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Background: Experimental disruption of the telomere overhang induces a potent DNA damage
response and is the target of newly emerging cancer therapeutics. Introduction of T-oligo, an
eleven-base oligonucleotide homologous to the 3’-telomeric overhang, mimics telomere dis-
ruption and induces DNA damage responses through activation of p53, p73, p95/Nbsl1, E2F1,
pRD, and other DNA damage response proteins. ATM (ataxia telangiectasia mutated) was once
thought to be the primary driver of T-oligo-induced DNA damage responses; however, recent
experiments have highlighted other key proteins that may also play a significant role.
Methods: To identify proteins associated with T-oligo, MM-AN cells were treated with bioti-
nylated T-oligo or complementary oligonucleotide, cell lysates were run on SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis), and the protein bands observed after treat-
ment of cells with T-oligo or complementary oligonucleotide were analyzed using mass spec-
trometry. To study the effect of T-oligo on expression of hnRNP C1/C2 (heterogeneous nuclear
ribonucleoprotein C1 and C2) and purine-rich element binding proteins (Pur proteins), cells were
treated with T-oligo, and immunoblotting experiments were performed. To determine their role in
senescence, cells were treated with shRNA (short hairpin ribonucleic acid) against these proteins,
and senescence was studied using the senescence associated beta-galactosidase assay.
Results: Using mass spectrometry, RNA-binding hnRNP C1/C2 and DNA-binding Pur
proteins were found to associate with T-oligo. hnRNP C1/C2 exhibited increased expression
(3.6-12.0-fold) in non-small-cell lung cancer (NSCLC) and in melanoma cells (4.5-5.2-fold),
and Pur proteins exhibited increased expression of 2.2-fold in NSCLC and 2.0-fold in mela-
noma cells after T-oligo treatment. Experimental knockdown of hnRNP C1/C2 and Pur-beta
completely abrogated T-oligo induced senescence in both MU melanoma and H358 NSCLC
cells. Additionally, knockdown of Pur-beta prevented T-oligo-induced phosphorylation of p53,
hypophosphorylation of pRb, and upregulation of E2F1, p21, and p53.

Conclusion: These novel findings highlight proteins essential to T-oligo’s anticancer effects
that may be of interest in telomere biology and cancer therapeutics.
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Introduction

Telomeres are highly specialized multimeric structures located at the ends of chromo-
somes and are structurally and functionally distinct from the rest of the chromosome.
Their major function is to shield the terminal ends of chromosomal DNA from dam-
age by forming T-loops, thus preventing their false recognition as DNA double-strand
breaks. The 3’ end of each telomere consists of a single stranded overhang of TTAGGG
tandem repeats,! which are incorporated into the T-loop structure and protected by
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the shelterin protein complex. When this protein complex
is absent, the telomere overhang is exposed, resulting in
DNA damage responses (DDR) such as apoptosis and
senescence.'?

Exogenous addition of T-oligo, an eleven-base oligo-
nucleotide homologous to the telomere overhang, has been
shown to induce DDR through p95/Nbsl, E2F1, pl6™<4A,
p53, and pRb,>” similar to those seen after disruption of
the telomere.>” Previous studies implicated WRN (Werner
syndrome protein) and ATM (ataxia telangiectasia mutated)
as essential mediators of T-oligo-induced DDR.** The WRN
exonuclease facilitates non-homologous end-joining, DNA
replication, and base-excision repair.'” In the absence of
WRN, senescence rapidly develops due to critically short-
ened telomeres.!! Activated ATM phosphorylates DDR
signaling proteins to induce cell cycle arrest, DNA repair
and/or apoptosis'? through p53, CHK2, and y-H2AX 1214
However, T-oligo has also been shown to function inde-
pendently of DNA damage signaling pathways via cdk2.'
Nevertheless, despite multiple studies demonstrating T-oligo
induced DDR, T-oligo’s specific mechanism of action is
still unclear.

In addition to the use of T-oligo as a tool to study novel
mechanisms of telomere-induced DDR, T-oligo has been
proposed as a possible therapeutic modality in multiple
cancerous cell types. T-oligo displays preferentially robust
apoptotic and senescent effects on malignant cells, relative
to their normal cell counterparts.®!%!7 Additionally, we
propose the use of T-oligo as a tool to identify new targets
for cancer therapeutics.

