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Mammalian telomeres consist of (TTAGGG)n repeats. Transcription of the C-rich
strand generates a G-rich RNA, termed TERRA, containing G-quadruplex structures.
Recent discoveries in several human nucleotide expansion diseases revealed that RNA
transcripts containing long runs of 3 or 6 nt repeats which can form strong secondary
structures can be translated in multiple frames to generate homopeptide or dipeptide
repeat proteins, and multiple studies have shown them to be toxic in cells. We noted that
the translation of TERRA would generate two dipeptide repeat proteins: highly charged
repeating valine—arginine (VR), and hydrophobic repeating glycine-leucine (GL),. Here,
we synthesized these two dipeptide proteins and raised polyclonal antibodies to VR.
The VR dipeptide repeat protein binds nucleic acids and localizes strongly to replication
forks in DNA. Both VR and GL form long 8-nm filaments with amyloid properties.
Using labeled antibodies to VR and laser scanning confocal microscopy, threefold to
fourfold more VR was observed in the nuclei of cell lines containing elevated TERRA as
contrasted to a primary fibroblast line. Induction of telomere dysfunction via knockdown
of TRF2 led to higher amounts of VR, and alteration of TERRA levels using a locked
nucleic acid (LNA) GapmeR led to large nuclear VR aggregates. These observations sug-
gest that telomeres, in particular in cells undergoing telomere dysfunction, may express
two dipeptide repeat proteins with potentially strong biological properties.

telomere | dipeptides | TERRA | amyloids

Eight decades ago, work in Drosophila by Muller and in maize by McClintock revealed
elements at chromosome ends which, in some unknown manner, protect them from fusing
end-to-end. These elements were termed telomeres. In subsequent work, telomeres from
most eukaryotes were found to consist of long arrays of short nucleotide repeats such as
(TTAGGG)n in many mammals and other organisms (1, 2). Telomere-specific proteins
were then discovered in numerous species including TRF1 and TRF2 in mammals (3).
However, it was not until 6 decades later that the way in which telomeres block end-to-
end fusions was revealed through the discovery of end-loop formation (t-loops) (4, 5).
Throughout most of this period, it was assumed that telomeres are transcriptionally silent.
However, in 2007, Azzalin et al. (6) and subsequently Schoeftner and Blasco (7) showed
that not only are mammalian telomeres transcribed from subtelomeric promoters by RNA
polymerase II, but the most abundant transcripts arise from the G-rich strand producing
along G-rich RNA (UUAGGG)n termed TERRA. Later, it was shown that TERRA is a
ubiquitous feature of telomeres across the phyla (8).

A multitude of studies has shown that TERRA plays a strong structural role in the tel-
omere. Mostly, it is localized to the nucleus, bound at telomeres (7) but upon serum star-
vation and diauxic shift, TERRA is detected in the cytoplasm (9, 10). While most TERRA
molecules are relatively short, some can exceed 9,000 nt (6). Notably, a fraction of TERRA
molecules shows polyadenylation at their 3 ends with a longer half-life compared to the
non-polyadenylated species (7, 11). Numerous general and telomere-specific proteins bind
TERRA including TRF1, TRF2 (12) ORC, and hnRNPAI (13). Levels of TERRA have
been observed to change through the cell cycle (11), and TERRA levels are elevated in
cancer cells and cells that utilize the alternative lengthening of telomeres (ALT) pathway
that operates when telomerase activity is absent (14). Feretzaki et al. (15) recently showed
that TERRA is expressed from many telomeres. A key structural feature of TERRA is the
formation of 24-nt G-quadruplex structures due to the repeated runs of three G’s (16). Due
to the simple, monotonous nature of mammalian telomeric repeats and lack of canonical
start codons, it has been assumed that these sequences do not encode proteins.

In 2011, studies of two human diseases, SCA8 and myotonic dystrophy type 1 (DM-1),
unearthed an unexpected phenomenon in which both sense and antisense transcripts
containing long runs of expanded triplet repeats which form stable hairpins are translated
in all possible reading frames (excluding those that generate stop codons) which was termed
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repeat associated non-ATG translation or RAN (17). It was pro-
posed that ribosomes are able to load and begin translation at
hairpins or G-quadruplexes. However, due to the lack of an ATG
signal, translation can begin at any nucleotide in the repeat, giving
rise to three (triplet repeat) or six (hexanucleotide repeat) possible
products in each direction (diminished in number if stop codons
are encountered). In SCAS, toxic poly amino acid proteins were
detected in neural cells (17, 18) and in DM-1, and polyglutamine
was observed in muscle cells (17). In 2011, Renton et al. and
DeJesus-Hernandez et al. (19, 20) linked familial amyotrophic
lateral sclerosis and the related frontotemporal dementia (ALS/
FTD) to an expansion of a C,G; nucleotide block at the orf72
locus on chromosome 9 (C9orf72). RNA transcripts containing
these repeats form hairpins and G-quadruplexes (21), and RAN
translation (22—24) generates a series of dipeptide repeat proteins:
repeating arginine—glycine (GR), arginine—proline (PR), glycine—
alanine (GA), glycine—proline (GP), and proline—alanine (PA).
They fall into two groups: GA, GP, and PA are hydrophobic, while
PR and GR are highly charged with 50% arginine residues and
would be expected to bind nucleic acids. Indeed, repeating GR
and PR are toxic in cultured cells and several animal models
(25, 26). Synthetic (GR),, and (PR),, taken up by cells in culture
disrupt nucleoli and mRNA processing and poison RNA biogen-
esis (27, 28). These toxic dipeptide proteins may contribute to
general genomic instability as the accumulation of double-strand
DNA breaks has been noted in neurodegenerative diseases (29).
Farg et al. (30) observed an upregulation of markers of the DNA
damage response in motor neurons from patients with C9orf72
ALS/FTD, suggesting that this was due to the presence of the
dipeptide repeat proteins, and Andrade et al. (31) found that
expression of PR, GP, and GA in cells decreased the efficiency of
several DNA repair pathways with PR having the strongest effect.

Of the three hydrophobic dipeptide repeat proteins expressed
in C9orf72 ALS/FTD, GA has shown some toxicity in vivo (25,
26). The greatest number of studies have focused on GA. Zhang
etal. (32, 33) expressed (GA)s, in cultured cells and observed
amyloid-like inclusions and inhibition of proteosomes and noted
an accumulation of GA amyloids in patients with C9orf72 ALS/
FTD (34). Thus, a hallmark of GA is the formation of amy-
loid-like structures and possibly neural toxicity.

