graph shows increased levels of mRNAs associated with immune signaling quantified by gRT-PCR at 72 h after 6-thio-dG
withdrawal (F); and the graph shows IL-6 levels in cell culture supernatant at 72 h (772) after 6-thio-dG withdrawal (G). Bar graphs present the mean =+ S.D.
from 2 to 4 experimental triplicates. H and /, graph shows elevated levels of B-gal staining at 10 days (D10) after 6-thio-dG withdrawal (H). Bar graph presents
the mean = S.D. of four independent experiments. Western blotting shows p16 expression at the indicated post-6-thio-dG treatment times (1). Statistical anal-
ysis were performed using Student’s t test (C, Eii, G, and H) and two-way ANOVA (Dii and F).
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inflammatory factors, such as IFN-B, IL-6, and IL-8, in response
to dysfunctional telomeres could serve as an autocrine signal that
is required to establish a senescence phenotype. It is worth men-
tioning that the cell autonomous mechanism of cGAS-mediated

cGAS activation by dysfunctional telomeres

premature senescence observed in vitro may be different from
what occurs in an organism with an intact immune system.

In conclusion, this study provides evidence that micronuclei
are generated when inefficient G2/M checkpoints resulting
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from telomere dysfunction allows cells with fused chromo-
somes to progress to mitosis. Upon nuclear envelope rupture,
c¢GAS binds to these CCFs. This binding of cGAS to CCFs ini-
tiates innate immune signaling, which culminates in a prema-
ture senescence phenotype not caused by telomere shortening
(Fig. 8). Further understanding how DDR factors help to regu-
late cGAS activation by self-DNA generated by dysfunctional
telomeres will help in intervening in cases of excessive innate
immune signaling activation in individuals with either loss of or
dysfunction in telomere-binding factors.

Experimental procedures
Cell lines and culture conditions

HT1080, U20S, BEAS-2B, and IMR90 cells were obtained
from the American Type Culture Collection (ATCC, USA).
Human telomerase reverse transcriptase (hTERT) immortal-
ized 82-6 fibroblasts have been described previously (27). All
cell lines were grown in standard tissue culture conditions at
5% CO, and maintained either in Dulbecco’s modified Eagle's
medium (BEAS-2B) or a-modified Eagle's medium (HT1080,
U20S, IMR90, and 82-6) supplemented with 10% fetal bovine
serum, 2 mm glutamine, and 0.1 mm nonessential amino acids.
Mycoplasma contamination was frequently tested by PCR; only
mycoplasma-free cells were used for our experiments.

Generation of stable cell lines

To make stable HT1080 + DD-Cas9/SgTelomere RNA and
U20S + DD-Cas9/SgTelomere RNA cell lines, we first infected
HT1080 and U20S cells with a lentivirus carrying tetracycline-in-
ducible DD-Cas9 and then placed the cells under puromycin
selection (0.5 and 2.5 pg/ml for HT1080 and U20S cells, respec-
tively). We isolated stable clones and evaluated DD-Cas9 expres-
sion by Western blotting and immunostaining using anti-FLAG
antibody after treating cells with doxycycline (500 ng/ml) and
Shield1 (1 um) for 24 h. Second, we infected stable clones positive
for DD-Cas9 with a lentivirus harboring sgTelomere (25) and
mCherry fluorescent protein and then plated a single cell in each
well of a 96-well-plate. Wells containing single colonies were
selected, and clones positive for mCherry were further validated.

To make a stable HT1080 dominant-negative (DN)-TRF2
(45 to 453 amino acid regions of TRF2) cell line, we infected
HT1080 cells with a lentivirus carrying tetracycline-inducible
DN-TRF?2, then placed the cells under puromycin selection (0.5
pg/ml). We isolated stable clones and treated them with doxy-

cycline (1 pg/ml) for 72 h, then verified the expression of DN-
TRF2 by both Western blotting and immunostaining using
anti-FLAG antibodies.

To make stable BEAS-2B-shcGAS RNA cell lines, we
infected BEAS-2B cells with pooled lentiviral particles carrying
cGAS-specific shRNAs (Sigma) and then placed cells under pu-
romycin selection (0.5 pug/ml). Stable clones were isolated, and
the expression of cGAS was verified by Western blotting.

