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A TLK2-mediated calcium-driven cell death
pathway links neuronal degeneration to
nuclear envelope disruption

Yajie Li1,2, Huaiyuan Huang1, Jingwen Gao1, Jinhong Lu1, Guifeng Kang 3,
Yipeng Ge 4, Wencan Jiang5,6, Xiang Cai 2, Guojun Zhang 5,6 &
Lei Liu 1,6

Calcium overload drives neuronal cell death, but its mechanisms remain
unclear. Previous studies in Drosophila implicated tousled-like kinase (TLK) in
this process. Here, we investigated TLK2, themammalian homolog, in calcium
overload-induced neuronal death. We found that calcium overload enhances
TLK2 expression, multimerization, and phosphorylation, increasing its kinase
activity. Inhibiting TLK2 via RNA interference or a small-molecule inhibitor
reduced neuronal death, while TLK2 overexpression triggered nuclear envel-
ope (NE) rupture, nuclear enlargement,multinucleation, and cell cycle reentry
markers. A protein complex involving TLK2, dynein light chain LC8, and
myosin IIA was linked to NE disruption. In mouse models of glaucoma, TLK2
contributed to retinal ganglion cell degeneration, connecting calcium over-
load to neurodegeneration. We propose “CaToptosis” (Calcium-induced
Tousled-like kinase-mediated cell death) as a distinct neuronal death pathway.

Calcium overload, characterized by disrupted calcium homeostasis
and gradual increases in intracellular calcium levels, serves as a bio-
marker for brain aging and neurodegenerative diseases such as Alz-
heimer’s disease (AD) and Parkinson’s disease (PD)1. Notably, calcium
overload also occurs in glaucoma. Evidence indicates that tissue
hypoxia or ischemia, due to vascular disruption, occurs in both
normal-tension and hypertensive glaucoma2. In cultured cells, hypoxia
can significantly induce calcium overload, suggesting that hypoxia in
glaucoma may lead to calcium overload damage3,4.

In contrast to calcium overload, excitotoxicity is mediated by a
brief episode of ischemia, which induces neuronal death by excessive
glutamate release. In general, calcium toxicity in neurons may trigger
diverse cell death pathways, such as apoptosis, mitochondrial per-
meability transition (MPT)-driven necrosis, necroptosis, and
ferroptosis5.

Using Drosophila genetics, we developed models of calcium
overload and excitotoxicity by controlling the expression of the glu-
tamate receptor 1 lurcher mutant (GluR1Lc), a constantly open cation
channel with calcium permeability about twice that of sodium6. In the
excitotoxicity model, loss of function of calpain and cathepsin sup-
pressed neuronal necrosis, similar to findings in C. elegans and mam-
malian systems7,8. In contrast, under conditions of calcium overload,
we identified a distinct set of modulators. Notably, the loss of tousled-
like kinase (TLK) was associated with a significant reduction in cell
death, highlighting its potential role in modulating cellular responses
to calcium dysregulation9. Moreover, TLK-mediated cell death occurs
during normal development, and overexpression of TLK directly
induces cell death9. These studies suggest that the genes regulating
calcium overload are likely different from those involved in excito-
toxicity, a phenomenon also suggested by others10.

Received: 30 July 2024

Accepted: 1 April 2025

Check for updates

1Department of Biochemistry and Molecular Biology School of Basic Medicine, Capital Medical University, Youanmen, Beijing 100069, China. 2Oujiang
Laboratory, School of Mental Health, Wenzhou Medical University, Wenzhou, Zhejiang 325035, China. 3School of Pharmaceutical Sciences, Capital Medical
University, Youanmen, Beijing 100069, China. 4Department of Cardiovascular Surgery, Beijing Anzhen Hospital, Capital Medical University, Anzhen Road 2#,
Chaoyang District, Beijing 10029, China. 5Department of Clinical Diagnosis, Laboratory of Beijing Tiantan Hospital and Capital Medical University, Beijing
100070, China. 6Laboratory diagnosis platform for nervous system infectious diseases, Laboratory for Clinical Medicine, Capital Medical University, Beijing
100070, China. e-mail: guojun.zhang@ccmu.edu.cn; leiliu@ccmu.edu.cn

Nature Communications |         (2025) 16:3419 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-2196-4621
http://orcid.org/0000-0002-2196-4621
http://orcid.org/0000-0002-2196-4621
http://orcid.org/0000-0002-2196-4621
http://orcid.org/0000-0002-2196-4621
http://orcid.org/0000-0003-2822-7111
http://orcid.org/0000-0003-2822-7111
http://orcid.org/0000-0003-2822-7111
http://orcid.org/0000-0003-2822-7111
http://orcid.org/0000-0003-2822-7111
http://orcid.org/0009-0001-5348-2619
http://orcid.org/0009-0001-5348-2619
http://orcid.org/0009-0001-5348-2619
http://orcid.org/0009-0001-5348-2619
http://orcid.org/0009-0001-5348-2619
http://orcid.org/0000-0003-4911-5784
http://orcid.org/0000-0003-4911-5784
http://orcid.org/0000-0003-4911-5784
http://orcid.org/0000-0003-4911-5784
http://orcid.org/0000-0003-4911-5784
http://orcid.org/0000-0002-6387-7745
http://orcid.org/0000-0002-6387-7745
http://orcid.org/0000-0002-6387-7745
http://orcid.org/0000-0002-6387-7745
http://orcid.org/0000-0002-6387-7745
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58737-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58737-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58737-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58737-y&domain=pdf
mailto:guojun.zhang@ccmu.edu.cn
mailto:leiliu@ccmu.edu.cn
www.nature.com/naturecommunications


In this study, we identified a biomarker for calcium overload in
mammalian neurons, distinguishing it from excitotoxicity. We also
focused on TLK2, the mammalian homolog of Drosophila TLK, and
demonstrated its critical role in calcium overload-induced cell death in
primary neurons and HEK293 cells. Remarkably, TLK2 acts as a key
mediator of cell death, as it is both necessary and sufficient for reg-
ulating this process. Moreover, therapeutic targeting of
TLK2 significantly suppressed neuronal cell death in mouse models of
glaucoma, underscoring its potential as a promising intervention target.

Results
Increased TLK2 levels act as both a biomarker and a regulator of
cell death induced by calcium overload
In our previous study, we found that driving expression of GluR1Lc

using a heat shock (hs) promoter at room temperature led to a gradual
increase in intracellular calcium ion concentration ([Ca2+]i). After
7 days of GluR1Lc activation, significant cell death was observed in the
fly eye tissues. Genetic screening revealed that the cell death induced
by low-level expression of GluR1Lc was primarily mediated by TLK
(Tousled-Like Kinase)11. To explore the conservation of TLK2 function
in mammalian cells, we employed primary cultured neuronal cells and
treated them with ionomycin, a calcium ionophore, to induce calcium
overload12. Treatment with ionomycin at concentrations of 0.5, 1, and
1.5μM led to a pronounced increase in TLK2 protein levels. However,
at higher ionomycin concentrations, TLK2 levels declined relative to
those observed at 1μM, suggesting a concentration-dependent reg-
ulation of TLK2 expression (Fig. 1A). Measurements of [Ca²⁺]i using
Fura-2 showed that after 1 hour of treatment, [Ca²⁺]i increased from a
baseline of 80.90 nM to 264.30 nM (3.3-fold), 319.9 nM (4.0-fold), and
477.58 nM (5.9-fold) at 0.5, 1, and 1.5μM ionomycin, respectively, with
no cell death. However, after 48 hours, cell death occurred in 35%,
46.2%, and 52% of the cells at these respective concentrations
(Fig. 1B, C). At ionomycin concentrations ≥3μM, [Ca²⁺]i rapidly
increased to 806.84nM (10-fold) within 10minutes, with cell viability
maintained for up to 1 hour; however, 74.4% cell death was observed
after 48 hours. At 5μM ionomycin, [Ca²⁺]i spiked to 1363.32 nM (16.9-
fold), resulting in 55% cell death within 1 hour and 87% death after
24 hours (Fig. 1B, C). To further investigate the role of TLK2 in this
process, we used self-complementary AAV2 to express TLK2 shRNA
and effectively knock down TLK2 expression in primary neurons
(Fig. 1D). TLK2 knockdown significantly attenuated cell death induced
by ionomycin at 0.5, 1, and 1.5μM but had no protective effect at 3 or
5μM ionomycin (Fig. 1E). As a marker of excitotoxicity, we assessed
calpain activation, which cleaves its substrate P35, AIF and SPTAN113.
We observed increased P35, AIF and SPTAN1 cleavage in cells treated
with 1.5, 3, and 5μM ionomycin, coinciding with reduced TLK2 levels
(Fig. 1A, F, Supplementary Fig. 1A, B). The levels of TLK2 and P35
cleavage were measured in response to ionomycin treatment
(0–10μM) and plotted to reveal their relationship (Fig. 1G). These
findings indicate that calciumoverload is characterizedby a 3.3- to 4.0-
fold increase in intracellular calcium concentration ([Ca²⁺]i) and a
corresponding upregulation of TLK2. In contrast, excitotoxicity,
marked by a more substantial rise in [Ca²⁺]i (5.9-fold or higher), is
associated with calpain activation but does not involve TLK2
upregulation.