Both mammalian TERRA and the expanded RNA in C9orf72
ALS/FTD contain a six nucleotide repeat with three and four G's,
respectively, that generate G quadruplexes providing potential
ribosome loading sites and this parallel did not escape us.

Inspection of the sequence of mammalian TERRA revealed that
two dipeptide repeat proteins could be produced by a RAN mech-
anism (Fig. 1). One, repeating valine-arginine (VR), is highly
charged and similar to GR and PR, would be expected to bind
nucleic acids. The other, repeating glycine-leucine (GL), is hydro-
phobic and like GA, might form amyloid structures. While C-rich
telomeric transcripts have been detected (6), they are present in
very low abundance. Nevertheless, RAN translation of the C-rich
transcript could generate repeating proline—asparagine and

Two dipeptide repeat proteins are encoded by TERRA

UUA GGG UUA GGG UUA GGG UUA GGG UUA GGG (LG)n
UAG GGU UAG GGU UAG GGU UAG GGU UAG GGU stop
AGG GUU AGG GUU AGG GUU AGG GUU AGG GUU (RV)n
GGG UUA GGG UUA GGG UUA GGG UUA GGG UUA (GL)n
GGU UAG GGU UAG GGU UAG GGU UAG GGU UAG stop
GUU AGG GUU AGG GUU AGG GUU AGG GUU AGG (VR)n

Fig. 1. Two dipeptide repeat proteins encoded by TERRA. Initiation of
translation by ribosomes beginning at any of the nucleotides in the UUAGGG
repeats present in TERRA will generate VR and GL dipeptide repeat proteins.
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repeating threonine—leucine dipeptides by a RAN mechanism. Of
note, the telomeric repeat of Caenorhabditis elegans is (TTAGGC)
n (35). RAN translation of G-rich C. elegans TERRA would also
produce two dipeptide repeat proteins: GL as in mammals and
instead of VR, repeating leucine-arginine (LR). Telomeric RNA
(UUUAGGG)n from plants generates stop codons in all frames.

TERRA can be found in the cytoplasm (10) and is also seen as
cargo in extracellular vesicles (9, 36). Very recent work from the
Shadel and Karlseder groups (Nassour et al., 2023) (37) revealed
that when telomeres are rendered dysfunctional, for example,
through loss of TRF2, TERRA appears in the cytoplasm in larger
amounts and interacts with key factors in the innate immune
response pathways to activate autophagy.

In this study, initiated in 2011, we synthesized ~20 amino
acid-repeating GL and VR dipeptide proteins and have examined
their properties in vitro. More recently, we were successful in gen-
erating polyclonal antibodies to the repeating VR dipeptide pro-
tein and present evidence here for the presence of VR inclusions
in cells, in particular ones expressing high levels of TERRA. These
inclusions appeared in higher levels and in large inclusions when
telomere homeostasis is disrupted. Expression of telomeric dipep-
tide repeat proteins when TERRA is translocated to the cytoplasm
could impact cellular pathways involving nucleic acid metabolism
and repair and general protein synthesis and induce genomic insta-
bility and inflammation.

Results and Discussion

GL, GA, and VR Dipeptide Repeat Proteins Form Long Filaments
and Amyloids-Like Networks. A peptide consisting of nine
GL repeats (GL), and another containing seven GA repeats
(GA), were chemically synthesized (SI Appendix, Materials
and Methods and Table S1). Both were incubated in a low salt
buffer and prepared for visualization by transmission electron
microscopy (TEM) using metal shadow casting (Fig. 2 4, C, and
E), cryoEM (Fig. 2B), and negative staining (Fig. 2 D and F)
(SI Appendix, Materials and Methods). Examination of fields of
molecules formed by (GL), (Fig. 24) revealed long, stiff filaments,
often measuring several microns in length, frequently associating
into large networks. (GA), formed nearly identical filaments and
also large, dense aggregates (Fig. 2 Cand D). (GL), mean filament
diameters of 7.8 + 1.1 nm (n = 80) were obtained from negative
staining and 7.9 + 1.3 nm (n = 18) from cryoEM images. (GA),
filament diameters (negative staining) had a mean value of 7.3 =
0.95 nm (n = 35). Efforts to obtain high-resolution structures by
cryoEM are underway. Using metal shadow casting and TEM to
monitor filament formation, it was observed that the GL filaments
formed very rapidly in solution at 2 mg/mL of peptide. Once
formed, they remained partially dispersed with some networks
forming over days of incubation. GA filaments also formed quickly
in solution at high peptide concentration but increased in filament
length over periods of hours, and upon extended incubation, most
of the filaments were in dense amyloid-like networks as shown
in Fig. 2 C and D. Both the GL and GA filaments were stable
to dilution to a few micrograms/milliliter in low salt buffers, but
freezing led to insoluble aggregates.

Several preparations of repeating VR dipeptides were synthe-
sized, one of which is 20 amino acids long with biotin at the N
terminus ((VR),,-bio) and another consisting of 15 VR repeats
(VR),5 (81 Appendix, Table S1). When these were taken up at 2
mg/mL in low salt buffer, poorly structured aggregates and short
rods were observed by TEM, but they dissociated upon a 100-fold
dilution. However, when the VR preparations were taken up in
phosphate-buffered saline (PBS) at 2 mg/mL, long filaments and
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Fig. 2. Electron microscopic visualization of dipeptide filaments, and the binding of VR to nucleic acids. An 18 a.a. peptide containing 9 GL repeats (GL), and
a 14 a.a. peptide containing seven GA repeats (GA), (S/ Appendix, Table S1) were prepared for EM by rotary metal shadow casting (S/ Appendix, Materials and
Methods) (A, C, and E). (B) Field of (GL), fibers frozen in vitreous ice and imaged by cryoEM (S/ Appendix, Materials and Methods). (D) Negative staining of GA
filaments. (E and F). VR,-bio dipeptide filaments were prepared for EM by rotary metal shadow casting (E) or negative staining (F). TEM imaging was at 40 kV
(A, C, and E), 80 kV (D and F) and 200 kV (B) (S/ Appendix, Materials and Methods). A, C, and E shown in reverse contrast. Magnification bars (A-F) are shown for
each field. (G) M13 ssDNA visualized by TEM in a buffer of 10 mM Hepes (pH 7.5), 50 mM NaCl. (H) M13 ssDNA in the same buffer incubated with a (VR),,-bio
at a 1:1 mass ratio. (/) Field of 157-nt TERRA molecules (small dots) visualized by TEM. (/) 157-nt TERRA molecules incubated with (VR),o-bio at a 1:1 mass ratio.
(K) A 3-kb pRST5 plasmid DNA consisting of a mixture of open circular and supertwisted forms was mixed with (VR),,-bio at a 1:1 mass ratio and visualized by
TEM. Samples shown in G-K were prepared for TEM as in A, C, and E at DNA or RNA concentrations of 1 pg/mL and incubations were carried out for 20 min at
room temperature. Magnification bars in G, H, and K equal 50 nM. (L) 500 ng aliquots of a mixture of three pRST5 DNA fragments (1,937, 1,018, and 558 bp) were
incubated with 0, 125, 250, 375, 500, 750, and 1,000 ng of (VR),,-bio (lanes 1 to 8, respectively) and electrophoresed on an agarose gel. A 3-kb pRST5 plasmid
(pGLGAP) (38) containing a 400-bp displaced arm and a 5-nt gap at the base of the fork was incubated with (VR),o-bio and then further incubated with streptavidin
as a tag for the presence of (VR),,-bio for 20 min. This was followed by preparation for TEM (as in Fig. 2) (S/ Appendix, Materials and Methods) (M-P). DNAs were
scored sequentially as they were encountered in fields observed in the TEM. (M) Replication fork DNA alone. (N-P) Replication fork DNA incubated with (VR)o-bio
and streptavidin. The molecule in P shows a fork which had undergone slippage to generate a four-armed “chicken foot” structure. Bar equals 50 nm for M-P.

