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ABSTRACT: Disruption of the tumor suppressor PTEN, either at the protein or genomic
level, plays an important role in human cancer development. The high frequency of PTEN
deficiency reported across several cancer subtypes positions therapeutic approaches that
exploit PTEN loss-of-function with the ability to significantly impact the treatment strategies
of a large patient population. Here, we report that an endophytic fungus isolated from a
medicinal plant used by Indigenous Amazonians produces an inhibitor of DNA double-strand-
break repair. Furthermore, the novel alkaloid product, which we have named irrepairzepine
(1), demonstrated synthetic lethal targeting in PTEN-deficient glioblastoma cells. Our results
uncover a new therapeutic lead for PTEN-deficient cancers and an important molecular tool
toward enhancing the efficacy of current cancer treatments.

Glioblastoma multiforme (GBM) is the most common and
aggressive form of primary cancer affecting the central

nervous system in adults.1 Among the most frequent genetic
alterations implicated in the development of GBMs is loss of
function mutations in the tumor suppressor PTEN, which are
observed in 38% of these tumors.2 PTEN (phosphatase and
tensin homologue deleted on chromosome 10) is a negative
regulator of the PI3K/AKT/mTOR signaling pathway and
thus is involved in cellular proliferation, differentiation, and
apoptosis.3 Mutated or deleted PTEN has been mechanistically
associated with resistance to radiation and chemotherapy
treatment in brain cancer patients.4,5 The current standard of
care for GBM patients is surgical resection, followed by
combination therapy with radiation and temozolomide.6

However, long-term success of this regimen remains poor, as
almost all patients experience tumor progression with a median
survival of less than 15 months.7 This dismal prognosis
necessitates the discovery of new targeted approaches to add to
the treatment paradigm. As a result, significant efforts have
been made to apply inhibitors of the PTEN signaling pathway
to the treatment of GBM, with little success in clinical trials to
date.8

DNA repair pathways have long been recognized as critical
players in the generation, treatment, and drug resistance of
cancers, as DNA damage plays a dual role as both a creator of
oncogenic mutations and a facilitator of cytotoxic genomic
instability.9 Increasingly, the modulation of these pathways
with small molecules is being explored as a therapeutic
strategy, with the hallmark example being the FDA-approved

PARP inhibitor olaparib.10 By inhibiting the compensatory
repair pathway that BRCA-deficient cancer cells rely upon for
survival due to their dysfunctional homologous recombination-
mediated double-strand-break (DSB) repair, PARP inhibitors
are able to exploit a weakness conferred by the cancer-driving
BRCA mutations. This targeted drug strategy based upon the
genetic concept of synthetic lethality is expected to be selective
for the DNA repair-deficient cancer cells with limited toxicity
to normal tissues.11 Moreover, nuclear PTEN has been
implicated as a crucial factor in the maintenance of genomic
stability since its loss is associated with chromosome
aberrations and impaired DSB repair capacity.12−14 PTEN’s
role in numerous cellular processes, including the DNA
damage response,15,16 positions its deficiency in cancer as a
promising target for synthetic lethality treatment strategies.
Indeed, multiple studies in different tumor types have explored
the efficacy of existing inhibitors of PARP and the DNA
damage signaling protein ATM in killing PTEN-deficient
cancer cells, with promising results.16−20 However, the
discovery of new, more efficacious DNA repair inhibitors is
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an important next step in investigating this novel therapeutic
approach to treating PTEN-deficient cancers.
Natural products have proven to be a reliable resource of

new pharmaceutical agents. Over 50% of new medicines
approved in the past four decades have been derived from or
inspired by small molecules found in nature, and this number
increases to over 60% for anticancer drugs.21 One especially
promising natural source is metabolites produced by

endophytes. Endophytes are hyperdiverse microorganisms,
primarily fungi and bacteria, that colonize the internal tissues
of living plants without inflicting adverse effects.22 Many
endophytes produce novel bioactive natural products that
promote the survival of their host plants, but their potential for
drug discovery still remains largely untapped.23 In fact, only
about 5% of the world’s conservatively estimated 1.5 million
fungal species have been described.24 In some cases,

