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ARTICLE INFO ABSTRACT

Keywords: Aims: Azacitidine, a drug that epigenetically modifies DNA, is widely used to treat haematological malignancies.
Telomere However, at low doses, it demethylates DNA, and as a result, can alter gene expression. In our previous publi-
Zi{?merase cation, we showed that low doses of azacitidine induce telomere length elongation in breast cancer cells. In this

study, we aim to identify the mechanisms which lead to telomere length increases.

Methods: Breast cancer cell lines representing different molecular sub-types were exposed to 5-aza-2-deoxy-
cytidine (5-aza) in 2 and 3D cultures, followed by DNA, RNA, and protein extractions. Samples were then
analysed for telomere length, DNA damage, telomerase, and ALT activity.

Results: We show that treatment of the cell lines with 5-aza for 72 h induced DNA damage at the telomeres and
increased ALT activity 3-fold. We also identified a gene, POLD3, which may be involved in the ALT activity seen
after treatment.

Conclusion: Our results indicate that while 5-aza is a useful drug for treating haematological cancers, surviving
cancer cells that have been exposed to lower doses of the drug may activate mechanisms such as ALT. This could

Breast cancer

lead to cancer cell survival and possible resistance to 5-aza clinically.

1. Introduction

Breast cancer is the most common malignancy affecting women
globally. In the UK, around 69,900 new cases will be diagnosed by 2040
(Cancer Research UK, 2023). The main causes of breast cancer are not
fully understood. However, factors such as age, family history, and the
consumption of alcohol may increase the risk of developing the disease
[36]. Telomeres are specialised structures, which are present at the ends
of eukaryotic chromosomes to prevent DNA damage and cellular
senescence [15]. Telomeres consists of a simple repeat sequence
TTAGGG, which extends for up to 15 kb in humans [45], 50 kb in mice
[6] and 150 kb in plants [17]. Due to the end replication problem,
telomeric DNA shortens after each round of replication in normal cells
until they reach a critical length which triggers cellular senescence and
growth arrest [28]. Telomerase, the enzyme responsible for synthesising
telomeric repeats, is expressed at very low levels in normal human so-
matic cells [3]. However, cancer cells have developed two mechanisms
to maintain telomere length, the first is mediated by telomerase which
synthesises G- rich repetitive sequences onto the telomeres to prevent
them from shortening [35]. The second and less frequently used
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mechanism known as Alternative Lengthening of Telomeres (ALT) is
active in around 10 % of cancer cells and maintains telomeres via ho-
mologous recombination [38,49,54]a.

Azanucleosides (AZN) are pyrimidine analogues that were first
synthesised in 1964 [52]. They were approved as a treatment for pa-
tients with acute myeloid leukaemia (AML) and myelodysplastic syn-
drome (MDS) [26]. There are two types of AZN that are currently used in
clinics, 5-azacytidine and 5-aza-2'-deoxycytidine (5-aza). Both drugs are
mechanistically similar in that they are incorporated into DNA during
DNA replication, the main difference between them is the dose admin-
istered [11]. AZN’s are analogues of the nucleotide cytidine and once
incorporated into DNA they act as potent inhibitors of the methyl-
transferase enzymes. Studies have shown that 5-aza-2'-deoxycytidine is
more potent in vivo [27].