To investigate whether TLK2 upregulation could serve as a gen-
eral biomarker of calcium overload, we examined MCF7 breast cancer
cells, which are known to express high levels of TLK2 to support cancer
progression14. Ionomycin treatment at concentrations of 1–10μM
induced a transient increase in [Ca²⁺]i, which rapidly returned to
baseline (Supplementary Fig. 1C). Notably, MCF7 cells demonstrated
efficient regulation of [Ca²⁺]i levels, with ionomycin concentrations
within this range stimulating cell growth, whereas higher concentra-
tions resulted in cell death (Supplementary Fig. 1D, E). These findings
suggest a distinct response to calcium overload in MCF7 cells

compared to neurons, reflecting differences in calcium handling and
cellular outcomes between these cell types.

HEK293 cells, a human embryonic kidney cell line, exhibited a
response to ionomycin similar to that of primary neurons, including a
dose-dependent increase in [Ca²⁺]i, changes in TLK2 expression, and
subsequent cell death (Fig. 1H-J). TLK2 knockdown in HEK293 cells
using TLK2 shRNA resulted in significant resistance to ionomycin-
induced cell death at ionomycin concentrations ≤ 3μM, but not at
5μM(Fig. 1K-L). Promethazine (PMZ) inhibitedTLK2 activity in a kinase
assay (Supplementary Fig. 1F), similar to its known inhibition of TLK115.
Cell death inducedby calciumoverloadwas rescuedbyPMZ inHEK293
cells (Supplementary Fig. 1G), suggesting TLK2 kinase maybe involved
the cell death process. These results suggest that TLK2 upregulation
serves as a biomarker for calcium overload and plays a critical role in
regulating calcium overload-induced cell death in both primary neu-
rons and HEK293 cells.

TLK2 overexpression induces a distinct form of cell death
characterized by nuclear envelope (NE) rupture
TLK2 is known to undergo hyperphosphorylation and form oligomers,
which in turnenhances its kinase activity16. InHEK293 cells treatedwith
ionomycin, a similar gain-of-function effect was observed, with
increased oligomer formation and phosphorylation (Fig. 2A, B). This
suggests that both oligomerization and phosphorylation are key fac-
tors amplifying TLK2’s kinase activity. Since multiple pathways are
involved in calcium overload-induced cytotoxicity17, we developed a
model specifically to investigate TLK2-mediated cell death. Given that
TLK2 activity is enhanced during calcium overload, we focused on its
gain-of-function. We generated a Teton-inducible TLK2-over-
expressing HEK293 stable cell line. Upon doxycycline administration,
TLK2 expression was significantly increased (Fig. 2C), accompanied by
phosphorylation and oligomerization of TLK2 (Fig. 2D, E). Cell death
assays revealed that overexpression of TLK2 induces a gradual
increase in cell death over 24 and 48 hours following TLK2 induction
(Fig. 2F). Under physiological conditions, TLK2 is predominantly
localized in the nucleus16. However, in response to calcium overload,
TLK2 accumulates around the NE and overlaps with a marker of the
nuclear pore complex (NPC) (Fig. 2G). Notably, the integrity of the NE
appears to be compromised, exhibiting a discontinuouspattern, which
is indicative of NE damage (Fig. 2G). To confirm these findings, we
employed a NE extraction assay to isolate the nuclear membrane. By
using lamin B1, a protein of the nuclear lamina, as a reference, we
detected an increased presence of TLK2 in the isolated nuclear mem-
brane following ionomycin treatment (Fig. 2H). To assess the extent of
NE damage, we expressed a GFP-tagged nuclear protein (Np-GFP) in
both wild-type and TLK2 knockout (KO) cells. Upon ionomycin treat-
ment (1μM), a rapid leakage of GFP from the nucleus into the cyto-
plasm was observed in wild-type cells, but not in TLK2 KO cells (Fig. 2I
and Supplementary Movie 1). NE integrity loss was also observed in
TLK2 overexpression cells (Fig. 2J). This loss of NE integrity, under
conditions of calcium overload and TLK2 overexpression, led to an
increase in the levels of γH2AX, a marker of DNA damage18 (Supple-
mentary Fig. 2A, B).

The TLK2-induced cell death was significantly reduced by PMZ, a
known inhibitor of TLK2 kinase activity (Fig. 2F), confirming that cell
death is dependent on TLK2 kinase activity. In contrast, other inhibi-
tors—such as MG-101(calpain inhibitor), Z-VAD-fmk (an apoptosis
inhibitor), Necrostatin-1 (a necroptosis inhibitor), and Ferrostatin-1 (a
ferroptosis inhibitor)—had no effect on the cell death caused by TLK2
overexpression (Fig. 2F). Moreover, we observed no activation of the
apoptosis marker caspase-3 (Supplementary Fig. 2C), and transcrip-
tion levels of the necroptosis marker MLKL, as well as ferroptosis
markers SLC7A11 and GPX4, remained unchanged (Supplementary
Fig. 2D-F). To further classify the cell death, we evaluated plasma
membrane integrity. Annexin V staining was positive, indicating
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phosphatidylserine exposure, which is characteristic of early apopto-
sis. However, despite cell swelling, propidium iodide (PI) staining was
negative (Fig. 2K), suggesting that the morphological features of cell
death were more consistent with apoptosis rather than other forms of
programmed necrosis19. These results indicate that TLK2 gain-of-
function-induced cell death is distinct from existing pathways of pro-
grammed cell death.

Neurons are vulnerable to NE damage than HEK293 cells
To overexpress TLK2 in primary neurons, we created a Cre-mediated
conditional expression systemby inserting TLK2 cDNA into theRosa26
locus (Supplementary Fig. 3A). We collected embryonic brains and
madeprimary neuron cultures. Then, scAAV2/9-CMV-Crewas infected,
end up with approximately 70% transfection efficiency (Supplemen-
tary Fig. 3B). Our results showed that a three-fold increase in TLK2
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protein levels led to about 90% neuronal death, compared to roughly
30% cell death in HEK293 cells with similar TLK2 overexpression
(Supplementary Fig. 3C, D). This suggests that neurons are more sen-
sitive to TLK2-induced damage. To evaluate the sensitivity to calcium
overload, we compared calcium levels in wild-type primary neurons
and HEK293 cells using Fluo4-AM, a cell-permeable calcium ion indi-
cator, in response to 1μM ionomycin. Although neurons exhibited
higher baseline fluorescence, ionomycin treatment caused a similar
increase in fluorescence in both neurons and HEK293 cells (Supple-
mentary Fig. 3E). However, cell death was more pronounced in neu-
rons than in HEK293 cells (Fig. 3A, B, black lines). Pre-treatment with
PMZ reduced cell death in both cell types (Fig. 3A, B, blue lines). In
contrast, post-treatment with PMZ, 48 hours after ionomycin addition,
decreased cell death in HEK293 cells but had no effect on neurons
(Fig. 3A, B, red lines). These findings suggest that postmitotic neurons
are more susceptible to calcium overload-induced damage than pro-
liferative cells.

Expression of the NE marker protein Sun1-GFP revealed that NE
damage caused by hypoxia-induced calcium overload was rapidly
repaired in HEK293 cells (Fig. 3C). In contrast, the same condition in
primary cultured neurons resulted in persistent NE damage, which
continued until cell death (Fig. 3D). However, pre-treatment with PMZ
prevented NE damage in neurons (Fig. 3D). These findings suggest
that, while proliferating cells are capable of repairing NE damage,
primary neurons lack the ability to effectively repair such damage.

Gain-of-function of TLK2 through either overexpression or cal-
cium overload induces mitotic catastrophe before cell death
Following TLK2 overexpression, the initial change observed was an
increase in nuclear size, a phenomenon known as endomitosis (Fig. 4A).
This was subsequently followed by the formation of multinucleated
cells, mitochondrial swelling, and ultimately, cell death (Fig. 4B). These
morphological changes are similar to cell cycle reentry (CCR) in post-
mitotic neurons, which is triggered byDNAdamage20. To investigate the
role of calcium in this process, we utilized the genetically encoded cal-
cium indicator jGCaMP7c. In the G phase of the cell cycle, TLK2-
overexpressing cells exhibited low basal calcium levels (Fig. 4C white
arrows). However, once the cells entered mitosis, calcium levels were
significantly elevated (Fig. 4D red arrows). This calcium elevation,
observed during the G1 to S phase transition, has been previously
reported21. To further support this, quantitative PCR analysis revealed
that genes involved in mitosis activation were significantly upregulated
in TLK2-overexpressing cells (Supplementary Fig. 4A–E).