Figure 1. Identification of a bioactive endophyte extract. (a) Western blot analysis of PTEN expression in PTEN-deficient and -complemented
U251 glioma cells. (b) Targeted crude endophytic extract screen in PTEN-proficient and -deficient U251 cells identifies a synthetic lethal
interaction between PTEN-deficient cells and the E14504F (04F) extract. (c) Survival assays evaluating synthetic lethality interactions with other
tumor-associated genes determine 04F activity is specific for PTEN deficiency. (d) Gross morphology of E14504F growth on PDA after 14 days at
27 °C. (e) Micromorphology on PDA. (f) Phylogenetic tree showing the relationship of E14504F to other fungi was constructed using the ITS,
LSU, and RPB2 sequences. The fungal endophyte was identified as species Ceratorhiza hydrophila. The significant values are represented as * (P <
0.05).
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endophytes acquire the ability to synthesize natural products
produced by their host plants.25,26 Perhaps the most notable
example is the multibillion-dollar anticancer drug paclitaxel
(Taxol). Paclitaxel was originally isolated from the Pacific yew
tree,27 a traditional medicinal plant used by Native Americans
of the Pacific Northwest.28,29 However, additional studies later
revealed that select endophytes from this plant could also
produce the same compound.30 This case provides support for
an approach that utilizes traditional medicinal plants as a
starting point to investigate endophytes for their production of
biologically active compounds. Moreover, the use of fungal
metabolites to achieve DSB repair inhibition also has
precedence. Wortmannin, a compound isolated from the
plant pathogen Penicillium funiculosum, is a known inhibitor of
phosphoinositide 3-kinases such as DNA-PK.31 It has been
shown to sensitize cells to radiation and chemotherapeutic
drugs; however, its in vivo toxicity and instability make it
unsuitable for clinical use.32

Here, we describe the discovery of a novel DNA repair
inhibitor produced by isolate E14504F of the endophytic
fungus Ceratorhiza hydrophila, which was cultured from a
sample of the medicinal plant Pistia stratiotes collected from
the Pacific coast of Ecuador. This plant was sought out due to
its reported use by the Ticuna people of the Northwest
Amazon as a treatment for warts, a condition that, like cancer,
is characterized by excessive cell proliferation.33,34 Activity-
guided structural characterization demonstrated that the
endophyte produces an azepine core-containing alkaloid,
which we named irrepairzepine (1), and that this novel
molecule induces synthetic lethality in the genetic background
of PTEN loss due to its demonstrated ability to inhibit DSB
repair. Irrepairzepine can potentially serve as an anticancer lead
molecule for further development and treatment of PTEN-
deficient GBMs.

Figure 2. Evaluation of crude extract E14504F (04F). (a) Evaluation of dose-dependent cell viability using the CellTiter-Glo luminescent assay 48
h post-treatment with 04F in PTEN-proficient and -deficient U251 cells. (b) Clonogenic survival assay in PTEN-proficient and -deficient U251
cells treated with the indicated doses of 04F. (c) Effect of 04F on cell cycle progression after treatment of U251 cells complemented with wild-type
PTEN at various time points. (d) Effect of 04F on cell cycle progression in U251 PTEN-deficient cells. (e) Quantification of DNA strand breaks
induced following 04F treatment using the neutral comet assay as measured by tail moment. (f) Neutral comet assay of PTEN-deficient cells with
and without 5 Gy ionizing radiation (IR) in the presence of 04F. Statistical significance represented as asterisks: **P < 0.01, ****P < 0.0001.
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■ RESULTS AND DISCUSSION

High-Throughput Screen Reveals a Fungal Extract
with Synthetically Lethal Interactions in PTEN-Deficient
Cells. The forests of Ecuador have the greatest plant diversity
in the world and therefore by extension perhaps possess great
endophytic fungal and chemical diversity.35 We collected plant
samples from varied sites in Ecuador focusing our efforts
toward medicinal plants that have been traditionally used by
Indigenous populations to treat tumors or other diseases
characterized by excessive cell proliferation. Eighty-four fungal
endophytes were isolated from 24 different plant species
collected across the country. Via internal transcribed spacer
(ITS) sequencing and alignment with fungal sequences
deposited in the NCBI’s genetic sequence database GenBank,
17 of these endophytes were identified as potentially novel
species and/or had limited mention in the literature, and thus
were chosen for further investigation. We reasoned that the
understudied nature of these organisms would increase the
potential for identifying new compounds possessing our
desired antineoplastic activity. We assembled a library of
over 50 crude extracts derived from the 17 selected
endophytes. Using a cell-viability-based high-throughput
assay, we screened the endophytic crude extract library at a
concentration of 50 μg/mL to identify potential synthetic
lethal interactions in cell line models with deficiencies
commonly associated with cancer. PTEN protein expression
levels in the U251 glioblastoma cell line and the isogeneic
PTEN-proficient cell line were validated by Western blot
analysis (Figure 1a). Representative data from the primary
screen in PTEN-deficient cells are shown in Figure 1b. A crude
extract from fungal isolate E14504F demonstrated preferential
cytotoxicity in PTEN-deficient glioblastoma cells compared to
isogenic PTEN-proficient cells with a 33% difference in
survival, suggesting that the endophyte produced a compound
that is active in the cellular landscape formed by PTEN loss
(Figure 1b). This specificity was confirmed by the lack of
activity in cell lines mutated in the tumor-associated genes,
KRAS and BRCA2 (Figure 1c). Phylogenetic and morpho-
genic analysis identified the fungal endophyte as species
Ceratorhiza hydrophila (Figure 1d−f, Figures S1−S3 and Table
S1).
Evaluation of Crude Extract E14504F Bioactivity.

