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ABSTRACT

Telomeric repeats-containing RNA (TERRA) are telomere-derived non-coding RNAs that contribute to
telomere function in protecting chromosome ends. We recently identified a cell-free form of TERRA
(cfTERRA) enriched in extracellular exosomes. These cfTERRA-containing exosomes stimulate inflammatory
cytokines when incubated with immune responsive cells. Here, we report that cfTERRA levels were
increased in exosomes during telomere dysfunction induced by the expression of the dominant negative
TRF2. The exosomes from these damaged cells also enriched with DNA damage marker yH2AX and
fragmented telomere repeat DNA. Purified cfTERRA stimulated inflammatory cytokines, but the intact
membrane-associated nucleoprotein complexes produced a more robust cytokine activation. Therefore,
we propose cfTERRA-containing exosomes transport a telomere-associated molecular pattern (TAMP) and
telomere-specific alarmin from dysfunctional telomeres to the extracellular environment to elicit an
inflammatory response. Since cfTERRA can be readily detected in human serum it may provide a useful
biomarker for the detection of telomere dysfunction in the early stage of cancers and aging-associated
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inflammatory disease.

Telomeres are repetitive DNA elements that protect the ends of
linear chromosomes from catastrophic damage.' Telomeric
repeats are assembled into a dynamic nucleoprotein complex,
collectively termed Shelterin, which regulates telomere repeat
length, stability, and function.? As cells divide and age, telomere
repeat DNA shortens by attrition due to the end-replication
problem. Excessive cell divisions or replication stress can lead
to critically short telomeres incapable of forming a functional
Shelterin complex. These uncapped telomeres elicit a DNA
damage response and cell cycle arrest.” In stem cells and most
cancer cells, the telomere repeats are restored by the telomere-
specific reverse transcriptase telomerase.* In the absence of
telomerase, these dysfunctional telomeres induce cellular senes-
cence and drive the process of organismal aging.” Programmed
senescence is an important control on tissue homeostasis and
an innate barrier to cellular immortalization and carcinogene-
sis.” However, excessive or premature senescence can induce a
pathogenic tissue microenvironment due to secretion of
inflammatory molecules.” This senescence-associated secretory
phenotype (SASP) is characterized by the secretion of proin-
flammatory cytokines, chemokines, growth factors, and pro-
teases.® However, the molecular mechanisms driving SASP are
not well-understood. A recent study described a ’telomere-asso-
ciated secretory phenotype’ (TASP),” which produces a distinct
inflammatory pattern associated with pre-shortened telomeres,
suggesting that telomere dysfunction may be directly linked to
senescence-associated inflammation.

Telomere uncapping can result in the increase produc-
tion of telomere repeat-containing RNA (TERRA).'>!!

TERRA is a heterogeneous ensemble of non-coding RNAs
generated from multiple different telomeres, and comprises
100 to 9,000 bases of telomere repeats in mammals.'> Due
to the unique G-rich sequence, TERRA is folded into G-
quadruplex structure to interact with numerous proteins
that regulate telomere maintenance.'> We previously found
that TERRA interacts with shelterin TRF2 and promotes
telomeric heterochromatin formation by mediating the
interaction of TRF2 and ORC." Others have found that
TERRA can inhibit telomerase, bind to hnRNPA and
MREL11, and form stable RNA-DNA hybrid R-loops at telo-
meres.'>'® Elevated TERRA levels also correlate with the
alternative lengthening of telomeres (ALT) phenotype,'”'®
and chromosome instability syndromes linked to deficien-
cies in DNMT3b-associated DNA methylation."” Whether
TERRA also participates in telomere-associated inflamma-
tory secretion was not known.

Recently, we found a cell-free form of TERRA
(cfTERRA) that constituted a nucleoprotein component of
extracellular microvesicular exosomes in cancer cell culture
and human blood plasma.”® These cfTERRA-containing
exosomes were strong inducers of inflammatory cytokines
in peripheral blood mononuclear cells (PBMCs). We also
demonstrated that synthetic TERRA was able to stimulate
inflammatory cytokines when delivered by liposomes. Here,
we describe recent advances in the role of TERRA during
telomere dysfunction, and discuss how ¢fTERRA may medi-
ate the crosstalk Dbetween telomere dysfunction and
inflammation.
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TERRA is highly enriched in human exosomes