In the present study, we identified proteins which co-
precipitated with biotinylated T-oligo and streptavidin-coated
beads by mass spectrometry. Several proteins associated with
T-oligo were identified, including heterogeneous nuclear
ribonucleoprotein C1 and C2 (hnRNP C1/C2) and the purine-
rich element binding proteins alpha and beta (Pur-alpha
and Pur-beta). hnRNP C1/C2 are integral members of the
telomerase holoenzyme'® that may mediate the interaction
between telomerase and the telomere.'” hnRNP C1/C2 binds
to chromatin in a DNA-damage-dependent manner, implicat-
ing it in DNA repair and/or damage responses and has also
been linked to cancer.?**! Further, hnRNP C1/C2 may play an
important role in regulating p53 transcription in response to
cytostatic drugs.?? Pur-alpha and Pur-beta are single-stranded
DNA binding proteins, which form a heterodimeric complex?
and regulate DNA replication and transcription.?* Both Pur-
alpha and Pur-beta have been linked with acute myelogenous
leukemia and brain tumors.?>?** Moreover, Pur-alpha and

Pur-beta may function in a pathway involving pRb, which
plays an important role in senescence.?>*”-* Therefore, in this
study, we investigated the potential roles of hnRNP C1/C2,
as well as Pur-alpha and Pur-beta, in T-oligo-induced DDR
and suggest their role in T-oligo-mediated senescence.

Materials and methods

Cell culture, reagents and antibodies

MU and MM-AN melanoma cell lines which are p53
proficient” and deficient,® respectively, were obtained as
described earlier,”***' and maintained at 37°C and 7% CO,
in MEM (minimum essential medium) (Thermo Fisher
Scientific, Pittsburg, PA, USA; Cat No 10-010-CV), supple-
mented with 10% (volume/volume [v/v]) fetal bovine serum
(FBS) (Atlanta Biologicals, Lawrenceville, GA, USA) and
1% (v/v) antibiotic-antimycotic. H358 and SW1573 NSCLC
cells were obtained from American Type Culture Collec-
tion (ATCC, Manassas, VA, USA) and cultured according
to ATCC directions. Briefly, H358 cells were maintained
at 37°C and 7% CO, and cultured in RPMI (Roswell Park
Memorial Institute)-1640 medium (Thermo Fisher Scientific,
Pittsburg, PA, USA; Cat No SH30027) supplemented with
10% FBS, 100 units/mL penicillin, 100 pg/mL streptomy-
cin, 0.01 M HEPES (hydroxyethyl piperazineethanesulfonic
acid), and 1 mM sodium pyruvate, while SW1573 cells were
cultured in MEM supplemented with 10% (v/v) FBS, 100
units/mL penicillin, 100 pg/mL streptomycin, and | mM
nonessential amino acids. All cell culture reagents were
obtained from Invitrogen (Grand Island, NY, USA), unless
otherwise noted. Cells were prepared for experimentation by
detachment with trypsin, collection in media and centrifuga-
tion at 350 X g for 3 minutes. Cells were then resuspended,
counted and plated in 35 mm x 10 mm tissue culture dishes
for experimentation.

DNA oligonucleotides homologous to the 3’ overhang
sequence, T-oligo (p)GTTAGGGTTAG), and complementary
to this sequence ()CTAACCCTAAC) (complementary oligo
nucleotide) were obtained from Midland Certified Reagent
Company (Midland, TX, USA). All short hairpin ribonucleic
acid (shRNA) including anti-hnRNP C shRNA, anti-Pur-beta
shRNA, and control shRNA were obtained from Sigma-
Aldrich (St Louis, MO, USA).

Antibodies for immunoblotting against p21, E2F1,
hnRNP C1/C2 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), p53, phospho-p53, pRb, and p21 (Cell Signal-
ing, Danvers, MA, USA) were used in 2% bovine serum
albumin in TBST (Tris-buffered saline with Tween) accord-
ing to the manufacturers’ recommendations. Pur-beta was a
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generous gift from Dr Robert Kelm, from the University of
Vermont.?? Beta-actin antibody, anti-mouse, and anti-rabbit
secondary antibodies, 5-Bromo-4-chloro-3-indolyl beta-D-
galactopyranoside, propidium iodide, and all other chemicals
were obtained from Sigma-Aldrich.