filament networks were seen both by metal shadow casting and
negative staining (Fig. 2 £ and F) and these were stable upon
1,000-fold dilution in PBS. The mean diameter of the VR
filaments determined from negative staining was 7.5 + 1.0 nm
(n = 50). Thus, masking arginine residues in the VR dipeptide
with phosphate appears to allow them to form structures similar
to those formed by GL and GA dipeptides.

Flores et al. (38) showed that (GA)y will form amyloid-like
structures with beta sheet properties, and the kinetics of filament
formation by (GA),5 in vitro was examined by Chang et al. (39)
who described the formation of flat ribbons which slowly formed
larger aggregates and exhibited amyloid properties. EM imaging
in cells in which (GA),,5 was expressed from a plasmid revealed
twisted filament ribbons 13 to 15 nm in diameter and 0.1 to 1
pm in length, which formed amyloid-like clusters (40). These
13- to 15-nm twisted filaments likely form from the association
of several 7.3-nm primary filaments.

The telomeric GL dipeptide repeat protein thus appears to have
properties similar to GA including filamentation and amyloid
formation. The GA and GL filaments may share similarities with
structures formed by human lysozyme and islet amyloid polypep-
tide, both of which generate filaments and amyloids, are stabilized
by cross beta-sheet formation, and induce inflammation via
NLRP3 and inflammasome formation (41, 42). Taken together,
these observations point to the likelihood that GL and GA dipep-
tide protein filaments could also induce inflammatory responses
in cells. The observation of filaments and amyloid-like networks
formed by VR dipeptides in the presence of PBS was surprising.

PNAS 2023 Vol.120 No.9 e2221529120

VR dipeptide proteins might disrupt nucleic acid pathways as do
PR and GR (27, 28) but also activate inflammatory pathways
typically seen in aging cells.

VR Dipeptide Repeat Protein Avidly Binds ssDNA and RNA. The
highly charged nature of poly VR points to its binding nucleic
acids. To examine the binding of (VR),¢-bio to nucleic acids, it was
diluted in low salt buffer to disperse aggregates, and aliquots from
incubations with RNA or DNA were prepared for TEM by rotary
metal shadow casting as in Fig. 2. Examination of M13 ssDNA
revealed previously described bush-like structures (Fig. 2G) and
incubation with (VR),¢-bio at ratios of 0.1 to 1.0 pg of (VR), -bio
per microgram of ssDNA resulted in progressive compaction with
highly condensed structures present at a 1:1 mass ratio (Fig. 2H).
The (VR),,-bio molecules alone were too small to be seen by
shadow casting. TERRA molecules (156 nt) were barely visible
as small dots (Fig. 2/), but upon incubation with (VR),,-bio at
a 1:1 mass ratio, clearly visible dense aggregates were observed
(Fig. 2)). As seen by EM, incubation of a mixture of supercoiled
and relaxed plasmid species at a 1:1 mass ratio of (VR),,-bio to
DNA (Fig. 2K) resulted in a fraction of the supertwisted molecules
appearing collapsed, but others and the relaxed species appeared
unchanged. To explore this further, a plasmid digest consisting of
three DNA fragments (1,937, 1,018, and 558 bp) was incubated
with increasing amounts of (VR);-bio and electrophoresed on a
0.7% agarose gel (Fig. 2L). As the ratio of (VR),,-bio to DNA
increased (lanes 2 to 8), the fragments showed a shift to slower
migrating species and the appearance of increasing amounts of
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DNA at the top of the gel such that at the highest ratio of peptide
all of the DNA was present at the top.

These observations demonstrate that the VR dipeptide repeat
protein has a strong affinity for nucleic acids with preference for
ssDNA and RNA over duplex DNA. This may suggest that the
greater flexibility of ssDNA and RNA over dsDNA facilitates
binding of the arginine and phosphate residues. Further studies
with RNAs of different sizes and base composition will be required
to determine if the VR peptide has any higher preference for
TERRA over other RNAs.

VR Dipeptide Repeat Protein Localizes to DNA Replication
Forks and Holliday Junctions. The high affinity of (VR),,-bio
for ssDNA suggested that it might localize to ssDNA gaps or
unpaired structures in duplex DNA. To test this, we used a circular
3-kb plasmid containing a single replication fork with a 400-bp
displaced duplex tail at a defined site (43). The DNAs contain gaps
of either 1, 5, or 15 nt at the base of the fork on the displaced
arm. The DNA was sequentially incubated with (VR),,-bio and
then streptavidin to identify its location and prepared for TEM
(SI Appendix, Materials and Methods). DNAs with a 5-nt gap at
the fork are shown in Fig. 2 M~P. The results described below with
distributions are summarized in S/ Appendix, Table S2.

