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ABSTRACT

In chronic lymphocytic leukemia (CLL), TP53 mutations or deletions on chromosome 17p lead to 
adverse prognosis and reduced levels of miR-34a, which targets NOTCH1. Also, hyperactivated 
NOTCH1 signaling is crucial for CLL progression. Here we explored the interaction between p53, 
miR-34a, and NOTCH1 in CLL. We investigated the effect of p53 and miR-34a on NOTCH1 signaling 
and expression in CLL cells with altered TP53. Our results indicate that miR-34a reduces NOTCH1 
3’ UTR activity but might not be a mediator between p53 signaling and NOTCH1. p53 activation 
increases miR-34a expression and NOTCH1 protein levels, correlating with decreased NOTCH1 and 
miR-34a levels in primary CLL cells with TP53 alterations. Some samples with high NOTCH1 levels 
presented increased BCL-2, suggesting an anti-apoptotic mechanism of a potentially direct 
p53-NOTCH1 relation in CLL. This study deepens the understanding of the p53-miR-34a-NOTCH1 
signaling network, providing insights that could guide future therapeutic strategies for CLL.

Introduction

The tumor suppressor gene TP53 is the most fre-

quently mutated gene in human cancers, with alter-

ations occurring in approximately half of all cases 

[1–3]. Mutations in TP53 lead to loss of its normal 

functions, enabling cancer cells to proliferate uncon-

trollably, evade apoptosis, and acquire invasive and 

metastatic properties, ultimately driving aggressive dis-

ease progression across multiple cancer types [1]. 

Consequently, the evaluation of TP53 mutation status 

has immediate clinical relevance for cancer diagnosis, 

prognosis, and treatment selection [4]. Moreover, TP53 

mutations are associated with treatment resistance in 

various cancers [5].

The p53 protein, encoded by TP53, plays a crucial 

role in regulating apoptosis and maintaining genomic 

stability by activating the transcription of pro-apoptotic 

genes [6] and genes involved in cell cycle arrest and 

DNA repair in response to DNA damage [7–9]. In addi-

tion to its direct transcriptional targets, p53 also regu-

lates gene expression post-transcriptionally through 

microRNAs (miRNAs). These p53-regulated miRNAs 

influence various cellular processes, including cell cycle 

progression, migration, epithelial-mesenchymal transi-

tion, stemness, metabolism, differentiation, and cell 

survival [10]. Disruption of the p53-miRNA axis is a 

common event in cancer, underscoring its importance 

in maintaining genomic integrity and preventing tum-

origenesis [10–12]. Therefore, investigating different 

p53-miRNA networks in cancer is of great interest.

One such p53-regulated miRNA is miR-34a, a 

well-established tumor suppressor that is directly 

transactivated by p53 [13–18]. MiR-34a exerts its 

tumor-suppressive functions by targeting genes 

involved in cell cycle progression, apoptosis, invasion, 

and metastasis [19–21]. In chronic lymphocytic leuke-

mia (CLL), both TP53 and miR-34a have prognostic 
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significance. Low miR-34a expression correlates with 

TP53 mutations or deletions on chromosome 17p 

(del(17p)) and poor prognosis [22,23]. Consequently, 

dysregulation of miR-34a due to TP53 alterations leads 

to the loss of regulation of miR-34a targeted pathways, 

such as apoptosis and cell proliferation.

One of the target genes of miR-34a is NOTCH1, 

which encodes a transmembrane receptor that regu-

lates cell fate decisions, proliferation, and survival in 

various tissues [24]. Due to its role in regulating crucial 

cellular functions, NOTCH1 signaling is frequently dys-

regulated in different types of cancer [25]. In CLL, 

NOTCH1 is hyperactivated in approximately 50% of 

cases [26], either through mutations in the NOTCH1 

gene itself or in its regulators, such as FBXW7, MED12, 

and SPEN [27–31]. NOTCH1 hyperactivation contributes 

to CLL pathogenesis and progression by upregulating 

genes involved in cell cycle regulation and prolifera-

tion, such as MYC, and by interacting with other sig-

naling pathways like NF-κB and B-cell receptor (BCR) 

signaling [26]. NOTCH1 mutations are associated with 

poor prognostic features in CLL, including unmutated 

IGHV genes and TP53 disruption, and patients with 

NOTCH1 mutations have shorter time to disease pro-

gression and overall survival [32–34]. Moreover, 

NOTCH1 hyperactivation has been linked to the trans-

formation of CLL to the more aggressive Richter’s syn-

drome [27, 35]. Given its occurrence in 50% of CLL 

cases and its clinical impact, understanding the mech-

anisms behind NOTCH1 dysregulation is of high 

interest.

Our research aims to elucidate the interplay 

between TP53 mutations, miR-34a expression, and 

NOTCH1 signaling in CLL. We hypothesize that miR-34a 

acts as a regulatory node, mediating the effects of 

TP53 mutations on NOTCH1 pathway activation. To 

address this hypothesis, here we (1) quantified the 

impact of miR-34a downregulation on NOTCH1 signal-

ing in CLL cells with and without TP53 mutations, (2) 

assessed how NOTCH1 protein expression levels cor-

relate with TP53 mutation status and miR-34a levels 

and (3) investigated the potential of miR-34a to mod-

ulate the effects of NOTCH1 signaling in CLL.

This study not only fills the existing knowledge gap 

regarding the molecular dynamics involving TP53, 

miR-34a, and NOTCH1. Our study also explores the 

prognostic and therapeutic implications of these inter-

actions in CLL. Studies to elucidate the regulatory net-

work between p53, miR-34a, and NOTCH1 could lead to 

improved risk stratification of CLL patients and the 

development of novel targeted therapeutic approaches, 

especially for those harboring TP53 mutations. Ultimately, 

a better understanding of the p53-miR-34a-NOTCH1 axis 

may pave the way for personalized medicine strategies 

that enhance prognosis and treatment outcomes for 

CLL patients with poor prognosis.

Material and methods

CLL Patient samples

Primary CLL cells were obtained from patients at the 

outpatient clinic of the university hospital Ulm after 

written informed consent (Ulm Ethics Committee, 

Votum 96/08) in accordance with the Declaration of 

Helsinki. CLL B-cells were isolated from heparinized 

blood of CLL patients using the B-CLL cell isolation kit 

(Miltenyi Biotech, Bergisch Gladbach, Germany) accord-

ing to the manufacturer’s instructions, and viably pre-

served in liquid nitrogen. Patient characteristics are 

shown in supplementary Table 1.

Information about additional methods can be found 

in the supplementary information file.

Results

In this study, we aimed to elucidate the interplay 

between p53, miR-34a, and NOTCH1 in chronic lym-

phocytic leukemia (CLL) cells. We investigated the rela-

tionship between p53 and miR-34a expression in CLL 

cell lines, assessed the potential regulation of NOTCH1 

by miR-34a using luciferase reporter assays, and 

explored the effects of p53 modulation on NOTCH1 

expression and signaling activity. We also examined 

the direct impact of miR-34a on NOTCH1 and vali-

dated our findings in primary CLL cells from patients 

with wild-type or altered TP53 status.

