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Tubercidin enhances apoptosis in serum- R

starved and hypoxic mouse cardiomyocytes
by inducing nuclear speckle condensation

Guowen Shen'?", Qingni Cheng®', Lunmin Liang®", Yaping Qin'", Yunzhu Cao*', Quanzhong Li* and
Shengjun Xiao"”

Abstract

Tubercidin, known for its antimicrobial, antiparasitic, and anticancer effects, faces clinical limitations due to adverse
effects, especially cardiotoxicity risks for those with ischemic cardiomyopathy. This study aims to clarify the molecu-
lar pathways of Tubercidin-induced cardiotoxicity, focusing on nuclear speckles (NSs) disruption in cardiomyocytes
under serum deprivation and/or hypoxia. To simulate ischemic cardiomyopathy in vitro, we utilized FMC84 and HL-1
murine cardiomyocyte cell lines, exposing them to conditions of serum limitation and/or hypoxia to evaluate the car-
diotoxic impact of Tubercidin and the contributing mechanisms. Apoptosis was quantified using flow cytometry, NSs
condensation was visualized via immunofluorescence with an anti-SC35 antibody, and the expression levels of key
apoptotic transcripts (RFFL, RIF1, and RNF144B) were analyzed by RT-PCR. Our findings revealed that Tubercidin sig-
nificantly increased apoptosis in both HL-1 and FMC84 cell lines under conditions mimicking serum deprivation (21%
02 with 1% FBS), hypoxia (1% O2 with 10% FBS), or a combination of both. Furthermore, Tubercidin treatment led

to a pronounced enlargement of NSs, as detected by immunofluorescence. Concurrently, we documented significant
alterations in the expression of critical apoptotic regulatory genes, implying that Tubercidin may modulate the apop-
totic pathway in stressed cardiomyocytes. It is hypothesized that Tubercidin induces NSs condensation, affecting
alternative splicing of cell death genes, potentially worsening ischemic cardiomyocytes’damage. Therefore, a cautious
clinical use of Tubercidin for ischemic cardiomyopathy patients is advised to reduce cardiotoxicity risks.
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Introduction

Tubercidin, an adenosine analog derived from Streptomy-
ces tubercidicus, possesses a broad spectrum of pharma-
cological activities, exerting a potent inhibitory influence
on diverse microorganisms, including bacteria, fungi,
viruses, and protozoa [1]. Moreover, this compound
has demonstrated promise as a chemotherapeutic agent
for tumor treatment [2]. Upon cellular uptake through
nucleoside transporters, Tubercidin undergoes intra-
cellular phosphorylation to generate mono-, di-, and
triphosphate forms that competitively inhibit adenosine
nucleotides, thereby disrupting polymerase activity and
subsequently halting DNA replication, RNA transcrip-
tion, and protein synthesis [3, 4]. Additionally, structural
modifications of Tubercidin have been shown to confer
inhibitory effects on adenosine kinase [5].

The clinical deployment of Tubercidin is significantly
limited by its considerable hepatotoxicity, nephrotoxic-
ity, and cardiotoxicity, especially in individuals with car-
diac comorbidities such as ischemic cardiomyopathy [6].
Therefore, deciphering the molecular pathways leading to
its cardiotoxic effects is essential for devising strategies to
alleviate these adverse outcomes. In the context of schis-
tosomiasis, combination therapies have been employed
to ameliorate the toxicity profile and reduce patient side
effects [7]. Furthermore, chemical modification of Tuber-
cidin has been investigated as a means to diminish its
toxicity [8]. Despite these efforts, a thorough understand-
ing of Tubercidin’s toxicity mechanisms remains critical
for enhancing its clinical safety profile.