At high doses, these drugs are cytotoxic to cancer cells, however at
lower concentrations, they decrease DNA methylation and reactivate the
expression of target genes [43]. Motevalli et al., [39], found that
5-aza-2-deoxycytidine (decitabine, 5-aza) caused rapid telomere elon-
gation in breast cancer cells. The effect was not specific to cancer cells as
elongated telomeres were also found in a normal mammary epithelial
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cell strain (HMEC) after treatment. Bull et al., [4] reported that the
lower doses of 5-aza were associated with increased telomere length and
DNA damage in human lymphoblastoid WIL2-NS cells. Moreover, [5]
tested the effect of low concentration (1 pM) of 5-aza in AGS gastric
epithelial cells infected with H. pylori. 5-aza treatment caused telomere
shortening and DNA hypermethylation in the epithelial cells followed by
downregulation of hTERT expression during the infection. Therefore, the
overall effects 5-aza has on telomeres and telomere length are not fully
understood and require further investigation. In addition, the actual
mechanisms that lead to telomere length elongation need to be eluci-
dated. AZNs are part of a new type of anti-cancer treatment known as
epigenetic therapy [1]. This type of therapy targets modifications that
have taken place to the DNA within cancer cells such as DNA methyl-
ation and histone modification. Both events are usually targeted
together to increase the effectiveness of epigenetic therapy. 5-aza is
commonly used with the histone deacetylase (HDAC) inhibitor trichos-
tatin A to inhibit DNA methylation and histone modification respec-
tively [23].

In this article, we investigated the mechanisms through which 5-aza-
2'-deoxycytidine (5-aza) could trigger telomere dysfunction in different
subtypes of breast cancer cell lines. We analysed the effect of 5-aza on
telomere length, telomeric DNA damage, hTERT mRNA expression ALT
and telomerase enzyme activity. Our findings here demonstrate that 5-
aza increased telomere length and DNA damage at the telomeres.
hTERT, but not telomerase activity was upregulated suggesting that
another mechanism is at play. Finally, ALT activity was shown to be
increased in cells treated with 5-aza.

2. Materials and methods
2.1. Cell lines, culture conditions

The human breast cancer cell line 21NT was grown as monolayers in
1x Modified Eagle’s medium alpha (alpha MEM) (Gibco), 2.8 pM hy-
drocortisone, 1 pg/ml insulin, 10 % foetal calf serum (FCS), 1 % gluta-
max, 10 mM HEPES, 0.1 mM NEAA and 12.5 ng/ml Epithelial Growth
Factor (EGF), [9]. MCF7, BT474, and HS78T cell lines were grown in
DMEM/F12 (Gibco) with 10 % FCS and 1 % glutamax, 0.5 pg/ml hy-
drocortisone [39]. Cells were maintained in T75 flasks at 37° C in a
humidified environment with 5 % COs.

2.2. 3D culture using GrowDex

BT474 cells were cultured in 0.5 % GrowDex hydrogel (UPM Bio-
forbeyond fossils). 50000 cells /well (6-well plate) were embedded in a
total volume of 1200 pl of Growdex diluted in DMEM/F12 growth me-
dium. 800 pl of growth media/ well was added on top of the Growdex to
keep the gel hydrated. Cells were incubated at 37° C and monitored
daily for 3 days. The culture medium above the gel was then removed
and replaced with fresh medium containing 5uM of 5-aza twice with a
four hours gap between treatments and left for 72 h. After that, Grow-
Dase (UPM Bioforbeyond fossils) mixed with growth medium was added
to the wells and left for 10 h. Finally, the DNA was extracted from the
cells using the Promega kit as described below.

2.3. Reagents and treatment of cells

5-aza-2-deoxycytidine (5-aza) and trichostatin A (TSA) were both
purchased from Merck, UK. Stock solutions of 5 mM 5-aza and TSA were
prepared by dissolving the lyophilised powder in DMSO, aliquots were
stored at —80° C. 21NT cells were plated at a density of 1x10° into six
well plates. Cells were treated with 10 pM concentrations of 5-aza twice
with a four hours gap between treatments. During the last 16 h of in-
cubation, 50 ng/ml of TSA was added to modify gene expression [39].
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2.4. Genomic DNA extraction

DNA was isolated from the breast cancer cell lines using the Wizard
genomic DNA purification kit and protocol from Promega (A1120) and
quantified using the NanoDrop.