MiR-34a positively correlates with p53 activation 

and expression

To investigate the relationship between p53 and miR-34a 

in CLL, we first assessed miR-34a expression levels in CLL 

cell lines with wild-type (HG3, WA-OSEL, EHEB) or mutated 

(MEC-1, MEC-2) TP53 upon activation of p53 with 

Nutlin-3a, a small-molecule inhibitor of the p53-MDM2 

interaction [36]. Nutlin-3a treatment (5 μM) for 24 h caused 

a tendency of increased miR-34a expression in TP53 

wild-type cell lines but not in TP53-mutated cell lines 

(Figure 1(A)). To further investigate the kinetics of miR-34a 

upregulation in response to p53 activation, we performed 

time course experiments in EHEB and WA-OSEL cells. 

These cells were treated with Nutlin-3a (5 μM) for 24, 48, 

and 72 h, and miR-34a expression was assessed at each 

time point. We observed a significant upregulation of 

miR-34a after 48 h (p = 0.0266 and p = 0.0761, respectively) 
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Figure 1. miR-34a positively correlates with p53 activation/expression. (A) Relative miR-34a expression in the CLL cell 
lines HG3, WA-OSEL, EHEB harboring wild type TP53 (TP53 wt; blue) and MEC-1 and MEC-2 harboring mutated TP53 (TP53 mut; 
orange). Data points represent three individual experiments in which cells were treated with DMSO (black) as control or 5 µM 
Nutlin-3a (gray) for 24 h to activate p53. MiR-34a expression was analyzed by qPCR and normalized to the expression of three 
housekeeping genes. Statistical testing was performed using paired t-test to compare between DMSO and Nutlin-3a treatment for 
each cell line. P-values are shown when significant or of particular interest. (B) Relative miR-34a expression in WA-OSEL and EHEB 
cell line cells (both TP53 wt) upon Nutlin-3a treatment (5 µM) for 24, 48 and 72 h compared to DMSO control treatment to 
observe the kinetics of miR-34a expression in response to Nutlin-3a treatment. Data points represent three independent experi-
ments. Statistical testing was performed using ordinary one-way ANOVA followed by Holm-Sidak’s multiple comparisons test to 
compare between DMSO and Nutlin-3a treatment for each time point and between the three time points. P-values are shown 
when significant or of particular interest. (C) Relative miR-34a expression in WA-OSEL (TP53 wt) and MEC-1 (TP53 mut) cell line 
cells 24 h after transfection with a p53 overexpression plasmid, a shRNA targeting p53 and their respective controls. NICD and 
dominant negative MAM-L (dnMam) were transfected to hyperactivate or downregulate NOTCH1 signaling, respectively. Data 
points represent three independent experiments. Statistical testing was performed using ordinary one-way ANOVA followed by 
Holm-Sidak‘s multiple comparisons test in order to compare between the differently transfected samples. P-values are shown 
when significant or of particular interest.
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and 72 h (p = 0.0266 and p = 0.0464, respectively) of 

Nutlin-3a treatment in both cell lines (Figure 1(B)). These 

results suggest that p53 activation leads to a 

time-dependent increase in miR-34a expression in CLL 

cells with wild-type TP53.

To further validate the direct regulation of miR-34a by 

p53, we transfected WA-OSEL (TP53 wild-type) and MEC-1 

(TP53-mutated) cells with a p53 overexpression plasmid or 

a p53-targeting shRNA. In addition, we overexpressed the 

intracellular domain of NOTCH1 (NICD) or a dominant- 

negative form of Mastermind-like (dnMam) to modulate 

NOTCH1 signaling and assess potential crosstalk with the 

p53-miR-34a axis. In MEC-1 cells, p53 overexpression led 

to a significant increase in miR-34a levels (p = 0.0574), 

while p53 knockdown had no significant effect (Figure 

1(C), left panel). Conversely, in WA-OSEL cells, p53 overex-

pression did not significantly alter miR-34a expression 

probably because of mechanisms regulating the existing 

endogenous p53 function, which is not necessary in 

TP53-mutated MEC-1 cells (Figure 1(C), right panel). 

Modulation of NOTCH1 signaling did not significantly 

impact miR-34a levels in either cell line, suggesting that 

the regulation of miR-34a by p53 is independent of 

NOTCH1 signaling. These results confirm that p53 directly 

regulates miR-34a transcription in CLL cells and that this 

regulation is dependent on the TP53 mutation status.

MiR-34a decreases the activity of a NOTCH1 3’ 

UTR reporter construct

After we validated the direct regulation of miR-34a by 

p53, we next sought to investigate the potential regula-

tion of NOTCH1 by miR-34a. To this end, we employed 

luciferase reporter constructs containing the wild-type 

NOTCH1 3  UTR, a NOTCH1 3  UTR with deleted miR-34a 

binding sites (delta), or no 3  UTR (empty) (Figure 2(A)). 

Transfection of HEK293 cells with an hsa-miR-34a precur-

sor (pre-miR-34a; Thermo Fisher AM17100 PM11030) sig-

nificantly decreased the activity of the wild-type NOTCH1 

3  UTR reporter (p < 0.0001) but not the delta or empty 

reporters (Figure 2(B), left panel). Interestingly, pre-miR-

34a transfection also led to an increase in the activity of 

the empty reporter, possibly due to nonspecific effects on 

transcription. However, the decrease in activity observed 

with the wild-type NOTCH1 3  UTR reporter was greater, 

indicating a specific targeting effect of miR-34a on the 

NOTCH1 3  UTR. Conversely, transfection with an anti-miR-

34a oligonucleotide (Thermo Fisher AM17000 AM11030) 

had no effect on the activity of all three reporters (Figure 

2(B), right panel). These results demonstrate that miR-34a 

directly targets the NOTCH1 3  UTR, potentially regulating 

NOTCH1 expression at the post-transcriptional level.

P53 upregulation correlates with increased 

NOTCH1 protein levels and a trend of 

upregulating NOTCH1 signaling activity

Given the direct regulation of miR-34a by p53 and the 

targeting of NOTCH1 by miR-34a, we next explored the 

relationship between p53 and NOTCH1 in CLL cells. We 

treated MEC-1 (TP53-mutated) and WA-OSEL (TP53 

wild-type) cells with Nutlin-3a (5 μM) for 24 h or trans-

fected them with a p53 overexpression plasmid or a 

p53-targeting shRNA. Western blot analysis revealed that 

Nutlin-3a treatment increased p53 and NOTCH1 protein 

levels in WA-OSEL cells but not in MEC-1 cells (Figure 3(A)).

To assess the impact of p53 on NOTCH1 signaling 

activity, we transfected MEC-1 and WA-OSEL cells with a 

NOTCH1-responsive luciferase reporter construct and 

either a p53 overexpression plasmid or a p53-targeting 

shRNA. In WA-OSEL cells, p53 overexpression resulted in 

an increase in NOTCH1 reporter activity (p = 0.0517), while 

p53 knockdown showed a trend toward decreased activ-

ity (Figure 3(B), right panel). No significant changes in 

NOTCH1 reporter activity were observed in MEC-1 cells 

upon p53 manipulation (Figure 3(B), left panel).

Similarly, p53 overexpression led to increased 

NOTCH1 protein levels in both cell lines, while p53 

knockdown decreased NOTCH1 levels in WA-OSEL cells 

(Figure 3(C)). These results suggest that p53 not only 

upregulates NOTCH1 expression but also tends to 

increase NOTCH1 signaling activity in CLL cells with 

wild-type TP53. The observed increase in NOTCH1 lev-

els upon p53 activation or overexpression is in line 

with previous reports indicating that NOTCH1 is a 

direct transcriptional target of p53 [37–39].