TERRA levels increase in response to telomere uncapping.'® To
recapitulate telomere uncapping in cell culture models, we
examined the dominant negative form of TRF2, TRE24BAM,
shown previously to form telomere-specific DNA damage.”'
We compared protein and RNA levels in cellular and exosomal
fractions in BJ-hTERT cells with inducible TRF2*P*M expres-
sion (Fig. 1). TRE2*PAM was maintained in low expression lev-
els, and was highly induced in presence of doxycycline for 4 d
(Fig. 1A). TRE2*B*M proteins were mostly associated with cel-
lular fractions with traceable amount in exosome fractions,
while CD63, a marker for exosomes, was found enriched in
exosomes. As expected, induction of TRE2*P*M increased the
level of DNA damage marker yH2AX in BJ-hTERT cells. Inter-
estingly, yH2AX was also modestly enriched in the exosome
fractions of the TRF24%*M induced cells (Fig. 1A lower panel).
Total cellular TERRA levels were measured by Northern blot
(Fig. 1B). We found that cells with induced TREF24BAM
expressed elevated levels of TERRA (Fig. 1B), consistent with
previous reports showing elevated TERRA after TRF2 deple-
tion."” We previously demonstrated that exosomal TERRA is
smaller than cellular TERRA, and is associated with a small
percentage of telomeric DNA and histone protein compo-
nents.”* Using identical extraction methods described previ-
ously, we measured exosome-associated TERRA by dot blot
(Fig. 1C). We found high levels of TERRA in all exosome frac-
tions relative to cellular levels. Cells expressing TRF24%AM
showed a modest increase in cellular and exosomal TERRA lev-
els (Fig. 1C). In contrast, 185 RNA and Alu transcripts were
highly expressed, but they were mostly in cellular fractions
with low amounts in exosome fractions, indicating that they
are not selectively enriched in these exosomes (Fig. 1C, lower
panel). These findings indicate the dominant negative TRF2-
associated telomere uncapping can induce cellular TERRA and
increase the relative amount of TERRA in exosomes.

Inflammatory properties of exosomal TERRA

We previously demonstrated that cfTERRA-containing exo-
somes were strong inducers of inflammatory cytokines in
peripheral blood mononuclear cells (PBMCs). We then exam-
ined the inflammatory properties of exosomes from the
TRF24®*™ induced BJ-hTERT cells when incubated with
PBMCs from 2 donors (Fig. 1D). Exosomes from TREF24BAM
induced cells exhibited stronger activity in stimulating the tran-
scription of IL6 and TNFq, whereas control GUSB mRNA lev-
els were not significantly affected. These results were consistent
with our previous findings, suggesting that elevated TERRA
levels in exosomes during telomere uncapping can promote the
inflammatory properties of exosomes.

Exosomes from human lymphoblastoid cell lines (LCLs)
were also found to have elevated levels of TERRA containing
exosomes. We found that these exosomes also contain telo-
meric DNA that may form stable structures, including DNA-
RNA hybrids with TERRA. Extraction of DNA or RNA from
various fractionations across a density gradient centrifugation
revealed that both telomere repeat-containing DNA and RNA
could be isolated from exosome-containing fractions that peak
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in F9 and F10 (Fig. 2A, top panels). G-rich strand DNA and
RNA were enriched, but C-rich DNA could also be detected in
fractions F9 and F10. We then tested whether either exosomes,
or exosome-associated RNA or DNA could induce an inflam-
matory response when incubated with PBMCs (Fig. 2B and C).
Exosomes enriched with TERRA from F10 were found to
induce the highest levels of IL6 and TNF«, whereas no signifi-
cant effect was caused in control GUSB mRNA levels (Fig. 2D).
Purified exosome F10-associated RNA containing highest levels
of TERRA was found to partly induce IL6 and TNFw, while
only trace activities could be found in the purified DNA frac-
tions. Interestingly, others have found that purified telomeric
DNA can inhibit innate immune response.”” These findings
suggest that the RNA component from exosome is a more
potent inflammatory molecule than telomeric DNA. However,
neither RNA nor DNA was as active as the complete exosome
fraction, suggesting that additional factors, or intact mem-
brane-associated nucleoprotein complexes are required for
robust activation of the inflammatory response.

