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Abstract: Apoptosis under severe hypoxia is induced through p53 phosphorylation and HIF-1𝛼𝛼-dependent p53 

accumulation via ATR activation by DNA damage response (DDR) activation through replication stress. We 

previously demonstrated that the topoisomerase I catalytic inhibitor, 3EZ, 20Ac-ingenol, specifically induced 

apoptosis in Jeko-1 and Panc-1 cells, both of which are cell lines that show cyclin D1 overexpression. After 

progression to the S phase facilitated by nuclear cyclin D1, in the presence of 3EZ, 20Ac-ingenol, an intra S 

phase checkpoint was induced in ATR activation as part of replication stress-induced DDR. In this study, we 

examined whether 3EE, 20Ac-ingenol induces a higher degree of p53 phosphorylation and additional HIF-1𝛼𝛼 

and p53 accumulation in response to replication stress-induced DDR activation under the hypoxic condition 

than under the normoxic condition by controlling ATR activation. 3EE, 20Ac-ingenol induced p53 activation 

and HIF-1𝛼𝛼-dependent p53 accumulation through cooperative ATR activation via induced DDR with the 

hypoxia in Panc-1 cells. The Jeko-1 cells showed slight HIF-1𝛼𝛼 accumulation under hypoxia, but this was not 

decreased by 3EE, 20Ac-ingenol, so that the cells remained resistant to hypoxia. 3EE, 20Ac-ingenol induces an 

intricate interplay between p53 and HIF-1𝛼𝛼 accumulation via ATR activations that results in high p53 

accumulation, which advanced transient expression and early disappearance of HIF-1𝛼𝛼. The strong p53 

accumulation and consequent PTEN activation also decreased HIF-1𝛼𝛼 accumulation and PD-L1 expression, 

which resulted in intense apoptosis. 
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1. Introduction 

Upregulation of hypoxia-inducible factor 1, alpha subunit (HIF-1𝛼𝛼) under the hypoxic condition 

has been observed in a variety of solid cancers; HIF-1𝛼𝛼 serves as a direct master controller of the 

expressions of many genes related to tumor growth and vascularization [1,2]. Programmed death-

ligand 1 (PD-L1) allows tumor cells to escape immune surveillance through interferon-𝛾𝛾 (INF-𝛾𝛾) 

activation in cancers [3,4]; PD-L1 expression is also known to be upregulated in a HIF-1𝛼𝛼- dependent 

manner [5]. Furthermore, HIF-1𝛼𝛼 has been shown to be capable of inducing tumor resistance to the 

topoisomerase (topo) I inhibitor SN-38 [6], gemcitabine [7], and various other cytotoxic agents [8]. 

However, under severe hypoxia, replication stress in regions of single-strand DNA leads to 

accumulation of HIF-1𝛼𝛼 and p53 through ataxia-telangiectasia mutated (ATM) and RAD3-related 

(ATR) activation [9,10]. In the presence of high p53 activation, p53 destroys the HIF-1𝛼𝛼 protein, and 

elimination of the HIF-1𝛼𝛼 promoter activity results in downregulated expressions of many genes, 

resulting in growth arrest/apoptosis [11–13]. Although HIF-1𝛼𝛼 serves as a major direct transcriptional 

regulator of the expressions of hypoxia-inducible genes under hypoxia, rat sarcoma viral oncogene-

extracellular regulated kinase (Ras-ERK) and tens in homolog of chromosome 10-serine-threonine 

protein kinase-Akt (PTEN-Akt) lie upstream of HIF1α and can control HIF-1α accumulation [14,15]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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Hematologic mantle cell lymphoma, which harbors activated Ras-ERK and aberrant activation of 

PI3k/Akt, shows upregulated expression of HIF-1𝛼𝛼 through these factors [16].  

Recently, it has been reported that inhibition of ATR can also increase tumor cell killing in cancer 

cells that exhibit high levels of replication stress [17]. However, for ATR inhibition, combined use of 

an ATR inhibitor and DNA damage agent is necessary, so that the effects of combined administration 

of ATR inhibitors with DNA damage agents have been investigated [18]. Use of a DNA damage agent 

alone or in combination with ATR inhibition is limited by the dose-limiting toxicities associated with 

DNA damage agents on normal proliferating tissues [19,20]. Furthermore, pancreatic cancers [21] and 

mantle cell lymphoma [22] with cyclin D1 accumulation are insensitive or resistant to DNA damage 

drugs. They were sensitive to 3EZ, 20Ac-ingenol, irrespective of the mechanism of cyclin D1 

accumulation, via decrease in the cellular accumulation of cyclin D1[23,24]. 3EZ, 20Ac-ingenol is a 

catalytic inhibitor-type topoisomerase I (topo I) with less cytotoxicity [25], and we reported that it 

promotes activation of the ATR-dependent p53 pathway through DNA damage response (DDR) 

activation during the S phase and upregulates PTEN expression, which specifically induces apoptosis 

in cancer cells showing cyclin D1 accumulation [23,24]. 3EE, 20Ac-ingenol, a stereoisomer of 3EZ, 

20Ac-ingenol which is also a catalytic inhibitor-type topo 1 [26], showed the same effects of inhibition 

of cell proliferation and decreased cellular cyclin D1 accumulation in Jeko-1 and Panc-1 cells, and 

cellular apoptosis induced via ATR-dependent p53 activation [23,24]. In this study, we investigated 

apoptosis induction in these cell lines under the hypoxic condition through ATR- and HIF-1α-

dependent p53 accumulation via cooperative activation of ATR by two DNA replication stresses 

induced by 3EE, 20Ac-ingenol and hypoxia. 