Next, we investigated whether calcium overload could trigger
CCR in primary cultured neurons. To do this, we performed 5-ethynyl-
2’-deoxyuridine (EdU) staining, which incorporates into DNA during
DNA synthesis22. After treating primary neuron cultures with 1μM
ionomycin, we observed an increase in EdU-positive cells, suggesting
that calcium overload triggered CCR (Fig. 4D). Co-staining with the
neuronmarkerNeuNand the cell CCRmarker CyclinD1 confirmed that
neurons had re-entered the cell cycle under calcium overload condi-
tions (Fig. 4E). Over time, the number of EdU-positive cells decreased
significantly compared to untreated control cells (Supplementary
Fig. 4F), indicating that while neurons initiated CCR in response to
calcium overload, they eventually undergo cell death. Our findings
suggest that TLK2 overexpression, driven by calcium overload, leads
to mitotic catastrophe and cell death. The elevation of intracellular
calcium levels during mitosis enhances TLK2 activity, contributing to
aberrant mitosis and cell death.

TLK2 forms a complex with LC8 and Myosin IIA to promote NE
rupture
We used an eye-specific promoter (GMR-Gal4) to drive UAS-TLK
expression (GMR > TLK) in Drosophila to screen for modifiers of TLK9.
After screening approximately 4,000 UAS-RNAi lines targeting differ-
ent genes, we found that an LC8 RNAi line could rescue TLK-mediated
cell death (Fig. 5A). LC8 belongs to the dynein light chain family and
primarily functions as a hub to promote heterodimer formation23. In
mammaliancells, recombinantTLK2-Flagco-immunoprecipitatedwith
LC8, and ionomycin treatment enhanced their interaction (Fig. 5B).
Under LC8 shRNA conditions, TLK2 gain of function induced cell death
was alleviated (Fig. 5C, D), indicating thatmammalian LC8 is conserved
with its fly homolog.

To investigate other potential regulators downstreamof TLK2, we
performed immunoprecipitation using recombinant TLK2-Flag. Under
calcium overload conditions, a protein that binds to TLK2 was identi-
fied as the heavy chain of non-muscle myosin IIA through mass spec-
trometry analysis, and its identity was confirmed by Western blot
(Supplementary Fig. 5A, B and Fig. 5E). Myosin IIA is a motor protein
that moves along the actin cytoskeleton24. Its tail domain contains
multiple phosphorylation sites that regulate its mobility25. We deter-
mined its function in cell death by using blebbistatin, an inhibitor of
myosin IIA26, which inhibited TLK2 overexpression-induced cell death
in a dosage-dependent manner (Fig. 5F). This indicates thatmyosin IIA
plays a functional role in cell death.We then testedwhether LC8 acts as
a hub topromote interaction betweenTLK2 andmyosin IIA. Under LC8

Fig. 1 | TLK2 knockdown rescues calcium overload-induced cell death.
AWestern blot analysis of TLK2 protein levels in primary cultured neurons treated
with varying concentrations of ionomycin (0, 0.5, 1, 1.5, 3, 5μM). A quantitative
statistical analysis was performed to determine relative TLK2 protein expression
(n = 3 independent experiments). B Measurement of cytosolic [Ca²⁺]i changes in
Fura-2-loaded primary cultured neurons exposed to different ionomycin con-
centrations (0, 0.5, 1, 1.5, 3, 5μM) (n = 3 independent experiments). The green
background represents the range of [Ca2+] i that can increase TLK2 protein
expression. C Cell viability was assessed using CCK-8 assays. A heatmap was gen-
erated to compare the relative viability of primary cultured neurons treated with
different ionomycin concentrations (0, 0.5, 1, 1.5, 3, 5μM) across various time
points (0, 1, 12, 24, 36, and 48 hours), providing a comprehensive overview of the
dose- and time-dependent effects of ionomycin on neuronal viability(n = 3 inde-
pendent experiments). D Western blot analysis of TLK2 protein expression in pri-
mary cultured neurons infected with scAAV carrying scramble or TLK2 shRNA.
Quantitative analysis of relative TLK2 protein levels was conducted(n = 4 inde-
pendent experiments). E Cell viability of primary cultured neurons infected with
scAAV carrying scramble or TLK2 shRNA under various ionomycin concentrations
(0, 1.0, 1.5, 3, 5μM) was assessed(n = 6 independent experiments). F Western blot
detection of P35 cleavage in primary cultured neurons treated with different con-
centrations of ionomycin (0, 0.5, 1, 1.5, 3, 5μM). Quantitative statistical analysis of

the ratio of p25 to p35 was performed (n = 4 independent experiments).
G Graphical representation of TLK2 expression levels and the p25/p35 ratio in
primary neurons treated with various concentrations of ionomycin (n = 3 inde-
pendent experiments). The green background represents the range of [Ca2+] i that
can increase TLK2 protein expression. H Western blot analysis of TLK2 protein
levels in HEK293 cells treated with varying concentrations of ionomycin (0, 0.5, 1,
1.5, 3, 5μM). Quantitative analysis of relative TLK2 protein levels was performed
(n = 3 independent experiments). I Changes in cytosolic [Ca²⁺]i in Fura-2-loaded
HEK293 cells treatedwith different ionomycin concentrations (0, 0.5, 1, 1.5, 3, 5μM)
were measured (n = 3 independent experiments). The green background repre-
sents the range of [Ca2+] i that can increase TLK2 protein expression. J Heatmap
comparing relative cell viability in HEK293 cells treated with different ionomycin
concentrations (0, 0.5, 1, 1.5, 3, 5 μM) across multiple time points (0, 1, 12, 24, 36,
48hours) (n = 3 independent experiments).KWestern blot analysisofTLK2protein
expression levels in HEK293 cells transfected with scramble or TLK2 shRNA.
Quantitative statistical analysis of relative TLK2 protein levels was performed (n = 4
independent experiments). L Cell viability of HEK293 cells transfected with
scramble or TLK2 shRNA under various ionomycin concentrations was assessed
(n = 3 independent experiments). All data are presented as means ± SD, *P <0.05,
**P <0.01, ***P <0.001, ****P <0.0001, “ns” indicate no significant difference
(P ≥0.05). Source data are provided in the Source Data file.
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knockdown, the interaction between TLK2 and myosin IIA was sig-
nificantly reduced, while LC8 overexpression enhanced their interac-
tion (Fig. 5G).

Based on these results, we propose a hypothesis regarding TLK2/
LC8/myosin IIA in nuclear envelope (NE) rupture (Fig. 5H). Calcium
overload promotes TLK2 phosphorylation, and activated TLK2 accu-
mulates on the NE. LC8 promotes myosin IIA binding with TLK2 at the

nuclear pores. TLK2 phosphorylates myosin IIA, enhancing its motor
function, leading myosin IIA to mobilize on actin and rupture the NE.

To test this hypothesis, we used stimulated emission depletion
microscopy (STED) for super-resolution imaging. Compared to the
control, ionomycin treatment or TLK2 overexpression increased co-
localization of myosin IIA with the nuclear pore complex (Fig. 5I). We
observed nuclear pore complexes located away from the nuclear
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region (Supplementary Fig. 5C), indicating that rupturedNEwas pulled
away from the nucleus. Additionally, TLK2, LC8, and myosin IIA
aggregation increased in the nuclear membrane fraction under iono-
mycin treatment in a dosage-dependent manner (Supplementary
Fig. 5D). The interactions between TLK2/LC8 and TLK2/myosin IIA also
increased during calcium overload (Fig. 5E, G). In vitro kinase assays
showed that myosin IIA is a substrate of TLK2 (Supplementary Fig. 5E).
Together, these studies indicate that TLK2 mediates a type of cell
death characterized by ruptured NE, enlarged nucleus, presence of
multiple nuclei, and intact plasma membrane. TLK2 is necessary and
sufficient for executing this cell death, which we named calcium-
induced TLK2-mediated cell death, CaToptosis.

CaToptosis involves in RGC death inmousemodels of glaucoma
We generated a conditional knockout of TLK2 using the Cre-loxP
recombination system. Two loxP sites flanking exon 4 of TLK2 were
engineered using the CRISPR/Cas9 technique (Fig. 6A). To enhance
viral expression efficiency, scAAV2-Cre, containing a CMV promoter-
driven Cre in a self-complementary adeno-associated virus 2 (scAAV2)
expression cassette, was used27. Seven days after intravitreal injection
of scAAV2-Cre, TLK2 protein levels were significantly reduced (Sup-
plementary Fig. 6A). Intravitreal injection of N-methyl-D-aspartate
(NMDA) in rodents induces calcium toxicity and is a recognizedmodel
of normal tension glaucoma28. Studies have shown that NMDA injec-
tions ranging from 80 nmol to 320 nmol cause a dose-dependent
increase in retinal cell death 7 days post-injection29. Even 10 nmol of
NMDA can induce calcium toxicity and retinal ganglion cell (RGC)
death within 2 months30. Therefore, NMDA injection dosage can lead
to excitotoxicity or calcium overload. We tested NMDA dosages of 10
nmol, 20 nmol, and 30 nmol, assessing RGC survival using Tuj1 (a
neuronal marker) and RBPMS (an RGC marker that labels axons and
cell bodies)31. We found that 10 nmol NMDA was sufficient to induce
80% RGC death 7 days after injection, with higher dosages causing
more extensive RGC death (Supplementary Fig. 6B). In the conditional
TLK2 knockout scenario, the expression efficiency of 3xFlag-Cre
determined the number of affected RGCs. Seven days after scAAV2-
3xFlag-Cre injection, over 90% of RGCs expressed the Flag tag (Sup-
plementary Fig. 6C). Following 10 nmol NMDA application, RGC death
was significantly reduced in the TLK2 knockout background compared
to control mice (Fig. 6B). However, the protective effect was weaker
with 30 nmol NMDA administration (Fig. 6B). This suggests that TLK2

knockout may preferentially inhibit calcium overload-induced death
(10 nmol NMDA). The optic nerve crush (ONC) model is also known to
induce calcium overload in RGCs32.