However, it is important to note that the effects on 

NOTCH1 signaling activity were less pronounced than 

those on NOTCH1 protein levels, possibly due to the 

involvement of additional regulatory mechanisms or the 

limited sensitivity of the luciferase reporter assay. 

Additional limitations include the low transfection effi-

ciency of the CLL cells. As a marker of successful p53 

modulation we therefore tested for induction of p21, 

which is a direct target of p53 [7]. Samples showing 

induction or downregulation of p21 due to p53 overex-

pression or knockdown by shRNA compared to control 

samples were considered as successful transfection. In 

WA-OSEL cells we couldn’t meet these quality criteria in 

one single representative experiment. Therefore, the west-

ern blot of WA-OSEL shows the results of two indepen-

dent experiments, with lanes 1–4 from experiment 1 and 

lanes 5–6 from experiment 2 (Figure 3(C)). The remaining 

samples of WA-OSEL experiments 1 and 2 are shown in 

Supplementary Figure 1.
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MiR-34a overexpression or inhibition does not 

significantly affect NOTCH1 protein levels or 

signaling activity

Although our results demonstrate that miR-34a 

directly targets the NOTCH1 3  UTR and that p53 pos-

itively regulates NOTCH1 expression, the direct impact 

of miR-34a on NOTCH1 in CLL cells remained unclear. 

To address this, we transfected MEC-1 and WA-OSEL 

cells with pre-miR-34a or anti-miR-34a oligonucle-

otides and assessed miR-34a expression, NOTCH1 

protein levels, and NOTCH1 signaling activity. 

Transfection with pre-miR-34a significantly increased 

miR-34a levels in both cell lines (p < 0.0001), while 

anti-miR-34a significantly decreased miR-34a levels 

(p = 0.0380 for MEC-1; p = 0.0171 for WA-OSEL) 

(Figure 4(A)).

However, neither miR-34a overexpression nor 

inhibition significantly affected NOTCH1 protein 

levels (Figure 4(B)) or NOTCH1 reporter activity 

(Figure 4(C)) in either cell line. Due to high variabil-

ity in this experimental series there was no signifi-

cant difference, but we cannot exclude that a larger 

number of experimental repetitions could disclose 

an effect. Therefore, we cannot exclude that miR-34 

has an effect on NOTCH1 signaling activity in CLL 

cell lines. Since we observed before a positive reg-

ulation of NOTCH1 signaling by p53 upregulation 

(Figure 3), we can already conclude that miR-34a 

might not be a mediator between p53 and NOTCH1 

signaling in CLL. In addition, these results might 

suggest that, despite directly targeting the NOTCH1 

3  UTR, miR-34a alone may not be sufficient to sig-

nificantly modulate NOTCH1 expression and signal-

ing in CLL cells. This raises the possibility that other 

factors, such as the overall cellular context or addi-

tional regulatory mechanisms, may influence the 

impact of miR-34a on NOTCH1 in CLL. For instance, 

Figure 2. miR-34a decreases the activity of a NOTCH1 3’ UTR reporter construct. (A) Schematic of the luciferase reporter 
constructs encoding the firefly luciferase followed by no 3’ UTR sequence (empty reporter), the 3’ UTR sequence of human wild 
type NOTCH1 (NOTCH1 3’ UTR reporter) or the NOTCH1 3’ UTR sequence in which the binding sites for miR-34a were deleted 
(Delta reporter). (B) HEK293 cells were transfected with empty reporter, NOTCH1 3’ UTR reporter or Delta reporter and an 
hsa-miR-34a-precursor construct (pre-miR-34a; gray; left panel) or an anti-hsa-miR-34a (anti-miR-34a; gray; right panel) with the 
corresponding negative controls (black). Firefly luciferase activity was measured 24 h after transfection together with activity of 
the co-transfected renilla luciferase for internal signal normalization. Data points represent the firefly/renilla ratios of four individ-
ual experiments that are shown normalized to the negative controls for pre-miR-34a (left panel) and anti-miR-34a (right panel), 
respectively. Statistical testing was performed using unpaired t-test. P-values are shown when significant or of particular 
interest.
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the presence of competing endogenous RNAs (ceR-

NAs) or RNA-binding proteins could potentially 

interfere with miR-34a-mediated regulation of 

NOTCH1 [40,41]. Additionally, the relatively modest 

changes in miR-34a levels achieved by transient 

transfection at lower efficiencies may not be 

sufficient to elicit a significant response in NOTCH1 

expression and signaling. Future studies employing 

stable miR-34a overexpression or knockout systems 

could provide further insights into the long-term 

effects of miR-34a modulation on NOTCH1 in 

CLL cells.

Figure 3. p53 Upregulation correlates with increased NOTCH1 protein levels and a trend of upregulating NOTCH1 
signaling activity. (A) NOTCH1, BCL-2, p53, and p21 protein levels in MEC-1 (TP53 mut) and WA-OSEL (TP53 wt) cell line cells 
upon treatment with DMSO or 5 µM Nutlin-3a to activate p53 or after overexpression of NICD or dominant negative MAM-L 
(dnMam) to activate or inhibit NOTCH1 signaling, respectively. β-Actin was used as loading control. (B) NOTCH1 signaling activity 
measured via activity of a firefly luciferase NOTCH1-reporter and a constitutively expressed renilla luciferase. Data points represent 
firefly/renilla ratios of three independent experiments in which MEC-1 (TP53 mut) and WA-OSEL (TP53 wt) cell line cells were 
transfected with p53, a p53-targeting shRNA, and the respective negative controls (empty and scr shRNA). Luciferase ratios are 
shown normalized to the negative controls. Statistical testing was performed using unpaired t-test. P-values are shown when 
significant or of particular interest. (C) NOTCH1, BCL-2, p53 and p21 protein levels in MEC-1 (TP53 mut) and WA-OSEL (TP53 wt) 
cell line cells transfected with p53, a p53-targeting shRNA and the respective negative controls. NICD or dominant negative 
MAM-L (dnMam) were overexpressed to activate or inhibit NOTCH1 signaling, respectively. β-Actin was used as loading control. 
The western blot of WA-OSEL shows the results of two independent experiments. Lanes 1-4 are from experiment 1, lanes 5–6 are 
from experiment 2. Due to variable transfection efficiency of CLL cell lines, knockdown or overexpression of p53 was not equally 
successful in each experiment. Here we show only the results of the experiments where transfection was considered successful. 
The remaining samples from WA-OSEL experiments 1 and 2 are shown in Supplementary Figure 1.