2. Results 

2.1. Effects of 3EE, 20Ac-Ingenol on cell proliferative activity of Jeko-1 and Panc-1 cells under normoxic and 

hypoxic conditions 

The effect of 3EE, 20Ac-ingenol on the cell proliferative activity was investigated by MTT assay 

in Jeko-1 and Panc-1 cells under normoxic (20% O2) and hypoxic (0.5%-1.3% O2) conditions. 

Treatment for 72 h with different concentrations of 3EE, 20Ac-ingenol reduced the viability of the 

cancer cells in a dose-dependent manner in the Jeko-1 and Panc-1 cells; the proliferative activity of 

the Jeko-1 (Figure 1A) and Panc-1 (Figure 1B) cells gradually decreased as the concentration of 3EE, 

20Ac-ingenol in the medium increased, with the peak inhibition of approximately 60%-70% reached 

at 10 μM. The IC50 of 3EE, 20Ac-ingenol for the Jeko-1 cells was about 2 μM, whereas that for the 

Panc-1 cells was about 1 μM.    

 

Figure 1. Effects of 3EE, 20Ac-ingenol on the proliferative activities of Jeko-1 and Panc-1 cells under 

normoxia and hypoxia. The cells were seeded on to 96-well plates (1.0 × 104 Jeko-1 cells or 3×103 Panc-

1 cells per well in 100 µL) and treated with 0 (control), 0.1, 0.5, 1, 5, or 10 μM 3EE, 20Ac-ingenol at 37 

°C for 72h under normaxia and hypoxia. The relative cell growth was determined via an MTT assay. 

The growth of untreated Jeko-1and Panc-1 cells was set as 100%, and the growth of treated Jeko-1and 
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Panc-1 cells was expressed relative to the growth of the untreated cells. All experiments were 

performed in triplicate, and the data are presented as the mean ± standard deviation. (A) Jeko-1 cells, 

(B) Panc-1 cells. ★p<0.001. 

In order to investigate the effects of 3EE, 20Ac-ingenol in inducing chemosensitivity in the Jeko-

1 and Panc-1 cell lines under the hypoxic condition, we compared the differences in the cell viability 

in the presence of 3EE, 20Ac-ingenol under hypoxic culture conditions. Under the hypoxic condition, 

72-h treatment with different concentrations of 3EE, 20Ac-ingenol (0-10 μM) reduced the viability of 

the cancer cells, with a higher degree of reduction in the viability of the Panc-1 cells (Figure 1B) as 

compared with the Jeko-1 cells (Figure 1A). The IC50 value of 3EE, 20Ac-ingenol for the Panc-1 cells 

was about 1.5 μM, and although the proliferation-inhibitory activity was slightly lower under the 

hypoxic condition than under the normoxic condition, the cells remained highly sensitive to the effect 

of 3EE, 20Ac-ingenol. While HIF-1𝛼𝛼 is known to be resistant to topo I inhibitor agents under the 

hypoxic condition [6], 3EE, 20Ac-ingenol inhibited the proliferation of Panc-1 cells without causing 

resistance to hypoxia (Figure 1B). However, the Jeko-1 cell line showed resistance to 3EE, 20Ac-

ingenol treatment under the hypoxic condition (Figure 1A). Thus, the sensitivity of the two cell lines 

to 3EE, 20Ac-ingenol varied under the hypoxic condition. 

2.2. Effects of 3EE, 20Ac-ingenol on ATR activation and p53 accumulation 

The DNA damage kinase, ATR, which is activated in the DNA damage response (DDR) that 

responses to DNA double-stranded breaks or replication fork stalling, contributes to control 

progression to the S phase of the cell cycle, DNA replication, DNA repair, and apoptosis [27]. 

Furthermore, ATR is activated by replication stress in regions of single-stranded DNA under severe 

hypoxia, and contributes to hypoxia-dependent HIF-1𝛼𝛼 accumulation [9]. ATR is also activated as 

part of the enhanced DDR by the genomic instability induced by 3EE, 20Ac-ingenol even in normoxia, 

contributing to progression to the S phase of the cell cycle in cells showing cyclin D1 accumulation 

[24], and by double-strand breaks (DSBs) caused by DNA damage agents containing topo poison 

inhibitors, contributing to DSB repair [28]. In this study, we examined whether ATR might also be 

activated as part of the DDR induced by 3EE 20Ac-ingenol treatment under the hypoxic condition as 

under the normoxic condition. In investigating the activation by 3EE, 20Ac-ingenol, we considered 

that under the hypoxic condition, ATR activation in the Jeko-1 and Panc-1 cells may occur via two 

