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Abstract
Austocystin D is a natural compound that induces cytochrome P450 (CYP) 
monooxygenase-dependent DNA damage and growth inhibition in certain cancer cell 
lines. Cancer cells exhibiting higher sensitivity to austocystin D often display elevated 
CYP2J2 expression. However, the essentiality and the role of CYP2J2 for the cytotox-
icity of this compound remain unclear. In this study, we demonstrate that CYP2J2 de-
pletion alleviates austocystin D sensitivity and DNA damage induction, while CYP2J2 
overexpression enhances them. Moreover, the investigation into genes involved in 
austocystin D cytotoxicity identified POR and PGRMC1, positive regulators for CYP 
activity, and KAT7, a histone acetyltransferase. Through genetic manipulation and 
analysis of multiomics data, we elucidated a role for KAT7 in CYP2J2 transcriptional 
regulation. These findings strongly suggest that CYP2J2 is crucial for austocystin D 
metabolism and its subsequent cytotoxic effects. The potential use of austocystin 
D as a therapeutic prodrug is underscored, particularly in cancers where elevated 
CYP2J2 expression serves as a biomarker.
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1  |  INTRODUC TION

Austocystin D is a natural fungal-derived product,1 initially identified 
as a cytotoxic compound against human cells overexpressing the multi-
drug resistance protein 1 (MDR1) multidrug efflux pump.2 Austocystin 
D exhibits bacterial cytotoxicity3 and DNA-damaging activity4 in the 
presence of mammalian liver microsomes—a source of cytochrome 
P450 (CYP) oxygenases. This suggests that the compound becomes 
active only after undergoing enzymatic metabolism. Austocystin D is 
particularly cytotoxic against a subset of cancer cells compared with 
normal cells.4 This selective efficacy is not necessarily linked to drug 
efflux activity but rather CYP activity.4 Austocystin D induces DNA 
damage and cell growth inhibition.4 The compound shares structural 
similarities with aflatoxin B1, a substance that, when oxygenated 
by CYP, becomes reactive toward DNA.5 Furthermore, dihydro-
austocystin D, wherein a single bond substitutes the carbon–carbon 
double bond in the vinyl ether moiety, loses its cytotoxic activity.4 
Hence, it is proposed that after austocystin D is oxygenated by cellular 
CYP, the metabolized form reacts with DNA, leading to DNA damage 
and subsequent cell growth inhibition.

Comprehensive correlation analyses of chemical sensitivity and 
gene expression in hundreds of human cancer cell types have re-
vealed a positive correlation between austocystin D sensitivity and 
CYP2J2 expression,6,7 with CYP2J2 being exclusive among the 53 
CYP genes analyzed. The cytotoxicity of austocystin D can be al-
leviated via ketoconazole or compound C11 treatment—CYP inhibi-
tors.4,7–9 These inhibitors target specific CYPs that might be involved 
in oxygenating austocystin D. Importantly, while CYP2J2 is affected 
by these inhibitors, other CYP molecules, such as CYP3A4, demon-
strate more effective inhibition than CYP2J2.9–12 Therefore, while 
the potential involvement of CYP2J2 in the metabolic activation and 
cytotoxicity of austocystin D has been demonstrated, it remains un-
resolved whether CYP2J2 contributes to these activities.

CYP2J2 participates in drug metabolism and cardiovascu-
lar homeostasis by catalyzing the oxygenation of compounds and 
polyunsaturated fatty acids, respectively.13 CYP2J2 expression is 
enhanced in the heart, intestine, liver, and other tissues.14 While 
CYPs are generally highly expressed in the liver for drug metabo-
lism, CYP2J2 constitutes only 1%–2% of the total CYPs in human 
liver microsomes,15 implying predominantly extrahepatic functions. 
Moreover, in the cardiovascular system, CYP2J2 converts arachi-
donic acid to epoxyeicosatrienoic acids (EETs), which induce an-
giogenesis, anti-inflammation, vasodilation, cell proliferation, and 
survival.13,16 Additionally, CYP2J2 expression is upregulated in can-
cerous tissues and cells compared with normal tissues and cells.16,17 
This upregulation is associated with enhanced proliferation, survival, 
and migration of carcinoma cells.18,19 Hence, as forced expression or 
administration of EETs promotes these signatures, CYP2J2 and its 
oxygenase activity might be exploited in cancer pathogenesis.