In wild-type mice, prominent RGC death was observed 7 days
post-operation. In contrast, RGC death was significantly reduced in
TLK2 knockout mice (Fig. 6C).

To investigate the effects of TLK2 gain-of-function in vivo, we
examined mice with conditionally expressed TLK2 (Supplementary
Fig. 3A). Seven days after injecting scAAV2-Cre into the eye, over 90%
of retinal ganglion cells (RGCs) expressed Cre (Supplementary
Fig. 6D). Following 3 weeks of TLK2 overexpression induced by Cre,
there was a significant reduction in RGCs compared to wild-type mice
(Supplementary Fig. 6E). This demonstrates that TLK2 gain-of-function
is sufficient to cause RGC death in mice.

To test the therapeutic potential of targeting TLK2, we con-
structed a scAAV2-shTLK2 vector (Fig. 6D) and validated its knock-
down effect in HEK293 cells (Supplementary Fig. 6F). The knockdown
effect of scAAV2-shTLK2 in the retina was confirmed (Supplementary
Fig. 6G). In the NMDA-induced model (10 nmol NMDA), RGC survival
was approximately 60% in scAAV2-shTLK2 pre-infected retinas, com-
pared to 20% in the control group (Fig. 6E). In the ONC model, RGC
survival was nearly 30% in control mice but almost 90% with scAAV2-
shTLK2 treatment (Fig. 6F).

To investigate the impact of TLK2 knockdown on RGC axon sur-
vival, we administered Alexa Fluor 488-conjugated Cholera Toxin
Subunit B (CTB) to mice in the NMDA model to observe CTB dis-
tribution within the optic nerve (Fig. 6G). One week post-NMDA
injection, RGC axons were severely compromised, with a marked
reduction in CTB green fluorescence intensity compared to the
undamaged control group (Fig. 6G). In contrast, following shTLK2
treatment, most axons were protected from NMDA damage, and CTB
green fluorescence intensity was preserved (Fig. 6G). In the visual
water maze, mice were trained to swim towards low spatial frequency
gratings, with the frequency gradually increasing. The spatial fre-
quency threshold was determined when the mice made fewer than
70% correct choices33. The visual acuity of uninjured mice was 0.6
cycles per degree (c/d), which dropped to 0.185 c/d after NMDA
damage. Notably, silencing TLK2 significantly improved spatial acuity
to 0.355 c/d (Fig. 6H). Collectively, our data suggest that targeting
TLK2 may be an effective strategy to prevent RGC death and preserve
visual function.

Fig. 2 | TLK2-mediated cell death is kinase activity-dependent and results in
nuclear envelope rupture. A Native PAGE analysis was performed to assess the
oligomeric and monomeric forms of TLK2 protein in HEK293 cells exposed to
varying ionomycin concentrations (0, 0.5, 1, 1.5, 3, 5μM), with SDS-PAGE used as a
loading control. Quantitative statistical analysis determined the ratio of oligomeric
to monomeric forms (n = 3 independent experiments). B Phos-tag PAGE analysis
was conducted to evaluate the phosphorylated and unphosphorylated forms of
TLK2protein inHEK293 cells treatedwith ionomycin atdifferent concentrations (0,
0.5, 1, 1.5, 3, 5μM), using SDS-PAGE as a loading control. A quantitative statistical
analysis of the phosphorylated to non-phosphorylated TLK2 ratio was performed
(n = 3 independent experiments). CWestern blot analysis was used to assess TLK2
protein expression levels in doxycycline-treated HEK293 Tet-On-TLK2 stable cell
lines, with a quantitative analysis of relative TLK2 protein expression (n = 4 inde-
pendent experiments). D Native PAGE electrophoresis was performed to analyze
the oligomeric and monomeric forms of TLK2 in doxycycline-treated HEK293 Tet-
On-TLK2 stable cell lines, with quantitative analysis of theoligomeric tomonomeric
ratio (n = 4 independent experiments). E Phos-tag PAGE analysis was used to
examine the phosphorylated and unphosphorylated states of TLK2 protein in
doxycycline-treatedHEK293Tet-On-TLK2 stable cell lines. Aquantitative analysis of
the phosphorylated to non-phosphorylated TLK2 ratio was conducted (n = 4
independent experiments). F Cell death was assessed in doxycycline-treated
HEK293 wild-type and Tet-On-TLK2 stable cell lines following exposure to specific
concentrations of PMZ, Z-VAD-FMK, Fer-1, and Nec-1 for 24 and 48hours, respec-
tively (n = 3 independent experiments). G Representative images of

immunofluorescence staining of TLK2 and the nuclear pore complex in HEK293
cells under normal and hypoxic conditions. Images are representative of three
independent experimental replicates. H Western blot analysis to determine TLK2
enrichment in nuclear membrane fractions of control and ionomycin-treated
groups. LaminB1 was used as a reference control for nuclear membrane compo-
nents, and GAPDH for cytoplasmic components. A quantitative analysis of TLK2
expression, normalized to LaminB1, was performed (n = 4 independent experi-
ments). I Representative live-cell imaging was used to track the localization of GFP-
fused nucleoplasmin in wild-type and TLK2 knockout (KO) HEK293 cell lines, in the
presence and absence of ionomycin. Images are representative of three indepen-
dent experimental replicates. J Representative live-cell imaging showing the loca-
lization of GFP-fused nucleoplasmin in HEK293 cell lines with normal and
overexpressed TLK2 levels. Images are representative of three independent
experimental replicates. K Images of immunofluorescence staining for Annexin V
and Propidium Iodide (PI) in HEK293 wild-type and Tet-On-TLK2 stable cell lines,
with and without doxycycline treatment. H2O2 treatment served as a positive
control for PI staining. Images are representative of three independent experi-
mental replicates. A quantitative analysis of the percentage of Annexin V and PI-
positive cells under the specified treatments, with and without doxycycline, was
performed in both wild-type and Tet-On-TLK2 stable cell lines (n = 3 independent
experiments). All data are presented as means ± SD, *P <0.05, **P <0.01,
***P <0.001, ****P < 0.0001, “ns” indicate no significant difference (P ≥0.05). Source
data are provided in the Source Data file.
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We further determined whether NMDA treatment could promote
cellular features of CaToptosis, including CCR andNE rupture in RGCs.
Four days after NMDA (10 nmol) injection, we observed nearly 14% of
RGCs were positively stained by EdU (Fig. 6I). To determine NE rup-
ture, we infected AAV2 to express Np-GFP for one month, resulting in
approximately 20% RGC labeling. Four days after NMDA (10 nmol)
injection, we observed GFP spread throughout the entire cell in some
RGCs (Fig. 6J). These data indicate that CaToptosis occurs in vivo.

Discussion
Although the terms calciumoverload and excitotoxicity are often used
interchangeably, they refer to distinct cellular conditions. Calcium
overload is characterized by amilddisturbance in intracellular calcium
levels, allowing neurons to survive over extended periods—a phe-
nomenon observed in brain aging and slow-progressing neurodegen-
erative disorders34. For example, in Alzheimer’s disease models,
mitochondrial calcium concentrations can reach up to 1.6 µM before
neuronal death occurs35. In contrast, excitotoxicity involves severe
elevations of intracellular calcium, leading to rapid neuronal death, as
seen in acute ischemic stroke36. While biomarkers for excitotoxicity,

such as calpain and cathepsin activation, are well-established37, robust
markers for calcium overload are lacking.

We propose that gain-of-function in TLK2, which include
increased protein level,multimer formation andphosphorylation,may
serve as a biomarker for calcium overload. These features distinguish
calcium overload from calpain activation, which is often used as a
marker of excitotoxicity. In our experiments using HEK293 cells and
primaryneuron cultures, weobserved a 3.3- to 4-fold increase in [Ca²⁺]i
from baseline, which we consider indicative of calcium overload. This
rangeof calcium increase is consistentwithfindings fromother studies
demonstrating that overexpression of proteins such as α-synuclein or
amyloid-beta (Aβ) peptides can similarly elevate [Ca²⁺]i by 2- to 4-fold,
as measured using Fura-2 or ratiometric calcium indicators like Yellow
Cameleon35,38,39. In contrast, excitotoxic stress, such as that induced by
glutamate treatment, has been shown to elevate [Ca²⁺]i from 5.9- to
16.9-fold. This aligns with previous reports indicating that glutamate-
induced excitotoxicity can elevate [Ca²⁺]i to levels between 5–10μM, a
range associated with neuronal cell death40.