DDR pathways, one activated by hypoxia and the other by 3EE, 20Ac-ingenol. We found that under 

hypoxia, First ATR was activated as part of the DDR elicited by hypoxia (Figure 2B, lane 1). The 

second ATR activation pathway induced by 3EE, 20Ac-ingenol has already been reported previously 

[24]; in this study, this ATR activation was observed from 12 h to 48 h as part of the enhanced DDR 

elicited by 3EE, 20Ac-ingenol treatment (Figure S1A,B). We examined whether, with the progression 

of hypoxia, 3EE, 20Ac-ingenol can still induce ATR activation in the cells in addition to the first 

activation induced by hypoxia. After preincubation for 24 h under the hypoxic condition, the first 

ATR activation continued in the absence of 3EE, 20Ac-ingenol in the control Panc-1 cells, and the 

second ATR activation was induced by the addition of 3EE, 20Ac-ingenol under progressive hypoxia. 

The second ATR activation was clearly detected as a more intense protein band as compared with 

the band observed in the control cells exposed to hypoxia alone (Figure 2B, lane 2 vs. 1), suggesting 

that under this condition, ATR activation is derived from two different pathways. In the Jeko-1 cells, 

although slight ATR activation was induced under hypoxia (first pathway) and continued after the 

addition of 3EE, 20Ac-ingenol (second pathway) (Figure 2A, lanes 1,2), the ATR activation was no 

longer detected after 48 h, and continued to be undetectable until 72 h (Figure 2A, lanes 3,4); this 

finding suggests that because no noticeable activation of hypoxia-dependent ATR activation is 

observed, the activation may not occur in these cells. 
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Figure 2. Effects of 3EE, 20Ac-ingenol on ATR activation and p-p53 and p53 accumulation. For 

obtaining the effects of hypoxia, the cells were preincubated for 24 h under hypoxic conditions. (A) 

Jeko-1 cells were treated in the absence (control) for 24h or the presence of 2 μM 3EE, 20Ac-ingenol 

(3EE) for 24, 48 or 72h under hypoxia. (B) Panc-1 cells were treated by the same procedure except for 

the presence of 3μM 3EE as Jeko-1 cells. ATR, p-p53 and p53 analyzed by western blot. 

 Phosphorylation of Ser15 in p53 is principally mediated by ATR and ATM in response to 

genotoxic stress, and is followed subsequently by phosphorylation of other residues at various sites 

[29]. Under the hypoxic condition, the p-p53 band associated with the first ATR activation pathway 

during the pre-and control incubation periods was already weakly detected in the control Panc-1 cells 

(Figure 2B, lane 1). Following 3EE, 20Ac-ingenol treatment, the strong p-p53 band associated with 

the two ATR activation pathways described above was observed at 24 h (Figure 2B, lane 2); this band 

was more intense than that observed in the cells exposed to hypoxia alone (control) (Figure 2B, lane 

2 vs. 1). After phosphorylation of the serine 15 residue of p53, a band representing further 

phosphorylation of p-p53 at various other sites and residues was also observed in the Panc-1 cells. 

Phospho-p53 (Ser15) antibody (#9284) detects only levels of p53 phosphorylated at serine 15, and 

does not cross-react with p53 phosphorylated (#9282) at other sites. After the initial increase, the 

amount of p-p53 decreased at 48 h after treatment. We examined the amount of p53 protein 

accumulation in the Jeko-1 and Panc-1 cells exposed to hypoxia. Slight p53 accumulation was 

observed in the Panc-1 control cells after pre- and control incubation, and intense activation was 

observed after 48 h of 3EE, 20Ac-ingenol treatment and continued up to 72 h (Figures 2B and S2). In 

the Jeko-1 cells, unlike in the Panc-1 cells, neither p-p53 (dada not shown) nor p53 accumulation 

(Figures 2A and S2) was observed following exposure to hypoxia. 

2.3. Effects of 3EE, 20Ac-ingenol treatment on HIF-1𝛼𝛼 accumulation and Caspase-3 activation 

Cellular adaptation to DNA replication stress under hypoxia is known to be controlled by ATR 

through HIF-1𝛼𝛼 accumulation [9,10]. We examined whether DNA replication stress induced by 3EE, 

20Ac-ingenol might also induce HIF-1𝛼𝛼 accumulation through ATR activation using whole cell 

lysates. Under normoxia, no HIF-1𝛼𝛼 expression was observed in either the control or 3EE, 20Ac-

ingenol-treated Jeko-1 cells (Figure 3A, lanes 1,2). Under hypoxia, slight accumulation of HIF-1𝛼𝛼 was 

observed in the absence of 3EE, 20Ac-ingenol (control) (Figure 3A, lane 3); this HIF-1𝛼𝛼 expression 

was considered as an adaptive response to hypoxia, and the HIF-1𝛼𝛼 accumulation was still low; also, 

the amount of accumulation scarcely changed after 3EE 20Ac-ingenol treatment of these cells. In the 

case of the Panc-1 cells, under the normoxia, as in the Jeko-1 cells, no HIF-1𝛼𝛼 accumulation was 

detected in either the control state or after 3EE, 20Ac-ingenol treatment (Figure 3B, lanes 1,2). 