This study evaluates whether CYP2J2 is required for austocystin 
to elicit its toxicity against cancer cells. We have established the con-
tribution of CYP2J2 to austocystin D cytotoxicity in human cancer 
cells. Through genetic screening, we identified factors responsible 

for austocystin D cytotoxicity and a regulator of CYP2J2 expression, 
providing insights into the underlying molecular features in CYP2J2-
upregulated cancer cells.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture and gene transfer

HOS, U-2 OS, SaOS-2 (kindly provided by Roger Reddel), SJSA-1, 
IMR90 (American Type Culture Collection [ATCC]), G-292 (Japanese 
Collection of Research Bioresources [JCRB]), HS-OS-1, HuO-3N1, 
HuO9N2, MG-63, NOS-1, and NOS-2 (RIKEN BRC through the 
National BioResource Project of MEXT, Japan) cells were cultured 
in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum (FBS). Retroviral gene transfer was per-
formed as described previously,20 with minor alterations. Plat-A cells 
were used for viral packaging,21 and PEI MAX (Polysciences, 24765-
1) was used for transfection. Lentiviral gene transfer was performed 
as described elsewhere (Addgene, https://​www.​addge​ne.​org/​proto​
cols/​plko/#​E). For every CRISPR-Cas9-based gene silencing experi-
ment, we transduced the genes for Cas9 and guided RNA (gRNA) 
into the cells, followed by selection using appropriate antibiotics be-
fore conducting further experiments without cell cloning.

2.2  |  Plasmids

The pMXs(pur)-CYP2J2 retroviral plasmid was used. CYP2J2 cDNA 
(NCBI: CCDS613) was cloned using U-2 OS mRNA. For CRISPR-Cas9-
based gene silencing, the following sequences were designed for 
gRNA targeting against CYP2J2: 5′-GCTCGCGGCGATGGGCTCTC-3′ 
(#1), 5′-CTCTC​TGGCGGCTGCCCTCT-3′ (#2), 5′-GTGCCCA​GTAGGA​
GA​GTCCG-3′ (#3), 5′-CGGGGCG​GTTCCCAAAGTTT-3′ (#4), 5′-CTG​
ACAG​CACTAAGGAACTT-3′ (#5), 5′-TTAAAG​ATATGTTC​TCGCAT-3′ 
(#6), POR: 5′-GCCCAC​CGCTACGGGATGCG-3′ (#1), 5′-ACATGC​CTCG​
CATCCCGTAG-3′ (#2), PGRMC1: 5′-CCATGA​GTATGC​G​CGGGTCC-3′ 
(#1), 5′-TCCAG​TCAAGTAT​CATCA​CG-3′ (#2), KAT7: 5′-GACAACTCA​
CC​A​TG​TGCC​GG-3′ (#1), 5′-AGA​GCC​A​AAC​GATAC​TCCGC-3′ (#2), 
and were expressed by lentiCRISPRv2 (Addgene #52961). The se-
quence 5′-GGGG​CCAC​TAGG​GACAGGAT-3′ (AAVS1) was used as the 
negative control.

2.3  |  Antibodies and compounds

Antibodies used for Western blotting were against RPA32 (35869, 
Cell Signaling Technology), CHK1 (2360, Cell Signaling Technology), 
CHK1-S345ph (2348, Cell Signaling Technology), γ-H2AX (9718, 
Cell Signaling Technology), CYP2J2 (PA5-106559, Thermo Fisher 
Scientific), and β-Actin (60008-1-Ig, Proteintech). Austocystin D was 
prepared as described in Data S1. Ketoconazole was obtained from 
TCI (K0045).
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2.4  |  Assays in the JFCR39 system

Growth inhibition assays using JFCR39 cancer cell lines and subse-
quent data processing were performed as described previously.22–24

2.5  |  Cell viability assay

The cells were treated with austocystin D for 3 days at different con-
centrations. Cell survival was measured using Cell Counting Kit-8 
(Dojindo, CK04), and dead cells were stained with trypan blue.

2.6  |  Quantitative reverse transcription-PCR

RNA was prepared using the FastGene RNA Premium Kit (Nippon 
Genetics, FG-81050) or FastGene RNA Basic Kit (Nippon Genetics, 
FG-80050) and reverse-transcribed to cDNA using ReverTra Ace 
qPCR RT Master Mix (Toyobo, FSQ-201) or ReverTra Ace qPCR RT 
Master Mix with a gDNA remover (Toyobo, FSQ-301). Real-time 
PCR was performed using THUNDERBIRD Next SYBR qPCR Mix 
(Toyobo, QPS-201) on a CFX Connect Real-Time PCR Detection 
System (Bio-Rad). Relative expression levels were calculated 
using GAPDH as an internal control. The following primers were 
used: GAPDH-qPCR_FW (5′-GTCTCCTCTGACTTCAACAGCG-3′), 
GAPDH-qPCR_RV (5′-ACCACCCTGTTGCTGTAGCCAA-3′), CYP2J2_
qPCR_FW (5′-CC​AC​CAAACTCTCTTCAGCAACT-3′), CYP2J2_
qPCR_RV (5′-GG​ATTGCCTGTGTGCTTTGAC-3′), POR_qPCR_FW 
(5′-ACT​CTGCTCTCGTCAACCAGCT-3′), POR_qPCR_RV (5′-TGG​
GTGCTTCTTGTTGGACTCC-3′), PGRMC1_qPCR_FW (5′-GGC​A​
AGG​​TGTTCGATGTGAC-3′), PGRMC1_qPCR_RV (5′-GC​A​TC​T​CTTC​
CAGCAAAGACC-3′), KAT7_qPCR_FW (5′-AGC​CAG​AG​T​T​CTCA​AG​A​
TTCCAGT-3′), KAT7_qPCR_RV (5′-GC​TGC​TGA​CTA​CGG​GT​CA​CT-3′).