THE NOTCH1 AND MIR-34A SIGNALING NETWORK IS AFFECTED BY TP53 ALTERATIONS IN CLL 1947

CLL patients with altered TP53 status have 

decreased NOTCH1 protein levels and miR-34a 

expression

To validate our in vitro findings in primary samples, we 

assessed NOTCH1 protein levels and miR-34a expression 

in primary CLL cells from patients with wild-type (n = 10) 

or altered (mutated or deleted; n = 10) TP53. Western 

blot analysis revealed significantly lower NOTCH1 pro-

tein levels in CLL cells from patients with altered TP53 

compared to those with wild-type TP53 (p = 0.0044) 

(Figure 5(A,B)). Interestingly, p21 protein levels which 

we assessed in previous experiments as marker for p53 

activity were more prominent in cells from TP53-altered 

patients where p53 is expected to be dysfunctional. It 

was reported that some p53 mutants in CLL retain their 

transactivation ability and can still induce p21 expres-

sion [42], but also other factors might regulate p21 

expression in CLL or compensate for the loss of p53 

[43]. In addition, patients with the highest NOTCH1 lev-

els also exhibited increased BCL-2 levels, suggesting a 

potential anti-apoptotic mechanism associated with 

Figure 4. miR-34a overexpression/inhibition does not significantly affect NOTCH1 protein levels or signaling activ-
ity. (A) Relative miR-34a expression levels in the CLL cell lines MEC-1 (TP53 mut) and WA-OSEL (TP53 wt) transfected with an 
hsa-miR-34a-precursor construct (pre-miR-34a) or an anti-hsa-miR-34a construct (anti-miR-34a) and their respective negative con-
trols (NC). MiR-34a expression was analyzed by qPCR and normalized to the expression of three housekeeping genes. Data points 
represent three independent experiments. Statistical testing was performed using ordinary one-way ANOVA followed by 
Holm-Sidak’s multiple comparisons test. P-values are shown when significant or of particular interest. (B) NOTCH1, BCL-2, p53 and 
p21 protein levels in MEC-1 (TP53 mut) and WA-OSEL (TP53 wt) transfected with pre-miR-34a or anti-miR-34a and their respective 
negative controls (NC). β-Actin was used as loading control. (C) NOTCH1 signaling activity measured via activity of a firefly lucif-
erase NOTCH1-reporter and a constitutively expressed renilla luciferase. Data points represent firefly/renilla ratios of three inde-
pendent experiments in which MEC-1 (TP53 mut) and WA-OSEL (TP53 wt) cell line cells were transfected with pre-miR-34a or 
anti-miR-34a and their respective negative controls (NC). Ratios are shown normalized to the negative controls. Statistical testing 
was performed using unpaired t-test.
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NOTCH1 expression in CLL cells. This observation is par-

ticularly relevant, as BCL-2 is a key regulator of apopto-

sis and a therapeutic target in CLL [44]. The co-occurrence 

of high NOTCH1 and BCL-2 levels in a subset of CLL 

patients raises the possibility that NOTCH1 signaling 

may contribute to the survival and drug resistance of 

CLL cells by upregulating BCL-2 expression. Recent stud-

ies have already shown that NOTCH1 signaling is able 

to modulate expression of BCL-2 and other BCL-2 family 

members [45,46]. However, further research is needed 

to confirm the functional relationship between NOTCH1 

and BCL-2 in CLL and to explore the therapeutic impli-

cations of targeting this axis.

In line with previous reports [22], miR-34a expres-

sion was significantly lower in CLL patients with altered 

TP53 compared to those with wild-type TP53 

(p = 0.0007) (Figure 5(C)). These results corroborate our 

in vitro findings, indicating that p53 positively regu-

lates NOTCH1 expression in CLL cells and that this reg-

ulation may be independent of miR-34a. The decreased 

NOTCH1 levels in patients with altered TP53 status 

suggest that the loss of p53 function may contribute 

to reduced NOTCH1 expression in these cases, poten-

tially impacting disease progression and treatment 

response. However, it is important to note that the 

relationship between p53 and NOTCH1 in CLL is likely 

to be complex and context-dependent, as evidenced 

by the variable NOTCH1 levels observed among 

patients with wild-type TP53. Additional factors, such 

as the presence of other genetic alterations or differ-

ences in the tumor microenvironment, may modulate 

the p53-NOTCH1 axis in individual patients.

In conclusion, our study demonstrates a direct pos-

itive correlation between p53 and NOTCH1 in CLL cells, 

Figure 5. CLL patients with altered TP53 status have decreased NOTCH1 protein levels and miR-34a expression 
levels. (A) NOTCH1, BCL-2, p53 and p21 protein levels in CLL patients with wild type TP53 (TP53 wt; n = 10) or TP53 altered by 
mutation or deletion of chromosome 17p (TP53 mut; n = 10). β-Actin was used as loading control. (B) NOTCH1 protein levels from 
the western blot in (A) relative to β-actin as assessed by densitometric quantification. A data point represents one protein band 
on the western blot. Statistical testing was performed using unpaired t-test. (C) Relative miR-34a expression levels in CLL patients 
with with wild type TP53 (TP53 wt; n = 10) or TP53 altered by mutation or del(17p) (TP53 mut; n = 10). MiR-34a expression was 
analyzed by qPCR and normalized to the expression of three housekeeping genes. The data points represent expression levels in 
individual patients. Statistical testing was performed using unpaired t-test.



THE NOTCH1 AND MIR-34A SIGNALING NETWORK IS AFFECTED BY TP53 ALTERATIONS IN CLL 1949

which appears to be independent of miR-34a-medi-

ated regulation. While miR-34a directly targets the 

NOTCH1 3  UTR, its modulation does not significantly 

impact NOTCH1 protein levels or signaling activity in 

CLL cell lines. These findings suggest that the p53-miR-

34a axis may fine-tune NOTCH1 signaling under phys-

iological conditions but may be overridden by other 

regulatory mechanisms in the context of CLL patho-

genesis. The observed association between high 

NOTCH1 levels and increased BCL-2 expression in CLL 

patients highlights a potential anti-apoptotic role for 

NOTCH1 in this malignancy, which warrants further 

investigation.

Discussion

Our study provides novel insights into the complex 

interplay between p53, miR-34a, and NOTCH1 in CLL 

and underscores the importance of considering the 

cellular context when investigating the regulatory net-

works governing cancer cell behavior.

Our key findings demonstrate that p53 directly regu-

lates NOTCH1 activity and protein expression. 

Unexpectedly, when miR-34a levels were altered through 

transfection or p53 manipulation this did not significantly 

influence NOTCH1 in CLL cells. In CLL cell lines and patient 

cells, we did not see a negative regulatory effect of the 

p53-miR-34a axis on NOTCH1 signaling, suggesting that 

miR-34a may fine-tune cellular processes within a more 

complex, context-dependent network.

In different contexts, p53 and NOTCH1 pathways can 

regulate each other positively or negatively. Either directly 

by interaction, where p53 binds the NOTCH1 promoter to 

enhance NOTCH1 expression [37,38] or NOTCH1 inhibits 

p53 phosphorylation and DNA binding [47] or indirectly 

via processes modulating downstream mediators like: (1) 

p53 inhibits expression of Presenilin, which is part of the 

γ-secretase complex necessary for NOTCH1 activation [48]; 

(2) suppression of MAML-p300 dependent transcriptional 

activity of p53 by competition with NOTCH1 [48,49]; (3) 

miR-34a, which is positively regulated by p53, increases 

p53 via inhibition of p53-repressing factors like NOTCH1 

and Sirtuin1 (SIRT1) [50,51]. In nonmalignant cells, it is 

important that the relation between p53 and NOTCH1  

is well balanced and the pro-apoptotic function of p53 is 

sustained, e.g. via the p53-miR-34a feedback loop. In con-

trast, in CLL, Secchiero et  al. showed that p53 directly 

induced NOTCH1, suggesting an anti-apoptotic mecha-

nism of p53 [39].