In the absence of (VR),-bio, scoring 100 DNAs with a repli-
cation fork, none had a streptavidin particle bound at the fork or
elsewhere on the DNA. In the presence of (VR),,-bio, streptavidin
tagging showed a high preference for (VR);(-bio at the fork with
similar affinity for DNAs containing 1-, 5-, or 15-nt gaps. For
DNA with a 1-nt gap, 82% had a single streptavidin particle
bound, and of these, 84% were localized to the fork, while the
remaining 16% were cither at the end of the displaced arm or
along the plasmid circle. With a 5-nt gap, 91% of the streptavidin
particles were localized to the fork, and with a 15-nt gap, 85%
were at the fork. The ends of the displaced arm may have some ss
character resulting in localization at that site. This represents a
very high preference for the replication fork junction.

The fork in the molecule shown in Fig. 2P had regressed to
generate a four-stranded chicken foot structure in which there is
no ss gap at the junction. Such structures were previously observed
in identical DNA preparations (44). In the current experiments,
they were frequently bound by (VR),,-bio as seen by streptavidin
tagging. To examine this further, a pure Holliday junction DNA
(J-12 junction with 200 bp arms) (45) was incubated with (VR),,-
bio and streptavidin. Of 83 Holliday junction DNAs scored, 46%
had a streptavidin particle bound, and of those, 82% were at the
junction as contrasted to being along or at the ends of the arms
(SI Appendix, Table S2). Thus, (VR),,-bio not only has a strong
affinity for ssDNA or RNA but can target small unpaired regions
in DNA such as those present at a Holliday junction.

To ask whether the nucleic acid binding properties of VR dipep-
tide repeat protein are unique to this sequence or rather due to the
presence of the charged arginine residues, a biotin-tagged 18 amino
acid poly arginine peptide (R,g-bio) was synthesized (SI Appendix,
Table 1), along with a biotin-tagged 17 amino acid repeating
dipeptide in which the arginine residues were replaced with lysine
[(VK)y-bio]. These were employed in experiments with the repli-
cation fork DNA containing a 15-nt gap at the fork and at the
same ratios of the peptides to DNA as above. Results with (VK),-
bio showed only slightly less specificity for the fork than (VR),,-bio
with 78% of the streptavidin particles localized to the fork as
contrasted to elsewhere on the DNA (87 Appendix, Table S2).
Scoring 112 replication fork DNAs incubated with R;g-bio, half
(49%) showed one or more streptavidin particles bound along the
circle or on the displaced arm and the other half (51%) at the
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junction (18% of the DNAs were not tagged by streptavidin)
(SI Appendix, Table S2). Overall, this peptide showed significantly
lower specificity for the fork junction.

These experiments revealed that the family of dipeptide repeat
proteins that includes VR, and most likely PR and GR may be
“tuned” to bind tightly not only to ssDNA and RNA but also to
perturbations in duplex DNA such as ss gaps, replication forks,
and Holliday junctions. Pure polyarginine or polylysine peptides
may bind so indiscriminately to nucleic acids that any preference
for perturbations in duplex DNA may be mostly lost and hence
in vivo would bind primarily along the bulk of the nucleic acids.
The alternation of charged and neutral amino acids may help in
arranging the charged amino acids in their interaction with the
phosphate groups along the nucleic acid backbone generating a
higher specificity for gaps and junctions in DNA. Clearly, in vivo
effects of these dipeptide repeat proteins would become more
pronounced as their length increases.

Generation of an Antibody Specific for the VR Dipeptide Repeat
Protein. A rabbit polyclonal antibody was raised against the VR
dipeptide repeat protein, and its specificity was confirmed by
dot blot analysis which showed specific staining with increasing
amounts of VR 5 but no signal against (GL), (Fig. 34). Efforts to
generate a parallel antibody to the GL dipeptide repeat protein
have not yet been successful.

To evaluate the VR antibody specificity in human cells, a
DNA construct containing the cytomegalovirus (CMV) pro-
moter and a 3X Flag tag followed by 60 in-frame VR repeats
was synthesized (Fig. 3B) and transfected into U20S cells
(ST Appendix, Materials and Methods) which exhibit an ALT
phenotype and were shown to have elevated levels of TERRA
due to the presence of hypomethylated subtelomeric regions
(47, 48). Thus, U20S cells may exhibit a higher level of endog-
enous VR dipeptide proteins. Thirty-six hours after transfection,
the cells were fixed and costained with VR (red) and Flag (green)
antisera and counterstained with DAPI. Laser scanning confocal
microscopy revealed distinct Flag and VR foci. Both the Flag
epitope (Fig. 3 C, Top) and the VR staining material (Fig. 3 C,
Middle) were present in punctate foci ranging from small spots
to larger bodies. The VR antibody also stained large bodies in
the nuclei suggesting that the VR dipeptide protein is prone to
aggregation (Fig. 3C). This is consistent with previous cell cul-
ture-based studies as well as studies of C9orf72 ALS/FTD
patients, where similar PR and GR aggregates were observed in
cells (24, 27, 49-51).

Colocalization of the signals from the VR antibody and the
Flag tag in 50 cells was used to determine whether the foci detected
by the VR antibody represent VR dipeptides expressed from the
plasmid or off-target proteins in U20S cells. Yellow signals indi-
cate foci where both VR and Flag antigens are in close proximity
and the presence of frequent yellow signals in the merged image
(Fig. 3 C, Bottom) demonstrates positive spatial correlation
between images in the two channels. Interestingly, some separate
red signals were detected by the VR antibody that did not colo-
calize with Flag (Fig. 3 C, Bottom, white arrow) suggesting the
detection of endogenous VR dipeptide proteins.