2.5. RNA extraction, cDNA conversion, and gPCR

Total RNA was extracted from all breast cancer cell lines using the
RNeasy Mini Kit from QIAGEN (ID:74104) according to the manufac-
turer's protocol. 1 pg of total RNA was reverse transcribed to comple-
mentary DNA (cDNA) using a reverse transcription kit from
ThermoFisher (4368814). qPCR master mixes were prepared from 2x
SYBR® (ThermoFisher), 1 pl of the forward primer (10 mM), 1uL of the
reverse primers (10 mM) (Table 1), 1 pL of prepared cDNA and nuclease
free water to make the final volume up to 10 pl. The qPCR reactions were
performed in triplicate for hTERT, POLD, and GAPDH in 96 well plates
sealed with an optical adhesive film (MicroAmp® Optical Adhesive
Film, ThermoFisher). The default PCR cycle was as follows: 95°C for
10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. The
Relative Quantity (RQ) of gene expression was obtained using the
QuanStudio V1.3 software.

2.6. Telomere length measurement by qPCR

To determine telomere length, the qPCR technique was used [42].
qPCR was performed in 96- well plates using 20 ng of DNA per 20 pl
reaction. A telomere standard curve was established by serial dilutions
of the telomere standard (1018400 kb through 10184 kb dilution)
(Table 1) to calculate the telomeric sequence in kb. A single copy gene
36B4, was used as a genomic DNA control, this was done through a serial
dilution of the 46B3 standard (6125000 kb through 6.125 kb dilution).
The copy number values generated from the qPCR and the serial di-
lutions were used to calculate the total telomere length in kb. (As
described by [42]).

2.7. Quantification of telomere repeat amplification protocol (TRAP)

To quantify telomerase activity, the TRAP assay was used. Protein
from the breast cancer cell lines was extracted using the TRAPeze 1 x
CHAPS lysis buffer (§7705, Millipore) and quantified using the CB-X
protein assay kit (G- Bioscience). For estimation of the telomerase ac-
tivity from the samples, the procedure outlined in [53] was followed. A
serial dilution of the prostate cancer cell line PC-3 (hTERT telomerase
positive) protein was used to construct a standard curve ranging from
50 ng — 500 ng of protein. A sample of PC3 protein was heated at 95° C to
inactivate the telomerase enzyme, this served as a negative control for
enzyme activity. A non-template control was also included. The master
mix was prepared by adding 12.5 pl of the 2x Universal SYBR (Ther-
moFisher) 5.5 pl of RNAse free water, 1 pl ACX primer (0.05 ug/ul), and
1 pl TS primer (0.1 ug/ul) (Table 1). The reactions were incubated at 250
C for 20 min to allow telomerase to synthesise the TRAP ladders, then
the qPCR was carried out at 95° C for 10 min and 35 cycles of 95° C for
30 s, and 60° C for 90 s. Telomerase activity was quantified using the
PC-3 hTERT standard curve and QuanStudio V1.3 software.

2.8. Immunofluorescence detection of y-H2AX foci

Breast cancer cells were plated onto glass microscope slides and
grown in an incubator at 37°C/5 % CO5 (Thermo Scientific). The slides
containing the cells were treated with 10 pM 5-aza either alone or in
combination with TSA for 72 h. Cells were fixed in 2 % formaldehyde
(Fisher Scientific) for 10 min. Following this, cells were washed three
times for 5 min each with PBS and permeabilized with 0.3 % (v/v) Triton
X-100 (Sigma-Aldrich) solution for 10 min. Cells were washed three
times for 5 min each with PBS and blocked with 5 % BSA blocking buffer
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Table 1
Primer sequences used for qPCR quantification.
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Oligomer name Oligomer sequence

Product size (bp)

36B4 standard CAGCAAGTGGGAAGGTGTAATCCGTCTCCACAGACAAGGCCAGGACTCGTTTGTACCCGTTGATGATAGAATGGG 75
Telomere standard (TTAGGG)14 84
Telo (F) CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT >76
Telo (R) GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT >76
36B4 (F) CAGCAAGTGGGAAGGTGTAATCC 75
36B4 (R) CCCATTCTATCATCAACGGGTACAA 75
hTERT(F) CGGAAGAGTGTCTGGAGCAA 200
hTERT(R) GGATGAAGCGGAGTCTGGA 200
gapdh(F) GAAGGTGAAGGTCGGAGT 226
gapdh(R) GAAGATGGTGATGGGATTTC 226
Telomerase Substrate (TS) AATCCGTCGAGCAGAGTT