DNA manipulation and construction of the expression vectors

Standard molecular biology procedures were used to make
all mammalian expression plasmids. A panel of human cGAS-
specific shRNAs (TRCN0000128706, TRCN0000128310,
TRCN0000149984, TRCN0000146282, TRCN0000150010)
was purchased from Sigma. We added degradation domain
(DD) to the N-terminal of Cas9 by PCR amplification, then
ligated it into the Nhel sites of pCW57.1-Cas9. The dominant-
negative TRF2 fragment corresponding to the 45-453—amino
acid region of TRF2 was PCR amplified using TRF2 cDNA and
cloned into Nhel/Sall sites of pCW-57.1 (Table S1).

Addgene plasmids used in this study

pSLQ1651-sgTelomere(F + E) was a gift from Bo Huang and
Stanley Qi (Addgene plasmid No. 51024); pCW57.1 was a gift
from David Root (Addgene plasmid No. 41393); pCW-Cas9
was a gift from Eric Lander and David Sabatini (Addgene plas-
mid No. 50661) (50).

Lentiviral production

293T cells were co-transfected with highly purified expres-
sion plasmids and pPLP2/pPLP1/pVSVG by using either
Lipofectamine 2000 (Invitrogen), according to manufac-
turer’s instructions, or the calcium phosphate method, as
described in Kwon and Firestein (51). We collected cell cul-
ture supernatant containing viral particles 72 h after the
transfection, filtered it through 0.22-um polyvinylidene di-
fluoride membrane filters (Millipore), and used the flow
through to infect the cells.

Chemicals

We used CDK1 inhibitor RO3306 (Tocris, No. 4181), 6-thio-
dG (Sigma, No. 1296), cGAS inhibitor RU.521 (AOBIOUS, No.
37877), Shieldl (Cheminpharma, No. S1-0005), and puromycin
(AdipoGen).

Figure 5. Progression from G2/M to G1 phase in response to dysfunctional telomeres is critical for micronuclei formation and premature senescence.
A, the graph shows the quantification of phosphorylated histone 3 (pH3)-positive metaphase HT1080 + sgTel + DD-Cas9 cells at different times during (—12
and 0) and after (1 through 8) DMSO + DOX + Shield1 and 1 um RO-3306 + DOX + Shield1 treatments. Line graph presents the mean = S.D. from two inde-
pendent experiments. — 12, denotes 12 h after the drug exposure; 0, denotes 24 h after the drug exposure, and immediately after DOX + Shield1 removal. D +
S-doxycycline + Shield1. B, representative images show the induction of telomeric DSBs, as assessed by yH2AX foci, in HT1080 cells co-expressing sgTelomere
RNA and DD-Cas9 24 h after treatment with DMSO, DOX + Shield1 + DMSO or DOX + Shield1 + CDK1 inhibitor (1 uwm, RO-3306). DOX + S-doxycycline +
Shield1; RO-RO-3306. C, micronuclei formation is significantly reduced in response to CDK1 inhibition. Bar graph shows the frequency of micronuclei formation
in HT1080 + sgTelomere RNA + DD-Cas9 cells with telomeric DSBs at different treatment conditions and times. Data presented here are the mean = S.D. of 2
to 5 independent experiments. D-F, CDK1 inhibition attenuates immune signaling and senescence after telomeric DNA damage. Western blotting shows the
attenuated activation of STAT1 (Y701) (D), which correlated well with the attenuated expression of innate immune genes in HT1080 + sgTelomere RNA + DD-
Cas9 cells were treated with RO-3306 * DOX + Shield1 (D+S) compared with cells treated with DMSO = DOX + Shield1 (D+35) (E). Data presented here are the
mean * S.D. of 2-5 independent experiments. CDK1 inhibition prevents cells from undergoing senescence (F). Bar graphs represent the proportion of positively
B-gal-stained cells, 5 days post-DOX and Shield1 (D+S) withdrawal in DMSO- and RO3306-treated cells. Data presented in the bar graphs are the mean = S.D.
of three independent experiments. D+S, doxycycline + Shield1; w/d, withdrawal; ns, not significant. Statistical analysis were performed using two-way ANOVA
(Cand E) and Student's t test (F).
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Figure 6. Telomeric DNA and cGAS are co-localized in a limited number of
micronuclei. A, not all micronuclei harbor telomeric DNA. Representative
images show the co-localization of yH2AX and telomeric DNA probe (TelC)
(top), and the pie charts show the distribution of yH2AX, TelC, yH2AX + TelC,
and neither in response to dysfunctional telomeres. HT1080-DN-TRF2 cells
were treated with doxycycline for 72 h, and samples were collected at the times
indicated. Cells were then subjected to IF-FISH with Cy3-labeled telomeric DNA
(TelC) probe and anti-yH2AX antibodies. “Z" stack images of individual micro-
nuclei-positive cells were imaged in each group and then examined for yH2AX
alone, TelC alone, and yH2AX + TelC co-localizing micronuclei. Fifty to 60
micronuclei-positive cells were imaged in blinded fashion, and the presence or
absence of TelC and yH2AX signals was quantified in blinded fashion. B, only a
limited number of micronuclei harbor both cGAS and telomeric DNA. Repre-
sentative images show the co-localization of cGAS and telomeric DNA probe
(TelC) (top), and the pie charts show the distribution of cGAS, TelC, cGAS + TelC,
and neither in response to dysfunctional telomeres. HT1080-DN-TRF2 cells
were treated with doxycycline for 72 h, and samples were collected at the times
indicated. Cells were then subjected to IF-FISH with Cy3-labeled telomeric DNA
(TelC) probe and anti-cGAS antibodies. Z-stack images of individual micronu-
clei-positive cells were imaged in each group and then examined for cGAS
alone, TelC alone, and cGAS + TelC co-localizing micronuclei. Fifty to 60 micro-
nuclei-positive cells were imaged in blinded fashion, and the presence or ab-
sence of TelC and cGAS signals was quantified in blinded fashion.