To translate the yellow overlap signals into quantitative infor-
mation reflecting the correlation of the two targets, we performed
a colocalization coefficient analysis (46) (SI Appendix, Materials
and Methods). As shown in Fig. 3D, 98% of the red pixels over-
lapped with the green pixels and 81% of the green pixels over-
lapped with the red pixels. This high degree of overlap suggests
that the VR antibody is specific and binds its target (VR) in this
case, fused to Flag.
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Fig. 3. Validation of VR-specific antibodies by immunoblotting and direct expression of VR in cells. (A) A peptide consisting of four VR repeats and a short linker
(S/ Appendix, Table S2, peptide #2) was used to raise polyclonal rabbit antibodies and was affinity-purified on a column containing (VR),s (S/ Appendix, Table S2,
peptide #3) which lacks the linker. Increasing amounts of (VR);s, and (GL), (negative control) were blotted onto nitrocellulose membranes and incubated with
the VR antibody for Western Blot analysis. The experiment was repeated three times. (B) Schematic of a DNA construct containing the CMV promoter followed
by a 3X Flag tag and 60 repeats of the VR dipeptide and terminated in two stop codons. This construct was inserted into a pcDNA3.1(+) vector (GenScript Inc.) for
transfection (S/ Appendix, Materials and Methods). (C) Representative confocal images of U20S cells overexpressing the 3X Flag-VR¢, construct. Cells were fixed,
coimmunostained with Flag and VR antibodies. The white arrows indicate dot-like aggregates. The merged image (Bottom) shows the colocalization of Flag and
VR (yellow signals) in the nucleus (DAPI-blue). White arrows indicate the VR signals (red) that do not overlap with Flag (green). (D) Graph of the percentage of
Flag colocalized with VR. Percentage colocalization was determined by calculating Mander’s Colocalization Coefficient (MCC) using Image) and the JACoP plugin
within the Region of Interest (ROI) for individual cells. Colocalization was measured by applying Mander’s Overlap Coefficient (MOC) method (46). The value of
MOC can range from 0 to 1, where O represents no overlap and 1 represents maximum overlap. Fifty cells were quantified. Error bars indicate standard error.

All images are single confocal plane images.

SDS-PAGE and Western Blot Analysis Validate the Specificity
of the VR Antibody. The results from laser scanning confocal
microscopy pointed to cell-specific staining with the VR antibody
(Fig. 3 C, arrows). Thus, VR dipeptide proteins should be
detected in a Western analysis using the VR antibody. It was also
important to determine if any general cellular proteins contribute
a background of staining. If so, they should be seen as a specific
band or bands upon probing the gels. Arguments for the specificity
of the VR antibody which was generated using a (VR), peptide
and affinity purified using a (VR)5 peptide came from a Blast
search of the database of human proteins. This failed to uncover
any protein with a run of four VR repeats and only one (OS-9
isoform precursor) with three, arguing that this particular amino
acid arrangement may have been selected against, possibly for
structural or other reasons.

Previous studies of the behavior of the dipeptide repeat proteins
GA, GP, and GR (24) on sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) gels revealed that even though
they were of relatively low molecular weight, none entered the gel
proper but were detected at the boundary of the stacking gel, and
similar results were reported upon transfecting HEK293 cells with
constructs expressing GA, GP, and GR peptides, indicating that
those dipeptides are also in SDS-insoluble aggregates (23, 52).
They also noted that the properties of these proteins appear to
partially inhibit or lower their electrotransfer efficiency to PVDF

PNAS 2023 Vol.120 No.9 2221529120

membranes. Thus, they and other groups have concluded that dot
blot analysis provides a more accurate and reliable measure of this
class of proteins than Western analysis. In parallel with what these
authors had reported, when the (VR),5 dipeptide was boiled in
10% SDS and electrophoresed on an 8 to 16% polyacrylamide
gel, Western analysis using the VR antibody (87 Appendix,
Materials and Methods) revealed that the peptide also remained at
the boundary of the stacking gel (Fig. 44) paralleling the results
with the ALS/FTD dipeptide proteins.

To probe for any cellular proteins that might be contributing a
background to the signals observed in the light microscopy studies
(Fig. 3C), extracts were prepared from 80% confluent U20S cells,
U208 cells overexpressing (VR), and cells from a primary human
foreskin fibroblast cell line (FSK) established in this laboratory.
Staining with Ponceau-S (Fig. 48) revealed that comparable amounts
of protein were present on the membrane for all three samples.
Probing the gel with the VR antibody (Fig. 4C) revealed distinct
bands at the boundary of the gel and stacking gel for the U20S,
U20S8-RVy,,, cells, and the synthetic VR 5 dipeptide protein, and a
very dim signal was present from the FSK cells. The lack of any bands
within the 8 to 16% gel for any of the three cell extracts provided
evidence that the VR antibody used in our study is not broadly detect-
ing other cellular species. This analysis also indicated that there are
higher levels of VR dipeptide protein aggregates present in the ALT
line U20S as contrasted to the primary foreskin line FSK.

https://doi.org/10.1073/pnas.2221529120
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Fig. 4. Western analysis on SDS-PAGE gels reveals specific staining of the VR dipeptide protein. (A) Western Blot of increasing amounts of VR, dipeptide
protein. Three independent experiments were performed. (B) Ponceau-S staining of U20S, U20S overexpressing (VR)g,, and FSK cell lines revealed that total
protein from the three samples, including the expected band at the top of the gel, was successfully transferred. Protein molecular weight markers are in the
left lane. (C). The destained PVDF membrane in B; it was subjected to Western Blot analysis. Beta Actin was detected and was used as a loading control. Three

independent experiments were performed.

VR Dipeptide Proteins Are Expressed in U20S, Imnmunodeficiency,
Centromeric Region Instability, Facial Anomalies Syndrome
(ICF), and Primary Human Cells. The presence of discrete red
foci (VR signals lacking a Flag tag) in the experiments with the
U208 cells (Fig. 3C) and the presence of specific bands in the
Western analysis showing the SDS-insoluble aggregates of VR
encouraged us to examine VR staining foci in several different cell
lines. As a baseline, we employed the FSK cells and compared the
results to those derived from two cell lines known to have high
endogenous levels of TERRA: U208, and the telomerase-positive
fibroblast line (GM08747) derived from a female patient afflicted
with the Immunodeficiency, Centromeric region instability, Facial
anomalies syndrome (ICF) in which high levels of TERRA have
been reported also due to hypomethylation of subtelomeric
regions (48, 53, 54). Using high-resolution confocal microscopy,
we explored the presence of VR dipeptide proteins in the three
cell lines. Leaving out the primary VR antibody was included as a
negative control. A goat anti-rabbit Alexa 488 secondary antibody
conjugate was used to detect VR signals in the cells. Initial imaging
was carried out to optimize the specificity of staining and quality
(contrast) of the images. To do so, each individual cell was identified
by detecting DAPI-stained nuclei, followed by laser scanning for
VR signals (any signal with pixel values above the background
level). This was done for cells selected in each of the three cell lines.
The U20S cells with the best signal-to-noise ratio were used to
optimize the acquisition parameters for each fluorescence channel
for the three cell lines. Endogenous VR signals were detected and
appeared as punctate spots and discrete foci which varied in size
and intensity in the three cell lines (Fig. 5 A, Left Top, Middle,
and Bottom). No VR signals were detected in the negative control
(no primary antibody), confirming that the VR primary antibody
binding is specific.