Putting our results into this context, the direct pos-

itive effect of p53 on NOTCH1 might be preferably 

induced in CLL to sustain malignant anti-apoptotic 

functions. This anti-apoptotic function could also 

include upregulation of BCL-2, possibly via NOTCH1. 

This fits to our observation of increased BCL-2 in some 

CLL patients with high NOTCH1 levels. Interestingly, 

BCL-2 is also a target of miR-34a [52]. To maintain the 

anti-apoptotic status of CLL cells, the pro-apoptotic 

functions of the p53-miR-34a axis might be suppressed 

by competing endogenous RNAs (ceRNAs), RNA-binding 

proteins could potentially interfere with miR-34a func-

tion [40,41] or additional mechanisms that were 

already shown in other cancers. In hepatocellular car-

cinoma TGF-β inhibits miR-34a expression [53], and in 

DLBCL, MYC-mediated repression of miR-34a transcrip-

tion causes upregulation of the miR-34a target Forkhead 

Box P1 (FOXP1) [54]. Even if the tumor-suppressive 

miR-34a function is similarly repressed in CLL, it is 

unexpected that we do not see a significant effect of 

experimental miR-34a overexpression on NOTCH1 sig-

naling. It has been reported previously that NOTCH1 is 

targeted by miR-34a [55], and we also show that 

miR-34a targets the NOTCH1 3  UTR. This might be 

caused by technical issues and high variance of our 

data which might be solved by a larger number of 

experimental repetitions but could also be addressed 

by stable expression of a pre-miR-34a construct or 

miR-34a manipulation in primary CLL cells to have a 

more realistic context or even in co-culture with stro-

mal cells since miR-34a was shown upregulated in 

lymph nodes of CLL patients [56].

Interestingly, miR-34a overexpression is associated 

with high levels of its target SIRT1 in smooth muscle 

cell differentiation from pluripotent stem cells [57]. It is 

possible that, in the context of CLL, miR-34a is not a 

negative but a positive regulator of NOTCH1 to sustain 

anti-apoptotic effects. This would be in contrast with 

findings in other cancers, such as colorectal cancer, 

glioblastoma and breast cancer, where miR-34a directly 

regulates NOTCH1 at the post-transcriptional level, 

affecting cell proliferation and apoptosis [58–60].

Other cancers have different tumor microenviron-

ments, genetic backgrounds, and survival strategies 

that might explain contrasting roles of miR-34a. 

Nevertheless, a broader context of the complex 

miR-34a regulatory network including a variety of 

miR-34a targets in other cancers could guide potential 

future research directions in CLL.

Regarding other miR-34a targets in CLL, recent 

studies identified that murine double minute 4 (MDM4) 

is directly targeted and inhibited by miR-34a, leading 

to upregulation of p53 and increased apoptosis of CLL 

cells [61]. In addition, activation of miR-34a upon DNA 

damage repair, leads to interaction of miR-34a with 

the FOXP1 3  UTR to downregulate FOXP1 levels. 

Consequently, low FOXP1 levels limit BCR signaling 
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partially by derepressing the BCR-inhibitory molecule 

CD22 [62]. Moreover, also the well-known miR-34a tar-

get and p53 regulator SIRT1 and b-MYB have been 

reported to be regulated by miR-34a in CLL [63,64]. 

Although not specifically stated for b-MYB, other MYB 

family members play a role in CLL pathogenesis by 

regulation of miR-155 [65]. Further research is neces-

sary to validate these other miR-34a targets in CLL to 

better understand the overall role of miR-34a and the 

regulatory network around it. After understanding 

miR-34a’s regulatory roles, we also need to consider 

how targeting these pathways could be clinically rele-

vant, particularly in CLL, where prognostic and thera-

peutic strategies hinge on such molecular insights to 

improve clinical outcomes for CLL patients and beyond.

The clinical relevance of p53 status, miR-34a expres-

sion and NOTCH1 signaling in CLL is well established. 

TP53 alterations predict poor survival and treatment 

resistance, including subclonal mutations that can be 

selected under treatment pressure and drive resistance 

or development of Richter’s transformation. NOTCH1 

mutations and the presence of cleaved/activated NICD 

in CLL cells have predictive and prognostic impact on 

disease development and survival [32–35,66]. In addi-

tion, low miR-34a levels are a prognostic marker for 

adverse outcomes, independent of TP53 status [22]. 

Therefore, miR-34a expression levels besides compre-

hensive TP53 and NOTCH1 mutation analysis via 

next-generation sequencing in CLL patients are import-

ant for prognostic assessments. Knowing the TP53 and 

NOTCH1 mutation status of CLL patients is crucial for 

choosing suitable and tailored treatment strategies. 

However, there are no effective treatment strategies 

specifically targeting p53, NOTCH1, or the regulatory 

network of miR-34a in CLL.

In contrast, in multiple myeloma, miR-34a was 

shown to enhance the effect of three anticancer 

agents: γ-secretase inhibitor, sirtinol, and zoledronic 

acid [67]. Moreover, in AML and breast cancer, miR-34a 

was reported to target the immune checkpoint PD-L1, 

which is frequently targeted to enhance anti-tumor 

immune responses [68,69]. This role of miR-34a in 

modulating immune checkpoint pathways suggests its 

potential in the development of new immunothera-

pies, especially for TP53-mutated cancers, and could 

inform new CLL treatment strategies.

Potential useful treatment strategies for CLL could 

include miR-34a restoration therapy. So far, the delivery 

mechanisms might be the highest hurdle. A phase I 

study to deliver a miR-34a mimetic via liposomal nanopar-

ticles (MRX34) was terminated due to many adverse 

events but different delivery systems are in development 

[55]. However, restoration or overexpression of miR-34a in 

CLL could improve patient outcomes mainly by downreg-

ulating p53-inhibiting miR-34a targets like SIRT1 or 

MDM4, leading to upregulation of p53 function and 

thereby repressing CLL cell survival. Another effect of 

miR-34a restoration could be enhancement of the 

p53-miR-34a-PD-L1 axis to enhance anti-tumor immune 

response to overcome immune evasion and improve 

treatment outcomes.

Direct targeting of NOTCH1 signaling is still a poten-

tial treatment strategy for CLL. Although γ-secretase 

inhibitors have not been successfully tested due to 

severe side effects in CLL, other direct and indirect 

NOTCH1 inhibitors are in development [70]. Learning 

from other cancers, there could also be therapeutic 

implications from targeting other miR-34a targets 

described above. FOXP1 is upregulated in more aggres-

sive disease and associated with shorter OS [71]; tar-

geting FOXP1/BCR signaling could induce apoptosis in 

CLL cells. Targeting the miR-34a targets MDM4 or 

SIRT1 could help enhance anti-tumorigenic p53 func-

tion, but only in p53 wild-type patients. In addition, 

investigation of combination therapies that include 

γ-secretase/other NOTCH1 inhibitors, miR-34a mimet-

ics, and PD-L1 or other miR-34a target inhibitors could 

help develop new treatment strategies exploiting 

potential synergistic effects of inhibiting several play-

ers of the p53-miR-34a network. Hints that miR-34a is 

downregulated upon ibrutinib treatment [56] raise 

questions about the impact of current treatments on 

the p53 regulatory network and how adjustments in 

therapy might be needed for optimal treatment out-

comes, considering the broad role of miR-34a in regu-

lating different cellular pathways.