Doxycycline and shield1 treatment

To induce DSBs in the telomeric DNA in HT1080 or U20S-
sgTelomere-DD-Cas9 cells, we co-treated cells with 500 ng/ml of
doxycycline (Sigma) and 1 um Shieldl (Cheminpharma) for 24 h.
Cells were then washed three times with warm PBS and allowed
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to recover in regular growth media; samples were collected at dif-
ferent time points. To induce DN-TRF2 expression, we treated
HT1080-DN-TREF?2 cells with 1000 ng/ml of doxycycline (Sigma)
for 72 h. Cells were then washed three times with warm PBS and
allowed to recover in regular growth media; samples were col-
lected at different post-DOX withdrawal time points.

6-Thio-2'-deoxyguanosine treatment

Twenty-four hours after plating, we treated cells with 2-10 um
6-thio-dG for 72 h, washed three times in warm PBS, and then
cultured in drug-free medium for an additional 0-15 days. Sam-
ples were collected at different post—6-thio-dG recovery times.

CDKT1 inhibitor treatment

Exponentially growing HT1080-sgTelomere-DD-Cas9 cells
were co-treated for 24 h with doxycycline (500 ng/ml), Shield1
(1 uMm), and 1 um RO3306 dissolved in DMSO. Cells were then
washed three times with PBS and cultured in growth medium
containing 1 um CDK1 inhibitor. Samples were collected at dif-
ferent post-treatment times.

cGAS inhibitor (RU.521) treatment

Cells were treated with 1 um RU.521 dissolved in DMSO for
the entire duration of the experiment. Fresh drug was added to
the medium every 48 h for continuous inhibition of cGAS.

lonizing radiation (IR)

We exposed exponentially growing cells to 2-5 gray y-rays by
using a <y-irradiator (Mark 1 irradiator, JL. Shepherd and Asso-
ciates), as described previously (52).