Crude extract E14504F (04F) was further evaluated for its
potency against PTEN-deficient glioma cells. Using our cell
viability assay, 04F demonstrated dose-dependent cytotoxicity
in U251 cells, with synthetic lethality in PTEN-deficient cells
persisting across all tested doses (Figure 2a). This activity was
confirmed via a clonogenic survival assay, where the effect was
even more pronounced, as there were no viable PTEN-
deficient colonies at the 100 μg/mL dose of the crude extract
(Figure 2b). Next, we investigated the impact of 04F treatment
on cell cycle progression at multiple time points. Notably,
substantial G1 arrest in the PTEN-deficient cells was observed
4 h post-treatment with the crude extract, while no effect was
seen in the PTEN-proficient cell population (Figure 2c,d).
One of the most powerful activators of the G1/S checkpoint is
DNA damage, as this checkpoint works to prevent damaged
DNA from being replicated during the S phase.36 We sought to
assess this potential mechanism of action by evaluating repair
capacity in the presence of the crude 04F extract. We used the
neutral comet assay to evaluate the presence of DSBs after
ionizing radiation (IR), which is a commonly used approach to

measure functional DSB repair activity. It is important to note
that no significant damage was detected above background
following simple addition of the crude extract (Figure 2e).
However, we detected a reduced capacity for DSB repair
following IR exposure (5 Gy) in PTEN-deficient cells
pretreated with 04F crude extract (Figure 2f). Similar
increased persistence of unrepaired DSBs was also observed
with cells treated with the DSB repair inhibitor mirin, which
targets the Mre11-Rad50-Nbs1 (MRN) complex, a key DNA
damage sensor for homology-directed repair of DSBs.

Structure Elucidation of Compound 1. To elucidate the
structure of the DNA repair inhibitory metabolite present in
the crude extract, a 6 L culture of E14504F was initiated. After
cultivation for 2−3 weeks at 27 °C, the whole culture broth
was extracted with 12 L of methylene chloride and fractionated
using reversed-phase HPLC systems for bioassay-guided
identification (see Endophyte Isolation, Experimental Section,
and Figures S4 and S5). Three sequential rounds of HPLC
purification and activity analysis yielded active compound 1 (tR
= 20.9 min, 0.2 mg), (Figure S6), which was characterized by
mass spectrometry (MS), UV (Figures S7 and S8), and NMR
(Figure 3). Compound 1 was isolated as an amorphous solid

with a molecular formula of C16H10N2O2 based on its high-
resolution electrospray ionization−quadrupole time-of-flight−
mass spectrometry (HR-ESI-QTOF-MS) spectrum (Figure
3a). The UV−visible spectrum of compound 1 revealed
absorption maxima at 242 and 360 nm (Figure 3b).37

The chemical structure of 1 was characterized based on the
interpretation of its 1H and 2D (gCOSY, gHSQC, gH2BC,
gHMBC, and ROESY) NMR spectra (Table 1 and Figures

Figure 3. Structure elucidation of irrepairzepine (1). (a) High-
resolution ESI-QTOF-MS spectrum of 1. (b) UV−visible spectrum of
1. (c) 1H coupling constants and 1H−1H gCOSY correlations of 1 in
DMSO-d6. (d) Key gHMBC and ROESY correlations of 1 in DMSO-
d6.
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S9−S23). First, a 1H NMR spectrum in MeOH-d4 (Figures S9
and S10) displayed the resonances of eight well-resolved
aromatic protons (δH 8.73−7.20). Sequential COSY correla-
tions (Figure S11) from aromatic proton H9 (δH 7.20, dd, J =
8.5, 1.2 Hz) to proton H12 (δH 7.48, m, overlapping signal)
supported a 1,2-disubstituted benzene ring (Figure S11). The
1H−1H coupling constant (5.1 Hz) coupled with a strong
COSY cross-peak between doublet protons H1 (δH 7.81) and
H2 (δH 8.73) that is often observed in nitrogen-containing
aromatic systems also suggested the presence of a pyridine
moiety (Figure S11).38 Additionally, a coupled H4 (δH 8.11, d,
J = 9.3 Hz) and H5 (δH 7.53, d, J = 9.3 Hz) deduced a
tetrasubstituted aromatic ring constituted by a hydroxy group
(Figure S11 and Table 1).39 The gHSQC and gH2BC NMR
spectra of 1 also allowed us to assign all these protons to
bonded sp2 carbons at δ 144.9 (C2), 133.4 (C4), 122.3 (C1),
125.5 (C5), 131.3 (C10), 132.3 (C12), 125.6 (C11), and
120.3 (C9) (Figures S12 and S13). The connectivity of these
three-ring systems was established by HMBC spectroscopy
(Figure 3 and Figures S14 and S15). Two long-range HMBC
correlations sharing nonprotonated carbon C3a (δC 139.8)
from H2 and H5 and nonprotonated carbon C6b (δC 129.2)
from H4 and H1 supported a quinoline-type moiety. An
additional three-bond HMBC correlation from H4 to down-
field shifted carbon C6 (δC 166.7) further suggested that this
moiety is substituted with a hydroxy group at C6.39 HMBC
correlations from H11 and H1 to C12a (δC 126.9) and from
H12 and H2 to C12b (δC 146.2) elucidated the connectivity of
these two rings via a C−C bond (Figures S14 and S15). In
addition, H10 and H5 had three-bond HMBC correlations
with the two nonprotonated carbons C8a (δC 137.6) and C6a
(δC 106.2). Lastly, the chemical formula deduced from the
high-resolution MS data allowed us to suggest the presence of
an amino carbonyl group bound to C8a and C6a, establishing a
fourth ring.