Anchored Return Primer(ACX) GCGCGG(CTTACC)3CTAACC

POLD3 (F) AAAAAGCAGAGCCTGTTAAG 110
POLD3 (R) GTCTGGAAAGACTTCATCTTC 110

(5 % BSA in Tween before incubation with primary monoclonal anti-
phospho histone H2AX (y-H2AX, Millipore) antibody for one hour at
37° C. After incubation, the cells were washed three times before the
addition of the anti-mouse IgG FITC conjugated secondary antibody
(Invitrogen). After a one-hour incubation at 370 C, the cells were washed
four times, for 5 min each in PBS. Then, 15 pl DAPI was added. Finally,
cells were analysed using an Axioskop Zeiss fluorescence microscope.
For each slide, 100 interphase cells were scored to determine the DNA
damage repair kinetics [2].

2.9. Telomere dysfunction-induced foci (TIF) assay

This method is based on the co-localization detection of DNA damage
by y-H2AX with the telomeric probe (cy3) to detect DNA damage at
telomeres [2]. Firstly, the slides from the y-H2AX foci procedure above
were fixed with 2 % formaldehyde for 10 min. Then, they were washed
three times in PBS for five minutes on a shaker in a jar. After that, they
were hybridized with the cy3 PNA probe TTAGGG [2] and incubated for
two hours at room temperature. Lastly, 15 pl of DAPI was added and a
coverslip was added. Cells were analysed using an Axioskop Zeiss fluo-
rescence microscope for each sample 100 interphase cells were scored
and TIF foci were counted.

2.10. Telomeric C-circle assay

The C-circle assay was performed using qPCR as outlined in [21]. The
genomic DNA of breast cancer cell lines treated with 5-aza was extracted
using a genomic DNA isolation kit (Promega). Overall, 30 ng of DNA was
used and diluted in 10 mM TRIS (pH 7.6) buffer and made up to a final
volume of 10 pl. Then the diluted genomic DNA was added to a 10 pl
reaction mix containing 0.2 mg/ml BSA, 4 mM DTT, 0.10 % Tween,
0.1 mM dTTTp, 1X phi29 buffer, and 15 U phi 29 DNA polymerase.
Reactions without the phi 29 polymerase enzyme were included as a
negative control. Amplification was performed at 30°C for 8 h followed
by 65°C for 20 min. The C-circle reactions were diluted with 80 pl of
10 mM Tris, pH 7.6. qPCR was performed in 96-well plates using 5 pl of
diluted C-circle product per 25 pl reaction. A single copy gene 36B4 was
used as a reference and telomere and 36B4 primers were used according
to Table 1. qPCR was carried out at 95 °C for 15 min, 30 cycles of 95 °C
for 7 s, and 58 °C for 10 s, followed by 95 °C for 5 min, 40 cycles of 95 °C
for 15 s and, 58 °C for 30 s

2.11. Statistical analysis

All statistical analyses were carried out using GraphPad Prism
(GraphPad Software). Statistical analysis was performed using unpaired
student’s test (*P<0.05 **P<0.01, ***P<0.001). Three biological re-
peats under the same conditions were performed for all experiments.

3. Results
3.1. 5-aza-2-deoxycytidine increased telomere length in 2D cultures

A preliminary experiment was performed to determine which con-
centration of 5-aza would induce the highest telomere length elongation
without adversely affecting cell viability. From this experiment
(supplementary figure Fig. 3) we found that the low dose of 10 pM was
optimal. Breast cancer cell lines were then treated with 10 uM of 5-aza
for 72 h, and telomere length was measured using qPCR. Fig. 1 revealed
that treatment with 5-Aza increased telomere length in 21NT, BT474,
MCF7, and HS578T respectively. The combined treatment with 5-aza
and TSA resulted in an insignificant increase in telomere length
compared to 5-aza alone. Therefore, the addition of TSA did not enhance
the effect, thereby suggesting that 5-aza was responsible for the obser-
vations obtained. This is in line with the results we previously obtained
[39]. Cells treated with DMSO showed no significant increase in telo-
mere length and were similar to the untreated cells.