Nuclear speckles (NSs) are RNA-binding protein-rich
nuclear bodies, numbering approximately 20 to 30 per
eukaryotic nucleus [9]. They are populated by a multi-
tude of SR (Serine/Arginine-rich) proteins, which are
pivotal in pre-mRNA splicing, mRNA transport, RNA
stability, and translation [10]. Consequently, NSs serve
as key assembly and storage sites for pre-mRNA splic-
ing machinery [10]. During eukaryotic RNA splicing, SR
proteins operate as essential splicing factors, in conjunc-
tion with snRNPs (small nuclear ribonucleoproteins) and
other factors, to bind specific RNA sequences, identify
splice sites, and facilitate both constitutive and alterna-
tive splicing [11]. The SR proteins are also instrumental
in regulating apoptosis through the alternative splicing
of genes associated with cell death [12], a process that
is dependent on NSs [13]. To date, over ten SR protein
varieties have been identified, with SRSF2 (Serine/Argi-
nine-rich splicing factor 2), also known as SC35 (Splicing
Component, 35 KDa), being a critical member of the ser-
ine/arginine (SR)-rich family of pre-mRNA splicing fac-
tors and a central constituent of NSs [14].

Tubercidin has been observed to perturb the assem-
bly of NSs and consequently disrupt mRNA processing.
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Following Tubercidin exposure, poly (A)+RNAs dis-
persed throughout the nucleoplasm undergo decay,
whereas SC35-labeled NSs persist in a condensed state
[15]. This suggests that Tubercidin specifically impairs
mRNA processing within NSs without disassembling
these condensed nuclear subcompartments.

NSs are known to form under various stress conditions,
including hypoxia and serum starvation, with their RNA
processing events presumed to aid in cellular stress sur-
vival. Therefore, the disruption of these RNA process-
ing events by Tubercidin, including mRNA splicing, is
hypothesized to augment cardiomyocyte toxicity in indi-
viduals with ischemic heart diseases. Utilizing murine
cardiomyocytes, this study provides evidence that Tuber-
cidin induces the condensation of NSs and exacerbates
apoptosis under hypoxic and/or serum-starved condi-
tions. These findings suggest a cautious approach to
the clinical use of Tubercidin in patients with ischemic
cardiomyopathy.

Materials and methods

Maintenance of cardiomyocyte cell cultures

The HL-1 cell line, derived from mouse atrial cardiomyo-
cytes, was sourced from Cellcook (Guangzhou, China)
and maintained in a customized Claycomb medium
(Sigma-Aldrich). This medium was fortified with 10%
fetal bovine serum (FBS; Gibco), 4 mM L-glutamine,
0.1 mM noradrenaline, and an antibiotic—antimycotic
mix (100 U/mL penicillin and 100 pg/mL streptomycin)
to support cell viability and prevent contamination. The
FMC84 cell line, which models mouse ventricular cardio-
myocytes, was provided by Jennio Biotech (GuangZhou,
China) and cultured in high glucose Dulbecco’s Modified
Eagle Medium (DMEM; Gibco) supplemented with the
same additives as the HL-1 medium. Both cell lines were
housed in a humidified incubator set at 37 °C with a 5%
CO, atmosphere to maintain homeostatic culture condi-
tions. Cellular experiments were performed during the
exponential growth phase to ensure the cells exhibited
consistent growth kinetics and biochemical responses.

Quantification of apoptosis induced by tubercidin

The cells were divided into three experimental groups
based on the duration of exposure to Tubercidin at a
concentration of 5 pg/mkL, which was selected based on
evidence from prior studies showing its effectiveness in
modulating cellular responses [16, 17]. Additionally, a
control group of cells not exposed to Tubercidin was
included for comparison. Once the cells reached 80%
confluence in a 10 cm diameter dish, they were exposed
to Tubercidin for 1, 3, or 6 h. Following this exposure,
the cells, along with the supernatant fractions, were
harvested and then centrifuged at 1000 rpm for 5 min
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to form a pellet. The pellets were washed twice with ice-
cold PBS to remove culture medium components. Sub-
sequently, cells were stained with Annexin V-FITC and
PI according to the Cell Apoptosis Kit protocol (LIFE
iLAB BIO, China), incubated in the dark for 15 min at
room temperature, and analyzed using a flow cytome-
ter (Invitrogen) to differentiate viable (Annexin V-FITC
negative/PI negative), early apoptotic (Annexin V-FITC
positive/PI negative), and late apoptotic or necrotic
(Annexin V-FITC positive/PI positive) cells, thereby
characterizing the apoptotic response over time. Each
experiment was repeated three times to ensure the
reliability and reproducibility of the results. Statistical
evaluation included a one-way analysis of variance, suc-
ceeded by Tukey post hoc comparisons.