Additional NMR spectra in aprotic DMSO-d6 (Figure 3c,d,
Table 1, and Figures S16−S23) supported the expected
exchangeable protons 8-NH (δH 10.48, br s) and 6-OH (δH
6.51, br s) (Figures S16 and S17). The 1H and 13C chemical
shifts in DMSO (Table 1) were nearly identical to those of
NMR spectra recorded in MeOH (Table 1). However, the
observation of an additional carbon C7 (δC 175.6) strongly
supported the presence of the previously proposed amide
carbonyl group, and the key gHMBC correlations from proton
8-NH to C7, C9, C6a, and C12a unambiguously determined
the full structure of compound 1 (Figure 3d and Figure S20).
2D ROESY experiments also supported the structure based on
ROESY cross-peaks between H1 and H12, 8-NH, and H9
(Figure 3d and Figures S21−S23). Thus, the full chemical
structure of 1 was determined to be a new endophytic fungal
alkaloid, 2-hydroxybenzo[6,7]azepino[5,4,3-de]quinolin-
4(5H)-one, termed irrepairzepine (1).
A 5-aminobenzoazepinoquinolinone (ABAQ) analogue of

irrepairzepine has previously been synthesized by the non-
enzymatic Maillard reaction.37 To determine whether this
reaction could produce irrepairzepine, we conducted an
identical Maillard reaction with the two substrates D-glucose
and L-tryptophan, following the literature protocol. While
ABAQ was detected as expected, irrepairzepine (1) was not
detected in our experiments (Figure 4). Interestingly, β-
carboline and ABAQ were detected in both the fungal extract

Table 1. NMR Data of 1

DMSO-d6 MeOH-d4

no. δC
a type δH

b
mult (J in

Hz) δC
a δH

b
mult (J in

Hz)

1 122.9 CH 7.65 d (4.6) 122.3 7.81 d (5.1)
2 148.3 CH 8.72 d (4.6) 144.9 8.73 d (5.1)
3 N
3a 143.3 C 139.8
4 137.8 CH 8.08 d (9.2) 133.4 8.11 d (9.3)
5 124.2 CH 7.40 d (9.2) 125.5 7.53 d (9.3)
6 166.2 C 166.7
6a 106.4 C 106.2
6b 128.7 C 129.2
7 175.6 C
8 NH 10.48 br s
8a 137.6 C 137.6
9 121.2 CH 7.28 d (7.8) 120.3 7.20 dd (8.5,

1.2)
10 131.2 CH 7.43 t (7.8) 131.3 7.48 mc

11 126.1 CH 7.24 t (7.8) 125.6 7.29 dt (7.5,
1.2)

12 132.6 CH 7.41 mc 132.3 7.48 mc

12a 127.9 C 126.9
12b 142.0 C 146.2
OH 6.51 br s

aAssigned by HSQC and HMBC. b600 MHz. cOverlapping signals.

Figure 4. Proposed biosynthesis route of irrepairzepine via a Maillard-
type pathway. (a) Products from an in vitroMaillard chemical reaction
with D-glucose and L-tryptophan. The fungus produces the Maillard
products β-carboline and ABAQ, and 1 is likely derived from an
uncharacterized Maillard-type biosynthetic pathway. (b) Extracted ion
count chromatograms corresponding to 1 (m/z 263.0821), β-
carboline (m/z 169.0766), and ABAQ (m/z 278.0930) from the
natural fungal extract and the Maillard chemical reaction.
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and the Maillard reactions (Figures S24 and S25). Con-
sequently, a novel and currently uncharacterized Maillard-type
pathway in the fungus is likely responsible for irrepairzepine
biosynthesis.
Irrepairzepine Mediates E14504F Synthetic Lethal