Cell extract preparation and Western blotting

Whole-cell extracts were prepared by suspending cell pellets in
RIPA buffer containing protease (PMSF, aprotinin, leupeptin, pep-
statin A, DTT; all at 1:1000 dilutions) and phosphatase (NazVO, at
1:500 and NAF at 1:200 dilutions) inhibitors on ice for 30 min,
then centrifuging at 14,000 rpm for 30 min at 4-°C to remove insol-
uble material. Whole-cell extracts (30 to 100 ug) were resolved by
6-12% SDS-PAGE, transferred onto polyvinylidene difluoride
membranes, and incubated with antibodies of interest.

Antibodies used in this study

All of the primary antibodies used in this study are detailed
in Table S2, including vendors’ information, application, and
dilution conditions. Manufacturers’ validation criteria were
used when applying all antibodies. For Western blotting, horse-
radish peroxidase-conjugated goat anti-rabbit and anti-mouse
secondary antibodies were purchased from Bio-Rad and used
at 1:1000 dilutions in 5% BSA or milk. For indirect immuno-
fluorescence staining, fluorescent-conjugated secondary anti-
bodies Alexa-488, Alexa-555, and Alexa-633 were purchased
from Molecular Probes (Invitrogen) and used at 1:1000
dilutions.
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Figure 7. cGAS causes premature senescence phenotype in response to dysfunctional telomeres. A-D, cGAS is critical for causing the cellular senescence
phenotype in response to dysfunctional telomeres. Bar graph shows frequency of micronuclei (A), Western blots show reduced activation of IRF3 (5396) (B),
and graph shows reduced expression of immune pathway genes (C) in cGAS-depleted BEAS-2B cells relative to cGAS-proficient BEAS-2B cells in response to
dysfunctional telomeres caused by 6-thio-dG (dG). BEAS-2B cells were treated with 6-thio-dG for 72 h, washed, recovered in drug-free medium for 72 h, and
then used for different end point assessments. Bar graph shows percentage of B-gal-positive cGAS-proficient and -depleted cells at 10 days after 6-thio-dG
(dG) withdrawal (D). Bar graphs present the mean = S.D. of three independent experiments. E-H, inhibiting cGAS’s enzymatic activity using a small molecule
inhibitor, RU.521, reduces immune signaling and premature senescence phenotypes in response to dysfunctional telomeres. Bar graph shows the frequency
of micronuclei formation in HT1080 cells treated with RU.521 with and without the induction of telomere dysfunction (dG). Bar graph presents the mean = S.
D. of 50 fields from each experimental group from 5 to 6 independent experiments (E). Western blots show decreased activation of IRF3 in HT1080-DN-TRF2
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B-gal staining in HT1080 cells treated with cGAS inhibitor 10 days after 6-thio-dG (/) withdrawal (H). Bar graphs present the mean = S.D. of three independent
experiments. M, mock; D, doxycycline. Statistical analysis were performed using Student’s t test (A, D, E, and H) and two-way ANOVA (C and G).
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Figure 8. Model depicting the mechanism of cGAS-mediated premature senescence in response to dysfunctional telomeres.

Indirect immunostaining

Approximately 0.5-1 X 10 cells were plated in a 6-well—plate
containing cover glasses and incubated for 36 h. Cells were
treated with various chemicals for different time periods, as
described above. Cells were fixed with 4% PFA for 20 min at
room temperature at different post-treatment times and sub-
jected to indirect immunofluorescence, as described previously
(31). Briefly, cells were permeabilized in Triton X-100 (0.5% in
PBS) on ice for 5 min, washed three times with PBS, incubated in
blocking solution (5% goat serum in PBS) at room temperature
for 60 min, and then incubated with primary antibodies
(diluted in 5% goat serum) at room temperature for another
3 h or at 4°C overnight. Then, cells were washed with wash
buffer (1% BSA in PBS), incubated with appropriate second-
ary antibodies (1:1000 in 2.5% goat serum, 1% BSA, and PBS)
at room temperature for 60 min, washed five times with 1%
BSA, and mounted with mounting medium containing
DAPI (Vectashield).