Mass spectrometry

and immunoprecipitation

To identify proteins associated with T-oligo, MM-AN mela-
noma cells were treated with 40 UM biotinylated T-oligo or
complementary oligonucleotide for 6 hours. Cells were col-
lected and lysed, and the lysates were incubated with strepta-
vidin agarose-coated beads to isolate the biotinylated T-oligo
or complementary oligonucleotide. Non-biotinylated T-oligo
or complementary oligonucleotide were added in 10.0-fold
excess. Supernatant, containing T-oligo-associated proteins,
was then eluted and run on an SDS (sodium dodecyl sulfate)
tris-glycine 6%—12% gradient gel and stained with Coo-
massie Brilliant Blue. Protein bands present (~50-37 kDa)
in T-oligo-treated lysates (Figure S1) were cut from the gel
and sent to the University of Illinois at Chicago Proteom-
ics Core Laboratory for identification, and were analyzed
using the Applied Biosystems 4700 MALDI-TOF/TOF MS
(matrix-assisted laser desorption/ionization-time of flight
mass spectrometry) unit. For protein identification, two
peptides per protein, with 90% peptide confidence and 90%
protein confidence thresholds, were used. A relevant literature
search and Ingenuity Pathways Analysis (Ingenuity Systems,
Redwood, CA, USA) were utilized to identify targets for
validation and further research.

Immunoblotting

H358 and SW1573 NSCLC cell lines, and MM-AN and
MU melanoma cells were plated at 1.5 x 103 cells per
35 mm X 10 mm tissue culture dish in their respective
media. After 24 hours, the media was replaced with a diluent
(sterile water), 40 UM of a complementary oligonucleotide,
or 40 uM of T-oligo. The cells were then incubated for
6, 18, 24, or 48 hours after treatment. After which, cells
were washed twice with phosphate buffered saline (PBS)
and cell lysates were collected using 200 pL lysis buffer
(20 mM Tris-HCL pH 8.0) containing 150 mM NacCl,
100 mM NaF, 1% NP-40, 10% glycerol, 10 uM sodium
orthovanadate, and 1X Complete Protease Inhibitors (Roche
Diagnostics, Indianapolis, IN, USA). A sonicator was then
used to homogenize cell lysates, and protein concentration
was determined using the Bio-Rad protein assay utilizing
a Coomassie Brilliant Blue acidic dye with quantification

by spectrophotometric measurement at 595 nm (Hercules,
CA, USA). From each sample, 50 g of protein was run on
an SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) gel, and blots were probed with antibodies
for hnRNP C1/C2, and Pur-alpha or Pur-beta. Immunoblots
were then visualized using Western Lightning ECL (Perkin
Elmer, Waltham, MA, USA). Densitometry was performed
with Image J software, and figures display representative
immunoblots from experiments done in triplicate.

Transfection of shRNA vectors

To demonstrate the role of Pur-beta and hnRNP C1/C2
proteins in T-oligo responses in H358 and MU cells, the
knockdown of these proteins was performed using the shRNA
vectors for hnRNP C1/C2 (SHCLNV-NM_031314 clone
TRCN0000006644 Sigma, St Louis, MO, USA), shRNA con-
trol (SHC002V Sigma), or Pur-beta (SHCLNV-NM_033224
clone TRCNO0000155904), according to the manufacturer’s
instructions. Briefly, the cells were plated at 50,000 cells
per well in a 12-well plate and grown for 24 hours. The cells
were then transfected using virus particles and incubated for
24 hours at 37°C. The multiplicity of infection of the virus
particles used was determined to be 5, which was obtained by
titration experiments. The transfected cells used for the study
were selected based on puromycin resistance. Knockdown
was validated by immunoblotting after 24 hours.