Interactions with PTEN Deficiency. We then proceeded to
confirm irrepairzepine’s contribution to its parental crude
extract E14504F’s bioactivity. The purified molecule irrep-
airzepine recapitulated 04F’s selective cytotoxic activity against
PTEN-deficient U251 cells (Figure 5a). Similar to the crude
extract, addition of irrepairzepine resulted in a slight increase in
the proportion of cells in the G1 phase, suggesting activation of
the G1/S DNA damage checkpoint (Figure 5b). The neutral
comet assay was again utilized to interrogate irrepairzepine’s
impact on DSB repair. Additionally, DNA damage that results
in DSBs is followed by the phosphorylation of histone H2AX
on serine 139. As a result, this phosphorylated form of H2AX,
also referred to as γH2AX, is often used as a biomarker of
DNA DSBs. Treatment with irrepairzepine alone was sufficient
to induce significantly more DNA damage in the PTEN-
deficient cells compared to PTEN-proficient, suggesting
possible inhibition of the repair of naturally occurring DSBs

(Figure 5c,d). However, this increase in DSBs did not appear
to be cell cycle dependent (Figure 5e,f).

Irrepairzepine Inhibits DSB Repair. Next, we inves-
tigated the mechanism by which irrepairzepine can induce a
synthetic lethal effect in a PTEN-deficient genetic background.
As discussed above, PTEN loss is associated with impaired
DSB repair, and crude extract 04F was capable of enhancing
IR-mediated DNA damage in the PTEN-deficient context.
Thus, we tested whether irrepairzepine could inhibit DSB
repair using an established chromosomally integrated fluo-
rescent NHEJ/HR dual-reporter in U2OS cells (U2OS EJ-DR
cells).40 The dual repair system is based on site-specific DSBs
induced by the rare-cutting endonuclease I-Sce-I.41 The direct
repeat GFP (DR-GFP) is a commonly used HR reporter, and
the NHEJ assay will measure any mutagenic NHEJ (mNHEJ)
repair events, such as insertions and deletions, following
creation of the DSB by I-Sce-I. To evaluate irrepairzepine’s
capacity to inhibit DSB repair, U2OS EJ-DR cells were
incubated with irrepairzepine and a DSB inducer for 24 h and
analyzed 96 h later by flow cytometry. A reduction in HR
(46%) and mNHEJ (48%) activities was observed at a dose of
12.5 μg/mL (Figure 6a,b). These results suggest that
irrepairzepine selectively represses DSB repair.

Figure 5. Irrepairzepine is synthetic lethal in PTEN-deficient cancers. (a) Effect of irrepairzepine on the cell viability of PTEN-proficient and
-deficient cells. (b) Effect of irrepairzepine on cell cycle progression. (c) Effect of irrepairzepine on the repair of endogenous DSBs as determined
by the neutral comet assay. (d) Determination of γH2AX-positive cells as a measure of DNA damage. (e) Measure of γH2AX-positive cells at
various stages of the cycle in PTEN +/+ cells. (f) Identification of PTEN −/− cells positive for DNA damage at various phases of the cell cycle
following irrepairzepine treatment. Statistical significance indicated as * (P < 0.05). UT indicates untreated.
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We then used the neutral comet assay to measure the
persistence of DSBs after IR treatment. We detected a
significant reduction in the capacity to repair IR-induced
DSBs after irrepairzepine pretreatment as indicated by an
increase in comet tail moments in the PTEN-deficient cells at a
dose of 12.5 μg/mL (Figure 6c). Analysis of γH2AX resolution
after combined irrepairzepine and IR treatment also confirmed
our comet assay results, as we observed a delay in repair
activity (Figure 6d). The formation of γH2AX foci in cells after
irradiation is a very sensitive assay for DSB measurement. As
would be expected, the majority of the γH2AX-positive PTEN-
deficient cells were found in the G1 phase of the cell cycle
(Figure 6e,f).
We then proceeded to investigate whether irrepairzepine

had the capacity to enhance the effectiveness of currently used
anticancer therapies. Drugs that inhibit the functional DSB
repair pathways in the repair-deficient tumor cells can also
potentiate the activity of DNA-damaging agents. Normal cells,
which are less reliant on the compensatory pathways, are not

sensitized by the repair inhibitor to the same degree, resulting
in potentially less toxicity to normal tissue. Hence, concurrent
administration of DSB repair inhibitors and DNA-damaging
agents can enhance tumor control. Since radiation therapy is
the current standard of care for many cancers, including GBM,
we proceeded to investigate the potential for irrepairzepine to
serve as a radiosensitizer. Although efficient DNA repair has
been correlated with G2 arrest and radioresistance,42 other
studies have reported that radiosensitization induced by PARP
inhibition is accompanied by elongation of G2/M arrest.43 We
pretreated PTEN-deficient and PTEN-proficient U251 cells
with irrepairzepine for 4 h followed by treatment with IR (5
Gy). Cell cycle analysis revealed an increase in the level of cells
in the G2/M phase (Figure 6g). Additionally, cell viability was
assessed using CellTiter-Glo after combination treatment with
irrepairzepine and a single dose of 5 Gy. Treatment with
irrepairzepine enhanced the irradiation cytotoxic effects with a
decrease in cell survival observed in the PTEN-deficient cells
compared to treatment with IR alone (Figure 6h). These