According to the Nomenclature Committee on Cell Death, the
classification of cell death should be based on molecular mechanisms

Fig. 3 | Compared with primary neurons, proliferating cells can repair the
nuclear membrane to reduce cell death caused by calcium overload. A Cell
viability was assessed inHEK293 cell lines following treatment with 1μM ionomycin
at different time intervals after PMZ addition (0h, represented by the blue line, and
48h, represented by the red line) (n = 3 independent experiments). B Cell viability
was assessed in primary cultured neurons following the same treatment regimen
(1μM ionomycin) at varying time intervals post-PMZ addition (0 h, blue line; 48 h,
red line) (n = 3 independent experiments). C Images from live-cell imaging of
HEK293 cells transfected with the nuclear membrane protein SUN1-GFP were

captured to observe the integrity of the nuclear membrane following 1μM iono-
mycin treatment. The red arrow indicates nuclear envelope rupture. Images are
representative of three independent experimental replicates. D Images of immu-
nofluorescence staining of TLK2 and the nuclear pore complex in primary cultured
neurons, comparing normal and hypoxic conditions, with and without PMZ treat-
ment. Images are representative of three independent experimental replicates. All
data are presented as means ± SD, **P <0.01, ***P <0.001, “ns” indicate no sig-
nificant difference (P ≥0.05). Source data are provided in the Source Data file.
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Fig. 4 | TLK2 can lead to abnormal division of proliferating cells and cause
neurons to re-entry the cell cycle. A Quantitative assessment of nuclear size in
HEK293 cells under normal conditions and following doxycycline-induced over-
expression of TLK2. Images are representative of three independent experimental
replicates. Nuclear dimensions weremeasured using the Leica SP8 imaging system
and LAS X software. A comprehensive quantitative analysis of nuclear size para-
meters was then performed to evaluate the impact of TLK2 overexpression (n = 7
cells form 3 independent experiments). B Images of nuclear morphology (stained
with DAPI, blue) and mitochondrial morphology (stained with Mitotracker, red)
were obtained in Tet-on TLK2 HEK293 cells following doxycycline treatment for
various durations. The images highlight different stages of cellular morphological
changes for reference. Images are representative of three independent experi-
mental replicates. C Images of live-cell imaging showing the green fluorescence
intensity of jGcamP7c in HEK293 cells under normal conditions (indicated by white

arrows) and conditions with aberrant nuclear division (indicated by red arrows).
Images are representative of three independent experimental replicates. Analysis
of fluorescence intensity was conducted to compare the two conditions (n = 6 cells
form 3 independent experiments). D Immunofluorescence detection of EdU
incorporation was used to assess cell proliferation in primary cultured neurons,
both with and without ionomycin treatment. Images are representative of three
independent experimental replicates. The proportion of EdU-positive cells, indi-
cative of active DNA synthesis, was quantified to evaluate the effects of ionomycin
on proliferation (n = 4 independent experiments). E Confocal microscopy images
of primary cultured neurons treated with ionomycin, co-immunostained with
NeuN, cyclin D1, and DAPI, are shown. Images are representative of three inde-
pendent experimental replicates. All data are presented asmeans ± SD, ***P <0.001,
****P <0.0001, “ns” indicate no significant difference (P ≥0.05). Source data are
provided in the Source Data file.
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rather than morphological characteristics19. Calcium overload is
known to initiate various death signals, including autophagy failure,
mitochondrial dysfunction, and NE rupture. However, analyzing cal-
cium overload alone does not fully elucidate the molecular pathways
underlying TLK2-induced cell death. Using an inducible TLK2 expres-
sion cell line, we observed hallmark features of calcium overload, such
as NE rupture and CCR preceding cell death. These findings highlight
TLK2’s crucial role in driving neuronal degeneration. Our results show
that TLK2, LC8, and myosin II form a complex at the NE, which may
lead to NE rupture. Further investigation is needed to clarify the

precise mechanism. We propose naming this calcium overload-
induced, TLK2/LC8/myosin II-mediated cell death pathway
“CaToposis.”

Calcium overload is also associated with CCR, a pathological
hallmark commonly observed in the aging brain41. Single-nucleus RNA
sequencing studies indicate that approximately 10% of neurons in AD
brains exhibit CCR markers—a rate significantly higher than in healthy
brains42. Postmortem analyses have revealed that up to 90% of neu-
ronal deaths in AD display signs of CCR43,44. Excessive calcium influx,
particularly through NMDA receptors, can trigger this aberrant CCR45.
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Notably, memantine, an NMDA receptor inhibitor, can prevent CCR
and ameliorate Alzheimer’s disease symptoms inmousemodels46. Our
research identifies a molecular link between calcium overload and
CCR, suggesting that calcium overload enhances the TLK2/LC8/myo-
sin II complex, thereby exacerbating CCR. Importantly, TLK2-induced
CCR appears to diverge mechanistically from normal mitosis. Under
physiological conditions, NE disassembly during mitosis is driven by
cyclin-dependent kinase-mediated phosphorylation of inner nuclear
membrane proteins47. In Drosophila, TLK has been implicated in the
G2/M transition, where it cooperates with ASF1 to regulate mitotic
spindle assembly and chromatin dynamics48. However, our data show
that TLK-induced cell death does not depend on ASF1, suggesting an
alternative mechanism9. Supporting this, TLK2 overexpression upre-
gulates key CCR regulators. Interestingly, calcium signaling plays a
crucial role in NE breakdown during normal mitosis, with myosin II
facilitating actin cortex contraction49. This suggests that physiological
calcium waves are crucial for mitosis. In contrast, under conditions of
calcium overload or TLK2 overexpression, this calcium wave becomes
pathological, particularly in postmitotic neurons. Although we did not
manipulate the TLK2/LC8/myosin II pathway to directly evaluate its
role in CCR regulation, this represents an intriguing avenue for future
research.

The Nomenclature Committee on Cell Death has recommended
against classifying mitotic catastrophe as a distinct form of cell death
due to its variable outcomes5. In contrast, our data demonstrate that
proliferating cells are capable of repairing NE damage induced by
calcium overload, a repair mechanism that appears to be absent in
neurons. These findings suggest that CaToposis, a form of cell death
triggered by calcium overload, is a unique stress response specific to
neurons and warrants recognition as a distinct form of cell death. We
have identified key molecular mechanisms and biomarkers associated
with calcium overload in neurons. Moreover, our successful targeting
of TLK2 to protect retinal ganglion cells in mouse models of glaucoma
further supports the in vivo relevance of CaToposis, indicating that it
plays a significant pathological role in neurodegenerative conditions.

Methods
Drosophila stock and maintenance
Drosophila stocks were maintained at 25 °C on standard fly food. TRiP
(Transgenic RNAi Project) RNAi stocks were obtained from the Tsin-
ghua Drosophila stock center (Beijing, China). The TRiP RNAi lines
were inserted in a known genomic region on the left arm of 2nd chro-
mosome (25C6) or the left arm of 3rd chromosome (68A4). These sites
are known to provide high level expression of the transgene50.
TB00072 (BL36303) was used as a genetic background matched con-
trol. The UAS-Pgk line was generated by our own, and had published
previously.

Mouse maintenance
Male C57BL/6 Jmice (8 weeks old) were purchased from the Vital River
Laboratory Animal Technology (Beijing, China). Animals were housed
under a 12 h light/dark cycle with free access for food and water. All
experiments using mice and rats were approved by the Institutional
Animal Care andUse Committee, CapitalMedical University (Approval
NO: AEEI-2021-123).

TLK2 conditional overexpression mice
Using homologous recombination, ES cell targeting was employed to
insert the CAG-3Xstop-TLK2-polyA cassette at the H11 locus. The pri-
mer sequences for constructing the targeting vector were as follows:

Mir-122-1 CGCGGTACCAAACCATGACGAGGTGAG
Mir-122-2 GCTCTAGATGGGTGTCAGGGTAGTCA
After obtaining homozygous TLK2CKI/CKI mice, retinal-specific

overexpression of TLK2 was achieved via intravitreal injection of
scAAV2/2-CMV-CRE virus.

TLK2 knockout mice
TLK2 knockout mice were also purchased from Shanghai Model
Organisms Center. The Cre-lox system was used for the deletion of
TLK2 gene (ENSG00000146872). TLK2flox/flox mice were generated
by CRISPR-Cas9 technology which targeted exon4. TLK2 genes could
be knocked out ubiquitously by Intravitreal injection of scAAV2/2-
CMV-cre virus.

