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and cell death

Ischemic stroke is a severe neurological condition and a
leading cause of disability and death worldwide." It occurs
when blood flow to the brain is critically reduced,
depriving cells of oxygen and glucose, which leads to sig-
nificant cell damage and death. Developing effective
therapies for ischemic stroke requires a precise under-
standing of the downstream mechanisms of Notch intra-
cellular domain 1 (NICD1), which plays a pivotal role in
stroke pathology. However, these mechanisms remain only
partially understood. Clarifying NICD1 pathways could not
only provide promising strategies for stroke therapy but
also reveal innovative targets for broader neuroprotective
interventions.

We investigated NICD1 nuclear translocation in response
to oxygen-glucose deprivation (OGD), a condition mimicking
ischemic stroke. Initially, OGD induction was validated by
elevated hypoxia inducible factor 1 subunit alpha (HIF-1a)
and reduced glucose transporter type 1 (GLUT1) expression,
consistent with hypoxic responses. An increase in HES-1, a
downstream target of NICD1, further confirmed Notch
pathway activation under OGD (Fig. STA—D).

In HEK293T cells stably expressing NICD1, we observed
that NICD1 progressively translocated to the nucleus under
OGD conditions and relocated to the cytosol during reper-
fusion, indicating reversible translocation (Fig. 1A, B; Fig.
S1E, F). We also confirmed NICD1 translocation to the nu-
cleus under OGD conditions in the SH-SY5Y cells (Fig. S1G).
We compared NICD1 translocation under different condi-
tions: glucose deprivation (GD), hypoxia, or OGD. As a
result, NICD1 translocation was more reversible under OGD
conditions compared with GD or hypoxia alone, as indicated
by its relocation to the cytosol during reperfusion
(Fig. 1C—F).
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To investigate the molecular mechanisms underlying
NICD1 response under OGD conditions, we conducted
transcriptomic analysis to identify genes regulated by
NICD1. Transcriptomic comparison between control and
OGD conditions revealed 4436 significantly differentially
expressed genes (Fig. 1G). Furthermore, we found 1035
differentially expressed genes affected by NICD1 knock-
down under OGD conditions (Fig. 1H). Specifically, we
identified 5 genes up-regulated under OGD conditions but
down-regulated when NICD1 was knocked down (Fig. 1l);
and 7 genes down-regulated under OGD conditions but up-
regulated when NICD1 was knocked down (Fig. 11). Among
12 identified genes, validation of mRNA expression levels
through quantitative reverse transcription PCR further
confirmed that cysteine-rich protein 2 (CRIP2) was partic-
ularly sensitive to NICD1 regulation under OGD conditions
(Fig. S2A—-L).

Additionally, CRIP2 protein levels were reduced
following NICD1 knockdown in both control and OGD con-
ditions (Fig. 1J, K) in HEK293T cells stably expressing NICD1.
These findings suggest that NICD1 positively regulates CRIP2
expression under ischemic-like conditions, highlighting
CRIP2 as a key NICD1 target relevant to stroke pathology.
Moreover, NICD1 overexpression in SH-SY5Y cells led to an
increase in CRIP2 expression, further supporting the role of
NICD1 in regulating CRIP2 levels (Fig. S3). To determine
whether Crip2 expression was altered in an in vivo stroke
model, we utilized a transient middle cerebral artery oc-
clusion (tMCAO) mouse model. Following surgery, infarct
volume increased, confirming successful stroke induction
(Fig. 1L, M). Notably, Crip2 expression was up-regulated in
the infarct region (Fig. 1N). These findings collectively
suggest that NICD1-mediated regulation of CRIP2 plays a
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Figure 1 Reversible NICD1 translocation and identification of CRIP2 as a NICD1-regulated target under OGD conditions. (A, B)
Reversible translocation of NICD1 occurs in a time-dependent manner in HEK293T cells stably transfected with NICD1. NICD1
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crucial role in ischemic conditions, potentially contributing
to stroke pathology through its effects on cellular responses
in both in vitro and in vivo models.

Our findings confirm that NICD1 regulates CRIP2
expression. Additionally, CRIP2 expression is known to be
regulated by p53.% To assess whether NICD1 or p53 played a
more prominent role in regulating CRIP2 under OGD con-
ditions, we conducted selective knockdowns. Specifically,
we knocked down NICD1, p53, or both simultaneously and
measured CRIP2 expression levels under each condition.
The results showed that CRIP2 expression was down-regu-
lated under all knockdown conditions; however, the most
substantial decrease in CRIP2 expression was observed
when only NICD1 was knocked down. This suggests that
while both NICD1 and p53 influence CRIP2 expression,
NICD1 may have a more dominant regulatory role under
OGD conditions (Fig. 10).