Figure 6. Irrepairzepine inhibits DSB repair. (a) Effect of irrepairzepine on HR activity in U20S EJ-DR cells. (b) Effect of irrepairzepine on mNHEJ
in U2OS EJ-DR cells. (c) Neutral comet assay after IR treatment (5 Gy). (d) Level of IR-induced DNA damage in the presence of irrepairzepine as
measured by γH2AX positivity. (e) Evaluation of γH2AX-positive PTEN-proficient cells after IR treatment in various phases of the cell cycle. (f)
Cell cycle analysis of γH2AX-positive PTEN-deficient cells after IR treatment at various concentrations of irrepairzepine. (g) Evaluation of
irrepairzepine pretreatment on cell cycle progression following 5 Gy IR treatment. (h) Evaluation of irrepairzepine as a potential radiosensitizer as
determined by the CellTiter-Glo cell viability assay. Statistical significance represented as asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. UT indicates untreated.
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results suggest that irrepairzepine can be used in combination
with DNA-damage-based therapies to enhance their efficacy.
The cancer field has recently seen a substantial increase in

the number of FDA-approved therapies compared to previous
decades, and this has been accompanied by a shift toward
drugging cancer-specific molecular pathways rather than a
broad cytotoxic approach.44 However, this rapid progress has
not yet reached GBM, whose only unique treatment is the
nonspecific alkylating agent temozolomide, which achieved
FDA approval 20 years ago. Irrepairzepine’s ability to
substantially kill PTEN-deficient glioma cells on its own, in
addition to sensitizing these cells to IR-induced DNA damage,
makes it a potentially attractive candidate for combination with
radiation therapy. Moreover, as PTEN loss is a common
genomic alteration in multiple cancers including melanoma,
prostate, uterine, and lung,45 irrepairzepine could potentially
serve as a therapeutic lead for tumors beyond GBM. Given
irrepairzepine’s ability to inhibit both HR and mNHEJ in the
U2OS EJ-DR assay, it potentially interacts with a protein at the
interface of these two distinct repair pathways. Future
identification of irrepairzepine’s biological target may add to
our current understanding of PTEN’s role in the DNA damage
response and the genomic consequences of its loss.
Furthermore, irrepairzepine can serve as a lead scaffold in
medicinal chemistry efforts to design more potent DSB repair
inhibitors with improved drug efficacy in PTEN-deficient
cancers. Taken together, our work emphasizes the power in
combining endophytic diversity and natural product research
methods with new molecular pathway targeting approaches as
a strategy for novel anticancer drug discovery.

■ EXPERIMENTAL SECTION
General Experimental Procedures. 1H and 2D (gCOSY,

gHSQC, gHMBC, gH2BC, and ROESY) NMR spectra were recorded
on an Agilent 600 MHz NMR spectrometer equipped with a cold
probe (Agilent, Santa Clara, CA, USA). HPLC isolation was
performed over an Agilent Prepstar HPLC system with a Phenomenex
Luna C18(2) (100 Å) 10 μm (10.0 × 250 mm) column (Phenomenex,
Torrance, CA, USA) and an Agilent Phenyl-Hexyl 5 μm (9.4 × 250
mm) column. HPLC/MS analysis was performed on an Agilent 1260
Infinity Quaternary LC system consisting of an autosampler, a
quaternary solvent delivery system, a thermostat-controlled column
compartment, and a diode-array detector (DAD) coupled to an
Agilent 6120 Quadrupole low-resolution (LR) electrospray ionization
(ESI) mass spectrometer. High-resolution (HR) ESIMS data was
obtained using an Agilent iFunnel 6550 QTOF (quadrupole time-of-
flight) MS instrument fitted with an ESI source coupled to an Agilent
1290 Infinity HPLC system.
Endophyte Isolation. Clumps of the free-floating aquatic

medicinal herb Pistia stratiotes (Araceae) were found growing in a
stream near Same Beach on the Pacific coast of Ecuador (0.84851 S,
79.92265 W). The root and leaves of a single plant were collected,
rinsed of dirt, placed into an airtight plastic bag, and stored at 4 °C
until processing 13 days later. The specimens were externally
sterilized by a 5 s submersion in 70% ethanol followed by a brief
flaming. The external plant tissues were then removed via scalpel, and
the internal tissues were exposed on plates containing water agar (15
g agar/L), 0.1× potato dextrose agar (PDA; 2.4 g of EMD Millipore
potato dextrose/L), or a 0.1× malt extract agar (MEA), and the plates
were monitored every 1−2 days for endophyte outgrowth. C.
hydrophila E14504F was identified on the 0.1× MEA plate 6 days
after plating and was transferred to a 0.1× PDA plate to obtain a pure
culture. The isolated fungus was then cultured on 1× PDA plates, and
permanent stocks of the fungus were formed by placing 1× PDA plugs
of fresh mycelium into freezer tubes filled with sterile distilled water
and storing them at room temperature. Other medicinal plants were

similarly collected throughout Ecuador and processed to isolate
several endophytes that contributed to the formation of a crude
extract library.