Cell culture studies
HEK293T cells (human embryonic kidney cells) and HEK293 cells
(human embryonic kidney cells) were obtained from the American
Type Culture Collection. The culture medium used was DMEM com-
plete medium (with 10% fetal bovine serum and 1% penicillin-strepto-
mycin). The cells were passaged at a ratio of 1:3 with a passaging
density of 90%. Mycoplasma testing was performed, and the results
were negative. Primary mouse neurons: To prepare embryonic mouse
(E18) cortical neurons, the cortical brain tissue was removed and
placed in ice-cold DMEM (Dulbecco’s Modified EagleMedium) (Gibco,
USA). The meninges were removed, and the tissue was transferred to
5ml of 0.25% trypsin dissociation medium. The tissue was finely
chopped and incubated with continuous shaking at 37 °C for 10-
20minutes. Digestionwas terminatedwithDMEMcontaining 10% fetal
bovine serum, and the mixture was triturated using a 10ml pipette.
Undigested tissue was allowed to settle at the bottom of the tube, and
the supernatant was collected into a sterile screw-cap tube and cen-
trifuged at 130 g for 5minutes at room temperature. The supernatant
was discarded, and the cell pellet was resuspended in DMEM con-
taining 10% fetal bovine serum (Gibco, USA) and 0.25% penicillin-
streptomycin (Invitrogen, USA). Cells were filtered using a 40 μm cell

Fig. 5 | TLK2 forms a complexwith LC8 andMyosin IIA to promote NE rupture.
A Eye phenotype of Drosophila expressing UAS-TLK driven by GMR-Gal4 (GMR >
TLK) after crossing with scramble strain (left) and TLK2 RNAi strain (right). Images
are representative of three flies with the indicated genotypes.
B Immunoprecipitation using Flag antibody in HEK293T cells transfected with
3×Flag-TLK2 protein, under normal and 1 µM ionomycin-treated conditions. Blot-
ting with LC8 antibody and quantification of relative LC8 to TLK2 protein ratio
(n = 4 independent experiments).CWesternblot analysisof LC8protein expression
levels in HEK293 cells following transfection with scramble shRNA and LC8 shRNA,
and quantitative statistical analysis of LC8 protein levels. Images are representative
of three independent experimental replicates. D Cell survival was assessed in
HEK293 Tet-On-TLK2 stable cell lines treated with or without doxycycline, PMZ,
scramble shRNA, and LC8 shRNA(n = 4 independent experiments). E Co-
immunoprecipitation of TLK2 andMyosin IIA was conducted in HEK293T cells with
or without ionomycin treatment. Immunoprecipitation was performed using Flag-
M2 antibody to selectively pull down Myosin IIA (n = 3 independent experiments).

F Cell survival of HEK293 tet-on-TLK2 stable cell line treated with doxycycline and
various concentrations of Blebbistatin (0, 1, 3, 10, 15, 20, 30, and 40 μM) (n = 6
independent experiments).GCo-immunoprecipitation experiments utilizing a Flag
antibody in HEK293T cells overexpressing the 3×Flag-TLK2 protein, in the presence
of a GFP plasmid, LC8 knockdown shRNA plasmid, and recombinant LC8 plasmid.
Detection andquantificationofMyosin IIAprotein and theTLK2-Myosin IIAbinding
affinity (n = 4 independent experiments).H Schematic of TLK2, LC8, andMyosin IIA
enrichment on the nuclear envelope. Created in PowerPoint. I Colocalization ana-
lysis of the nuclear pore complex (green) and Myosin IIA (red) was performed in
normal cells (top), ionomycin-induced calcium overload cells (middle), and TLK2-
overexpressing cells (bottom) using STED microscopy. The rightmost column
shows enlarged images highlighting the colocalization of Myosin IIA with the
nuclear pore complex (yellow dots). Quantitative analysis of colocalization is
represented by the yellow/green dot ratio (n = 6 cells form 3 independent experi-
ments). All data are presented asmeans ± SD,**P <0.01, ***P <0.001, ****P <0.0001.
Source data are provided in the Source Data file.
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filter (BD Falcon, USA). Cells were then plated on poly-L-lysine-coated
dishes and maintained in neurobasal medium containing
B27 supplement (Invitrogen, USA), glutamine (Invitrogen, USA), and
penicillin (Invitrogen, USA). After 48 hours of culture, 10μM cytar-
abine was added to the medium for 24 hours to inhibit glial cell
proliferation.

Measurement of intracellular calcium concentration using the
Fura-2 fluorescence assay
The intracellular calciumconcentrationwasmeasured using the Fura-2
fluorescence assay as follows. Cell preparation, cells were seeded onto
black, transparent-bottom 96-well microplates and cultured until
approximately 70% confluence. They were then washed with Hank’s
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Balanced Salt Solution (HBSS) without calcium and magnesium. They
are then washed with Hank’s Balanced Salt Solution (HBSS) without
calcium and magnesium. Dye loading, Fura-2 AM was dissolved in
DMSO and combined with Pluronic F-127 to improve cell permeability.
The solution was diluted in HBSS and applied to the cells. After incu-
bation for 45minutes at 37 °C in the dark, excess dye was removed by
washing with HBSS containing calcium and magnesium. Fluorescence
measurement, fluorescencewasmeasured using amicroscope or plate
reader by exciting the dye at 340 nm and 380 nm and recording
emission at 510 nm. The ratio of fluorescence intensities (R = 340/380)
was calculated to assess intracellular calcium levels. Calibration values
were obtained by determining Rmin and Fmin using wells treated with
EGTA to chelate calcium. Determining Rmax and Fmax using wells
treated with 2mg/mL calcium and ionomycin to saturate calcium
levels. The Grynkiewicz equation was used to calculate absolute cal-
cium concentration: where Kd is the dye’s dissociation constant, R is
the fluorescence ratio, and Fmin and Fmax are the minimum and max-
imum fluorescence intensities at 380 nm, respectively. The intracel-
lular calcium dynamics were visualized by plotting the calculated
calcium concentrations over time.

½Ca2 + �=Kd ×
ðRmax�RÞ
ðR� RminÞ ×

F min
F max

Construction of Tet-on regulated expression stable cell line
TLK2 (NM_001112705.2) was cloned into the protein-coding region of
the FUW-tetO-MCS vector to obtain FUW-tetO-TLK2, which was co-
transfected with the regulatory plasmid FUW-M2rtTA and the helper
plasmids pCMV-VSVG and pCAG-dR8.9 into HEK293T cells at a molar
ratio of 1:1:1 for virus packaging. After 72 hours of viral expression, the
virus was collected, purified, and concentrated. Cells to be infected
were seeded into 96-well plates and cultured overnight at 37 °C in a 5%
CO2 incubator. Lentiviral infection reagent (polybrene) was added to
the cells, followed by the addition of a certain volume of concentrated
lentivirus according to the cell MOI. After cells resumed normal pro-
liferation, single clones were isolated using the limiting dilution
method into 96-well plates. After one week, visible single clones were
selected for expansion. The Tet-on inducible expression system
requires the addition of a certain concentration of doxycycline to
induce gene expression once the cells reach a certain density. Positive
cell clones that could induce gene expression were identified by
immunoblotting, followed by expansion and subsequent experiments.

Cell death and cell viability assay
Cell death was assessed using the lactate dehydrogenase (LDH) cyto-
toxicity assay kit (beyotime, C0016). Cells were seeded in 24-well
plates the day before treatment. Cells were cultured with or without

appropriate drugs, and at the designated times, supernatant LDH and
total intracellular LDH were measured. For supernatant LDH mea-
surement, 120μL of supernatant from each well was transferred to a
new 96-well plate, and detection reagent was added for sample mea-
surement. For intracellular LDH measurement, the supernatant was
carefully removed, and LDH release reagent was added, followed by
gentle shaking and incubation for 1 hour. Then, 120μL of supernatant
from each well was transferred to a new 96-well plate, and detection
reagent was added for sample measurement. The mixture was incu-
bated at room temperature (approximately 25 °C) in the dark for
30minutes, and absorbance was measured at 490nm. Cell death was
calculated as: supernatant LDH / (supernatant + intracellular LDH) ×
100%. For cell viability, 5000-10000 cellswere seeded into eachwell of
a 96-well plate the day before treatment. Each well was then replaced
with 100 µL of freshmedium containing 10%CCK-8 reagent (beyotime,
C0043). After 1 hour of incubation, absorbance was measured at
450nm using a microplate reader. Cell viability was calculated as:
(absorbance of treated compound - blank absorbance)/(control
absorbance - blank absorbance) × 100%.

Immunoprecipitation and mass spectrometry
HEK293T cells were transfected with pcDNA3.1-3×FLAG-mTLK2
recombinant plasmid, and after 48hours, cells were scraped and lysed
using NP-40 lysis buffer (20mMTris pH7.5, 150mMNaCl, 1% Triton X-
100, containing protease and phosphatase inhibitors). 500 µg of pro-
tein was incubated with 3 µg of mouse FLAG antibody (FLAG® BioM2,
sigma) or 3 µg of mouse IgG (sigma, 12-371) control. The EP tubes were
placed in a 4 °C shaker overnight. The next day, the antibody-protein
complexes were added to pre-washed magnetic beads and incubated
for 4 hours with gentle mixing. The antigen-antibody-bead complexes
were separated on a magnetic rack, washed four times, and eluted by
adding 100 µL of 1×SDS-PAGE sample buffer, vortexed thoroughly, and
heated at 95 °C for 10minutes. The boiled samples were placed on the
magnetic rack for 10 seconds to separate the beads, and the super-
natant was collected for SDS-PAGE analysis. After SDS-PAGE, the gel
was stained with Coomassie Brilliant Blue, and bands were excised for
in-gel digestion, followed by mass spectrometry analysis.