Identification of senescent cells

MU and H358 cells were plated at 25,000 cells per
60 mm X 15 mm dish in triplicate and transfected after 24 hours
with hnRNP C1/C2 or Pur-beta shRNA vectors. Follow-
ing which, the cells were treated with T-oligo for 1 week as
described above. Cells were then washed twice in PBS, fixed at
room temperature using 3% formaldehyde for 5 minutes, and
washed twice with PBS. The beta-galactosidase solution was
prepared as described previously,* and cells were incubated
for 24 hours at 37°C. Cells were then visualized at 40x magni-
fication on a Nikon Diaphot (Nikon, Mellville, NY, USA) and
counted by a blinded observer using 15 different microscopic
fields for each sample. Cells that stained blue were considered
positive for senescence-associated beta-galactosidase. Statisti-
cal analyses between various treatment groups were carried
out with Statistical Product and Service Solutions (SPSS)
Statistics (SPSS Inc., Chicago, IL, USA) 17.0 software using a
one-way ANOVA (analysis of variance) with post hoc analysis.
Significance was established at 0:=0.05. Photographic images
of the beta-galactosidase-positive cells were taken using a
10x objective lens on an Olympus CK2 microscope.
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Results
Screening and identification of proteins

associated with T-oligo

Previous studies have implicated WRN and ATM as important
mediators of T-oligo-induced DDR; however, recent results
indicate that other proteins may also play a significant role in
T-oligo-mediated responses.!®!>!5 To further investigate the
mechanism behind the DDR related to T-oligo exposure, we
treated MM-AN melanoma cells with biotinylated T-oligo or
complementary oligonucleotide, and proteins associated with
T-oligo were analyzed by mass spectrometry, as described in
the methods section. This study identified proteins, such as
hnRNP A, hnRNP C1/C2, hnRNP D, VDAC 1 and 2, MSI-1,
Pur-alpha, and Pur-beta, which are known to be involved in
DDR?2233440 (Table S1). In the present study, hnRNP C1/C2,
Pur-alpha and Pur-beta, identified by Ingenuity Pathways
Analysis, were further investigated due to their key roles in
nucleic acid binding, regulation of transcription/translation,
and association with telomeres and DDR18:21:2426.32

T-oligo increases hnRNP C1/C2,

Pur-alpha, and Pur-beta expression

To investigate the roles of hnRNP C1/C2, Pur-alpha, and Pur-
beta as elements in T-oligo-induced DDR, melanoma (MU
and MM-AN) and NSCLC (H358 and SW1573) cell lines
were exposed to T-oligo or a complementary oligonucleotide
and subsequently immunoblotted. Treatment of melanoma
cells with T-oligo revealed a marked increase of hnRNP C1/
C2 expression in MU cells (5.2-fold) at 6 hours of exposure
(Figure 1A), with corresponding increases in hnRNP C1/
C2 at 18 hours in MM-AN cells (4.5-fold) (Figure 1B).
Furthermore, in NSCLC cells at 18 hours, there was also an
increase in hnRNP C1/C2 in H358 (3.6-fold) (Figure 1C) and

A MU B

6 hrs
D T C
40kDa—> . W . . <—hnRNP C1/C2

o TR S < [-octin

c H358 D

18 hrs
D T C
S MR 28 <—hnRNP C1/C2

D S S < -actin

SW1573 (12.0-fold) (Figure 1D), and a prolonged increase in
expression of hnRNP C1/C2 in SW1573 (3.0-fold) extending
up to 24 hours (Figure 1D). MM-AN and H358 cells were
then immunoblotted to evaluate expression of Pur-alpha and
Pur-beta after exposure to T-oligo. Pur-alpha and Pur-beta
were upregulated at 24 hours (2.0-fold) in MM-AN cells
(Figure 2A), with a similar increase in both Pur-alpha and
Pur-beta at 18 hours in H358 cells (2.2-fold) (Figure 2B).