Generation of the Crude Extract Library. To determine the
identities of isolated endophytes, fungal DNA was sequenced at the
ITS region, which is considered the universal barcode sequence for
fungi, and compared to known fungal sequences hosted in the NIH
genetic sequence database GenBank. Fungi with ≤95% sequence
homology were hypothesized to be potentially novel organisms and
were chosen for organic extraction. PDA plugs (5 mm, 1× PDA)
inoculated with the desired endophyte were added to culture tubes
containing 5 mL of autoclaved potato dextrose broth (PDB) and
incubated at room temperature for 7 days. The liquid culture was then
expanded to a culture flask containing sterile PDB (100 mL) and
incubated for an additional 7−8 days at room temperature. Cultures
were then expanded to 1 L, and the fungi were allowed to grow for 2
weeks stationary at room temperature or shaking at 30 °C to enrich
for secondary metabolite production. The contents of each flask were
filtered through cheesecloth, and the isolated mycelial mass was
soaked in methanol (100 mL) overnight to form a cellular crude
extract. The filtered PDB was extracted at pH 5.5 and pH 9 using
dichloromethane (800 mL). The resulting three crude extracts from
each endophyte are identified as methanol (0.1m), acidic (0.1ad), and
basic (0.1bd).

DNA Isolation and Sequencing. C. hydrophila E14504F was
grown in potato dextrose broth for 14 days, after which the mycelium
was harvested and the genomic DNA purified using a DNeasy plant
mini kit (Qiagen; Hilden, Germany) according to the manufacturer’s
protocols. The ITS, LSU, and RPB2 loci were amplified using GoTaq
Flexi (Promega; Madison, WI, USA) and standard primers (Table
S1). Amplicons were sequenced at the W.M. Keck Facility at Yale
University in forward and reverse directions. Consensus sequences
were generated and manually curated for consistency using the Staden
package v2.0.0b846 and were deposited in GenBank (accession
numbers: MT381951−MT381956).

Database Comparisons. DNA sequences were classified by
comparison to several curated online databases, recently reviewed by
Prakash et al.47 Searching the LSU sequence against the SILVA
database returned no taxonomic assignments above confidence
threshold. Searching the LSU sequence against the Ribosomal
Database Project returned 100% confidence in the genus
Thanatephorus, within the family Ceratobasidiaceae, order Canthrel-
lales. This genus had been recently circumscribed by Gonzalez et al. in
an effort to clarify the Rhizoctonia, an anamorphic genus found to be
polyphyletic by molecular methods.48 The BOLD Systems database
search of the ITS sequence returned 92% similarity to Sclerotium
hydrophilum, in the order Agaricales. The UNITE database ITS search
resulted in equiprobable matches to Thanetephorus cucumeris as well
as another genus in the Ceratobasidiaceae, Ceratorhiza hydrophila. To
clarify the discrepancy between these databases, representatives from
each of the clades were retrieved for multilocus phylogenetic analysis.

Phylogenetic Analysis. A phylogenetic tree showing the
relationship of E14504F to other fungi was constructed using ITS,
large ribosomal subunit (LSU), and RNA polymerase II (RPB2)
sequences (Table S3). Comparison sequences were included if
voucher specimens of the organism are available in public repositories
and the sequence is associated with a publication. Sequences were
aligned using the muscle implementation within the APE package
v4.149 using R v3.4.250 in RStudio v1.1.383.51 Gaps in more than 30%
of the alignments were removed. Optimal substitution models were
identified for each alignment using the modelTest implementation in
the Phangorn package v2.2.0.52 For each locus, a neighbor-joining tree
was optimized by the maximum likelihood method using a GTR+G
model, and then 100 bootstrap replicates were performed. The loci
were then interleaved and a tree was constructed using RAxML
v8.2.1053 and visualized using ggtree v1.8.2.54 All code for generating
the trees, including retrieving comparison sequences, is available at
https://github.com/dspak/e14504f.