A total of 684 cycling cells were randomly imaged in three inde-
pendent experiments. To avoid any bias, the images were acquired
blindly to the VR signals. To analyze the data, we set the threshold
to discriminate the positive signals from the negative signals using
CellProfiler software (55). We then scored the number of cycling
cells with five or more VR foci in the three cell lines. The results
(Fig. 5 A and C) indicate that approximately 37% of U20S and

https://doi.org/10.1073/pnas.2221529120

33% of the ICF cells contain =5 VR foci. By comparison, only 11%
of the primary FSK cells had 25 VR foci. These results reveal that
U20S and ICF cells exhibit a threefold (” < 0.001, P < 0.01),
greater number of VR foci compared to the FSK cells pointing to
the conclusion that cells with hypomethylated subtelomeres and
elevated TERRA produce more telomeric VR dipeptide proteins.

It was of interest to examine nuclear versus cytoplasmic local-
ization of the VR staining material. Both arginine rich-dipeptide
proteins (GR and PR) from C9orf72 ALS/FTD studies showed
enrichment in the nuclear compartment (56, 57). We asked if the
VR dipeptide protein would parallel this trend. F-actin and nuclei
were counterstained with phalloidin and DAPI, respectively
(Fig. 5 A, Middle and Right Top, Middle, and Bottom and B).
Scoring VR puncta was restricted to cells with 25 VR foci
(Fig. 5C). Localization analysis (Fig. 5D) in the three cell lines
demonstrated that 76%, 75%, and 69% of VR staining material
showed preferential nuclear localization in U20S, ICE and the
primary ESK line, respectively (P < 0.01, P < 0.0001, and
P <0.0001). This can be explained by the arginine-rich nature of
the VR dipeptide proteins which resemble nuclear localization
signals in the enrichment of arginine and lysine amino acids (58).

In summary, high-resolution laser scanning microscopy demon-
strates increased levels of VR dipeptide staining in cells and cells
with higher TERRA levels. This staining is preferentially localized
to the nuclei, and in cells with higher TERRA levels, VR staining
was more commonly present in larger aggregates as contrasted to
the human primary line. Moreover, the two high TERRA lines
contained threefold more staining material, consistent with our
hypothesis that this material represents VR dipeptide protein pro-
duced by RAN translation from TERRA molecules.

Altering TERRA Levels in U20S Cells Results in Large Solid
Nuclear VR Aggregates. Ideally, one would stably reduce
TERRA levels to background and ask if VR dipeptide proteins
are depleted. However, achieving efficient suppression of TERRA
in cells has been difficult despite multiple approaches. TERRA as
a key structural component of the telomere cannot be eliminated
without concomitant loss of telomere integrity. This is further
confounded by the binding of RNA polymerase II to promoters
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Fig. 5. Identification and characterization of VR peptides in U20S (ALT), ICF, and primary human cells FSK. (A) Representative confocal images (Z-projections)
showing nuclei (DAPI-blue), nuclear VR foci heterogeneous in size and intensity (green), and actin rhodamine-phalloidin (red). (B) Representative confocal
images of nuclear and cytoplasmic VR staining sites. (C) Percentage of VR-positive cells (=5 VR foci) in U20S, ICF, and FSK. Data presented are the +SEM of three
independent experiments. Unpaired two-tailed t test; *P < 0.05, **P < 0.01, ***P < 0.01, ****P < 0.0001, ***P = 0.0003 for U20S versus FSK, and **P = 0.0019
for ICF versus FSK. (D) Percentage of VR foci localized in the nucleus or cytoplasm. Unpaired two-tailed ¢ test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
**P = 0.002 for nuclear U20S versus cytoplasmic U20S cells, **P = 0.006 for nuclear FSK versus cytoplasmic FSK cells.

within the subtelomeric sequences at multiple chromosomes ends
where it initiates transcription of TERRA (6, 15, 59-61), and
Feretzaki et al. (15) reported their failure to efficiently suppress
TERRA levels utilizing Crispr/Cas9 technology due to TERRA
being produced from multiple chromosomes.

One approach to transiently reduce TERRA levels employed
by several authors involves treating cells with small oligonucleo-
tides termed locked nucleic acid (LNA) GapmeRs. These can be
tailored to bind TERRA and induce its degradation by RNaseH.

PNAS 2023 Vol.120 No.9 e2221529120

Such treatment has been shown to generate Telomere-dysfunctional
foci as seen by light microscopy (12, 62-64).

Studies from Chu etal. (62) and Gonzilez-Vasconcellos
et al. (65) employing an LNA GapmeR approach in U20S cells
reported a brief depletion of TERRA using 8 mM or 100 nM
LNA GapmeR, respectively. However, TERRA levels were restored
to normal levels within 24 h. Although this limitation prevented
us from measuring VR levels in cells stably depleted for TERRA,
we were able to ask how transient alteration of TERRA alters VR

https://doi.org/10.1073/pnas.2221529120 7 of 11
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Fig. 6. Alteration of TERRA levels cause aggregation of VR dipeptides. (A) Representative confocal images (Z-projections) of 100 nM control and TERRA-LNA
GapmeR treated U20S 24 h after transfection. TERRA molecules were detected using the TelC-Alexa647 probe (Upper and Lower Left). Nuclei were stained with
DAPI, and merged images with TERRA signals reveal nuclear and cytoplasmic TERRA (Upper and Lower Right). (B) Quantification of TERRA signals from Ain U20S
cells show ~40% depletion of TERRA. Data presented are the +SEM of two independent experiments. Two-tailed, unpaired t test *P < 0.05, P = 0.04. (C) U20S
cells from A were immunolabeled with the rabbit VR primary antibody overnight at 4 °C and labeled with Alexa flour 488 secondary antibody. The large solid VR
aggregates (Left Bottom) were distinguished from the small spherical VR signals. Nuclei were stained with DAPI and merged images with VR dipeptides show the
nuclear signals. (D) Quantification of percentage of cells showing an accumulation of large solid nuclear aggregates. No bar is shown for the control-Gapmer as
no cells with large solid aggregates were observed. Data are presented as mean + SEM of two independent experiments.

levels and localization in U20S cells. Using the LNA GapmeR
these authors employed together with another of the same length
but with a scrambled nucleic acid sequence (control-LNA
GapmeR) (81 Appendix, Materials and Methods), U20S cells were
treated with 8 mM LNA GapmeRs. However, this resulted in
nearly complete death of the cells within the first 24 h. Thus, we
reduced treatment to 100 nM for 24 h, fixed the cells, and per-
formed RNA-FISH to detect TERRA foci (Fig. 64). TERRA foci
in a total of 643 cells from three independent experiments were
scored. To generate unbiased data, images from each condition
were acquired randomly and blindly to TERRA signals. The
threshold of the positive signals was determined (S7 Appendix,
Materials and Methods), and quantification was performed using
CellPriofiller software (55). The results revealed a 40% reduction
(P < 0.05) in TERRA in the LNA GapmeR-treated cells as con-
trasted to the control (Fig. 6B). This is consistent with the obser-
vations of Gonzdlez-Vasconcellos et al. (65) who reported a ~50%
depletion under similar treatment conditions in the same cell line.