Western blotting
Tissues or cells were lysed in lysis buffer (50mMTris, 150mMNaCl, 1%
Triton X-100, 1% sodium deoxycholate and 0.1% SDS) supplemented
with protease inhibitor cocktail (Roche #11697498001) and PMSF
(Beyotime #ST507) for 15minutes on ice. Then the lysis was sonicated
for 2minute with 50 w (3 s on/3 s off) on ice and centrifugation at
15294 g 4 °C for 15minutes. Supernatants were collected and boiled
with SDS loading buffer at 95 °C for 5minutes. 10-40μg protein from
cell lysate or tissue homogenate were loaded on 12% SDS-PAGE gels.
Transferring the protein from the gel to the PVDF membrane

Fig. 6 | TLK2 plays a critical role in retinal ganglion cell death in glaucoma
models. A Schematic representation of the TLK2 conditional knockout (CKO)
mouse model. B Confocal microscopy images showing the survival of retinal
ganglion cells (RGCs) in wild-type and TLK2 CKO transgenic mice, double-labeled
with Tuj1 and RBPMS, following intravitreal injection of sc-AAV2/2-CMV-Cre virus.
Mice were intravitreally injected with 10 nmol and 30 nmol NMDA, and RGC sur-
vival rates were assessed (n = 4 retinas form 4 mice per indicated genotype).
CQuantificationofRGC survival inwild-typeandTLK2CKO transgenicmice treated
with optic nerve crush (ONC), showing corresponding survival rates of RGCs (n = 4
retinas form 4 mice per indicated genotype). D Diagram illustrating the design of
the self-complementary double-stranded AAV2/2 (scAAV2/2) vector, driven by the
U6 promoter, expressing shTLK2 for TLK2 knockdown. EConfocal images showing
RGC survival in NMDA-injected mice. RGCs were labeled with RBPMS in wild-type
and TLK2 CKO mice following intravitreal injection of sc-AAV2/2-CMV-Cre virus.
Corresponding RGC survival rates are presented (n = 6 retinas per group).
F Confocal images showing RGC survival in the ONC model, including control

(normal mouse retina), scramble (mice injected with scrambled shRNA), and
shTLK2 (mice injected with TLK2 knockdown virus) groups. Survival rates of RGCs
are shown for each treatment (n = 4 retinas per group).G Schematic representation
of the experimental protocol for scAAV2/2 injection, glaucoma model induction,
and cholera toxin B (CTB) injection. Confocal images display the fluorescence
intensity of CTB-Alexa Fluor 488 conjugate in optic nerves of mice treated with
NMDA and NMDA + shTLK2. Images are representative of three independent
experimental replicates. H Statistical analysis of visual acuity in mice assessed by
the visual water maze test. (n = 6mice per group). I Confocal images showing EdU,
RBPMS, and DAPI staining in the retina of mice following NMDA treatment (n = 3
independent experiments). J Confocal image showing Np-GFP, RBPMS, and DAPI
staining in the retina ofmice following NMDA treatment. Images are representative
of three independent experimental replicates. All data are presentedasmeans ± SD,
***P <0.001, ****P <0.0001, “ns” indicate no significant difference (P ≥0.05). Source
data are provided in the Source Data file.
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(Millipore #ISEQ00010). Membranes were blocked with 5% milk for
one hour at room temperature. Primary antibodies to the following
proteins were used for western blotting at the indicated concentra-
tions: TLK2(1:1000, proteintech, 13979-1-AP), non-muscle Myosin IIA
(1:1000, abcam, ab138498), DYNLL1/PIN (1:1000, abcam, ab51603), β-
actin (1:1000, proteintech, 66009-1-Ig), GAPDH (1:1000, proteintech,
60004-1-Ig), caspase-3 (1:1000, CST, 9662), Cleaved caspase-3 (CST,
1:1000, 9661),laminB1(1:1000, abcam, ab16048),γ H2AX (1:1000,
abcam, ab229914). Incubated overnight at 4 °C. Washing the mem-
brane 3 times for 5minutes each with TBST (TBS containing 0.1 %
Tween20), and then incubating with HRP secondary antibody
(1:10000) for one hour at room temperature. Acquiring image using
HRP substrate (Millipore #WBKLS0500) for chemiluminescence with
VILBER Fusion FX SPECTRA equipment.

Native-page
Lyse Cells in Lysis Buffer (20mM Tris, 150mM NaCl, 10% Glycerol, 1%
NP40 and 5MmNa3VO4), Then the lysiswas centrifugation at 15294 g4
°C for 15minutes, supernatants were collected, add sodium deox-
ycholate (DOC-Na2) to final concentration of 0.4%, mix with 5X native
loading buffer (125mM Tris, 960mM Glycine, 40% Glycerol, 0.005%
Bromophenol Blue), do not boiled. Cathod Buffer: 25mMTris, 192mM
Glycine, 0.4% DOC-Na2. Anode Buffer: 25mM Tris, 192mM Glycine,
without DOC-Na2. In cold room, 200V, 70min, pre-run to current
drops to ~10mA per Gel. load sample, move to cold room, 200V
60min. Transfer and do Westen blot as usual.

Phos-tag western blot
Cell lysis is performed as described in western blotting, Then the lysis
was centrifugation at 15294 g 4 °C for 15minutes, supernatants were
collected, the supernatants were treated with 1mMMnCl2 and boiled
with SDS loading buffer at 95 °C for 10minutes. 40 μmol/L MnCl2 and
20μmol/Lphos-tag (Wako#30493521) were added to the SDS-PAGE (8
%). After the electrophoresis, the phos-tag gels were incubating with
transfer buffer containing 5mM EDTA for 20minutes twice to remove
the divalent cations 48. Washing with transfer buffer for 10minutes
once. Transferring the protein from the gel to the PVDF membrane.
The next blocking and antibody incubation were the same as the
normal western blot procedures.

Purification of protein and kinase assay
The sequences of TLK2 (NM_001294334.1) and Myosin IIA
(NM_002473) were synthesized with a 3×Flag tag and cloned into the
pcDNA3.1-CMV vector for expression in a eukaryotic cell system. The
plasmids were transfected into normally cultured HEK293T cells, after
which the cells and supernatant were collected (130 g, 5min). The cells
were lysed, and the recombinant proteinwas separated using Anti-Flag
magnetic beads. For every 10 µL of original bead volume, 100 µL of
3×Flag peptide elution solution (150 µg/mL) was added. After incuba-
tion, themixturewas placed on amagnetic rack for separation, and the
supernatant was transferred to a new centrifuge tube. The supernatant
contained the eluted Flag-tagged protein, which was stored at 4 °C for
immediate use or at −80 °C for long-term storage. A standard kinase
assay was performed for 15minutes at room temperature in 50μL of
kinase buffer (10mM Tris pH 7.5, 50mM KCl, 10mM MgCl2, 1mM
DTT) supplemented with 1μL ATP (0.2mM) and 1μg of TLK2 pur-
ification proteins and 20μg substrates MBP (Millipore #13–110) or
purified Myosin IIA. The remaining ATP in the sample wells was mea-
sured based on a standard curve to calculate enzyme activity.

Annexin V/PI staining
Seed the cells in a confocal dish, treat with drugs, and collect the cells.
Wash the cells with fresh PBS. Add Annexin V Alexa Fluor® 488 to
1×Annexin binding buffer at a ratio of 20:1 and propidium iodide (PI) at
a ratio of 100:1. Mix well. Incubate in the dark at room temperature for

15minutes. Add antifade mounting medium and observe using a
confocal microscope.

Real-time PCR
Total RNA was extracted from Cultured cells using TRIzol (Thermos)
according to themanufacturer’s protocol. concentrations of total RNA
were measured by NanoDrop 2000 (Thermos). Total RNA was then
subjected to gDNA digestion using DNaseI (Byotime), immediately
reversed to cDNA followed by EasyScript® First-Strand cDNA Synthesis
SuperMix (TransgeneAE301). Real-TimePCRwasperformedusing FX7
(Thermo Fisher Scientific) and PowerUp™ SYBR™ Green Supermix
(A25742, Thermo Fisher) following the manufacturer’s protocol. The
results were analyzed by the thermos express software, and relative
expression level was presented as the ratio of the target gene to the
endogenous gene, actin. Theprimer sets for the realtime PCRare listed
in Supplementary Table 1.

Live cell imaging to detect nuclear membrane rupture
Mouse nucleophosmin (NP) (NM_001412005.1) fusion with GFP was
constructed into pcDNA3.1 and transfected into HEK293 cells using
lipo8000TM transfection reagent (beyotime, C0533). Stain the nuclei
with NucBlue™ Live ReadyProbes™ (Thermo Fisher, R37605) and
observe the localization changes in NP-GFP cells.

Mouse nuclear envelope protein Sun1 (NM_024451.2) fusion with
GFP was constructed into the pLVX-mCherry vector, packaged into
lentivirus, and used to infect HEK293 cells. A stable cell line was
selected. Observe the continuous changes of Sun1 fusion with GFP
dynamically under a confocal microscope.