However, under the hypoxic condition, HIF-1𝛼𝛼 accumulation was observed both in the absence and 
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presence of 3EE, 20Ac-ingenol, with intense accumulation of HIF-1𝛼𝛼 noted in the control cells and 

lower amounts noted in the 3EE, 20Ac-ingenol-treated cells after 24 h (Figure 3B, lanes 3,4). HIF-1𝛼𝛼 

expression is controlled by ATR as an adaptive response to hypoxia [10] and translocates from the 

cytoplasm to the nuclei [30]. Then, we compared the changes in the intracellular localization of HIF-

1𝛼𝛼 in the Panc-1 cells after 3EE, 20Ac-ingenol treatment under the hypoxic condition and investigated 

the time-course of HIF-1𝛼𝛼 accumulation (Figure 3C,D). All the samples were preincubated for 24 h; 

subsequently, HIF-1𝛼𝛼 accumulation was observed both in the absence (control) and presence of 3EE, 

20Ac-ingenol. HIF-1𝛼𝛼 accumulation in the control cells (first ATR activation pathway) exposed to 

hypoxia started earlier than the HIF-1𝛼𝛼 accumulation derived from 3EE, 20Ac-ingenol treatment 

(second ATR activation pathway) by only the amount of preincubation time under hypoxia. We 

considered that the adaptive response to hypoxia leading to HIF-1𝛼𝛼 accumulation and the response 

to 3EE, 20Ac-ingenol treatment merge, and the summation of HIF-1𝛼𝛼 accumulation as well as the first 

ATR activation pathway may be observed following exposure to hypoxia. First HIF-1𝛼𝛼 protein in the 

pre- and control (absence of 3EE, 20Ac-ingnol) conditions was translated under hypoxia, but while a 

small amount of HIF-1𝛼𝛼 protein remained in the cytoplasm after 24 h of control incubation (48 h from 

pre-incubation) (Figure 3C, lane 1), most of it was translocated to the nuclei (Figure 3D, lane 1). The 

initially translated HIF-1𝛼𝛼 in the cytoplasm was first observed in the nuclei of the control cells at 48 

h after preincubation. The protein band of the subsequently translated HIF-1𝛼𝛼 after 3EE, 20Ac-

ingenol treatment under the hypoxic condition was observed in the cytoplasm of the treated Panc-1 

cells at 24 h (Figure 3C, lane 2). By this time, the initially translated HIF-1𝛼𝛼 protein via the first ATR 

activation pathway that had translocated to the nuclei had been eliminated (Figure 3D, lane 2) in the 

3EE, 20Ac-ingenol-treated cells. At 48 h after 3EE, 20Ac-ingenol treatment, the subsequently 

translated HIF-1𝛼𝛼 protein was also no longer detected in the cytoplasm (Figure 3C, lane 3), while an 

increase of the amount of this protein was observed in the nuclei (Figure 3D, lane 3). However, this 

accumulation of the translocated HIF-1𝛼𝛼 in the nuclei was also only transient, with the levels 

decreasing early (Figure 3D, lane 4). These results may suggest that the translated HIF-1𝛼𝛼 in the cells 

following 3EE, 20Ac-ingenol treatment under hypoxia follows exactly the same path as the initially 

translated HIF-1𝛼𝛼 after exposure to hypoxia alone, but after a lag of 48 h.  
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Figure 3. Effects of 3EE, 20Ac-ingenol on HIF-1𝛼𝛼 expression and Caspase-3 activation. (A) Jeko-1 cells 

were incubated in the absence (control) or presence of 2 μM 3EE, 20Ac-ingenol (3EE) for 24h under 

normoxia and hypoxia. (B) Panc-1 cells were incubated in the absence (control) or presence of 3 μM 

3EE for 24h under normoxia and hypoxia. (C, D, E) Panc-1 cells were treated in the absence (control) 

for 24h or presence of 3 μM 3EE for 24, 48 or 72h under hypoxia. (C, D) Panc-1 cells were fractionated 

into nuclear and cytoplasmic fractions with cytoplasmic extraction reagents. (A, B) whole cell. (C) 

cytoplasm, (D) nucleus, (E) whole cells. HIF-1𝛼𝛼 (A,B,C,D) and Caspase 3 (E) analyzed by western 

blotting. 

HIF-1𝛼𝛼 is the major transcription factor in cells under the hypoxic condition and is a key 

regulator of the adaptive responses to hypoxia. Although HIF-1𝛼𝛼 usually promotes tumor cell 

survival under hypoxia, under severe hypoxia, it has been reported to trigger apoptosis [11,31]. Our 

results showed activation of caspase-3 in the Panc-1 cells after 24 h exposure to mild hypoxia, which 

continued to increase until 72 h after 3EE, 20Ac-ingenol treatment (Figure 3E). Although slight 

accumulation of HIF-1𝛼𝛼 was observed in the Jeko-1 cells (Figure 3A, lane 3), it occurred in the absence 

of ATR activation. Therefore, HIF-dependent p53 accumulation might not be induced in these cells. 