Based on these data and our recently published study,*® we
propose that telomere-induced stress leads to the upregulation
of TERRA that is processed into smaller fragments and secreted
in exosome-like vesicles. These TERRA containing exosomes
are relatively stable and circulate in extracellular spaces, includ-
ing blood and plasma. We have shown that the TERRA con-
taining exosomes can induce a robust inflammatory response
in human PBMCs leading to the production of various cyto-
kines, including IL6 and TNFa (Fig. 2B and C). We propose
that TERRA containing exosomes are a significant source of
SASP and TASP, as telomere dysfunction is known to occur in
senescent cells. The function of this inflammation may be to
recruit macrophages to consume and eliminate senescing cells
and their byproducts from tissue microenvironments (Fig 3).
Excessive SASP can be a source of pathogenic inflammation
which may alter the normal physiology of neighboring cells
and tissue.”” It is well known the chronic inflammation leads to
a tumorigenic environment. Telomere dysfunction induced
inflammation is also observed when TRF2 is depleted in mouse
embryonic skin®* and alveolar stem cells.”” We suspect that
TERRA containing exosomes are a significant component of
this inflammatory signaling pathway.

cfTERRA biogenesis

TERRA is transcribed predominantly by RNA polymerase I1*°
and regulated by several mechanisms, including developmental
status,” telomere length,'" epigenetic state,”® and stress.”
Numerous studies showed that telomere dysfunction induces
changes in cellular TERRA levels.'”*>*! Depletion of TRF2
resulted in up-regulation of TERRA.' Loss of TRF2 disrupts
the telomere T-loop structure,’ activates ATM-mediated DNA
damage response,”” and leads to telomere fusions through non-
homologous end joining (NHE]).** Increase expression of
TERRA may be a built-in feedback mechanism to protect telo-
meres by generating RNA-DNA hybrids and promoting
homologous recombination with other telomere repeats.'® This
telomeric homologous recombination is observed in telomerase
negative ALT cells. As TERRA expression is linked to telomere
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Figure 1. Induction of cellular and cell-free TERRA by the dominant negative TRF2. (A) Western blot analysis of lysates from BJ-hTERT cells (Cell) or purified exosomes
(Exo). An inducible form of N-terminal FLAG tagged TRF24BAM or control vector (Neg) were transduced into BJ-hTERT cells by lentiviral infection. The expression of
TRF2484M was either induced (+) by 0.5 z2g/ml doxycycline (DOX) for 4 days, or maintained uninduced (—) by cultured in Tetracycline-Free medium. Total protein lysates
were collected from cells or purified exosomes. Western blotting was performed with equal amounts of total protein lysate (15 1.g) for each sample, using antibodies spe-
cific for FLAG (Sigma), TRF2 (Rabbit), Actin (Sigma), CD63 (Abcam), H3 (Active Motif) or yH2AX (Millipore). The relative signal intensity for CD63 was quantified and nor-
malized by Actin, and the relative signal intensity for yH2AX was quantified and normalized by H3. (B) Northern blot analysis of cellular TERRA in the BJ-hTERT cells, as
shown in (A). Isolated cellular RNA (10 1) was used for each sample, and hybridized with 32P-labeled probes for TERRA, or 185 RNA as indicated. Numbers on the left
show the position of RNA markers in base pairs. The relative signal intensity for TERRA was quantified and normalized by 185 RNA. (C) RNA dot blot analysis of RNA iso-
lated from BJ-hTERT cells (Cell) or purified exosomes (Exo), as shown in (A). Equal amounts of RNA (1 ng) were assayed by dot blotting, and hybridized with probes for
TERRA, 18S, Alu transcripts, or TERRA-antisense, as indicated. Quantification of RNA in exosomes was shown below each panel. (D) qRT-PCR for expression of IL6, TNFe, or
control GUSB mRNA in PBMCs treated with exosomes, as shown in (A). PBMCs were isolated from 2 donors, and incubated with PBS, Exo (Neg-DOX), Exo (Neg+DOX), Exo
(FRFZABAM -DOX), or Exo (FRFZABAM +DOX). Bar graphs represent qRT-PCR values relative to GAPDH mRNA (mean =+ SD) from 3 independent experiments. P-values were
calculated by student t-test.
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Figure 2. cfTERRA containing exosomal RNA constitutes more activity over DNA in stimulating inflammatory cytokines. (A) Dot blot analysis of telomeric repeats in exoso-
mal RNA (Exo-RNA) and DNA (Exo-DNA) from sucrose gradient fractionation of LCL-derived exosomes. The blot was probed for G-rich telomeric strand (Upper) or C-rich
telomeric strand (Lower). (B-D) PBMCs were incubated with PBS, exosomes (Exo), Exo-RNA, or Exo-DNA from indicated sucrose gradient fraction 4 (F4) and fraction 10
(F10), and then assayed by gRT-PCR for expression of IL6 (B), TNFa (C) or control GUSB mRNA (D). Bar graphs represent qRT-PCR values relative to GAPDH mRNA

(mean = SD) from 3 independent experiments.

uncapping and dysfunction, its elevated expression correlates
well with telomere damage and stress-response.