2.7  |  CRISPR-Cas9 knockout screening

CRISPR-Cas9 gRNA screening was performed as described in 
Data S1.

2.8  |  Immunofluorescence (IF) and 
microscopic analyses

Immunofluorescence was performed as described previously25 using 
the γ-H2AX (9718, Cell Signaling Technology) primary antibody and 
anti-rabbit IgG H&L-Alexa Fluor 488 (ab150061, Abcam) second-
ary antibody. Cells were fixed with 4% paraformaldehyde on cov-
erslips. The DNA was counterstained with Hoechst 33342. Images 
were acquired with a wide-field fluorescence microscope AxioVert 
200 (Zeiss) equipped with a charge-coupled device (CCD) camera 
(AxioCam HRc, Zeiss). They were processed accordingly with the 
AxioVision Rel.4.8 software (Zeiss).

2.9  |  Statistical analysis

Statistical analyses were conducted using Prism 7 (GraphPad) (sta-
tistical significance was set at p < 0.05) software, excluding sgRNA 
hit identification in CRISPR-Cas9 knockout screening.

2.10  |  Databases and web tools

Dependency Map (Depmap) (https://​depmap.​org/​portal/​); Cancer 
Cell Line Encyclopedia (CCLE) (https://​sites.​broad​insti​tute.​org/​
ccle/​ )26–28; Cancer Therapeutics Response Portal (CTRP) (https://​
porta​ls.​broad​insti​tute.​org/​ctrp.​v2.1/​)7,29,30; The Human Protein 
Atlas (https://​www.​prote​inatl​as.​org/​)14; Gene Expression Omnibus 
(GEO) (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​)31; GEO2R (https://​
www.​ncbi.​nlm.​nih.​gov/​geo/​geo2r/​​); Encyclopedia of DNA Elements 
(ENCODE) (https://​www.​encod​eproj​ect.​org/​)32,33; Galaxy (https://​
usega​laxy.​eu/​)34; Prognoscan (http://​dna00.​bio.​kyute​ch.​ac.​jp/​
Progn​oScan/​​)35; UCSC Xena (https://​xena.​ucsc.​edu/​).36

3  |  RESULTS

3.1  |  Austocystin D sensitivity positively correlates 
with higher CYP2J2 expression in osteosarcoma (OS) 
cell lines

To confirm the positive correlation between austocystin D sen-
sitivity and CYP2J2 expression level,7 we used data from the 
Japanese Foundation for Cancer Research 39 (JFCR39)—a panel 
of 39 human cancer cell lines with comprehensive information, in-
cluding responses to drugs or gene expression profiles.23 We first 
determined the GI50 (concentration causing 50% growth inhibition) 
of austocystin D for 39 cell lines by treating them with five doses 
of the compound and measuring cell growth inhibition (Figure 1A; 
Figure  S1).24 JFCR39 includes transcriptomic data from a cDNA 
microarray covering 9216 human genes, in which each cell line's 
relative mRNA expression level is normalized to a combination of 
the 39 cell lines.22 To identify genes with high expression in austo-
cystin D-sensitive cells, we selected those with a negative correla-
tion between the GI50 and gene expression levels (Table S1). The 
top 50 over-represented gene probes that indicated low Pearson's 
r values corresponded to 41 genes. Among them, the expression 
of one CYP gene, CYP2J2, was positively correlated with austo-
cystin D sensitivity (Figure 1B; Table S1) and the correlation was 
stronger than for other CYP genes (Figure 1C), consistent with a 
previous report.7 Since austocystin D was found to be highly cy-
totoxic against human cells overexpressing MDR1 (ABCB1),2 we 
also examined the correlation between ABCB1 expression and 
austocystin D sensitivity using data stored in the depmap portal; 
however, no correlation was observed (Figure S2A). Meanwhile, a 
strong correlation between CYP2J2 expression and austocystin D 
sensitivity was observed (Figure S2B).
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In some cases, the cells' tissue of origin tends to affect the 
sensitivity to a compound.37 This tendency may depend on the 
specific genes expressed in the tissue because cells from the same 
tissue have similar transcriptional profiles.22 We used data from 
the depmap portal to assess the tissue specificity of austocys-
tin D sensitivity (Figure S3). The cancer cell lines from the bowel 
tended to exhibit higher sensitivity. In comparison, those from 
the central nervous system/brain and lymphoid tissue exhibited 
lower sensitivity; the underlying transcriptional signature was not 
investigated. We then examined whether the correlation between 
austocystin D sensitivity and CYP2J2 expression was reproducible 
in 11 human OS cell lines by treating them with serially diluted 
austocystin D (Figure  1D–F). IMR90 human normal fibroblasts 
derived from fetal lungs were included in this assay for compari-
son. The cell lines exhibited different sensitivity levels (Figure 1D). 
U-2 OS cells exhibited the highest sensitivity, with the smallest 
area under the curve (AUC). The relative CYP2J2 mRNA expres-
sion level was determined by RT-qPCR, and the ratio of CYP2J2 
to GAPDH expression was calculated (Figure 1E). Additionally, our 
results indicated a correlation between CYP2J2 expression and 
austocystin D sensitivity in OS cell lines (Figure 1F). The sensitiv-
ity to austocystin D appears to be primarily determined by CYP2J2 
expression, rather than the tissue of origin.