hnRNP CI1/C2 and Pur-beta knockdown

decreases T-oligo-induced senescence

To validate the role of hnRNP C1/C2 and Pur-beta in
T-oligo-induced DDR, we utilized anti-hnRNP C1/C2 and
anti-Pur-beta shRNA vectors to create hnRNP C1/C2 and
Pur-beta-deficient H358 and MU cells. As seen in Figure 3A,
a significant decrease in hnRNP C1/C2 expression (3.5-fold)
in H358 cells and Pur-beta expression (3.0-fold) in MU cells
was documented after 24 hours of transfection. Additionally,
we observed no increase in Pur-beta expression upon expo-
sure to T-oligo in Pur-beta-deficient MU cells (Figure 3A).
hnRNP C1/C2 or Pur-beta deficient H358 or MU cells were
then exposed to 40 uM T-oligo for 1 week, and subsequently
stained for senescence-associated beta-galactosidase as
described previously.” Knockdown of Pur-beta reduced the
ability of T-oligo to induce senescence by 19.3-fold in MU
cells (Figure 3B and C), in comparison to cells exposed to
T-oligo after transfection with control shRNA. Similarly,
abrogation of hnRNP C1/C2 expression by shRNA reduced
the ability of T-oligo to induce senescence in H358 cells
by 14.8-fold (Figure 3D) and in MU cells by 12.5-fold, in
comparison with cells exposed to T-oligo after transfection
with control shRNA, and representative images have been
presented (Figure 3B and D).

MM-AN
18 hrs
D T C
' gm m <«—hnRNP C1/C2
S S <— B-actin
SW1573
18 hrs 24 hrs
( 1 1
D T C D T (o}

‘-—--— v @ = < hnRNPC1/C2
G By SRR e e < [actin

Figure | Exposure to T-oligo increased the expression of hnRNP C1/C2. H358, SW1573, MU, and MM-AN cancer cell lines were treated with either diluent, T-oligo, or
complementary oligonucleotide for the indicated periods of time and then immunoblotted for hnRNP CI1/C2.

Note: (A) T-oligo increased hnRNP CI1/C2 expression by 5.2-fold after 6 hours in MU melanoma cells. (B and C) T-oligo upregulated expression by 4.5-fold in MM-AN
melanoma cells and by 3.6-fold in H358 cells at 18 hours. (D) T-oligo increased hnRNP C1/C2 by 12.0-fold at 18 hours and 3.0-fold at 24 hours in SW 1573 cells. hnRNP C1/

C2 proteins are seen as either single or double bands.

Abbreviations: hnRNP C|/C2, heterogeneous nuclear ribonucleoprotein Cl and C2; D, diluent; T, T-oligo; C, complementary oligonucleotide.
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Figure 2 Upregulation of Pur-alpha and Pur-beta induced by T-oligo in MM-AN and H358 cells, as shown by immunoblotting.

Note: (A) Upregulation of Pur-alpha and Pur-beta was seen at 24 hours (2.0-fold) after incubation with T-oligo in MM-AN cells. (B) Additionally, a 2.2-fold upregulation of
Pur-alpha and Pur-beta is seen at 18 hours after treatment with T-oligo in H358 cells.

Abbreviations: Pur, purine-rich element binding protein; D, diluent; T, T-oligo; C, complementary oligonucleotide.

Pur-beta knockdown decreases T-ol 180~ At present, the mechanism of T-oligo-driven phosphorylation

induced hypophosphorylation of pRb and of p53 is unclear. To determine the role of Pur-beta in T-oligo-
increases p53 and phospo-p53 expression  induced p53 phosphorylation, we immunoblotted for p33,
Exposure to T-oligo is well known to induce upregulationand ~ phospho-p53¢e19 and E2F1 in Pur-beta proficient/deficient
phosphorylation of p53 and hypophosphorylation of pRb.*¢71¢ MU cells. T-oligo, in Pur-beta proficient cells, induced upregu-

A H358 MU
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( ]
Con hnRNP C1/C2 Con sh Pur-B sh
sh S hnRNP VI
40kDa — Q¥ o= —cqco  44kDa—ER B 0 0 —Purp
B TP = <— B-actin esveayesyes» — $-actin

Con sh+T Pur-p sh+T
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3 o 3 . 3 50
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© © ©
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< i <
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2 2 D 2
S &S Qzé‘x & ¢ S5 FORAC N
A SR ézd\ & W@ eqd\ SR
& Q & Q
& g_é & g_é
AN AN

Figure 3 Knockdown of hnRNP C1/C2 and Pur-beta decreased T-oligo-induced senescence in H358 and MU cells.