Furthermore, almost no caspase-3 activation was detected either in the Jeko-1 cells (data not shown).   

2.4. Effects of 3EE, 20Ac-ingenol treatment on the PD-L1 and PTEN expressions  

PD-L1 expression has been shown to be activated by DNA replication-induced stress caused by 

DNA damage agents under the normoxic condition [28]. Under the normoxic condition, slight 

expression of PD-L1 was seen in the control Jeko-1 cells; the expression level began to increase at 12 

h after 3EE, 20Ac-ingenol treatment of the cells, decreasing slightly thereafter from 24 h to 48 h (Figure 

S1C). PD-L1 protein was also detected in the control Panc-1 cells under the normoxic condition, with 

the level increasing at 12 h after 3EE, 20Ac-ingenol treatment. In the Panc-1 cells also, similar to the 

case in the Jeko-1 cells, reduction of the PD-L1 expression levels was observed starting from 24 h after 

3EE, 20Ac-ingenol treatment, with the reduced levels persisting until 48 h after the addition of 3EE, 

20Ac-ingenol (Figure S1D). 

PD-L1 expression has been shown to be activated by hypoxia-dependent HIF-1𝛼𝛼 accumulation 

[3,5,32]. Therefore, we investigated the effects of 3EE 20Ac-ingenol treatment on the PD-L1 expression 

in the Jeko-1 (Figure 4A) and Panc-1 (Figure 4B) whole cells under the hypoxic condition. The Jeko-1 

cells showed a slight increase of PD-L1 expression until 24 h after 3EE, 20Ac-ingenol in addition to 

low expression of it under the hypoxic condition (Figure 4A, lanes 1,2), but the levels decreased from 

48 h to 72 h after 3EE, 20Ac-ingenol treatment (Figure 4A, lanes 3,4). This slight increase of PD-L1 

expression in the Jeko-1 cells might be related to the activation induced by 3EE, 20Ac-ingenol 

treatment, as observed under normoxia (Figure S1C). Stronger PD-L1 expression was observed in the 

control Panc-1 cells under the hypoxic condition (Figure 4B, lane 1). The elevated PD-L1 expression 

level was maintained until 24 h after the addition of 3EE, 20Ac-ingenol (Figure 4B, lane 2), but 

decreased by 48 h (Figure 4B, lane 3). The PD-L1 expression decreased further by 72 h after the 

addition of 3EE, 20Ac-ingenol (Figure 4B, lane 4).  
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Figure 4. Effects of 3EE, 20 Ac-ingenol on PD-L1 and PTEN expression. (A) Jeko-1 cells were treated 

in the absence (control) for 24h or presence of 2 μM 3EE, 20Ac-ingenol (3EE) for 24, 48 or 72h under 

hypoxia. (B) Panc-1 cells were treated by the same procedure except for the presence of 3μM 3EE as 

Jeko-1 cells. PD-L1 and PTEN analyzed by western blotting. 

It has been reported that the increase in PD-L1 expression is associated with the loss of PTEN 

[33], and HIF-1𝛼𝛼 expression is also inhibited by activation of PTEN or inhibition of PI3K/Akt [15,34]. 

To determine whether PTEN is recruited in the regulation of DDR elicited by 3EZ 20Ac-ingenol 

treatment under the hypoxic condition, we measured the PTEN protein level in the cells by western 

blotting (Figure 4A,B). In the Jeko-1cells, no increase in PTEN was observed from 24 h to 72 h after 

addition of 3EE, 20Ac-ingenol under hypoxia (Figure 4A). On the other hand, in the Panc-1 cells, 

increase of PTEN was observed at 24 h following the addition of 3EE, 20Ac-ingenol under the hypoxic 

condition, and the amount of PTEN continued to increase until 72 h after addition of the agent. 

(Figures 4B and S3B). 

3. Discussion 

Although, 3EE, 20Ac-ingenol effectively inhibited cell proliferation in both Jeko-1 and Panc-1 

cells under the normoxic condition, the sensitivity of the cells to hypoxia varied between the two cell 

lines (Figures 1A,B). Under the hypoxic condition, HIF-1𝛼𝛼 accumulation is reported as being capable 

of inducing resistance to various anticancer agents [6–8], but treatment of the cells with 3EE, 20Ac-

ingenol under this condition restored the sensitivity of the cells to anticancer agents, attenuated the 

cellular resistance to hypoxia (Figure 1B), and induced apoptosis through ATR-dependent and HIF-

1𝛼𝛼-dependent p53 accumulation in the Panc-1 cells overexpressing of cyclin D1 (Figures 3C,D,E). 