How the smaller extracellular forms of c¢fTERRA are gener-
ated is not known. cfTERRA expression levels typically corre-
late with levels of cellular TERRA, so it is likely that the
cfTERRA is co-regulated with cellular TERRA production. We
found that cfTERRA was typically ~200 nt in length, distinctly
smaller than cellular forms of TERRA. cfTERRA can be ampli-
fied by RT-qPCR primers situated in unique sequences of the
adjacent subtelomeres, suggesting that cfIERRA arises from
chromosome terminal repeats. As there are many interstitial
telomere repeat sequences (ITS) of 200 nucleotide length, it is
also possible that some cfTERRA arises from these shorter
interstitial repeats in some stress conditions. The shorter RNA

transcripts, or post-transcriptionally processed from longer
forms of cellular TERRA. cfTERRA is typically detected in
higher abundance than cellular TERRA. This may be due to
ofTERRA being more stable, a breakdown product of full-
length cellular TERRA, or an alternative, aberrant form that is
rapidly eliminated through extracellular vesicle transport. We
also observed that ¢fTERRA is co-purified with extracellular
telomeric DNA (G and C-rich strands), and is associated with
histone, as detected by extracellular ChIP assays with histone
H3 specific antibodies.”® Others have reported that nucleo-
somes and telomeric DNA can be found in cell-free fractions,
and are considered contaminants of exosomes. We addressed
this concern by demonstrating the exosome-associated
ofTERRA is highly resistant to RNAse, while the majority of

forms suggest that cfTERRA are aborted, incomplete chromatin DNA can be eliminated by DNase. Thus ¢fTERRA
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Figure 3. Model of cfTERRA containing exosomes as telomere-specific alarmins containing telomere-associated molecular patterns (TAMP) that mediate the crosstalk of
telomere dysfunction with inflammation. Telomere-related stress induces TERRA expression and the secretion of cfTERRA through exosomes. These cfTERRA containing
exosomes are released in tissue microenvironment and circulating in body fluids. Immune cells (macrophages) detect cfTERRA containing exosomes as damage signals,

and produce inflammatory cytokines to eliminate cells with dysfunctional telomeres.
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is either within exosomes, or in a nuclease protected form that
is co-purified with exosomes. While cfTERRA may be a jettis-
oned by-product of stressed cells or part of apoptotic chroma-
tin debris, we are struck by its stability and abundance in cells
and tissues. We therefore consider the intriguing possibility
that this debris carries inherent telomere-specific signaling
information to surrounding cells.

cfTERRA as telomere-specific alarmin, or TAMP

The term “alarmins” has been given to a family of endogenous
molecules that signal cellular and tissue damage.”> Many
nuclear proteins and DNA structures function as alarmins.
Extracellular forms of HMGBI, an otherwise abundant chro-
matin associated protein, is considered a Danger Associated
Molecular Pattern (DAMP) because it can be secreted at high
levels in apoptotic cells and trigger macrophage cytokine pro-
duction.”® Similarly, release of unmethylated CpG DNA is
referred to as a Pathogen Associated Molecular Pattern
(PAMP) because it appears at high levels during viral and bac-
terial infections and triggers a robust immunologic response.””
We suggest that cfTERRA is a telomeres-specific DAMP, or
TAMP. cfTERRA by itself, or in its endogenous form associated
with other exosome components, including histones, is a potent
activator of IL6 and TNF« from human PBMCs. This repre-
sents a direct and specific communication of telomere dysfunc-
tion through DAMP-like signaling. It will be interesting to
determine if the cytokine profile and innate immune response
to TAMPs are distinct from other DAMPs, such as HMGBI. It
is conceivable that a low level of cfTERRA serves as a healthy
signal in the absence of other DAMPs, but that elevated levels
by themselves, or in association with other DAMPs may initiate
pathogenic inflammatory environments, including those
observed in telomeropathies, like idiopathic pulmonary fibrosis
and bone marrow failure syndromes.

cfTERRA as potential biomarker for telomere-
dysfunction and associated human disease

cfTERRA is highly stable, and relatively easy to detect by
sequencing or hybridization. We were able to identify cfTERRA
foci in human blood and serum by RNA-seq and dot blotting.
We also detected elevated levels of TERRA in human tumor tis-
sue, and increase incidence of cfTERRA foci in tumor tissue
sections from mouse models of medulloblastoma.®® As
cfTERRA can be found at high levels in normal human plasma,
it is unlikely that ¢fTERRA can serve as a single molecular
entity for diagnosis. However, it remains possible that
cfTERRA in combination with other DAMPs or biomarkers,
may reveal early stage pathogenesis associated with telomere-
dysfunction in early stage cancers and senescence-associated
inflammatory disease.
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