To determine whether reduction of TERRA levels alters the
expression of the VR dipeptides, we stained the LNA GapmeR
and control-LNA GapmeR-treated U20S cells with the VR pri-
mary and the Alexa Fluor 488 secondary antibodies followed by
imaging by confocal microscopy (Fig. 6C). Strikingly, in cells with
lowered TERRA and thus dysfunctional telomeres, the VR dipep-
tide was seen in large solid nuclear aggregates compared to the
distinct small spherical signals detected in cells treated with the
control-LNA GapmeR (Fig. 6C) or untreated U20S cells
(Fig. 5A). Scoring 726 U20S cells in two independent experi-
ments revealed that 19% of the U20S cells displayed large solid
nuclear VR aggregates (Fig. 6D) upon partial depletion of TERRA.
This phenotype was completely absent in the scored U20S cells
treated with the scrambled GapmeR (Fig. 6D).

https://doi.org/10.1073/pnas.2221529120

In summary, transient reduction of TERRA levels by 40% as
seen by RNA-FISH resulted in the appearance of large aggregate
forms of VR in the nuclei. The formation of these large solid nuclear
VR aggregates was in contrast to the distinct small spherical signals
detected in cells treated with the control-LNA GapmeR. Their
appearance is suggestive of phase transitions in cellular proteins, in
particular, droplet liquid-state to reversible amyloid cross-f fibrils,
that have been described in cancer and neurodegenerative diseases
(66-68). Proteins known to bind TERRA include FUS and the
hnRNPs (69-71) which are RNA-binding proteins that contain
prion-like domains and glycine-arginine-rich domains (72, 73). It
had been shown that the reduction of the levels of noncoding RNA
and the presence of arginine-rich dipeptides strengthens the elec-
trostatic interaction between the arginines and FUS leading to the
formation of solid dense aggregates (68, 74, 75). Based on these
observations, we would suggest that the VR dipeptides play a key
role in accelerating an aberrant phase transition via its possible direct
electrostatic interaction with FUS and hnRNPs. These aggregates
may contain in addition to VR and FUS, the hnRNPs. Future
biochemical and or colocalization studies may shed light on their
composition.

Lentivirus shRNA Knockdown of TRF2 Leads to Higher Levels of
Cytoplasmic VR Dipeptide Protein. Previously Cesare et al. (64)
utilized two lentivirus constructs expressing antisense RNAs,
shTRF2-1488 and shTRF2-18358, to knock down TRF2 protein.
Recently, using these same constructs and approach, Nassour et al.
(2023) observed a significant increase in cytoplasmic TERRA
upon infecting IMR90™ cells with shTRF2-18358, indicating
that accumulation of TERRA in the cytoplasm is associated with
telomere dysfunction. Thus, it is possible that this would result in
an increase in cytoplasmic VR dipeptides in U20S cells. If so, this
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Fig. 7. TRF2 knockdown leads to higher levels of cytoplasmic VR dipeptide. (A) Western Blot analysis (S/ Appendix, Materials and Methods) showing the level of
TRF2 expressed in U20S cells (untreated) or infected with two lentivirus constructs (18358, 4811) encoding TRF2 shRNAs. Actin was used as loading control.
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of cells expressing five or more cytoplasmic VR aggregates. Data are presented as mean + SEM of two independent experiments. Two-tailed, unpaired t test

*P <0.05, P=0.04.

would provide additional evidence linking dysfunctional telomeres
to the production of VR dipeptide proteins.

U20S cells were infected with lentiviruses expressing shTRF2-
1488 and shTRF2-18358 RNAs and selected for puromycin
resistance (2 mg/mL for 14 d) (SI Appendix, Materials and
Methods). Cell extracts were prepared for Western analysis using
SDS-PAGE gels. As shown (Fig. 74), infection with either lenti-
virus construct resulted in near complete reduction of TRF2 with
shTRF2-18358 being the most potent. A similar pattern of reduc-
tion had been observed by Cesare et al in IMRI0™" cells (65).
The pooled U20S cells infected with shTRF2-18358 were seeded
on slides, fixed, and stained with the VR antibody as described
above. The percentage of cells with five or more aggregates per cell
was determined by randomly scoring 657 cells in two independent
experiments. Unbiased scoring was carried out as described above.
Analysis revealed a significant increase (22%) in the number of
cells expressing five or more VR aggregates per cell < 0.05 (Fig. 7
Band () in the population with depleted TRF2. Because TRF2
depletion in IMR90™ cells resulted in higher levels of cytoplas-
mic TERRA, cells were also scored for five or more VR aggregates
localized to the cytoplasm as contrasted to the nucleus (Fig. 7 B
and D). This revealed an even greater increase (27%) relative to
untreated cells 2 < 0.05.

In summary, based on the finding of Nassour et al. (2023)
showing that lentivirus knockdown of TRF2 resulted in an
increase of TERRA in the cytoplasm, we have observed that this
also results in an increase in cytoplasmic VR aggregates. Whether
these VR aggregates colocalize with dysfunctional telomeres will
be of interest to probe in future experiments.

PNAS 2023 Vol.120 No.9 e2221529120

Summary and Conclusions

In this paper, we present findings supporting our hypothesis that
eukaryotes whose telomeres consist of (TTAGGG)n repeats have
evolved this sequence to enable the G-rich RNA transcript
TERRA to encode two repeating dipeptide proteins, GL and
VR, by a RAN translation mechanism. This feature has been
retained in the worm C. elegans whose telomeric repeat is
(TTAGGC)n where GL and RL would be produced. We show
that both GL and VR form filaments and amyloid-like structures
and VR has strong nucleic acid binding properties and can be
observed, in particular in cells with elevated TERRA levels. These
telomeric microproteins are expected to be variable in size. High
levels of either likely contribute to amyloid formation. Amyloid
deposits could trigger general inflammatory responses through
the activation of innate immune response (41, 76, 77). Indeed,
it was recently observed that telomere dysfunction instigates
inflammation in inflammatory bowel disease (78). Production
of larger amounts of VR would in parallel to what has been found
for PR and GR in the C9orf72 ALS/FTD studies alter RNA and
ribosome biogenesis and nucleic acid metabolism. If incorpo-
rated into extracellular vesicles as cargo, they could transmit these
signals to nearby cells. If our hypothesis is correct, this could
point to a new way of thinking about telomeres, suggesting that
they are able to generate both telomere-specific RNA and bio-
logically active microproteins.