However, no such attenuation of the resistance to cell proliferation by restoration of the sensitivity to 

hypoxia (Figure 1A) or ATR activation and p53 accumulation (Figure 2A) as an adaptive response to 

hypoxia was observed following 3EE, 20Ac-ingenol treatment in the hematologic cancer cell line, 

Jeko-1. The mechanisms of cancer cell survival against hypoxia differ among hematological cancers, 

Jeko-1cells [14–16], and solid cancers, Panc-1 cells [1,2]. In the Jeko-1 cells [16], slight HIF-1𝛼𝛼 

accumulation was observed in the absence of ATR activation under the hypoxic condition, and the 

mechanism of HIF-1𝛼𝛼 expression was different from that occurring via ATR activation as an adaptive 

response to hypoxia in the Panc-1 cells (Figure 2A) [9,10]. These findings could be explained by the 

differences in the mechanisms of cell survival against hypoxia.  

Under severe hypoxia, HIF-1𝛼𝛼 promotes stabilization of p53 through control of ATR activation, 

although accumulation of p53 also downregulates HIF-1𝛼𝛼 expression [9,10]. With prolonged 

exposure to severe hypoxia (< 0.1% O2 or anoxia), the amount of p53 in the cells increases, resulting 

in the degradation of HIF-1𝛼𝛼. Progressive decrease of HIF-1𝛼𝛼 and accumulation of p53 with time may 

contribute to cell death by progressing ones [11–13,31]. In Panc-1 cells overexpressing cyclin D1, 
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under the mild hypoxic condition, the cells showed HIF-1𝛼𝛼 accumulation (Figure 3D) and p53 

phosphorylation and p53 stabilization (Figure 2B) through ATR activation. p53 serine 15 is 

phosphorylated by both ATR and ATM activations in response to hypoxia in an ATR-dependent 

manner, leading to p53 accumulation [35]. HIF-1𝛼𝛼 promotes p53 phosphorylation at serine 15 in 

response to hypoxia, inducing HIF-1𝛼𝛼 and p53-dependent apoptosis [36]. The p53 activated (p-p53) 

by 3EE, 20Ac-ingenol through the various responses (Figure 2B, lane 2) decreased the amount of HIF-

1𝛼𝛼 translated initially (control; Figure 3D, lane 1) at 24 h after addition of 3EE, 20Ac-ingenol (Figure 

3D, lane 2). After 48 h, the subsequently translated HIF-1𝛼𝛼 expressed in the Panc-1 cells after 3EE, 

20Ac-ingenol treatment and translocated to the nuclei (Figure 3D, lane 3) also began to decrease in 

the same way as the initially translated HIF-1𝛼𝛼 (Figure 3D, lane 4), with further increase of p53 

accumulation (Figure 2B, lanes 3,4 and Figure S2). High p-p53 and p53 accumulation was observed 

in the Panc-1 cells, which show cyclin D1 overexpression, through the high HIF-1𝛼𝛼 translation 

following 3EE, 20Ac-ingenol treatment under the hypoxic condition, which resulted in HIF-1𝛼𝛼 

degradation and cellular apoptosis through caspase-3 activation (Figure 3E, lanes 3,4).  

PD-L1 expression is upregulated through HIF-1𝛼𝛼 activation in response to replication-associated 

stress upon exposure to hypoxia and/or DNA damage (DNA-double strand breaks) by 

chemotherapeutic agents [5,28]; We consider that the DNA replication stress induced by hypoxia and 

3EE, 20Ac-ingenol induces PD-L1 expression in the Panc-1 cells (Figure 4B, lanes 1, 2), but only 

transiently induces PD-L1 expression following only 3EE, 20Ac-ingenol treatment in the Jeko-1 cells 

(Figure 4A, lane 2). PD-L1 not only serves as an immune checkpoint inhibitor, but also promotes 

chemoresistance and cell growth, and exerts anti-apoptotic effects on the cancer cells [3,4,37,38]. 

However, knockdown of HIF-1𝛼𝛼 inhibits hypoxia-induced PD-L1 expression [32], and suppression 

of PD-L1 is known to block cell proliferation [39] and induce apoptosis in cancer cells [31,32,40]. 

Although the DNA replication stress induced in Panc-1 cells by 3EE, 20Ac-ingenol treatment may 

lead to the HIF-1𝛼𝛼 dependent (Figure 3C, lane 2) PD-L1 expression, similar to that following exposure 

of the cells to hypoxia (Figure 3D lane 1), the amount of activated PD-L1 decreased (Figure 4B, lane 

4) with the early disappearance of HIF-1𝛼𝛼 through p53 accumulation (Figure 3D, lane 4), resulting in 

inhibition of cell growth (Figure 1B) and induction of apoptosis (Figure 3E) in the Panc-1 cells. HIF-

1𝛼𝛼 activated through ATR activation in the Jeko-1 cells was not observed under hypoxia, and the 

increase of PD-L1 expression might be activated by 3EE, 20Ac-ingenol treatment instead of the HIF-

1𝛼𝛼. The activated PD-L1 expression decreased over time as normoxia (Figure S1C). 