Immunofluorescence assay and measurement of nuclear
speckle diameter and number using laser confocal
microscopy

Cells were seeded onto glass coverslips placed in
24-well plates and allowed to reach 70-80% conflu-
ence. Then the cells treated with Tubercidin for 6 h.
After PBS rinses and 15-min fixation with 4% PFA,
cells were permeabilized with 0.5% Triton X-100. Fol-
lowing three PBST washes, cells were blocked with 10%
FBS for 30 min and incubated overnight at 4 °C with
a 1:200 diluted mouse anti-SC35 primary antibody
(Novus Biologicals, USA). The next day, following three
PBST washes, cells received a 1-h incubation with a
1:100 diluted Alexa 488-labeled goat anti-mouse IgG
(ZSGD-BIO, China). Nuclei were stained with DAPI
(4,6-diamidino-2-phenylindole) for 5 min, and cover-
slips were mounted using ProLong Gold Antifade Rea-
gent (Thermo Fisher Scientific, USA). Nuclear speckles
(NSs) were visualized and quantified using a Zeiss LSM
880 laser confocal microscope with Airyscan technol-
ogy (Carl Zeiss AG, Oberkochen, Germany). Confocal
images were acquired using a X 63 oil immersion objec-
tive with a numerical aperture of 1.4. Z-stack images
were taken at 0.5 pm intervals to capture the entire
depth of the NSs. The number and diameter of nuclear
bodies were quantified using image analysis software
Zeiss Zen Blue by setting a threshold for fluorescence
intensity that distinguished NSs from the background.
The software automatically counted the number of
nuclear bodies and measured their diameter based on
the area covered by the fluorescence signal. Data were
analyzed from at least 30 randomly chosen fields per
condition from three independent experiments. Sta-
tistical analysis was performed using one-way analysis
of variance (ANOVA), and differences were considered
significant at P < 0.05.
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Gene expression analysis by RT-PCR

Total RNA was isolated from cells using TRIZOL Reagent
(Sigma) and reverse-transcribed into cDNA (1 pg input)
with the Reverse Transcription Kit (Biosharp, China).
Subsequent RT-PCR employed M5 HiPer plus Taq HiFi
PCR mix (Mei5 Biotechnology) for amplification. Spe-
cific primer pairs for GAPDH (5-CGCCTGGAGAAA
CCTGC-3¥ and 5-CGCCTGGAGAAACCTGC-3),
RNF144B (5-CTCCAAGAGTGCCAGTGTATC-3" and
5-CCATGTCAGGACAAGTGATAGG-3), RIF1 (5-
CGTATGACTGGAGAAGAAGG-3' and 5-GCCTAC
AATGAAGAAACCAAT-3), and RFFL (5-AGTACC
TACTGAGGATGAGACC-3 and 5-CGGTCAGGCCTT
CAATGT-3’) were used, with GAPDH serving as a nor-
malizer. The PCR conditions were optimized as follows:
an initial denaturation at 95 °C for 3 min, followed by 30
cycles of 95 °C for 1 min, 60 °C for 30 s, and 72 °C for
30 s, with a final extension at 72 °C for 10 min to ensure
complete synthesis of the target amplicons. Each experi-
ment was repeated three times to ensure the reliability
and reproducibility of the results.

Statistical analysis

Experiments were conducted in triplicate, and data were
subjected to statistical analysis using IBM SPSS Statistics
22.0. Differences among groups were assessed via one-
way analysis of variance (ANOVA) followed by post hoc
tests for pairwise comparisons, where appropriate. A
p-value of less than 0.05 was considered to denote statis-
tical significance. Data visualization was performed using
GraphPad Prism 8.0 to create informative and publica-
tion-quality graphs and charts.