3.2. 5-aza-2-deoxycytidine increased telomere length in 3D cultures using
Growdex

Although we observed a telomere length increase in 2D cultures, this
does not fully represent the way cancer cells grow in vivo [19] Therefore,
we repeated our treatments with 5-aza using a 3D cell culture system
called Growdex. BT474 cells were cultured in Growdex for five days and
then treated with 10 pM of 5-aza twice with a 4-hour gap between
treatments. The 10 pM treatments resulted in a high degree of cell death
therefore we reduced the concentration of 5-aza to 5 pM. BT474 cells
grew well at the lower concentration producing acini structures in the
Growdex (Fig. 2A and B). After 72 h of treatment DNA was extracted
from the acini and telomere length was measured using qPCR. Here, we
demonstrated for the first time the effects of 5-azacitidine on telomere
length in 3D cultures (Fig. 2C). As shown in Figs. 2C, 5 uM concentration
of 5-aza increased telomere length in BT474 cells grown in 3D cell
cultures. The telomere length of BT474 increased 3-fold in 3D cultures,
compared to two-fold in 2D cultures. Due to the BT474 cell lines being
grown in a 3D culture, spheroids were formed, which were stimulated
from the outer zone that is associated with highly proliferating cells.
Moreover, the drug sensitivity in 3D could potentially be impacted by
the shape or size of spheroids [16,40]a.

3.3. 5-aza-2-deoxycytidine up-regulated hTERT expression HER2
positive cells

The two mechanisms that are responsible for telomere length
maintenance in humans, telomerase expression and ALT activity were
further investigated to see if they are responsible for the rapid telomere
elongation observed in our study. Cell lines were incubated with 5-aza
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Fig. 1. 5-aza induced telomere length elongation in breast cancer cell lines after exposure for 72 h. DMSO and untreated cells were used as control. A) 21NT treated
with 10 pM of 5-aza either alone or in combination with 50 ng/ml of TSA. B) BT474 cell lines treated as above. C) MCF7 cell lines treated as above. D) HS578T cell
lines treated as above. All cell lines showed an increase in telomere length when treated with 10 pM of 5-aza. Statistical analysis between untreated and treated cells

evaluated by unpaired student’s test *P<0.05, **P<0.01, ***P<0.001.

and TSA for 72 h then total RNA was extracted. hTERT mRNA expression
was then quantified using qQPCR. The mean Ct value of each triplet was
used for further analysis using the 222t method to obtain the Relative
Quantification (RQ) values. The amplification was then repeated 3
times. As shown in Fig. 3, hTERT mRNA expression was significantly
upregulated by the treatments in the HER2-positive breast cancer cells
21NT and BT474 [22]. However, in MCF7 and HS578T, the changes in
gene expression were not significant, suggesting that HER2 may influ-
ence the regulation of hTERT in 5-aza treated cells.

3.4. Marginal increase in telomerase activity after a 72-h exposure to 5-
aza-2'-deoxycytidine

5-aza and TSA increased hTERT expression in the HER2-positive cell
lines therefore, we wanted to see if this would increase telomerase ac-
tivity. To investigate this, 21NT and BT474 cells were exposed to 5-aza
for 72 h then a TRAP assay was performed to quantify telomerase ac-
tivity (Fig. 3E and F). We used protein extracts from the prostate cancer
cell line PC-3 as telomerase positive control. Breast cancer cells treated
with 5-aza alone or in combination with TSA showed a marginal in-
crease in telomerase activity.