3.2  |  DNA damage response and cell death induced 
by austocystin D treatment

Austocystin D treatment induces different levels of DNA damage, 
represented by phosphorylation of histone H2AX, among cancer cell 
lines.4 Cells treated with the compound were analyzed by IF using 
antibodies against the phosphorylated histone H2AX (γ-H2AX) to 
assess DNA damage. Approximately 20 nM austocystin D treatment 
increased DNA damage in U-2 OS, not HOS, cells (Figure  2A,B). 
Immunoblot analysis revealed an increased mobility shift in the 
RPA32 signal, indicating phosphorylation of RPA32, as well as CHK1 
phosphorylation at serine 345 and γ-H2AX under the treatment 
(Figure 2C). The induction of cell death was also examined via trypan 
blue staining, indicating that lower concentrations of austocystin D 
increased the number of dead SaOS-2 and U-2 OS cells compared 
with HOS cells (Figure 2D). As U-2 OS cells are more sensitive to aus-
tocystin D and express a higher level of CYP2J2 than HOS cells, the 

results suggest that cells expressing higher levels of CYP2J2 cease 
proliferation by converting austocystin D with CYP2J2, followed by 
DNA damage induction.

3.3  |  Overexpression of CYP2J2 enhances the 
cytotoxic effects of austocystin D

To investigate whether CYP2J2 overexpression enhances austo-
cystin D cytotoxicity, we transduced a retroviral vector contain-
ing the CYP2J2 coding sequence into HOS, SaOS-2, and U-2 OS 
cells (Figure  3A). HOS cells exhibited no loss of viability in the 
presence of up to 1 μM austocystin D (Figure  3B, HOS/Vector), 
whereas U-2 OS and SaOS-2 cells exhibited high and moderate 
sensitivities, respectively (Figure 3B, U-2 OS/Vector and SaOS-2/
Vector). CYP2J2 overexpression rendered HOS cells highly sensi-
tive to austocystin D and enhanced the sensitivity of SaOS-2 and 
U-2 OS cells (Figure 3B, HOS/CYP2J2, U-2 OS/CYP2J2 and SaOS-
2/CYP2J2). In all three cell lines, treatment with 0.5 nM austocys-
tin D in the presence of excess CYP2J2 increased DNA damage 
(Figure  3C). Importantly, CYP2J2 overexpression in the absence 
of austocystin D had no impact on cell proliferation (Figure S4) or 
DNA damage (Figure 3C). These results implicate CYP2J2 in the 
cytotoxic effects of austocystin D, accompanied by DNA damage 
induction.

3.4  |  Depletion of CYP2J2 alleviates austocystin D 
sensitivity

Multi-CYP inhibitors, including ketoconazole, can alleviate aus-
tocystin D sensitivity in cancer cells.4,7 In U-2 OS cells, the ob-
served loss of viability caused by austocystin D treatment was 
reversed by concurrent treatment with ketoconazole (Figure 4A). 
Additionally, DNA damage resulting from austocystin D treatment 
was significantly reduced by ketoconazole treatment (Figure 4B). 
These results affirm the essential role of CYP activity in austocys-
tin D cytotoxicity.