We next examined the role of CRIP2 in metabolic
adaptation under OGD conditions. Key enzymes in the
glycolysis pathway, such as hexokinase 2 (HK2) and phos-
phoinositide-dependent kinase 1 (PDK1), are known to be
up-regulated in response to hypoxia.>* To explore the
relationship between CRIP2 and glycolysis, we conducted
quantitative mRNA analysis of HK2 and PDK1. Both enzymes
exhibited elevated expression under OGD conditions, indi-
cating enhanced glycolytic activity (Fig. 1P, Q). Down-
regulation of CRIP2 through NICD1 knockdown or p53
knockdown resulted in reduced mRNA levels of HK2 and
PDK1, mirroring the effects observed with direct CRIP2
knockdown (Fig. 1P, Q). Based on this, we found that CRIP2
expression levels exhibit a positive correlation with HK2
and PDK1 expression. Furthermore, we confirmed a signif-
icant increase in Hk2 expression in tMCAO animal models
(Fig. S4B). These results indicate that CRIP2 plays an
essential role in regulating glycolysis under OGD conditions
(Fig. S6).

In addition, CRIP2 appears to influence cell death under
ischemic conditions. Previous studies have demonstrated
that CRIP2 up-regulates cleaved caspase-3,° a marker of
apoptosis. Consistent with previous reports, we found that

cleaved caspase-3 levels increased in a time-dependent
manner under OGD conditions but decreased when CRIP2
was knocked down (Fig. 1R, S). These observations suggest
that CRIP2 promotes cell death under ischemic conditions,
likely through its regulation of caspase-3.

To further understand the role of CRIP2 in the cell
death pathway, we observed that CRIP2 overexpression
increased LC3B levels (Fig. S5A) and enhanced autophagic
flux, as measured by RFP-GFP tandem fluorescent LC3
(tfLC3) assay (Fig. S5B, C). Furthermore, autophagy can
promote apoptosis and induce cell death in cells with
defective apoptotic mechanisms, and excessive autophagy
has been shown to trigger cell death. Many autophagy-
related components are essential for apoptotic factors to
mediate cell death, emphasizing the complex crosstalk
between these pathways. Our findings of increased auto-
phagic flux upon CRIP2 overexpression provide additional
mechanistic insight into CRIP2’s role in OGD-induced cell
death.

Our findings underscore the critical role of NICD1 in
ischemic stroke pathology through its regulation of CRIP2.
This study reveals that CRIP2, a downstream target of
NICD1, drives glycolytic adaptation and influences
apoptosis under OGD (Fig. S6). While our study establishes
NICD1 and CRIP2 as key players in ischemic pathology,
further work is needed to clarify their exact molecular
roles. Specifically, the mechanisms by which NICD1 regu-
lates CRIP2 and how CRIP2 modulates glycolytic and
apoptotic pathways remain unclear.

Nevertheless, further research is necessary to elucidate
the molecular mechanisms underlying CRIP2 regulation and
its impact on ischemic stroke. Although we propose that
CRIP2 regulates glycolysis and cell death, this hypothesis
merely suggests a possibility rather than confirming the
detailed mechanisms involved. Future studies should focus
on elucidating these mechanisms and validating our find-
ings, with a particular emphasis on in vivo models. More-
over, it is imperative to ascertain the potential adverse
effects and constraints of targeting CRIP2 for the treatment
of ischemic stroke.

translocates into the nucleus after 9 h of OGD and subsequently reverts to the cytosol upon re-oxygenation. (C—F) The effect of
glucose deprivation (GD), hypoxia, and OGD conditions on NICD1 translocation. Two-way ANOVA (Sidak’s test) for B, D, E, and F.
(G—1) Identification of CRIP2 as a gene regulated by NICD1 under OGD conditions. (G, H) Volcano plots demonstrate differentially
expressed genes (DEGs) between (G) Control versus OGD (9 h), and (H) NICD1 KD versus OGD (9 h). (I) Heatmap of the expression
levels of candidate genes. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001; analyzed by DESeq2. (J, K) Protein quantification
of CRIP2 under OGD conditions and NICD1 knockdown (NICD KD) conditions. *p < 0.05 and **p < 0.01; statistical analysis was
performed using one-way ANOVA (Tukey’s test). (L—N) Validation of Crip2 expression in a mouse model of middle cerebral artery
occlusion (MCAO) through quantitative PCR. **p < 0.01 and ****p < 0.0001; statistical analysis was performed using student’s t-test.
Scale bar = 0.25 mm. (0O—Q) CRIP2 knockdown inhibits glycolysis under OGD conditions. The expression levels of (0) CRIP2, (P)
HK2, and (Q) PDK1 were confirmed by quantitative PCR. sc siRNA, scrambled siRNA; *p < 0.05, **p < 0.01, *p < 0.001, and
****p < 0.0001; analyzed by ordinary one-way ANOVA (Tukey’s multiple comparisons test). (R, S) Immunoblots of cleaved capsase-3
protein levels. *p < 0.05; analyzed by ordinary one-way ANOVA (Tukey’s multiple comparisons test). Quantification of western blots
(Fig. 1) was performed based on three independent experiments. All western blots were conducted in triplicate, and images for
each replicate can be found in Data 51 (Fig. S6—9). Representative images corresponding to Figure 1L for quantifying the infarction
volume can be found in Data S1 (Fig. S4A). NICD1, Notch intracellular domain 1; CRIP2, cysteine-rich protein 2; OGD, oxygen-
glucose deprivation; HK2, hexokinase 2; PDK1, phosphoinositide-dependent kinase 1.
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