Further research is needed to elucidate the mecha-

nisms underlying the context-dependent effects of 

miR-34a on NOTCH1 and to identify additional factors 

that may modulate this relationship in CLL. A better 

understanding of these processes may guide the 

development of targeted therapeutic strategies for 

high-risk CLL patients with TP53 alterations, ultimately 

improving disease management and patient outcomes. 

In particular, the potential synergistic effects of com-

bining p53-reactivating agents, such as MDM2 inhibi-

tors, with NOTCH1 or BCL-2 inhibitors should be 

explored to overcome treatment resistance and 

enhance the efficacy of targeted therapies in CLL.

Acknowledgements

The authors thank Valentina Carracoi, Sabrina Schrell and 

Christina Brücken for their technical assistance. For literature 

review, brainstorming and texting purposes the authors were 

supported by artificial intelligence tools following the 



THE NOTCH1 AND MIR-34A SIGNALING NETWORK IS AFFECTED BY TP53 ALTERATIONS IN CLL 1951

guidelines of Elsevier, Springer, and the German Research 

Foundation (DFG). The authors are very thankful to the CLL 

patients for the generous donation of their blood for research 

purposes. Alena Sophie Ehrmann thanks the International 

Graduate School in Molecular Medicine, Ulm University, 

Germany for its support.

Disclosure statement

Eugen Tausch received advisory board honoraria, research 

support, travel support and speaker fees from AbbVie, 

AstraZeneca, BeiGene, Janssen and Roche. Christof Schneider 

received honoraria from AbbVie, AstraZeneca and Janssen. 

Stephan Stilgenbauer received advisory board honoraria, 

research support, travel support and speaker fees from 

AbbVie, Acerta, AstraZeneca, BeiGene, BMS, Gilead, GSK, 

Hoffmann-La Roche, Janssen, Lilly, Novartis and Sunesis.

Funding

This work was supported by the German Research Foundation 

(DFG) under SFB1074/B1, B2 and the German Cancer Aid 

(Deutsche Krebshilfe) under grant 70114291.

Data availability statement

For this study no datasets have been deposited. Additional 

information on original experimental data can be requested 

from the corresponding author.

References

 [1] Hollstein M, Sidransky D, Vogelstein B, et  al. p53 muta-

tions in human cancers. Science. 1991;253(5015):49–53. 

doi:10.1126/science.1905840

 [2] Kandoth C, McLellan MD, Vandin F, et  al. Mutational land-

scape and significance across 12 major cancer types. 

Nature. 2013;502(7471):333–339. doi:10.1038/nature12634

 [3] ICGC/TCGA Pan-Cancer Analysis of Whole Genomes 

Consortium. Pan-cancer analysis of whole genomes. 

Nature. 2020;578(7793):82–93. Erratum in: Nature. 2023 

Feb;614(7948):E39. doi:10.1038/s41586-020-1969-6

 [4] Robles AI, Jen J, Harris CC. Clinical outcomes of TP53 

mutations in cancers. Cold Spring Harb Perspect Med. 

2016;6(9):a026294. doi:10.1101/cshperspect.a026294

 [5] Zhu G, Pan C, Bei JX, et  al. Mutant p53 in cancer pro-

gression and targeted therapies. Front Oncol. 

2020;10:595187. doi:10.3389/fonc.2020.595187

 [6] Aubrey BJ, Kelly GL, Janic A, et  al. How does p53 in-

duce apoptosis and how does this relate to 

p53-mediated tumour suppression? Cell Death Differ. 

2018;25(1):104–113. doi:10.1038/cdd.2017.169

 [7] El-Deiry WS, Harper JW, O’Connor PM, et  al. WAF1/CIP1 

is induced in p53-mediated G1 arrest and apoptosis. 

Cancer Res. 1994;54(5):1169–1174.

 [8] Harper JW, Adami GR, Wei N, et  al. The p21 

Cdk-interacting protein Cip1 is a potent inhibitor of G1 

cyclin-dependent kinases. Cell. 1993;75(4):805–816. 

doi:10.1016/0092-8674(93)90499-g

 [9] Williams AB, Schumacher B. p53 in the DNA-damage-

repair process. Cold Spring Harb Perspect Med. 

2016;6(5):a026070. doi:10.1101/cshperspect.a026070

 [10] Hermeking H. MicroRNAs in the p53 network: micro-

management of tumour suppression. Nat Rev Cancer. 

2012;12(9):613–626. doi:10.1038/nrc3318

 [11] Lodygin D, Tarasov V, Epanchintsev A, et  al. Inactivation 

of miR-34a by aberrant CpG methylation in multiple 

types of cancer. Cell Cycle. 2008;7(16):2591–2600. doi: 

10.4161/cc.7.16.6533

 [12] Kuchenbauer F, Morin RD, Argiropoulos B, et al. In-depth 

characterization of the microRNA transcriptome in a 

leukemia progression model. Genome Res. 2008;18(11): 

1787–1797. doi:10.1101/gr.077578.108

 [13] Tarasov V, Jung P, Verdoodt B, et  al. Differential regula-

tion of microRNAs by p53 revealed by massively paral-

lel sequencing: miR-34a is a p53 target that induces 

apoptosis and G1-arrest. Cell Cycle. 2007;6(13):1586–

1593. doi:10.4161/cc.6.13.4436

 [14] He L, He X, Lim LP, et  al. A microRNA component of the 

p53 tumour suppressor network. Nature. 2007;447(7148): 

1130–1134. doi:10.1038/nature05939

 [15] Raver-Shapira N, Marciano E, Meiri E, et al. Transcriptional 

activation of miR-34a contributes to p53-mediated 

apoptosis. Mol Cell. 2007;26(5):731–743. doi:10.1016/j.

molcel.2007.05.017

 [16] Chang TC, Wentzel EA, Kent OA, et  al. Transactivation of 

miR-34a by p53 broadly influences gene expression 

and promotes apoptosis. Mol Cell. 2007;26(5):745–752. 

doi:10.1016/j.molcel.2007.05.010

 [17] Bommer GT, Gerin I, Feng Y, et  al. p53-mediated activation 

of miRNA34 candidate tumor-suppressor genes. Curr Biol. 

2007;17(15):1298–1307. doi:10.1016/j.cub.2007.06.068

 [18] Corney DC, Flesken-Nikitin A, Godwin AK, et al. MicroRNA-34b 

and MicroRNA-34c are targets of p53 and cooperate in con-

trol of cell proliferation and adhesion-independent growth. 

Cancer Res. 2007;67(18):8433–8438. doi:10.1158/0008-5472.

CAN-07-1585

 [19] Welch C, Chen Y, Stallings RL. MicroRNA-34a functions 

as a potential tumor suppressor by inducing apoptosis 

in neuroblastoma cells. Oncogene. 2007;26(34):5017–

5022. doi:10.1038/sj.onc.1210293

 [20] Kaller M, Liffers ST, Oeljeklaus S, et  al. Genome-wide 

characterization of miR-34a induced changes in protein 

and mRNA expression by a combined pulsed SILAC and 

microarray analysis. Mol Cell Proteomics. 2011;10(8): 

M111.010462. doi:10.1074/mcp.M111.010462

 [21] Lal A, Thomas MP, Altschuler G, et  al. Capture of 

microRNA-bound mRNAs identifies the tumor suppres-

sor miR-34a as a regulator of growth factor signaling. 