ATR which is activated by replication stress induced by exposure of the cells to severe hypoxia 

controls efficient adaptation of the cells to hypoxia through regulating HIF-1𝛼𝛼 expression and p53 

accumulation [9–11]. In addition to the initial ATR activation elicited by hypoxia, more intense ATR 

activation was detected in the Panc-1 cells that show cyclin D1 accumulation as part of the enhanced 

DDR induced by 3EE, 20Ac-ingenol treatment under the hypoxic condition (Figure 2B, lane 1 vs. 2-

4). The first translation peak of HIF-1𝛼𝛼 associated with hypoxic stress (first ATR activation pathway) 

was observed in the nuclei of control Panc-1 cells as an adaptive response to mild hypoxia (0.5%-1.3% 

O2) (Figure 3D, lane 1). Under the hypoxic condition, the subsequently translated HIF-1𝛼𝛼 associated 

with the DNA replication stress induced by 3EE, 20Ac-ingenol (Figure 3C, lane 2) combines with the 

DNA replication stress induced by hypoxia, and the summation of HIF-1𝛼𝛼 is translocated in to nuclei, 

which forms the second peak (Figure 3D, lane 3). The characteristic of HIF-1𝛼𝛼 expression by 3EE, 

20Ac-ingenol under hypoxia could show to be shared in the nuclei by the two peaks derived from 

hypoxia alone and by 3EE, 20Ac-ingenol plus hypoxia by examining its changes of the localization 

(Figure 3D, lanes 1,3). The HIF-1𝛼𝛼 accumulated by the two pathways contributed to p53 stabilization 

under mild hypoxia. In experiments using transfection of a p53-expressing plasmid, hypoxic 

translation of HIF-1𝛼𝛼 was attenuated by p53, and high p53 expression degraded the HIF-1𝛼𝛼 protein 

[13]. Transient expression of HIF-1𝛼𝛼 is observed with the overexpression of p53 under anoxia, 

followed by a rapid decrease in the amount of HIF-1𝛼𝛼 protein. Although HIF-1𝛼𝛼 disappears more 

rapidly under anoxiaas compared with that under normoxia, under both normoxia and anoxia, HIF-

1𝛼𝛼 completely disappeared by 24 h with plasmid-induced p53 overexpression [13]. The cooperative 

effect of the ATR activations occurring in response to similar replication stresses induced by 3EE, 
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20Ac-ingenol and hypoxia (Figure 2B, lane 1 vs. 2-4) resulted in accumulation of p53 phosphorylated 

at serine 15 (Figure 2B, lanes 1,2) and p53 stabilization (Figure 2B, lanes 3,4) through HIF-1𝛼𝛼 

accumulation in the Panc-1 cells (Figure 3D, lanes 1,3). Transient expression and early disappearance 

of HIF-1𝛼𝛼 in the Panc-1 cells was promoted by higher activation of p53 (Figure 3D, lane 1 vs. 2, lane 

3 vs. 4). The p-p53 and p53 accumulation associated with ATR activation was observed at 24 h and 72 

h. Many topo 1 catalytic inhibitors that induce a decatenation checkpoint causing G2 phase arrest are 

less toxic and, therefore, cannot induce apoptosis [25]. 3EZ, 20Ac-ingenol was also shown, in a previous 

study, to induce G2/M phase arrest in DT40 cells [26]. How does the catalytic-type topoisomerase 

inhibitor 3EE, 20Ac-ingenol activate the ATR/p53 pathway through S phase arrest under the mild 

hypoxic condition in cells overexpressing cyclin D1? It has been reported that stabilization of Cdt1 

produced by inhibition of proteasome in cells showing nuclear cyclin D1 accumulation continually primes 

DNA re-replication during the S phase and compromises the intra S phase checkpoint [41]. As one 

function, cyclin D1 led to activation of the downstream biochemical events, including the expressions 

of cyclin A and proliferating cell nuclear antigen, and cyclin E- and cyclin A-associated kinase 

activation, which initiates DNA replication [42]. In the Panc-1 cells that progressed to the S phase 

through cyclin D1 overexpression, replication forks become stalled due to decatenation inhibition of the topo 

1 catalytic activity caused by 3EE, 20Ac-ingenol, which may induce the intra S phase checkpoint. We consider 

that the 3EE, 20Ac-ingenol causes the DNA replication stress to activate ATR, which results in 

phosphorylation of p53 and strong HIF-1𝛼𝛼 dependent p53 accumulation under mild hypoxia. 

However, the detailed mechanisms remain unknown, and further studies are needed to examine how 

DNA replication stresses activate ATR at the S phase checkpoint. 