To further investigate the specific contribution of CYP2J2 to 
cellular sensitivity to austocystin D, we designed a single-guide 
RNA (sgRNA) targeting the coding sequences of CYP2J2. The genes 
encoding sgRNA and Cas9 were introduced into cells to suppress 

F I G U R E  1  Austocystin D sensitivity positively correlates with higher CYP2J2 expression in JFCR39 and osteosarcoma cell lines. (A) 
Sensitivity of JFCR39 cell lines to austocystin D is represented by the compound concentration that inhibits 50% of cell growth (GI50). 
The GI50 was determined by treating cells with the compound at 10−9, 10−8, 10−7, 10−6, and 10−5 M and measuring cell growth inhibition 
(Figure S1). (B) CYP2J2 expression levels and corresponding austocystin D sensitivity in each JFCR39 cell line. Pearson correlation 
coefficients are shown. (C) Correlation between austocystin D sensitivity in human cells and CYP2J2 expression is stronger than for other 
CYP genes. Pearson's r values for each microarray probe (66 probes in total) corresponding to 59 human CYP genes are shown. The line 
indicates the mean value. (D) Impact of austocystin D on the viability of 11 human osteosarcoma cell lines and normal fibroblasts (IMR90) 
at eight concentrations (top panel). The area under the curve (AUC) was calculated using the cell viability curve in (D) (bottom panel). (E) 
Relative expression of CYP2J2 mRNA normalized to that in HOS cells measured using quantitative RT-PCR. (F) Correlation analysis between 
the AUC of (D) and CYP2J2 expression in (E). Pearson's correlation results are presented. Lines (D) and bars (D, E) represent the mean values 
for each replicate. Error bars indicate the standard error of the mean.
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    |  3059KOJIMA et al.

CYP2J2 expression. Three regions were selected as the sgRNA tar-
gets. The efficiency of CYP2J2 mRNA suppression in U-2 OS cells 
was evaluated using RT-qPCR (Figure 4C). Despite attempts to de-
tect intrinsic CYP2J2 protein using various commercial antibodies, 
no specific signal was obtained (Figure  3A), even in U-2 OS cells, 
which exhibited the highest level of CYP2J2 mRNA expression 
among our 11 OS cell lines (Figure 1E). Therefore, the suppression of 
intrinsic CYP2J2 expression was assessed by RT-qPCR. All types of 
sgCYP2J2 consistently reduced CYP2J2 mRNA levels (Figure 4C) and 
mitigated sensitivity to austocystin D (Figure 4D). Due to its superior 
efficacy in suppressing CYP2J2 expression and austocystin D sen-
sitivity, sgCYP2J2-1 was selected for further analysis. U-2 OS cells 

expressing sgCYP2J2 exhibited diminished sensitivity to austocystin 
D (Figure 4E,F). Moreover, DNA damage induced by austocystin D 
treatment was significantly reduced in sgCYP2J2-expressing cells 
(Figure 4G). Hence, CYP2J2 plays a role in the cytotoxic effects of 
austocystin D.

3.5  |  CRISPR-Cas9 gRNA screening identifies 
genes involved in austocystin D cytotoxicity

Next, we conducted CRISPR-Cas9 gRNA screening to identify 
gRNA that ameliorates the inhibitory effects of austocystin D 

F I G U R E  2  The treatment with austocystin D induces DNA damage response and cell death. (A) DNA damage was assessed in U-2 OS 
cells and HOS cells after treatment with or without 20 nM austocystin D for 24 h. Cells with uniformly stained nuclei, as detected by the anti-
γ-H2AX antibody, were considered positive. (B) Representative images of cells treated with austocystin D in (A). Cells were immunostained 
using anti-γ-H2AX antibodies and counterstained with Hoechst33342. (C) Western blotting with the indicated antibodies for whole-cell 
extracts from U-2 OS cells treated with austocystin D for 12 h. (D) Dead cells stained with trypan blue after treating cells with austocystin 
D for 3 days. Bars (A, D) represent the mean values for each replicate. Error bars indicate the standard error of the mean; paired two-tailed 
t-test (A); one-way analysis of variance (ANOVA) with Dunnett's correction for multiple comparisons (D); ***p < 0.001, **p < 0.01, *p < 0.05, 
ns, not significant.
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on proliferation and elucidate factors influencing the CYP2J2-
associated regulation of austocystin D cytotoxicity (Figure 5A). The 
gRNA library was designed with three sgRNAs per gene.38 Pools 
of U-2 OS cells harboring these sgRNAs were treated or left un-
treated with austocystin D. Genomic DNA was isolated, and the 
DNA sequence containing the sgRNA gene was amplified for direct 
sequencing. Identifying hit genes influencing austocystin D cytotox-
icity involved assessing the number of sgRNA genes isolated as hits 
and the extent of sgRNA gene enrichment after austocystin D treat-
ment (Figure 5B; Table S2).