3.5. DNA damage induced by 5-aza-2'-deoxycytidine in breast cancer cell
lines

y-H2AX was used to investigate DNA damage in 5-aza treated cells.
Double strand breaks (DSB) can be detected using y-H2AX and the
quantity of damage is proportional to the number of DSB observed.
Treatment of breast cancer cell lines with 10 uM of 5-aza either alone or
with TSA for 72 h increased y-H2AX staining over that seen in the DMSO
control (Fig. 4 A-D and supplementary Fig. 1). The 21NT, BT474, and
MCF7 cell lines revealed a 3-fold increase in y-H2AX at 10 pM of 5-aza
(15/cell) in comparison to the DMSO control (Fig. 4A, B, and C). The
combination treatment of 10 pM 5-aza-and TSA presents the highest
frequency of y-H2AX in 21NT (17.8/cell) and BT474 (17.5/cell). The
triple negative cell line HS578T, exhibited less y-H2AX foci after treat-
ment when compared to the other breast cancer cell lines (9.8/cell)
suggesting that it is more resistant to DNA damage by 5-aza (Fig. 4 D).
These results indicated that 5-aza induces significant DNA damage at
low doses, furthermore, triple negative breast cancers are more resistant
to DNA damage by this drug.

3.6. 5-aza-2-deoxycytidine induces DNA damage at the telomeres

Although it is well known that 5-aza induces DNA damage at ther-
apeutic concentrations [33], there have not been any reports suggesting
that this drug causes DNA damage at the telomeres. To confirm the
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Fig. 2. Telomere length of BT474 cells grown in 3D culture and treated with 5 uM of 5-aza for 72 h. A and B. The typical 3D cellular morphology of BT474 under
bright field microscopy. Cells grew as packed spherical aggregates. A represents untreated cells and B. treated with 5 pM 5-aza for 72 h. C. 5 pM concentration of 5-
aza was associated with an increase in telomere length in comparison to the untreated control. Statistical analysis between untreated and treated cells evaluated by

unpaired student’s test *P<0.05.

presence of telomeric DNA damage post treatment with 5-aza, the
telomere dysfunction induced foci (TIF) assay was performed using an
antibody against the DNA damage marker y-H2AX with a PNA telomere
probe [2]. From the results obtained in Fig. 4 E and F (supplementary
Fig. 2), a 3-fold increase in TIF was seen for 21NT and H5S78T following
treatment with 5-aza, either alone or in combination with TSA. This
indicates that 5-aza induces telomeric DNA damage which could lead to
telomere dysfunction in breast cancer cell lines. One of the possible
consequences of double stranded telomeric DNA damage is the activa-
tion of repair mechanisms. Homologous recombination-mediated telo-
mere synthesis, similar to ALT is initiated to repair the damaged DNA
occurring at telomeres. This may then lead to a telomere length increase
[7,37]. To test for the activation of a homologous repair mechanism, we
performed an ALT assay on cell lines treated with 5-aza for 72 h.

3.7. 5-aza-2-deoxycytidine elevated ALT levels

Fig. 5A-C shows the results of an ALT assay after exposure of the cell
lines to 5-aza for 72 h. U20S was used as an ALT positive control and
HELA, an ALT negative, telomerase positive control. From the results
obtained, it can be seen that 5-aza induced an increase in ALT activity in
all cell lines suggesting that the DNA damage obtained at the telomeres
may have activated genes involved in the ALT process. It is noteworthy
to mention that the telomerase positive HELA showed some ALT activity
along with the telomerase positive breast cancer cell lines. Frank et al.
[20] detected low levels of ALT within HELA and other telomerase
positive cells, this is in line with our data and shows that telomerase
positive cancers could also show the presence of ALT.