PLoS Genet. 2011;7(11):e1002363. doi:10.1371/journal.

pgen.1002363

 [22] Zenz T, Mohr J, Eldering E, et  al. miR-34a as part of the re-

sistance network in chronic lymphocytic leukemia. Blood. 

2009;113(16):3801–3808. doi:10.1182/blood-2008-08-172254

 [23] Mraz M, Malinova K, Kotaskova J, et al. miR-34a, miR-29c 

and miR-17-5p are downregulated in CLL patients with 

TP53 abnormalities. Leukemia. 2009;23(6):1159–1163. 

doi:10.1038/leu.2008.377

 [24] Kopan R, Ilagan MX. The canonical Notch signaling 

pathway: unfolding the activation mechanism. Cell. 

2009;137(2):216–233. doi:10.1016/j.cell.2009.03.045



1952 A. S. EHRMANN ET AL.

 [25] Aster JC, Pear WS, Blacklow SC. The Varied Roles of 

Notch in Cancer. Annu Rev Pathol. 2017;12(1):245–275. 

doi:10.1146/annurev-pathol-052016-100127

 [26] Fabbri G, Holmes AB, Viganotti M, et  al. Common non-

mutational NOTCH1 activation in chronic lymphocytic 

leukemia. Proc Natl Acad Sci U S A. 2017;114(14):E2911–

E2919. doi:10.1073/pnas.1702564114

 [27] Fabbri G, Rasi S, Rossi D, et  al. Analysis of the chronic 

lymphocytic leukemia coding genome: role of NOTCH1 

mutational activation. J Exp Med. 2011;208(7):1389–

1401. doi:10.1084/jem.20110921

 [28] Kämpjärvi K, Järvinen TM, Heikkinen T, et  al. Somatic 

MED12 mutations are associated with poor prognosis 

markers in chronic lymphocytic leukemia. Oncotarget. 

2015;6(3):1884–1888. doi:10.18632/oncotarget.2753

 [29] Wu B, Słabicki M, Sellner L, et  al. MED12 mutations and 

NOTCH signalling in chronic lymphocytic leukaemia. Br 

J Haematol. 2017;179(3):421–429. doi:10.1111/bjh.14869

 [30] Close V, Close W, Kugler SJ, et  al. FBXW7 mutations re-

duce binding of NOTCH1, leading to cleaved NOTCH1 

accumulation and target gene activation in CLL. Blood. 

2019;133(8):830–839. doi:10.1182/blood-2018-09-874529

 [31] Edelmann J, Holzmann K, Tausch E, et  al. Genomic alter-

ations in high-risk chronic lymphocytic leukemia frequently 

affect cell cycle key regulators and NOTCH1-regulated tran-

scription. Haematologica. 2020;105(5):1379–1390. doi:10. 

3324/haematol.2019.217307

 [32] Rossi D, Rasi S, Fabbri G, et  al. Mutations of NOTCH1 

are an independent predictor of survival in chronic 

lymphocytic leukemia. Blood. 2012;119(2):521–529. doi: 

10.1182/blood-2011-09-379966

 [33] Stilgenbauer S, Schnaiter A, Paschka P, et  al. Gene muta-

tions and treatment outcome in chronic lymphocytic leu-

kemia: results from the CLL8 trial. Blood. 2014;123(21):3247–

3254. doi:10.1182/blood-2014-01-546150

 [34] Tausch E, Beck P, Schlenk RF, et  al. Prognostic and pre-

dictive role of gene mutations in chronic lymphocytic 

leukemia: results from the pivotal phase III study 

COMPLEMENT1. Haematologica. 2020;105(10):2440–

2447. doi:10.3324/haematol.2019.229161

 [35] Baldoni S, Del Papa B, De Falco F, et  al. NOTCH1 activa-

tion negatively impacts on chronic lymphocytic leuke-

mia outcome and is not correlated to the NOTCH1 and 

IGHV mutational status. Front Oncol. 2021;11:668573. 

doi:10.3389/fonc.2021.668573

 [36] Vassilev LT, Vu BT, Graves B, et  al. In vivo activation of 

the p53 pathway by small-molecule antagonists of 

MDM2. Science. 2004;303(5659):844–848. doi:10.1126/

science.1092472

 [37] Lefort K, Mandinova A, Ostano P, et  al. Notch1 is a p53 

target gene involved in human keratinocyte tumor sup-

pression through negative regulation of ROCK1/2 and 

MRCKalpha kinases. Genes Dev. 2007;21(5):562–577. 

doi:10.1101/gad.1484707

 [38] Yugawa T, Handa K, Narisawa-Saito M, et  al. Regulation of 

Notch1 gene expression by p53 in epithelial cells. Mol Cell 

Biol. 2007;27(10):3732–3742. doi:10.1128/MCB.02119-06

 [39] Secchiero P, Melloni E, di Iasio MG, et  al. Nutlin-3 

up-regulates the expression of Notch1 in both myeloid 

and lymphoid leukemic cells, as part of a negative feed-

back antiapoptotic mechanism. Blood. 2009;113(18):4300–

4308. doi:10.1182/blood-2008-11-187708

 [40] Tay Y, Rinn J, Pandolfi PP. The multilayered complexity 

of ceRNA crosstalk and competition. Nature. 

2014;505(7483):344–352. doi:10.1038/nature12986

 [41] Seo Y, Rhim J, Kim JH. RNA-binding proteins and exori-

bonucleases modulating miRNA in cancer: the enemy 

within. Exp Mol Med. 2024;56(5):1080–1106. doi:10.1038/

s12276-024-01224-z

 [42] Monti P, Lionetti M, De Luca G, et  al. Time to first treat-

ment and P53 dysfunction in chronic lymphocytic leu-

kaemia: results of the O-CLL1 study in early stage pa-

tients. Sci Rep. 2020;10(1):18427. doi:10.1038/s41598- 

020-75364-3

 [43] Abbas T, Dutta A. p21 in cancer: intricate networks and 

multiple activities. Nat Rev Cancer. 2009;9(6):400–414. 

doi:10.1038/nrc2657

 [44] Del Gaizo Moore V, Brown JR, Certo M, et  al. Chronic 

lymphocytic leukemia requires BCL2 to sequester pro-

death BIM, explaining sensitivity to BCL2 antagonist 

ABT-737. J Clin Invest. 2007;117(1):112–121. doi:10.1172/

JCI28281

 [45] Hai L, Zhang C, Li T, et  al. Notch1 is a prognostic factor 

that is distinctly activated in the classical and proneural 

subtype of glioblastoma and that promotes glioma cell 

survival via the NF-κB(p65) pathway. Cell Death Dis. 

2018;9(2):158. doi:10.1038/s41419-017-0119-z

 [46] Silva Barcelos EC, Rompietti C, Adamo FM, et  al. 