The sgRNA genes of the top three hit genes (sgPOR, sgPGRMC1, 
and sgKAT7) that were successfully transduced were enriched in 
austocystin D-treated cells (Figure  S5A), suggesting their involve-
ment in austocystin D cytotoxicity. Although CYP2J2 did not emerge 
as a significant contributor, one out of three sgRNAs was identified 
as a hit (Figure S5B, HGLibA_12136). sgCYP2J2–5 (HGLibA_12136) 
exhibited the most effective mitigation of austocystin D cytotoxicity 

(Figure  S5C), confirming the screening results (Figure  S5B). While 
the degree of austocystin D sensitivity mitigation by the expression 
of library-derived sgCYP2J2 was marginal, cells expressing the mod-
ified sgRNA—targeting sequences other than those in the sgRNA li-
brary—showed apparent resistance to austocystin D compared with 
cells expressing the negative control sgRNA (Figure 4C,D).

For each of the hit genes (POR, PGRMC1, and KAT7), two sgRNA 
sequences from the screening were selected, individually intro-
duced into U-2 OS cells, and examined for their impact on aus-
tocystin D sensitivity (Figure 5C). Irrespective of the introduced 
sgRNA, the sensitivity to austocystin D was consistently reduced 
compared with the control sgRNA, validating the CRISPR-Cas9 
gRNA screening results. In the cells expressing each sgRNA, the 
DNA damage induced by austocystin D treatment was reduced 
(Figure  5D). Notably, the identification of CYP oxidoreductase 
(POR)—an electron donor required for CYP-mediated oxidation 
reactions39—and progesterone receptor membrane component 

F I G U R E  3  Overexpression of CYP2J2 enhances the cytotoxicity and DNA damage induced by austocystin D. (A) Top panel: CYP2J2 
expression in cell lines harboring empty or CYP2J2 vectors. The relative expression of CYP2J2 normalized to that in the HOS/Vector cells is 
presented. Bottom panel: Western blot analysis of protein abundance. (B) Viability of cell lines transduced with the CYP2J2 gene or empty 
vector treated with various concentrations of austocystin D. AUC was calculated using the cell viability curve in (B). (C) Induction of DNA 
damage after austocystin D treatment (0.5 nM, 24 h) detected by immunofluorescence using γ-H2AX antibodies. Lines (B) and bars (A–C) 
represent the mean values for each replicate. Error bars indicate the standard error of the mean; one-way ANOVA with Sidak's correction 
for multiple comparisons (A, C); paired two-tailed t-tests (B); ***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant.
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    |  3061KOJIMA et al.

F I G U R E  4  Suppression of CYP2J2 expression reduces austocystin D cytotoxicity. (A) Cell viability after treatment with austocystin D 
(40 nM, 3 days) with or without 3.75 μM ketoconazole. (B) DNA damage in U-2 OS cells after treatment with austocystin D (20 nM, 24 h) with 
or without 3.75 μM ketoconazole. (C) Relative expression of CYP2J2 mRNA in U-2 OS cells harboring the Cas9 gene and the single-guide RNA 
(sgRNA) genes designed against three different CYP2J2 or AAVS1 sequences. The relative expression of CYP2J2 normalized to that in the U-2 
OS/sgAAVS1 cells is shown. (D) Cell viability determined after treatment with various concentrations of austocystin D. sgCYP2J2-1 was used 
for further analyses. (E) CYP2J2 expression in HOS and U-2 OS cells harboring the Cas9 gene and the sgRNA gene designed against CYP2J2 
or AAVS1 DNA sequence. The relative expression of CYP2J2 mRNA is normalized to that in the U-2 OS/sgAAVS1 cells. (F) Cell viability after 
treatment with various concentrations of austocystin D. (G) DNA damage induced by austocystin D (20 nM, 24 h) in HOS and U-2 OS cells 
expressing CYP2J2 sgRNA. Bars (A–C, E, G) and lines (D, F) represent the means for each replicate. Error bars indicate the standard error of the 
mean; one-way ANOVA with Tukey's correction (A, B), Dunnett's correction (C), and Sidak's correction (G) for multiple comparisons; paired two-
tailed t-test (E); ***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant.
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F I G U R E  5  CRISPR single-guide RNA (sgRNA) screening identifies POR, PGRMC1, and KAT7 genes as required for austocystin D 
cytotoxicity. (A) The sgRNA gene pool was introduced into U-2 OS cells and divided into two groups: One was treated with austocystin 
D and the other was cultured without treatment. Hit genes were identified as sgRNA target genes upregulated or downregulated in the 
austocystin D-treated group compared with the untreated group. (B) Volcano plot of significance (negative log p-value) versus fold change 
(log fold change of treated group over untreated group). Genes with a false discovery rate (FDR) < 0.05 are highlighted in black. (C) Cell 
viability after treatment with various concentrations of austocystin D. U-2 OS cells harboring the Cas9 gene and sgRNA genes targeting the 
coding sequences of POR, PGRMC1, KAT7, or AAVS1 were utilized. sgPOR-1, sgPOR-2, sgPGRMC1-1, sgPGRMC1-2, sgKAT7-1, and sgKAT7-2 
correspond to HGLibA_37705, 37706, 36288, 36289, 24066, and 24067, respectively, from the sgRNA library. (D) DNA damage induced 
by austocystin D (20 nM, 24 h) in U-2 OS cells expressing sgRNA targeting the indicated genes. (E) Relative expression of POR, PGRMC1, 
KAT7, or CYP2J2 in U-2 OS cells transduced by the indicated sgRNA normalized to that in sgAAVS1-transduced cells. Lines (C) and bars (D, E) 
indicate the mean values for each replicate. Error bars represent the standard error of the mean; one-way ANOVA with Sidak's correction 
(D) and Dunnett's correction (E) for multiple comparisons; ***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant.
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1 (PGRMC1), which can bind to and modulate the activity of 
CYPs,40,41 supported the notion that CYP2J2 promotes austo-
cystin D cytotoxicity with the help of POR and PGRMC1. The re-
pression of lysine acetyltransferase 7 (KAT7), which regulates 
transcription by acetylating histones H3 and H4,42,43 led CYP2J2 
mRNA downregulation in U-2 OS cells (Figure 5E). Furthermore, 
reanalysis of microarray data revealed that the expression of 
CYP2J2 was reduced by KAT7 knockdown44 (Figure S6A). The ex-
tent of the reduction was most prominent for CYP2J2 compared 
with other CYP genes (Figure S6B; Table S3). These findings imply 
that KAT7 promotes CYP2J2 transcription, rendering cells sensi-
tive to austocystin D.