Note: (A) Transfection of shRNA against hnRNP C1/C2 for 24 hours led to a 3.5-fold decrease in hnRNP C1/C2 expression in H358 cells. shRNA-mediated knockdown
of Pur-beta decreased Pur-beta expression by 3.0-fold and prevented T-oligo-induced upregulation of Pur-beta after 24 hours in MU cells. (B) After exposure to T-oligo
for 1 week, MU cells deficient in hnRNP C1/C2 and Pur-beta were stained for the presence of senescence-associated beta-galactosidase and images were taken with a
10x objective lens. (C and D) Knockdown of Pur-beta in MU melanoma cells reduced the ability of T-oligo to induce senescence by 19.3-fold, when compared with cells
exposed to T-oligo after transfection with control shRNA. Further, hnRNP C1/C2-deficient H358 and MU cells treated with T-oligo displayed a 14.8- and 12.5-fold decrease
in senescence, respectively, in comparison to cells exposed to T-oligo after transfection with control shRNA. *P<<0.001.

Abbreviations: hnRNP C1/C2, heterogeneous nuclear ribonucleoprotein Cl and C2; Pur, purine-rich element binding protein; shRNA, short hairpin ribonucleic acid; Con
sh, control shRNA; C1/C2 sh, hnRNP C1/C2 shRNA; D, diluent; T, T-oligo; SA-B-Gal, senescence-associated beta galactosidase.
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lation of E2F1 (6.5-fold), phospho-p-53¢e19 (6.0-fold), and
p53 (2.0-fold) (Figure 4A). T-oligo also induced upregulation
of p21 (1.7-fold), as well as hypophosphorylation of pRb
(2.0-fold) in Pur-beta proficient cells (Figure 4B). Treatment
with T-oligo, in Pur-beta deficient MU cells, failed to induce
p53 phosphorylation, increase p53 expression, or increase
E2F1 expression (Figure 4A). Furthermore, T-oligo failed
to upregulate p21 or induce hypophosphorylation of pRb,
which are important drivers of senescence in cancerous cells’
(Figure 4B). This suggests that Pur-beta may play a role in
T-oligo induced senescence and apoptosis.

Discussion

This study identifies hnRNP C1/C2 and Pur-beta as proteins
associated with T-oligo, which may also play a role in medi-
ating T-oligo-induced anticancer effects, and sheds light on
the possible mechanism of action of T-oligo. These proteins
may be novel targets for further investigation into telomere
biology and cancer therapeutics.

Our results confirm previous studies by demonstrating
an increase in E2F 1, p53, phospho-p53, and p21 expression,
as well as hypophosphorylation of pRb in cells treated with
T-oligo.>*# T-oligo can induce DDR in a p53-dependent or
independent manner.* The knockdown of both p53 and pRb
halts senescence induced by T-oligo,* suggesting that these
two proteins are essential for T-oligo-induced senescence.
However, we previously demonstrated the ability of the p53
homologue, p73, to mediate the effects of T-oligo in cancer
cell lines with a nonfunctional p53.3* Furthermore, E2F1 may
be important in mediating the effects of T-oligo in a p53-in-
dependent manner.’ While the downstream effects of T-oligo
are well known, target proteins involved in mediating these
effects are unclear. WRN and ATM have previously been
implicated in initiating DDR;*!® however, recent evidence
indicates that these effects may also occur independently

A MU
24 hrs
f Pur-f sh !
C C+T PurBsh 4T
60 kDa — - «— E2F1
53 kDa — - «~— p-p53
e — - <« p53
- G WP W < B-actin

of ATM."® Moreover, the exonuclease activity of WRN is
length dependent and requires greater than 35 nucleotides
of single-stranded DNA for its activity.* Therefore, it is
important to investigate other proteins that may be involved
in T-oligo function.