Results

Enhanced apoptosis in mouse cardiomyocytes

following tubercidin exposure under ischemic and hypoxic
conditions

This investigation revealed that exposure to Tubercidin
significantly elevated apoptosis levels in FMC84 (Fig. 1)
and HL-1 (Fig. 2) cardiomyocytes under conditions mim-
icking ischemia and hypoxia (Table 1). Under normoxic
conditions with standard serum, Tubercidin (5 pg/mL)
initiated apoptosis in FMC84 cells by 6 h and consistently
increased apoptosis in HL-1 cells throughout the 1 to 6-h
monitoring period. The apoptotic effect was markedly
intensified under conditions of serum deprivation and
hypoxia, with both cell lines exhibiting increased apop-
tosis at each monitored time point (1 h, 3 h, 6 h). The
concomitant presence of serum starvation and hypoxia
was found to have a synergistic effect, significantly ampli-
fying the cardiotoxic impact of Tubercidin and lead-
ing to a pronounced increase in apoptosis. These results
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Fig. 1 Tubercidin treatment increased apoptosis of mouse cardiomyocyte FMC84 under the stress of serum starvation or/and hypoxia. A Flow
cytometry analysis showing apoptosis of FMC84 cells after 1 h of Tubercidin treatment under different conditions. B Flow cytometry analysis
showing apoptosis of FMC84 cells after 3 h of Tubercidin treatment under different conditions. C Flow cytometry analysis showing apoptosis

of FMC84 cells after 6 h of Tubercidin treatment under different conditions. D Quantification of apoptotic cells across all treatment groups.
Tubercidin treatment significantly elevated apoptosis levels under conditions of serum starvation and/or hypoxia compared to untreated

controls. Furthermore, a more pronounced increase in apoptosis was observed when cells were subjected to both serum starvation and hypoxia
simultaneously, as opposed to either condition alone. *, Compared with Tubercidin (0 ug/ml), P <0.05; #, Compared with 219% O, + 10% FBS, P<0.05;
A, Compared with 21% O, + 1% FBS, P<0.05; $, Compared with 1% O, + 10% FBS, P<0.05
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Fig. 2 Tubercidin treatment increased apoptosis of mouse cardiomyocyte HL-1 under the stress of serum starvation or/and hypoxia. A Flow
cytometry analysis showing apoptosis of HL-1 cells after 1 h of Tubercidin treatment under different conditions. B Flow cytometry analysis showing
apoptosis of HL-1 cells after 3 h of Tubercidin treatment under different conditions. C Flow cytometry analysis showing apoptosis of HL-1 cells

after 6 h of Tubercidin treatment under different conditions. D Quantification of apoptotic cells across all treatment groups. Tubercidin treatment
significantly elevated apoptosis levels under conditions of serum starvation and/or hypoxia compared to untreated controls. Furthermore, a more
pronounced increase in apoptosis was observed when cells were subjected to both serum starvation and hypoxia simultaneously, as opposed

to either condition alone. ¥, Compared with Tubercidin (0 pg/ml), P <0.05; #, Compared with 21% O, +10% FBS, P<0.05; A, Compared with 21%
0O,+1% FBS, P<0.05; §, Compared with 1% O, +10% FBS, P<0.05



Shen et al. BMC Cardiovascular Disorders (2025) 25:211

Page 6 of 11

Table 1 The impact of Tubercidin on cell apoptosis of FMC84 and HL-1 cells under stress of serum starvation or/and hypoxia

(Mean+SD, n=3)

Groups Apoptotic rate(%)
FMC84 HL-1
1h 3h 6h 1h 3h 6h
21% 0, + 10% FBS
Tubercidin (0 pug/mi) 4524030 4544043 589+041 576+035 6.49+0.32 660+0.27
Tubercidin (5 pg/mi) 462+043 500+0.36 7.53+0.46% 6.89+0.44% 800+0.33* 808+0.37*
21%0,+ 1% FBS
Tubercidin (0 ug/ml) 8.00+0.48* 860+0.54* 9.10+051% 6.93+0.33" 7.33+0.36" 7.71+0.30*
Tubercidin (5 ug/ml) 14.33 +0.60%* 16.38 +0.58** 19.37+0.52%* 11.9+0471% 1241 +048%* 12.72+0.39%
1% 0,4+ 10% FBS
Tubercidin (0 pg/ml) 643 +046* 642+031% 6.65+039* 6.60+0.28* 6.59+0.29 7.17+031*
Tubercidin (5 ug/ml) 11.59+057* 13.00+046*" 16.54+065*" 10.50+045*" 11.10£043* 11.83+047*
1% O, + 1% FBS
Tubercidin (0 pg/ml) 9.50+ 040" 9.12+0.35" 10.13+0.46%° 8.22+0.34%° 846+0.38"° 9.71+036"
Tubercidin (5 pg/ml) 18.98+0.62*5 24164048+ 41.90+0.87*#5 13.95+0.36* 143940415 16.00+0.48*°