NOTCH1-mutated chronic lymphocytic leukemia dis-

plays high endoplasmic reticulum stress response with 

druggable potential. Front Oncol. 2023;13:1218989. 

doi:10.3389/fonc.2023.1218989

 [47] Kim SB, Chae GW, Lee J, et  al. Activated Notch1 inter-

acts with p53 to inhibit its phosphorylation and trans-

activation. Cell Death Differ. 2007;14(5):982–991. 

doi:10.1038/sj.cdd.4402083

 [48] Dotto GP. Crosstalk of Notch with p53 and p63 in can-

cer growth control. Nat Rev Cancer. 2009;9(8):587–595. 

doi:10.1038/nrc2675

 [49] Zhao Y, Katzman RB, Delmolino LM, et  al. The notch 

regulator MAML1 interacts with p53 and functions as a 

coactivator. J Biol Chem. 2007;282(16):11969–11981. 

doi:10.1074/jbc.M608974200

 [50] Okada N, Lin CP, Ribeiro MC, et  al. A positive feedback 

between p53 and miR-34 miRNAs mediates tumor sup-

pression. Genes Dev. 2014;28(5):438–450. doi:10.1101/

gad.233585.113

 [51] Lou G, Liu Y, Wu S, et  al. The p53/miR-34a/SIRT1 positive 

feedback loop in quercetin-induced apoptosis. Cell Physiol 

Biochem. 2015;35(6):2192–2202. doi:10.1159/000374024

 [52] Yang F, Li QJ, Gong ZB, et  al. MicroRNA-34a targets 

Bcl-2 and sensitizes human hepatocellular carcinoma 

cells to sorafenib treatment. Technol Cancer Res Treat. 

2014;13(1):77–86. doi:10.7785/tcrt.2012.500364

 [53] Yang P, Li QJ, Feng Y, et  al. TGF-β-miR-34a-CCL22 

signaling-induced Treg cell recruitment promotes ve-

nous metastases of HBV-positive hepatocellular carcino-

ma. Cancer Cell. 2012;22(3):291–303. doi:10.1016/j.

ccr.2012.07.023

 [54] Craig VJ, Cogliatti SB, Imig J, et  al. Myc-mediated re-

pression of microRNA-34a promotes high-grade trans-

formation of B-cell lymphoma by dysregulation of 

FoxP1. Blood. 2011;117(23):6227–6236. doi:10.1182/

blood-2010-10-312231



THE NOTCH1 AND MIR-34A SIGNALING NETWORK IS AFFECTED BY TP53 ALTERATIONS IN CLL 1953

 [55] Li WJ, Wang Y, Liu R, et  al. MicroRNA-34a: potent tumor 

suppressor, cancer stem cell inhibitor, and potential an-

ticancer therapeutic. Front Cell Dev Biol. 2021;9:640587. 

doi:10.3389/fcell.2021.640587

 [56] Saleh LM, Wang W, Herman SE, et  al. Ibrutinib down-

regulates a subset of miRNA leading to upregulation of 

tumor suppressors and inhibition of cell proliferation in 

chronic lymphocytic leukemia. Leukemia. 2017;31(2): 

340–349. doi:10.1038/leu.2016.181

 [57] Yu X, Zhang L, Wen G, et  al. Upregulated sirtuin 1 by 

miRNA-34a is required for smooth muscle cell differen-

tiation from pluripotent stem cells. Cell Death Differ. 

2015;22(7):1170–1180. doi:10.1038/cdd.2014.206

 [58] Zhang X, Ai F, Li X, et al. MicroRNA-34a suppresses colorec-

tal cancer metastasis by regulating Notch signaling. Oncol 

Lett. 2017;14(2):2325–2333. doi:10.3892/ol.2017.6444

 [59] Li Y, Guessous F, Zhang Y, et al. MicroRNA-34a inhibits glio-

blastoma growth by targeting multiple oncogenes. Cancer 

Res. 2009;69(19):7569–7576. doi:10.1158/0008-5472.CAN- 

09-0529

 [60] Park EY, Chang E, Lee EJ, et  al. Targeting of 

miR34a-NOTCH1 axis reduced breast cancer stemness 

and chemoresistance. Cancer Res. 2014;74(24):7573–

7582. doi:10.1158/0008-5472.CAN-14-1140

 [61] Cao L, Liu Y, Lu JB, et  al. A feedback circuit of miR-34a/

MDM4/p53 regulates apoptosis in chronic lymphocytic 

leukemia cells. Transl Cancer Res. 2020;9(10):6143–6153. 

doi:10.21037/tcr-20-1710

 [62] Cerna K, Oppelt J, Chochola V, et al. MicroRNA miR-34a 

downregulates FOXP1 during DNA damage response 

to limit BCR signalling in chronic lymphocytic leukae-

mia B cells. Leukemia. 2019;33(2):403–414. doi:10.1038/

s41375-018-0230-x

 [63] Audrito V, Vaisitti T, Rossi D, et  al. Nicotinamide blocks 

proliferation and induces apoptosis of chronic lympho-

cytic leukemia cells through activation of the p53/

miR-34a/SIRT1 tumor suppressor network. Cancer Res. 

2011;71(13):4473–4483. doi:10.1158/0008-5472.CAN-10-

4452

 [64] Zauli G, Voltan R, di Iasio MG, et  al. miR-34a induces 

the downregulation of both E2F1 and B-Myb onco-

genes in leukemic cells. Clin Cancer Res. 2011;17(9):2712–

2724. doi:10.1158/1078-0432.CCR-10-3244

 [65] Vargova K, Curik N, Burda P, et  al. MYB transcriptionally 

regulates the miR-155 host gene in chronic lymphocyt-

ic leukemia. Blood. 2011;117(14):3816–3825. doi:10.1182/

blood-2010-05-285064

 [66] Kwok M, Agathanggelou A, Davies N, et  al. Targeting 

the p53 pathway in CLL: state of the Art and Future 

Perspectives. Cancers (Basel). 2021;13(18):4681. doi:10. 

3390/cancers13184681

 [67] Zarone MR, Misso G, Grimaldi A, et  al. Evidence of nov-

el miR-34a-based therapeutic approaches for multiple 

myeloma treatment. Sci Rep. 2017;7(1):17949. doi:10. 

1038/s41598-017-18186-0

 [68] Wang X, Li J, Dong K, et  al. Tumor suppressor miR-34a tar-

gets PD-L1 and functions as a potential immunotherapeu-

tic target in acute myeloid leukemia. Cell Signal. 2015; 

27(3):443–452. doi:10.1016/j.cellsig.2014.12.003

 [69] Deng S, Wang M, Wang C, et  al. p53 downregulates 

PD-L1 expression via miR-34a to inhibit the growth of 

triple-negative breast cancer cells: a potential clinical 

immunotherapeutic target. Mol Biol Rep. 2023;50(1):577–

587. doi:10.1007/s11033-022-08047-z

 [70] Pagliaro L, Cerretani E, Vento F, et  al. CAD204520 tar-

gets NOTCH1 PEST domain mutations in lymphoprolif-

erative disorders. Int J Mol Sci. 2024;25(2):766. doi:10. 

3390/ijms25020766

 [71] Mraz M, Chen L, Rassenti LZ, et  al. miR-150 influences 

B-cell receptor signaling in chronic lymphocytic leukemia 

by regulating expression of GAB1 and FOXP1. Blood. 

2014;124(1):84–95. doi:10.1182/blood-2013-09-527234