hnRNPs are RNA binding proteins that associate with
heterogeneous nuclear RNA and appear to influence mes-
senger RNA (mRNA) trafficking, pre-mRNA processing,
and other aspects of mRNA metabolism.!®* All hnRNPs
are found within the nucleus, where they mediate trans-
location of a wide range of RNA transcripts and proteins
between the nucleus and the cytoplasm.* In cancer cells,
hnRNP C1/C2 modulates p53 expression through a regula-
tory element within p53 mRNA.? Further, hnRNP C1/C2,
in conjunction with other hnRNPs, assists in the formation
of the telomerase holoenzyme, and may mediate binding to
the telomere.'®!? In the present study, we found that hnRNP
C1/C2 associates directly, or through other telomere binding
proteins, with T-oligo. Previous studies have demonstrated
that T-oligo induces DDR in cancer cells,>* and it has also
been suggested that hnRNP C1/C2 migrates to sites of
DNA damage.*® These and the present study suggest that
exposure to T-oligo, which is homologous to the telomere
3" overhang, could signal DNA damage and result in recruit-
ment of hnRNP C1/C2. Additionally, studies indicate that
T-oligo increases TRF-2 (telomeric repeat-binding factor
2), which may bind and stabilize hnRNP C1/C2 as well as
cause its upregulation.'®!*? hnRNP C1/C2 may also mediate
retention of T-oligo in the nucleus,’® bind other vital proteins
to T-oligo, or may be recruited away from the telomerase
holoenzyme leading to telomere overhang exposure and
induction of DDR. We propose that hnRNP C1/C2 may be
essential to T-oligo-induced senescence, through its regula-
tion of p53 mRNA.?? However, the cause of hnRNP C1/C2
upregulation and recruitment upon exposure to T-oligo,

B MU

24 hrs

Pur- sh !
C C+T PurBsh 4+

110 kDa —> E—_ s a_ s < Rb

21kDa—> mwwsss WE— SR S p21

D e

Figure 4 Knockdown of Pur-beta prevents T-oligo-induced upregulation of senescence-associated proteins in MU melanoma cells. Note: (A) Pur-beta-deficient MU cells
and control shRNA-transfected MU cells were treated with T-oligo for 24 hours. Pur-beta shRNA prevented T-oligo-induced upregulation of E2FI (6.5-fold) and p53 (2.0-
fold) expression, and phosphorylation of p53¢="'® (6.0-fold) in MU cells, when compared with control-transfected MU cells treated with T-oligo. (B) The hypophosphorylation
of pRb (2.0-fold) and upregulation of p2| (1.7-fold) seen in control-transfected MU cells, were also prevented in Pur-beta-deficient cells treated with T-oligo.
Abbreviations: Pur, purine-rich element binding protein; shRNA, short hairpin ribonucleic acid; Pur-B sh, Pur-B shRNA; T, T-oligo; C, complementary oligonucleotide;
p-p53, phospho-p53.
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which may be due to a transcriptional or translational
response, needs further investigation.

The Pur family proteins bind purine-rich elements in
single-stranded DNA and play key roles in transcriptional
and translational regulation, as well as mRNA trafficking in
a variety of cell types.? Further, Pur proteins may play a role
in pathways that inhibit oncogenic transformation, as seen in
acute myelogenous leukemia with associated deletions in Pur-
alpha and Pur-beta.? In the present study, both Pur-alpha and
Pur-beta were upregulated in MM-AN and H358 cells after
exposure to T-oligo. Furthermore, knockdown of Pur-beta
prevented T-oligo-induced senescence, pRb hypophosphory-
lation, and p53 phosphorylation, as well as upregulation of
E2F1, p21, and p53 expression. Earlier studies have shown
that T-oligo-induced senescent cells exhibit p53 activation in
addition to induction and upregulation of its downstream tar-
get p21 and subsequent reduction of pRb phosphorylation.*’
However, the cause of Pur-alpha and Pur-beta upregulation in
response to T-oligo is unknown. T-oligo is known to activate
ATM,? which may in turn cause upregulation of Pur-beta,
which consequently heterodimerizes with Pur-alpha, which
binds to hypophosphorylated pRb,>?” possibly stabilizing
it and driving cellular senescence.” Additionally, our results
suggest that Pur-beta is essential for T-oligo-induced DDR,
and suggests for the first time, to the best of our knowledge,
a connection between Pur-beta, p53, and downstream DDR.
Furthermore, Pur-beta could be a new target for anticancer
treatment and a valuable tool in the investigation of telomere-
related DDR. Further investigations into the importance of
other T-oligo-associated proteins are ongoing and include
assessment of the requirement for hnRNP C1/C2, Pur-
alpha, and Pur-beta in T-oligo-induced inhibition of cellular
proliferation.