", Compared with Tubercidin (0 pug/ml), P<0.05; #, Compared with 21% 0,+10% FBS, P<0.05
A, Compared with 21% O, + 1% FBS, P<0.05; $, Compared with 1% O, + 10% FBS, P<0.05

underscore the heightened sensitivity of cardiomyocytes
to the apoptotic effects of Tubercidin when subjected to
combined stressors, providing insights into the mecha-
nisms of drug-induced cardiotoxicity within the context
of ischemic heart disease.

Tubercidin-induced condensation of SC35-labeled nuclear

speckles under ischemic and hypoxic stress

The influence of Tubercidin on the structural integrity of
nuclear speckles (NSs) was assessed through immuno-
fluorescence staining with an anti-SC35 antibody. Our
findings indicate that after 6 h, a timepoint chosen based
on the maximal condensation of NSs (19), cells exposed
to both serum starvation and hypoxia exhibited a pro-
nounced increase in NS size and a concomitant decrease
in their number, suggesting a synergistic impact of these
stressors on NSs assembly. Moreover, Tubercidin treat-
ment under conditions of serum starvation or hypoxia,
individually or in combination, consistently resulted
in enlarged SC35-labeled NSs with a reduced count in
FMC84 and HL-1 cells (Fig. 3A & B). These observations
imply that Tubercidin may induce condensation and frag-
mentation of NSs, which could subsequently impair the
RNA processing functions associated with these cellular
structures.

Regulation of anti-apoptotic gene expression by tubercidin
in conditions of ischemia and hypoxia

This investigation assessed how Tubercidin affects
the expression of key anti-apoptotic genes—RFFL,

RNF144B, and RIF1—under ischemic and/or hypoxic
stress. Given the role of exon skipping in altering the
levels of major transcripts within nuclear speckles, we
hypothesized that Tubercidin might modulate these
transcripts. Using RT-PCR, we quantified the expres-
sion of the genes.

In FMC84 cells, hypoxia, and serum starvation inde-
pendently induced RFFL expression, which was then
significantly diminished by Tubercidin, pointing to a
potential disruption in splicing regulation (Fig. 4A). In
HL-1 cells, however, RFFL expression did not signifi-
cantly vary with stress or Tubercidin exposure, indicat-
ing cell-specific responses to these conditions (Fig. 5A).
RIF1 expression followed a similar pattern, being
upregulated by stress, and downregulated by Tuber-
cidin in both cell lines (Figs. 4B and 5B). RNF144B
expression in FMC84 cells was slightly increased by
stress and significantly enhanced by Tubercidin, espe-
cially under normoxic conditions and serum starvation
(Fig. 4C). In contrast, RNF144B expression was not
detected in HL-1 cells (Fig. 5C), underscoring the cell
type dependency of these effects.

These findings suggest that Tubercidin can alter the
expression of anti-apoptotic genes, likely through the
interference with splicing processes associated with
nuclear speckles, with the extent of this effect being
dependent on both the cell type and the combined
stress of ischemia and hypoxia.
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Fig. 3 Tubercidin induces aggregation and enlargement of SC35-labeled nuclear speckles (NSs) in mouse cardiomyocytes. A Confocal microscopy
images showing SC35-labeled NSs in FM(C84 cardiomyocytes after 6 h of Tubercidin treatment. Merged images highlight the colocalization

of SC35 (green) with DAPI-stained nuclei (blue). Tubercidin treatment led to a decrease in the number of SC35-labeled NSs and an increase