3.6  |  KAT7 is enriched at the transcriptionally 
active CYP2J2 gene

To further investigate KAT7's role in promoting CYP2J2 transcrip-
tion, we mapped KAT7, RNA polymerase II (POLR2A), histone H3 tri-
methylated at lysine 4 (H3K4me3), open chromatin, and transcripts 
on the CYP2J2 locus (Figure  S7). We utilized ChIP-seq, ATAC-seq, 
and RNA-seq data from the ENCODE project. In HepG2 cells, tran-
scripts were mapped on CYP2J2 exons; KAT7, POLR2A, H3K4me3, 
and ATAC signals were enriched around the transcription start site 
(TSS; Figure S7, HepG2). Conversely, in K562 cells, where CYP2J2 
transcripts were not detected, KAT7 was not enriched at the CYP2J2 
locus (Figure  S7, K562). Hence, KAT7 directly promotes CYP2J2 
transcription, potentially contributing to CYP2J2 upregulation in 
certain cancer cells.

4  |  DISCUSSION

The findings of this study confirm that sensitivity to austocystin 
D is consistently linked to CYP2J2 expression levels across various 
cancer cell lines and this correlation is not solely determined by the 
tissue of origin. CYP2J2 depletion reduces austocystin D sensitivity 
and mitigates DNA damage induction, while CYP2J2 overexpression 
exacerbates these phenotypes. Furthermore, through a genome-
wide genetic screen, we identified factors that promote CYP en-
zyme activity and identified a transcriptional activator of CYP2J2. 
Indeed, the correlation between austocystin D susceptibility and 
CYP2J2 expression is not coincidental. Rather CYP2J2 is required 
for austocystin D to elicit its cytotoxic effects (Figure S8).

It has been proposed that CYP enzymes oxygenate the vinyl ether 
moiety of austocystin D, forming a compound that induces DNA dam-
age and subsequently reduces cell viability.3,4 Furthermore, the cy-
totoxic potential of austocystin D is diminished by CYP inhibitors.4,7 
Factors promoting CYP activity, POR and PGRMC1, were identified 
through our genetic screening. Given the various substrates for 
CYP2J2,13 myriad substances can potentially be oxygenated to en-
hance austocystin D cytotoxicity. Meanwhile, dihydro-austocystin 
D—a variant in which a single bond replaces the carbon–carbon 