3.8. Upregulation of POLD3 following exposure to 5-aza-2-deoxycytidine

The POLD3 gene plays an essential role in the maintenance of
genome stability and telomere length [8]. POLD3 has also been shown to
be involved in alternative lengthening of telomeres (ALT) through a
mechanism of break induced telomere synthesis [12]. Based on the role
of POLD3 in maintaining genome stability and telomere length, we hy-
pothesized that this gene may be involved in telomere length elongation
via ALT activation in breast cancer cells treated with 5-aza. We quan-
tified the mRNA expression of POLD3 in the different subtypes of breast
cancer after treatment with 5-aza either alone or in combination with
TSA. As shown in Fig. 5 D-F, breast cancer cells exposed to 5-aza
dramatically up-regulated POLD3 mRNA expression when compared
to untreated cells. It is interesting to note that when 5-aza is used in
combination with TSA, POLD3 expression is downregulated in 21NT and
BT474.

4. Discussion

Previously [39], we found that the chemotherapeutic drug
5-aza-2-deoxycytidine (5-aza) induced rapid telomere elongation in
breast cancer cell lines after a 72 h exposure. In this paper, we aim to
uncover the possible mechanisms that lead to telomere length increase
in cells treated with 5-aza.

Cell lines representing different molecular sub-types of breast cancer
(Luminal A/B, HER2 positive, and triple negative), grown in 2D cell
cultures increased their telomere lengths (Fig. 1A-D) after 72h of
treatment. This is in line with what has been shown by others (Motevalli
et al., 1014, [4]) and serves as a starting point for the following inves-
tigation. As 2D cultures are not a true representation of how cells would
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Fig. 3. hTERT mRNA expression (RQ) and telomerase activity in breast cancer cell lines after treatment with 5-aza for 72 h, untreated cells were used as controls.
hTERT mRNA expression for 21NT (A), BT474 (B), MCF7 (C) and HS578T (D). E and F. telomerase activity in the HER2 positive cell lines 21NT and BT474 after
exposure to 5-aza. Only a marginal increase in telomerase activity was seen in cells treated with 5-aza when compared to the untreated control. Statistical analysis
between untreated and treated cells evaluated by unpaired student’s test *P<0.05, **P<0.01.

grow in a human body, we repeated our experiments in a 3D culture
system using Growdex. Some cell lines did not grow well in this 3D
system (21NT, MCF7, data not shown) however we did get good growth
with BT474 which allowed us to carry out our analysis. The results
(Fig. 2A-C) indicate that even in a 3D cell culture system, rapid telomere
length increase occurs after treatment with 5-aza for 72 h. Interestingly,
BT474 showed a 2-fold increase in telomere length for the 2D cultures
and a 4-fold increase in 3D cultures. The cell line also required a lower
dose of 5 pM in 3D cultures as opposed to 10 uM in 2D cultures. This
could be a result of the drug having access to the whole of the cell’s
surface area and not just one surface as you would get in 2D cultures.
The results presented in Fig. 2 validate our findings that cells grown in
any situation could induce telomere length increase when exposed to
5-aza. Others have found that cancer cell lines grown in 3D cultures tend
to be more resistant to chemotherapeutic drugs depending on the type of
system used [19,40]. Our findings suggest that Growdex 3D cultures are
more sensitive to added drugs. The two known mechanisms that can use

to maintain telomeres are telomerase activity and ALT [50], therefore
we investigated both pathways to see if they can explain what we have
observed in our cell lines treated with 5-aza.

Although hTERT mRNA levels increased after exposure to 5-aza in
the HER2 positive cell lines 21NT and BT474 (Fig. 3), the HER2 negative
cells showed non-significant changes. In addition, only a marginal in-
crease in telomerase activity occurred in the HER2 positive cells
(Fig. 3E-F) suggesting that this may not be the main mechanism
responsible for the rapid telomere increase obtained in Fig. 1 but could
contribute to it. 22 splice variants of hTERT are known to exist [24,47],
however only a few variants code for the fully active telomerase enzyme.
Therefore, even though we obtained significant increases in the hTERT
mRNA expression for 21NT and BT474, lower levels of the fully func-
tional variant may have been produced hence no correlation between
mRNA expression and telomerase enzyme activity. Papanikolaou et al.
[44] Found a direct positive correlation between hTERT expression (and
telomerase activity) and HER2, and our results indicate that HER2
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positive cells enhance their expression of hTERT after exposure to 5-aza.