in their size compared to control cells under serum starvation and/or hypoxia. B Confocal microscopy images showing SC35-labeled NSs

in HL-1 cardiomyocytes after 6 h of Tubercidin treatment. Similar to FMC84 cells, Tubercidin treatment resulted in fewer but larger SC35-labeled
NSs compared to control cells under serum starvation and/or hypoxia. Bar, 10 um. € Quantitative analysis of the number of SC35-labeled NSs
condensates in FMC84 cells and (D) HL-1 cells treated with Tubercidin for 6 h. The number of NSs significantly decreased and the size of NSs,

with more condensates falling into larger size categories (1.5-2 um) in FMC84 cells and HL-1 cells exposed to Tubercidin compared to controls

under serum starvation and/or hypoxia

Discussion

Tubercidin, a purine ribonucleoside analog, exhibits
broad-spectrum antimicrobial activity against bacteria,
fungi, and parasites, including Mycobacterium tuber-
culosis and Streptococcus faecalis [1]. It also shows
antiviral potential against SARS-CoV-2 [18, 19] and
influenza virus [20]. However, its clinical application
is limited by significant nephrotoxicity, which led to
the discontinuation of trials for cancer chemotherapy.
Consequently, research has focused on structural mod-
ifications to reduce its toxicity [21]. Nevertheless, the
specific mechanisms underlying Tubercidin’s toxicity
remain unclear. Elucidating these mechanisms is cru-
cial for further development and clinical application of
the drug.

In addition to its antimetabolic effects, Tubercidin
has been identified as a disruptor of nuclear speckle
(NS) formation [15]. NSs are dynamic subnuclear
structures enriched with RNA processing factors and
poly(A)+RNAs, including mRNAs and non-coding
RNAs [22]. These structures serve as hubs for RNA splic-
ing, 3’ end processing, and other maturation steps, with
key factors like RBBP6 anchoring these processes within
the speckles [23]. NSs play a crucial role in both RNA
processing and gene transcription by coupling these
processes. They store nascent transcripts during tran-
sient transcriptional inhibition, facilitating efficient gene
expression [14]. Additionally, RNA-binding proteins
within NSs, such as RBM22, can directly interact with
chromatin to regulate transcription initiation, elongation,
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Fig. 4 Expression changes of key apoptosis-related genes in FMC84 cells after 6 h of Tubercidin treatment under varying oxygen and serum
conditions. A Western blot analysis showing the relative expression levels of the antiapoptotic gene RFFL in FMC84 cells. After 6 h of Tubercidin
treatment (5 ug/ml), the expression of RFFL significantly decreased across all conditions tested (21% O, +10% FBS, 21% O, + 1% FBS, 1% O, +10%
FBS, 1% O, + 1% FBS) compared to the untreated controls. GAPDH was used as a loading control. B Western blot analysis showing the relative
expression levels of the DNA repair and antiapoptotic gene RIFT in FMC84 cells. The expression of RIF1 was significantly reduced after 6 h

of Tubercidin treatment under all tested conditions compared to the untreated controls. GAPDH was used as a loading control. C Western blot
analysis showing the relative expression levels of the proapoptotic gene RNF144B in FMC84 cells. The expression of RNF144B was significantly
increased after 6 h of Tubercidin treatment under all tested conditions compared to the untreated controls. GAPDH was used as a loading control. *

Statistical significance compared to untreated controls (P < 0.05)

and termination [24]. This multifunctionality highlights
the importance of NSs in orchestrating gene expression
and cellular responses to transcriptional changes.