double bond in the vinyl ether moiety—essentially loses its cytotoxic 
activity.4 This is attributed to its inability to undergo oxygenation by 
CYPs. Additionally, the overexpression of CYP2J2 increases austo-
cystin D cytotoxicity and DNA damage. These results strongly sug-
gest that CYP2J2 plays a pivotal role in oxygenating austocystin D, 
which then induces DNA damage and cytotoxicity. This aligns with 
the significantly higher correlation of CYP2J2 compared with other 
CYPs with cellular austocystin D sensitivity.7 While other CYPs 
may be involved in the oxygenation or cytotoxicity of austocystin 
D, selective perturbation of CYP2J2 expression mitigates the toxic 
effects and DNA damage induced by austocystin D. To assess the 
extent of CYP2J2's contribution to the cytotoxicity of austocystin 
D, it is essential to conduct experiments using knockout cell clones. 
Our results demonstrate the activation of RPA32 and CHK1, along 
with H2AX phosphorylation, in the presence of austocystin D. This 
suggests the accumulation of single-stranded DNA (ssDNA) and the 
induction of a DNA damage response. Specifically, ATR-mediated 
phosphorylation of CHK1 and H2AX is involved in this process.45–49 
Notably, austocystin D induces ssDNA breaks in the presence of 
CYP activity,4 although the underlying mechanism remains unclear. 
Metabolized forms of austocystin D, produced by CYP2J2, can form 
bulky adducts on DNA,4 resulting in base damage and ssDNA break 
induction through base excision repair.50–52 These adducts may also 
be repaired by nucleotide excision repair. Additionally, these adducts 
could lead to replication fork stalling, ultimately resulting in DNA 
double-strand breaks (DSBs) and subsequent DSB repair. Any sce-
narios described above could involve RPA binding to ssDNA and the 
associated DNA damage response.

A previous report proposed that CYP2J2 is predominantly 
expressed in epithelial cells, increasing their sensitivity to austo-
cystin D.7 In that study, SNAI1 overexpression induced epithelial-to-
mesenchymal transition and a consequent reduction in austocystin 
D sensitivity. However, austocystin D sensitivity and CYP2J2 ex-
pression levels vary among OS cell lines derived from mesenchymal 
cells in the bone,53 suggesting that the cell's tissue of origin does 
not solely determine sensitivity or expression levels. Based on our 
observations and a previous report indicating that SNAI1 over-
expression leads to CYP2J2 downregulation,54 we propose that 
the expression level of CYP2J2 and its enzymatic activity, rather 
than the cells' tissue of origin, determine austocystin D sensitivity. 
Although the downregulation of MIRLET7B—a gene for microRNAs 
that repress CYP2J2 expression—may upregulate CYP2J2 expression 
post-transcriptionally,55 our data reveal the role of KAT7 in regu-
lating CYP2J2 expression in cancer cells. KAT7 was identified as a 
candidate gene that promotes austocystin D cytotoxicity; its sup-
pression reduced CYP2J2 expression and alleviated austocystin D 
cytotoxicity. KAT7 forms a complex with ING4/5 and other proteins, 
participating in transcriptional regulation by acetylating histones H3 
and H4.42,43 The KAT7 complex interacts with H3K4me3, a marker 
of TSS for active genes, via ING4/5.56,57 Moreover, by analyzing data 
from previous work, we observed KAT7 enrichment at the TSS of 
the actively transcribed CYP2J2 gene. These observations suggest 
that the protein complex containing the KAT7 acetyltransferase is 
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recruited to the TSS of CYP2J2, promoting its transcription. The reg-
ulation of CYP2J2 mRNA levels, which determine sensitivity to aus-
tocystin D, remains unknown. Interestingly, there is no correlation 
between the mRNA levels of CYP2J2 and KAT7 across a panel of 
cancer cell lines (Figure S9). KAT7 activity is complex and operates 
at multiple levels, including expression, binding partners that dictate 
substrate specificity, and post-translational modification, which can 
be altered in the context of cancer.58

Various strategies can impede the growth of cancer cells overex-
pressing CYP2J2, a catalyst in the promotion of neoplastic traits.18,19 
These include treatment with the prodrug austocystin D, which is 
metabolized/activated by CYP2J2, and CYP2J2 inhibitors,8,13 al-
though it is crucial to avoid unexpected deleterious effects. The 
CYP2J2 inhibitor has the potential to inhibit other CYPs. Moreover, 
when treating cancers with upregulated CYP2J2 expression, there 
is a risk of overdose for cells exhibiting lower expression levels. In 
contrast, austocystin D is expected to undergo more facile metab-
olism into a toxic compound in cells with high CYP2J2 expression. 
Accordingly, austocystin D may hold more promise than the CYP2J2 
inhibitor. Austocystin D has demonstrated efficacy in suppressing 
tumor growth in animal models, with enhanced effectiveness when 
encapsulated in liposomes.59 Despite the model showing the dis-
tribution of austocystin D in the liver and tumors, the compound 
is less distributed in the heart—a plausible tissue where CYP2J2 
functions.59 Given the marginal effect on normal cells,4 austocystin 
D holds potential as a therapeutic drug for cancers where upreg-
ulated CYP2J2 serves as a biomarker for companion diagnostics. 
Certain types of cancers, which exhibit worse prognosis with higher 
CYP2J2 expression levels (Figure S10),60 could be candidates for this 
treatment.
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