Conclusion

The present study identifies T-oligo-associated proteins that
may have a role in T-oligo’ anticancer effects. This study
may also help in understanding the anticancer mechanism
of action of T-oligo, and generate further research into a new
line of telomere-based anticancer agents that specifically
target cancer cells and leave normal cells minimally affected.
T-oligo represents a novel method for treating cancer and
promises to generate new ideas for developing a wide range
of telomere-based anticancer agents.
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Figure S| SDS-PAGE analysis of T-oligo-associated proteins.

Notes: MM-AN cells were treated with biotinylated T-oligo or complementary
oligonucleotide for 6 hours. Cells were collected, trypsinized and lysed. Lysates
were then incubated with streptavidin agarose beads. Non-biotinylated T-oligo or
control was added in 10.0-fold excess. Supernatant containing associated proteins was
collected and run on an SDS-PAGE gel (Tris-glycine 6%—12% gradient gel) and stained
with Coomassie Brilliant Blue. Unique bands (~50-37 kDa) were identified, containing
several proteins that bind to T-oligo but not to complementary oligonucleotide.
Subsequently, proteins were further identified and confirmed by mass spectrometry.
Abbreviation: SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.

Table S| List of proteins identified by mass spectrometry

Symbol Protein name Protein Function Protein Number Percentage
accession identification = of unique  sequence
numbers probability peptides coverage

HNRNPD? Isoform | of heterogeneous 1P100028888 Increases senescence' 99.00% 2 6.76%

nuclear ribonucleoprotein DO

HNRNPA2BI? Isoform Bl of heterogeneous IP100396378 Increases cell 99.00% 2 6.80%

nuclear ribonucleoproteins A2/BI proliferation?

PURB® Transcriptional activator IP10004505 | Increases senescence 100.00% 10 21.50%

protein Pur-beta and apoptosis®

MSI12 RNA-binding protein IPI00001007  Inhibits p21 and 99.00% 2 7.18%

Musashi homolog | increases apoptosis*

HNRNPC® Isoform CI of heterogeneous IPI00216592 Upregulates p53 99.90% 3 18.81%

nuclear ribonucleoproteins C1/C2 activity®

HNRNPAI? Isoform Al-B of heterogeneous IP100215965 Increases apoptosis® 100.00% 9 25.50%

nuclear ribonucleoprotein Al

HNRNPD? Isoform 4 of heterogeneous IP100220685 Increases senescence' 99.00% 2 30.00%

nuclear ribonucleoprotein DO

GNAI2? Isoform 2 of guanine nucleotide- IP100217906 Decreases shielding 99.90% 3 10.00%

binding protein G(i), alpha-2 subunit from apoptosis’

VDAC2* Voltage-dependent anion-selective IP100024 145 Increases apoptosis 99.50% 3 10.10%

channel protein 2 due to reduced
inhibition of BAK?®
VDACI? Voltage-dependent anion-selective IP100216308 Increases apoptosis’ 99.90% 3 12.00%

channel protein |

Notes: List of the potential T-oligo binding proteins identified by mass spectrometry. Protein bands present (~50-37 kDa) after treatment with T-oligo were cut from the
gel and analyzed by mass spectroscopy using ABI 4700 MALDI-TOF/TOF MS unit. For protein identification, at least two peptides per protein with 90% peptide confidence
and 90% protein confidence thresholds were used. Functions of the identified proteins are based on Uniprot and PubMed information. Proteins which have a role in DNA
damage responses, or are known to bind telomeric DNA, such as hnRNP Al, A2-Bl, and D, are shown. *Proteins which are important and need to be further studied;
®proteins which may have a role in T-oligo-induced DNA damage responses.

Abbreviations: Pur, purine-rich element binding protein; DNA, deoxyribonucleic acid; hnRNP, heterogeneous nuclear ribonucleoprotein; MALDI-TOF/TOF MS, matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry.
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