The accumulated p53 also activates PTEN expression [43], which inhibits PI3K/Akt [44] and ERK 

[45]. Under normoxia, PD-L1 expression is regulated by inhibition of ERK [46]. Higher levels of PD-

L1 protein are seen in cells with genetic deletion of PTEN than in cells with wild-type PTEN under 

normoxia, which can be attenuated by inhibition of PI3K/Akt; thus, PD-L1 expression is inhibited by 

PTEN activation [33,47,48]. 3EZ, 20Ac-ingenol induces downregulation of p-Akt through 

upregulation of PTEN [23]. PD-L-1 was highly expressed (27.8%) in pancreatic ductal 

adenocarcinoma under normoxia, and the cell-intrinsic PD-L1 facilitates in tumor growth through 

Hippo signaling pathway by independence of the immune system [49]. In this study, under 

normoxia, 3EE, 20Ac-ingenol upregulated the expression of PTEN in the Panc-1 cells (Figure S3A,B) 

and also inhibited p-ERK (Figure S4). Under the hypoxic condition, upregulation of PD-L1 expression 

depends on increased expression of HIF-1𝛼𝛼. [5]. Hypoxia-induced PD-L1 expression is inhibited by 

knockdown of HIF-1𝛼𝛼 [32]. Furthermore, HIF-1𝛼𝛼 is inhibited by activation of the PTEN/Akt pathway 

[15,34]. Under the hypoxic condition also, 3EE, 20Ac-ingenol upregulated PTEN expression in the 

Panc-1 cells (Figures 4B and S3B), and under this condition, the PTEN/Akt pathway activated by 3EE, 

20Ac-ingenol not only decreases the accumulation of HIF-1𝛼𝛼, but may also decrease PD-L1 

expression. PD-L1 expression in Panc-1 cells that occurred under both the normoxic (Figure S1D, lane 

4) and hypoxic condition (Figure 4B, lane 4) was clearly decreased by 3EE, 20Ac-ingenol treatment. 

Furthermore, PD-L1 is upregulated through INF-𝛾𝛾 activation, which serves as an immune inhibitor 

[3,5,50]. Ingenol-type diterpenoil compaounds isolated from Euphorbia kausui exert a wide range of 

pharmacological activities, including tumor inhibitory activities, immune regulatory activities, and 

modulatory effects on INF-γ [51,52]. It has been reported previously that 3EZ, 20Ac-ingenol more 

specifically inhibited the proliferation of cancer cells overexpressing cyclin D1 which showed 

resistance to irinotecan as compared with that of cancer cells that did not show cyclin D1 

accumulation [22,53]. In this study, we showed that 3EE, 20Ac-ingenol treatment effectively inhibited 

both HIF-1𝛼𝛼 and PD-L1 upregulations that occurred under the hypoxic condition to induce apoptosis 

and may also offer promise for boosting antitumor immunity. 
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4. Materials and Methods  

4.1. Cell lines and cellular proliferation  

Jeko-1 cell was obtained from the American Type Culture Collections. Panc-1 cells was provided 

by the RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan. The diterpene 

compound, 3-O-(2′E,4′E-decadienoyl)-20-O- acetylingenol (3EE, 20Ac-ingenol) was purified from the 

roots of Euphorbia kausui [54] and dissolved in dimethyl sulfoxide. The cancer cells were incubated in 

RPMI 1640 supplemented with 10% fetal calf serum at 37 °C. For hypoxia, after the cells were 

preincubated during 24 h under hypoxic conditions (0.5-1.3% O2) using the nBIONIX hypoxic culture 

kit (Sugiyamagen), the Jeko-1 cell line, a mantle cell lymphoma cell and the Panc-1 cell line, a 

pancreatic cancer cell were furthermore incubated for 72 h with 3EE, 20 Ac-ingenol and without it 

(control) under the same condition. Cell growth was determined by an MTT assay using the Cell 

Proliferation Kit I (Roche Applied Science) as described previously [26].  

4.2. Immunoblotting  

Jeko-1 and Panc-1 cells were cultured for various time points in the presence of 2μM and 3 μM 

3EZ, 20Ac-ingenol, respectively and washed with PBS. The cells were fractionated into a nuclear and 

cytoplasmic fraction using Nuclear Cytoplasmic Extraction Reagents (Thermo Scientific). The protein 

concentrations were determined using the Bradford reagent for protein assays (Bio-Rad 

Laboratories). A total of 20 μg protein of the cell lysates was resolved on 8%, 10%, or 15% SDS-

polyacrylamide gels and transferred onto a polyvinylidene difluoride membrane. The blots were 

made using anti-PTEN, anti-p53 (#9282), anti-p-p53 (Ser15)(#9284), anti PD L1 (Cell Signaling 

Technology), anti-ATR (Santa Cruz, Cell Signaling Technology and Abcam), anti-active caspase-3 

(R&D systems), anti HIF-1α(Gene Tex), anti Lamin A/C (Proteintech Group), and anti-actin (Sigma) 

antibodies followed by detection, using an enhanced chemiluminescence system. 

5. Conclusions  

Under the hypoxic condition, 3EE, 20Ac-ingenol activates phosphorylation of p53 and HIF-1𝛼𝛼-

dependent p53 accumulation and facilitates HIF-1𝛼𝛼 degradation in the solid cancer cell line, Panc-1 

cells showing cyclin D1 overexpression, which results in caspase 3 activation and apoptosis of the 

cells. However, under the hypoxic condition, no such specific effect of cyclin D1 overexpression was 

observed in the hematological cancer cell line, Jeko-1 cells. The characteristics of the specific apoptosis 

induction by 3EE, 20Ac-ingenol in cancer cells showing cyclin D1 overexpression is observed in both 

hematological and solid cancer cell lines under normoxia but in solid cancer cell line under hypoxia. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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