Telomere immunofluorescence fluorescence in situ
hybridization (FISH)

Cells grown on coverslips were fixed in 4% PFA for 20 min at
room temperature and then subjected to indirect immuno-
staining, as described above. Immediately after cells were incu-
bated with a secondary antibody, coverslips were washed, re-
fixed in 4% PFA for 10 min, washed in ethanol series solutions
(70, 90, and 100%, 5 min each), and denatured with hybridiza-
tion mixture (70% formamide, 1% blocking reagent, 10 mm
Tris-HCI, pH 7.4, and 0.5 um Cy3-labeled TelC PNA probe
[PNA Bio; No. F1002]) for 6 min at 80°C. Then, the samples
were incubated in a 37 °C dark-humidified chamber for 4 h.
Samples were then washed with Wash Solution I (70% formam-
ide, 0.1% BSA, 10 mm Tris-HCI, pH 7.4, 2 times, 15 min apart)
and Wash Solution II (water, 150 mm NaCl, 0.07% between 20
and 100 mm Tris-HCIl, pH 7.4, 3 times at 10-min intervals).
Samples were then mounted with mounting medium contain-
ing DAPI, and images were acquired using an LSM510 Meta
confocal microscope (Zeiss).

SASBMB

Image acquisition and foci dissolution kinetics assay

Images were captured using an LSM 510 Meta laser scanning
confocal microscope with a X63 1.4 NA Plan-Apochromatic oil
immersion objective. Images were taken of Z-sections (15-20 sec-
tions) at 0.35-um intervals using 488-nm (EGFP and Alexa 488),
543-nm (Alexa 555), 633-nm (Alexa 633), and 405-nm (for
DAPI) lasers. The tube current of the 488-nm argon laser was set
at 6.1 A. The laser power was typically set to 3—5% transmission
with the pinhole opened to 1-2 Airy units. To count foci, we
assembled the Z-sections by using the Imaris software and ana-
lyzed them as described previously. For counting individual and
co-localized TRF2 and yH2AX foci, we utilized the spot detection
and co-localization functions of the Imaris software. We quanti-
fied individual and co-localized foci from images of 100-150 cells
per time point from two to three independent experiments.

Micronuclei imaging and quantification

Cells fixed with 4% PFA were mounted with mounting solution
containing DAPI (Vectashield). Images were acquired via Axio-
Invert (Zeiss) microscope using the DAPI channel, and the expo-
sure time ranged from 400 to 500 ms per frame. Micronuclei in
300-600 cells per experimental condition in 2-6 independent
experiments were calculated in a blinded fashion via Image] (NIH).

Metaphase spread preparation

Chromosome aberrations were carried out as described pre-
viously (31). Twenty-four to 72 h after inducing dysfunctional
telomeres, we prepared chromosomes by accumulating meta-
phases in the presence of 0.1 mg/ml of colcemid (Irvine Scien-
tific) for 4 h. Cells were trypsinized and washed once with PBS
and incubated in 10 ml of hypotonic solution (0.075 m KCI) at
37 °C for 15 min. Cells were pre-fixed with 1/10 volume of ice-
cold methanol-acetic acid (3:1 ratio) in hypotonic solution and
then centrifuged at 1000 rpm at 4 °C for 5 min. Then, the cells
were fixed with methanol-acetic acid (3:1 ratio) on ice for 30
min and kept at —20°C until used. Cells were dropped onto
warm (50 °C) pre-cleaned slides, stained with 5% Giemsa (Kar-
yoMAX, GIBCO) at room temperature for 4 min, washed with
dH,0, and then mounted using Vectashield mounting me-
dium. Images were acquired via Olympus microscope (X100
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objective) equipped with an Image Spot camera (Spot Imaging
Solutions), and the presence or absence of fused chromosomes
in 150-200 metaphase spreads were scored in a blinded fashion.

Senescence assay

Freshly fixed samples were subjected to 3-gal staining using
either the 3-gal staining kit (Cell Signaling), following the man-
ufacturer’s instructions, or homemade $-gal staining solution,
as described previously (53). Random images were acquired
using the X 10 objective of a KEYENCE Microscope (BZ-X710)
in a blinded manner. We counted in a blinded fashion the num-
ber of B-gal—positive cells in 20-30 random fields consisting of
1000-5000 total cells per experimental condition in two to three
independent experiments.