NSs have been implicated in various pathological and
physiological processes, including inflammation, cancer,
and metabolic diseases [10]. For instance, in cancer, alter-
ations in NS organization have been linked to changes
in gene expression and cellular metabolism that drive
tumorigenesis [25]. In metabolic diseases, the reorgani-
zation of NSs can affect the expression of key metabolic
genes, influencing cellular responses to metabolic stress
[26]. Additionally, in ischemic conditions, the reorgani-
zation of nuclear speckles facilitates the recruitment of
splicing factors and enhances the splicing of pre-mRNAs,

including those of immediate early genes (IEGs) such as
ZFP36 and FOS [27]. This dynamic remodeling of nuclear
speckles under stress conditions suggests that they play a
significant role in modulating gene expression and cellu-
lar responses to ischemia, which is relevant to the patho-
genesis of ischemic heart disease. Our findings confirm
that Tubercidin enhances cardiomyocyte apoptosis under
conditions simulating ischemia and hypoxia, as evi-
denced by increased apoptosis in FMC84 and HL-1 cells
(Figs. 1 & 2). This suggests that Tubercidin may exacer-
bate the cardiomyocyte toxicity associated with ischemic
heart disease.

Under stress conditions, such as hypoxia, the reor-
ganization of nuclear speckles can lead to changes in
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Fig. 5 Expression changes of key apoptosis-related genes in HL-1 cells after 6 h of Tubercidin treatment under varying oxygen and serum
conditions. A Western blot analysis showing the relative expression levels of the antiapoptotic gene RFFL in HL-1 cells. After 6 h of Tubercidin
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of Tubercidin treatment under all tested conditions compared to the untreated controls. GAPDH was used as a loading control. * Statistical

significance compared to untreated controls (P <0.05)

alternative splicing patterns, thereby affecting the expres-
sion of apoptosis-related genes [28]. Similarly, other stud-
ies have shown that the dispersion of splicing factors
from nuclear speckles, as induced by compounds like
Tubercidin, can promote exon skipping in the alternative
splicing of genes such as Clkl [15]. This highlights the
importance of nuclear speckles in maintaining the bal-
ance of splicing events and, consequently, the regulation
of apoptosis-related gene expression.

Tubercidin’s incorporation into nucleic acids disrupts
normal RNA processing, leading to the condensation of
NSs [15]. Our study further demonstrates that serum
starvation and hypoxia alter the morphology of NSs in
cardiomyocytes, increasing their size while reducing
their number, as indicated by SC35 labeling. Tubercidin

treatment exacerbates this condensation effect (Fig. 3).
This disruption of NSs interferes with their critical func-
tions in mRNA metabolism, including transcription and
alternative splicing, ultimately resulting in transcriptome
changes that correspond to cellular stress responses.
Nuclear speckles (NSs) are subnuclear compartments
enriched with RNA processing factors and play a piv-
otal role in various aspects of RNA metabolism, includ-
ing transcription, splicing, and polyadenylation [10]. Our
unpublished data indicate that the expression of RFFL,
RIF1, and RNF144B—genes associated with apoptosis—
is altered by the knockdown of an NS component. RFFL,
a ubiquitin-protein ligase, promotes the degradation of
caspases and p53, thereby inhibiting apoptosis [29, 30].
RIF1, a regulator of DNA repair, suppresses apoptosis
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Fig. 6 Proposed mechanism of the cardiotoxicity induced by Tubercidin. This figure illustrates the proposed mechanism by which Tubercidin
induces cardiotoxicity in cardiomyocytes under conditions of serum starvation and/or hypoxia. Tubercidin disrupts the normal function of nuclear
speckles (NSs), which are critical for the regulation of mMRNA metabolism, such as transcription and alternative splicing, affecting the expression

of key apoptotic genes

under DNA damage conditions [31]. RNF144B, a mito-
chondrial ubiquitin-protein transferase, also negatively
regulates apoptosis [32]. Our RT-qPCR analysis revealed
that serum starvation and hypoxia upregulate RFFL and
RIF1 while downregulating RNF144B, suggesting a stress
response mechanism in cardiomyocytes that is linked to
the broader RNA processing functions of NSs.

Conclusion

Tubercidin disrupted this stress-induced expression pat-
tern, suggesting that it interferes with NSs-mediated
regulation of apoptotic gene expression, potentially
increasing cardiomyocyte toxicity under ischemic and
hypoxic conditions (Fig. 6). These findings underscore
the importance of considering Tubercidin’s cardiotoxic
potential, particularly in patients under stresses such as
ischemic cardiomyopathy, where its clinical use should
be approached with caution.
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