Cell immunofluorescence assay
Seed the cells in a confocal dish, treat with drugs or hypoxia for a
certain period, and gently wash the slides with PBS 3 times to remove
unattached cells. Fix the cells with 4% paraformaldehyde at room
temperature for 10-15minutes. Wash the fixed cells 3 times with PBS.
Incubate with 0.1% Triton X-100 at room temperature for 10minutes.
Wash 3 times with PBS.Add 5% BSA and incubate at room temperature
for 30minutes to block non-specific binding. Add the following pri-
mary antibodies: TLK2 (1:200, proteintech, 13979-1-AP), non-muscle
Myosin IIA (1:200, abcam, ab138498), laminB1 (1:200, abcam,
ab16048), γ H2AX (1:200, abcam, ab229914), Nuclear Pore Complex
Proteins (1:200, Abcam, ab24609) and incubate overnight. Then
incubate with secondary antibodies (goat anti-Mouse IgG/IgM (H + L)
(1:1000, Thermo Fisher Scientific, A-10680) and goat anti-Rabbit IgG/
IgM (H+ L) (1:1000, Thermo Fisher Scientific, A-21428)) at room tem-
perature for 2 hours. Observe cell morphology and staining using a
fluorescence microscope or confocal microscope and capture images
for analysis.

AAV2 plasmids construction and AAV2 preparation
The pscAAV2/2-GFP plasmid was obtained from Addgene (Plasmid
#32396). For AAV2/2 plasmid construction, the pscAAV2/2-GFP coding
region was replaced with cre cDNA (coding sequence shown in Sup-
plementary Table 2) and u6 promoter-shRNA (sequence shown in
Supplementary Table 2). The AAV2/2 Rap2-Cap2 (Addgene plasmid
#104963) and Helper plasmid pAdDeltaF6 (Plasmid #112867) were co-
transfected into HEK293T cells. AAV2/2 was purified using PEG8000
precipitation and ultrafiltration methods. The AAV2/2 titer measured
by real-time PCR ranged from 1-2×1013 genome copies/mL.

Intravitreal injection and optic nerve crush
Adult mice were anesthetized with intraperitoneal injection of tri-
bromoethanol (20mg/mL). For intravitreal injection, Proparacaine
Hydrochloride eye drops were used before surgery. A Hamilton
microsyringe (5 µL)with a 34Gneedlewas insertedposterior to the ora
serrata to inject AAV2/2 or other solutions into the vitreous body. N-
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methyl-D-aspartate (MedChemExpress,HY-17551)was prepared inPBS.
For optic nerve crush, to fully expose the mouse optic nerve, mice
were gently placed under a stereomicroscope following anesthesia,
and a drop of proparacaine was applied to each eye to alleviate dis-
comfort. Once deep anesthesia was confirmed, the mouse’s head was
carefully adjusted to face the operator. Using the tip of a cell forceps,
the upper and lower eyelids were gently separated to slightly protrude
the eyeball. The conjunctiva at the temporal upper edge of the eyeball
was gently pinched with a finger, and a small fold was created using a
No. 7 curved forceps. A 1-mm incision was made in the temporal
conjunctiva using spring scissors, and the hole was gradually widened
with blunt dissection using forceps. The surrounding tissue was gently
dissected with cell forceps until the overlying muscle was clearly visi-
ble. The cell forceps were passed through the newly created channel,
carefully navigating through the muscle and displacing any adipose
tissue obstructing the optic nerve. Once the optic nerve was clearly
exposed, a jeweler’s forceps was inserted approximately 2mm behind
the eyeball, around the optic nerve, and gently released to apply
pressure for 10 seconds. The clamp was gently moved back and forth
to check if the eyeball moved correspondingly.

Histology and microscopy
For immunohistochemistry, the eyes of mice with attached optic
nerves were perfused and surgically removed, fixed with 4% PFA at
room temperature for 2 hours. Using a dissectingmicroscope, the eyes
were bisected along the equator, and the cornea, lens, and vitreous
were removed. The retina was carefully peeled off intact and any
remaining vitreousfibers on the retinawere cleaned usingfine forceps.
The retina was then washed with PBS for 15minutes, repeated 3 times.
The retinawas incubated inPBST containing0.3%TritonX-100 in an EP
tube with gentle shaking for 2 hours, followed by fresh PBS washes,
repeated 3 times. The retina was blocked with PBS containing 5% BSA
(immunofluorescence blocking solution) at room temperature for
2 hours. After washing with PBS 3 times, each for 15minutes, primary
antibodies tuj1 (1:200, Biolegend, 801202) and RBPMS (1:250, Pro-
teintech, 15187-1-AP) were added in antibody dilution buffer and
incubated overnight at 4 °C. The retinas werewashedwith PBS 3 times,
each for 15minutes, followed by incubationwith secondary antibodies
goat anti-Mouse IgG/IgM (H+ L) (1:1000, Thermo Fisher Scientific, A-
10680) and goat anti-Rabbit IgG/IgM (H+ L) (1:1000, Thermo Fisher
Scientific, A-21428) at room temperature for 2 hours. After washing
with PBS 3 times, each for 15minutes, the retina was mounted on a
slide using antifade mounting medium containing DAPI. Data were
collected using a Leica SP8 confocal microscope. Sampling and ana-
lysis were conducted in square areas around the periphery of each
whole-mounted retina (approximately 500mm from the center to the
edge of the retina).

Stimulated emission depletion microscopy (STED)
Super-resolution sample preparation follows the same protocol as
conventional immunofluorescence. Cells were seeded onto confocal
dishes, fixed with PFA, treated with 0.3% Triton X-100 for 15minutes,
andblockedwith 5%BSA for 1 hour. Primary antibodies againstNuclear
PoreComplex Proteins (1:100, Abcam, ab24609) andMyosin IIA (1:100,
Abcam, ab138498) were added and incubated overnight. Secondary
antibodies Goat anti-Rabbit IgG (H+ L), Alexa Fluor™ 647 (Thermo
Fisher Scientific, A-21244) and Goat anti-Mouse IgG (H+ L), Alexa
Fluor™ 555 (Thermo Fisher Scientific, A-21424) were added. Images
were acquired using the Abberior STEDYCON super-resolution ima-
ging system. Image analysis was performed using ImageJ.

Retrograde tracing of visual pathways
1.5μl of Cholera Toxin Subunit B (CTB, Alexa Fluor 488 conjugate,
Thermo Fisher Scientific, C22841) (2μg/μl in PBS) was injected into the

vitreous body. Three days post-CTB injection, animals were perfused
with 4% PFA. The optic nerves were dissected, fixed, and mounted for
imaging.

Visual acuity measurement in visual tasks
This taskwasperformed in a trapezoidalwater tankwith shallowwater.
Two screens were placed on either side of the wide end of the tank.
One screen displayed a fixed, vertically oriented sine-wave grating,
while the other displayed a uniform gray image with the same average
luminance. Animals were trained to swim from the narrow end toward
the screens and select the screen displaying the grating to escape to a
hidden underwater platform beneath it. The training grating had a
spatial frequency of 0.054 cycles/degree. During testing, the spatial
frequency of the grating was gradually increased in 0.018 cycles/
degree increments until the animal made fewer than 7 correct choices
out of 10 trials. At least 4 close interruptions were required to deter-
mine the animal’s visual acuity (spatial frequency threshold). Mice
were trained and their visual acuity measured before NMDA-induced
injury. Fromdays 1 to 3 post-NMDA injection, micewere tested daily at
low (training) spatial frequency to maintain their training activity.
From days 4 to 14 post-NMDA injection, the spatial frequency was
varied until the threshold was determined for each mouse.

EdU detection of cell proliferation in primary neuron cultures
and in mice
For mouse retinal samples, EdU (200μM) is injected into the mouse
eye via intravitreal injection. After 7 days, NMDA treatment is admi-
nistered at the same injection site. Three days after NMDA treatment,
the mice are perfused with 4% PFA, and the retinas are collected. Fol-
lowing fixation, retinas are labeled with RBPMS for routine immuno-
fluorescence staining to identify RGCs. The presence of EdU is then
detected using the Click-iT™ reaction (based on Click Chemistry).
Alexa Fluor®-488 dye is used in the reaction with EdU to emit fluor-
escence. Finally, the retinal samples are stained with DAPI to better
visualize cell nuclei and EdU-labeled cells under a fluorescence
microscope. Fluorescence signals are observed and imaged using a
fluorescence or confocal microscope for detection and analysis. For
primarymouse neurons, primary cultured neurons are harvested after
4days, followedby a48-hour EDU treatment,withorwithout a 24-hour
calcium ionophore treatment. Post 4% PFA fixation, routine immuno-
fluorescence staining is performed, and the Click-iT™ reaction is con-
ducted similarly to the retinal sample procedure.

Statistics and reproducibility
Statistical analyses were conducted using GraphPad Prism software
(version 9.5), with data reported as mean± SD. Between-group com-
parisons were analyzed using Student’s two-tailed t-test with Welch’s
correction for unequal variances. Multiple group comparisons were
evaluated by one-way ANOVA followed by Tukey’s post hoc test for
homogeneous variance conditions. For multi-variable datasets
requiring interaction analysis, two-way ANOVA with Bonferroni cor-
rection was applied. Statistical significance thresholds were uniformly
defined as: *P <0.05, **P <0.01, ***P < 0.001, ****P <0.0001, with “ns”
denoting non-significant outcomes (P ≥0.05). All statistical annota-
tions and methodological specifics are explicitly detailed in corre-
sponding figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or used in this study are provided in the Supple-
mentary Information. Source data are provided with this paper.
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