Quantitative real-time PCR (qRT-PCR)

c¢DNA was synthesized from 1-3 g of total RNA by using
SuperScript III Reverse Transcriptase (18-080-051; Fisher Sci-
entific) in a total volume of 20 pl, according to the manufac-
turer’s instructions. We subjected the cDNA to qRT-PCR for
several genes by using the primer sets (Table S3), CFX96 Touch
Real-time PCR Detection System (Bio-Rad) and iTaq Universal
SYBR Green Supermix (Bio-Rad, No. 1725121), according to
the manufacturer’s instructions. Relative gene expression was
determined by the AAC method. The difference in cycle times,
ACr, was determined as the difference between the tested gene
of interest and the reference housekeeping B-actin gene. We
then obtained AACt by finding the difference between the
groups. The fold-change (FC) was calculated as FC = 27 44¢T,
All primers were purchased from Invitrogen. qRT-PCR assays
were carried out in triplicate for each sample, and the mean
value was used to calculate mRNA expression levels.

Bromodeoxyuridine (BrdU) labeling and detection

Cells with mock and induced dysfunctional telomeres at 10-
15 days post-treatment times were labeled with 30 um BrdU
(Sigma) for 1 h in growth medium, washed three times with
warm 1X PBS, and then fixed with ice-cold 70% ethanol at
—20°C overnight. Cells were then treated with ~4 m HCI con-
taining 0.5% Tween 20, incubated at 37 °C for 30 min, and then
neutralized by washing twice with PBS. After neutralization,
cells were incubated in 100 ul of PBS containing 0.1% Tween
20, 1% BSA, and anti-BrdU antibody conjugated with FITC
(1:100; Molecular Probes) at room temperature for 2 h. After
being washed with 1% BSA, cells were stained with DAPI (Vec-
tashield), and images were acquired using the X40 objective of
a KEYONCE microscope. BrdU-positive cells in a total of 5000-
10000 cells were counted manually in a blinded fashion.

ELISA

We collected cell culture supernatant at different post-treat-
ment times and centrifuged at 800 X g for 5 min at room tem-
perature to remove any cell debris. We then measured cytokine
levels by ELISA using the Biolegend human IL-6 (catalog No.
430504) kit, as per the manufacturer’s instructions and as
described previously (54).
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Measurement of telomere length by TeSLA

To analyze telomere length, we treated exponentially grow-
ing HT1080 + SgTelomere RNA + DD-Cas9 cells with doxy-
cycline and Shieldl for 24 h, then purified the genomic DNA
from mock-treated cells and from treated cells 1 and 7 days af-
ter DOX and Shieldl treatment was withdrawn. We then sub-
jected 50 ng of genomic DNA from each group to the TeSLA
technique developed by Lai et al. (35).

Chip

To verify the specificity of sgTelomere RNA in recognizing
telomeric DNA, we carried out ChIP using anti-yH2AX antibod-
ies. Briefly, U20S cells stably expressing sgTelomere + DD-Cas9
were treated with either DMSO or DOX + Shieldl for 24 h,
washed three times in 1X PBS, and maintained in regular growth
medium for 24 more hours. Cells were cross-linked with parafor-
maldehyde and the chromatin fraction was co-immunoprecipi-
tated using anti-yH2AX antibodies. Subsequently, we used HiFi
genome sequencing on the isolated DNA (UT Southwestern
Medical Center, Genomic Sequencing Core) and obtained raw
sequencing data files in the form of fastq files. We applied Bow-
tie2, Samtools, Bedtools, and MACS2 tools to verify the enrich-
ment of sgTelomere RNA-telomeric region interactions. Please
also see supporting information for details.

Statistics

Statistical analysis of data were performed using GraphPad
Prism Software (version 8.4.2). Two tailed unpaired Student’s ¢
tests and two-way analysis of variance (ANOVA) were used for
statistical analysis, and unless otherwise noted, all results are
representative of at least two independent biological experi-
ments and are reported as the mean = S.D. GraphPad Prism
(version 8.4.2) was used to create the graphs.

Data availability

All the data described in this study are contained within the
article.
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