Given the small and presumably variable size of the VR and GL
species, their resistance to trypsin digestion for mass spectrometry
analysis, and their failure to enter standard SDS-PAGE gels, it is not
surprising that their presence would have been overlooked. It has
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not been possible to determine the length distribution of the VR
species as this material remained in aggregates at the top of the SDS-
PAGE gels. As discussed above, this observation parallels studies of
the repeating dipeptide proteins expressed in the C9orf72 ALS/FTD
disease. We have not yet been successful in raising antibodies against
repeating GL dipeptides; however, efforts continue.

'The dependence of biological activity on length may be different
for GL and VR. GL dipeptides with as few as six repeats will assem-
ble into stiff amyloid fibers as does (GA),. Thus, there may not be
a significant size dependence for GL dipeptides in forming amyloid
filaments and hence their biological activity. In contrast, repeating
VR dipeptides may exist in the cell both as individual species which
can interact with nucleic acids and in filaments with properties
similar to GL filaments. Here, as the length of the VR species
increases, the affinity of the individual species for nucleic acids and
hence propensity to collapse DNA and RNA would increase.

TERRA molecules generated in ALT cells (more so than normal
cells) have been found to contain frequent variations in runs of perfect
UUAGGG repeats (79). As an example, TCA GGG TCA GGG
would insert Ser-Gly or Gln-Gly within the VR or GL repeats. Other
variations could shift the repeat pattern from VR to GL, for example,
or generate a stop codon. The properties of such hybrid species would
be complex and vary from one molecule to the next.

The observation of large dense nuclear VR aggregates when VR
dipeptide proteins were overexpressed from a plasmid or when
TERRA levels were altered by an LNA oligonucleotide suggests that
the VR dipeptide protein is able to induce the formation of inclusions
possibly involving protein phase transitions. This would parallel
observations of aggressive toxicity phenotypes (neurodegeneration)
and cell death associated with the arginine-rich dipeptide GR and
PR nuclear aggregates observed in C9orf72 ALS/FTD patient cul-
tures, cell culture, and Drosophila models (27,49, 50,70, 71). In the
C. elegans model, the toxicity of overexpressed (PR)s, in muscle cells
and motor neurons requires an aged cellular environment suggesting
that the toxicity is aging-dependent. Similarly, Tau fibrillization has
been reported as a hallmark of Alzheimer’s disease, and aggregates of
TLS/FUS have been implicated in causing ALS (67, 68). It will be
of interest to examine human cells from different aging or telomere
pathologies for aggregates involving VR or GL dipeptide repeat pro-
teins as they could be a marker of dysfunctional or deprotected tel-
omeres. This would include telomeric genetic diseases such as
idiopathic pulmonary fibrosis where short telomeres and high levels
of TERRA are observed (80).

We speculate that in normal cells with functioning telomeres, the
level of TERRA and thus VR and GL dipeptide proteins in the cyto-
plasm are maintained at a very low level. However, TERRA transport
to the cytoplasm due to dysfunctional telomeres would result in the
synthesis of significant amounts of the two dipeptide repeat proteins.
Our observation of VR inclusions in the nuclei of cells with damaged
telomeres suggests that the levels of VR in these cases may be signifi-
cant and likely high enough to bind replication forks and Holliday
junctions as observed in the in vitro experiments.

Until more is known about these dipeptide repeat proteins, it
would be a mistake to assume their only biological activity is related
to toxicity. Future studies of the synthesis, degradation, and levels
of VR and GL dipeptide proteins during the cell cycle and general
analysis of their toxicity will be of great value in providing clues into
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their function in the cell. Toxicity analysis employing overexpression
from plasmids and adding synthetic repeating dipeptides directly
to cells, as carried out in the C9o0rf72 ALS/FTD studies (reviewed
above), represent in-depth studies in themselves and may vary
between different cell types. For example, U20S cells may have
adapted to the presence of levels of VR and GL dipeptide protein
which in other cells would be lethal.

Telomeres have been considered sensitive detectors of cellular
DNA damage and recently Barnes et al. (81) demonstrated that
even mild damage to telomeres in the form of 8-oxo-guanine can
trigger cellular senescence even in the absence of telomere short-
ening. The precise details of how damaged telomeres activated
senescence pathways were unclear; however, the findings presented
here suggest the potential involvement of VR and or GL dipeptide
proteins as signals for dysfunctional telomeres. For the future,
studies of the cell cycle expression of VR and GL, their general
toxicity, and their involvement in immune signaling pathways
should shed insights into their function in normal and trans-
formed cells. It is noteworthy that an unexpected discovery in a
rare human expanded nucleotide repeat disease, SCA8, by Ranum
etal. (17) may have helped reveal that mammalian telomeres
encode two novel dipeptide repeat proteins.

Materials and Methods
See SI Appendix for further materials and methods.

Antibodies. The antibody to (VR) was generated in rabbits by Bio synth Inc. using
peptide #2 (51 Appendix, Table S1).

Peptides and Proteins. The biotin-labeled (VR),, peptide (S/Appendix, Table S1)
was synthesized at University of North Carolina (UNC) in a core facility directed
by David Klapper. All other peptides were synthesized by Vivitide inc (now Bio
synth Inc.). Streptavidin was from Invitrogen Inc.

Preparation of TERRA. TERRAwas prepared as described (14). In brief, the pRSTS
plasmid was linearized so that one end contains aT7 RNA polymerase promoter
followed by a long TTAGGG repeat block. The DNAwas transcribed with T7 RNA pol-
ymerase (MAXIscriptT7 transcription Kit, Invitrogen) using conditions described
by the vendor, and the RNA was purified using an RNA Clean & Concentrator kit
(Zymo Research).

Image Adjustment and Manipulation. TEM images in TIFF format were
adjusted for contrast and brightness using Adobe Photoshop software. In Fig. 2B,
the micron bar was copied and moved into the area shown.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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