We next looked at the effect 5-aza has on telomeric DNA. Previously
it was shown that 5-aza triggers DNA double strand breaks in cells
treated with therapeutic concentrations of the drug and this is part of its
anti-cancer effects [30] (Laranjeira et al., 2023). However, to our
knowledge, 5-aza induced DNA damage at the telomeres has not been
reported for solid tumours. We show that 5-aza caused significant DNA
damage in all cell lines, on average 2-to-3-fold increase in y-H2AX foci
was obtained (Fig. 4A-D). More importantly, damage was also seen at
the telomeres using the TIF assay (Fig. 4E-F). Double stranded telomeric
DNA damage may induce DSBR (double strand break repair) and ALT
like activity to repair and elongate telomeric DNA [18]. Indeed, telo-
mere damage can induce ALT activity in telomerase positive cells by
triggering homologous recombination mediated telomere synthesis [7,
37].

We next investigated ALT activity in cells treated with 5-aza (Fig. 5A-
C). ALT activity was significantly increased in the 21NT and BT474 cell
lines when compared to the controls HELA (hTERT positive) and U20S

(ALT positive). This provides evidence that the damage seen at the
telomeres in Fig. 4 may have been repaired by an HR driven mechanism
leading to a telomere length increase [7,14]. We found that the hTERT
positive cell line HELA had detectable Levels of ALT. This is not unusual
as the co-existence of telomerase and ALT in cancer cell lines has been
reported in the literature [10,25,46]. From this, we can conclude that
5-aza induced DNA damage at the telomeres activated DSBR and ALT
like activity which could have been responsible for the increase in
telomere length we observed in our breast cancer cell lines.

Recently, the gene POLD3 was shown to be involved in DSB repair,
telomere maintenance, and ALT activity [54,55]. POLD3 is also
considered to be critical for telomere maintenance via ALT [12] and
depletion of POLD3 within cells results in accelerated telomere short-
ening. This led us to investigate POLD3’s expression in 5-aza treated
cells. Our data (Fig. 5D-F) demonstrated that 5-aza upregulated POLD3
mRNA expression in 21NT, BT474, and HS578T. This result provides
strong evidence that the POLD3 gene is involved in the activation of the
ALT pathway in cells treated with 5-aza. This will be the focus of our
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investigation for future work.
5. Conclusion

We have provided evidence showing that treatment of breast cancer
cell lines with the chemotherapeutic drug 5-aza induces telomere length
elongation via ALT activation. Furthermore, the gene POLD3 was found
to be up-regulated in cells post treatment with 5-aza suggesting that it
could be the driving force behind the ALT activity observed. This is a
significant finding as 5-azacitidine is still being used to treat AML and
MDS alone or in combination with another chemotherapeutics [13,29].
However, the treatment is associated with a high cytotoxic effect [11,
41]. In addition, preclinical studies in solid tumours are still being
performed [34,48]. Elongated telomeres and up-regulation of hTERT
may lead to the evolution of the tumour into more aggressive forms and
resistance to the drugs used to initially treat them. Kuranaga et al., [32]
Found that elongated telomeres and telomerase upregulation contrib-
uted to multidrug resistance in colorectal cancer cells. Radiation resis-
tance in these cells was associated with hTERT upregulation [51]. Ko,
Jung [31] found that hepatocellular carcinoma cells with longer telo-
meres had a greater invasive capacity than those with shorter telomeres.
The evidence we provide here suggests that any tumour cells that sur-
vive the initial round of treatment with 5-aza could start to clonally
grow with the activation of the ALT system within them. Our data also
suggests that both telomerase activity and ALT are present in these cells
which will give them a robust system to keep telomeres maintained and

active. This could result in cells that are highly resistant to further
therapeutic intervention.
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