Organic Extraction and Bioactivity-Guided Isolation of
Irrepairzepine. A 6 L stationary fungal culture was filtered through
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cheesecloth, and the culture broth was extracted with 12 L of
methylene chloride (MC) (2 × 6 L) followed by rotary evaporation to
remove organic solvent and yield approximately 100 mg of dried MC-
soluble fraction. The crude materials were tested for synthetic lethality
in PTEN-deficient cell lines and analyzed on an Agilent single
quadrupole LC/MS system (column, Phenomenex Kinetex C18 (100
Å) 5 μm (4.6 × 250) mm; flow rate, 0.7 mL/min; mobile phase
composition, water−acetonitrile (ACN) gradient system containing
0.1% formic acid (v/v): 0−30 min, 10−100% ACN; hold for 5 min,
100% ACN; 2 min, 100−10% ACN; 5 min post-time, 10% ACN).
The active crude materials were subsequently resuspended in the
initial mobile phase, and methanol was added dropwise to completely
dissolve the materials. Twelve time-dependent HPLC fractions were
manually collected through the reversed-phase C18 column [(100 Å)
10 μm (10.0 × 250 mm)] with the following separation conditions:
(flow rate, 4 mL/min; mobile phase composition, water−ACN
gradient system containing 0.1% formic acid (v/v): 10 min, 10% ACN
in water; 60 min, 10−100% ACN). Each of the 12 fractions was
tested, and partially pure fraction 10 (1.5 mg) was active in the
bioassay. Fraction 10 was further purified using an isocratic method
(40% ACN over 30 min, 4 mL/min) through the same C18 column
and then over an Agilent Phenyl-Hexyl 5 μm (9.4 × 250) mm column
eluting with a gradient separation (10−100% ACN in water over 60
min; 4 mL/min) to yield pure compound 1 (tR = 20.9 min, 0.2 mg).
Irrepairzepine (1): amorphous solid; NMR spectra, see Table 1;

HR-ESI-QTOF-MS [M + H]+ m/z 263.0824 (calcd for C16H11N2O2,
263.0821).
Cell Culture. U251 cells were cultured in DMEM supplemented

with 10% FBS, while their PTEN-inducible counterparts (U251-
PTEN55) were cultured in DMEM with 10% FBS, 400 μg/mL G418,
2 μg/mL blasticidin, and 1 μg/mL doxycycline to activate PTEN
expression. PEO1 and PEO1 C4-2 cells (BRCA2-deficient and
-proficient, respectively) were cultured in RPMI supplemented with
10% FBS, and CAL-12T cells and their KRAS mutant counterparts
were cultured in DMEM with 10% FBS. U2OS EJ-DR cells were
cultured in DMEM supplemented with 10% tetracycline (TET)-free
FBS. All cell lines were maintained at 37 °C with 5% CO2.
Synthetic Lethality Screen. The CellTiter-Glo luminescent cell

viability assay (Promega) was utilized as an initial high-throughput
screen for synthetic lethality. Cells were seeded into white-bottomed
96-well plates at a density of 2500−5000 cells/well 24 h prior to
treatment. Compounds were dissolved in DMSO and added at the
respective concentrations, and 48 h later 50 μL of CellTiter-Glo
reagent was added per well after the plate and reagent were
equilibrated to room temperature. Plates were shaken for 2 min to
induce cell lysis and then spun down at 1000 rpm for 1 min. After a
30 min incubation at room temperature, luminescence was measured
with a BioTek Synergy HT microplate reader.
U2OS EJ-DR Reporter Assay. Log-phase U2OS EJ-DR cells were

seeded into 96-well plates at a density of 1 × 104 cells/well. To induce
endonuclease-mediated DNA cleavage, TET-free media was supple-
mented with the ligands Shield1 and triamcinolone acetonide (TA) at
respective concentrations of 0.5 and 1 μmol/L. Irrepairzepine was
dissolved in DMSO and added to wells in triplicate. After 24 h, cells
were washed with 1× PBS and were then split into two wells with
0.05% trypsin to prevent overconfluence. After another 72 h of
incubation in fresh TET-free media, the two wells were recombined
and transferred to tubes for FACS analysis with the BD FACSCalibur
platform. HR and mNHEJ activity were evaluated by quantifying the
number of GFP-positive and DsRed-positive cells, respectively, with
an acquisition number of 1000−2500 cells/well. Repair activity was
normalized to that of cells treated with 1% DMSO.
Clonogenic Survival Assay. Cell lines were plated in triplicate 24

h prior to treatment at a density of 200−400 cells/well in 12-well
plates. Cells were then treated with crude extract for 48 h, and culture
media was replaced every 2 days until colonies formed. Cells were
then stained with crystal violet in 80% methanol, and colonies were
quantified.
Neutral Comet Assay. Cells were seeded at a density of 10 000

cells/well into a 96-well plate 24 h prior to treatment. On the day of

treatment, DMSO, 04F (50 μg/mL), or mirin (positive control; 25
μM) was added to the cells 8 or 24 h prior to their collection.
Irrepairzepine was added at 6.25 or 12.5 μg/mL. For irradiated cells,
irradiation was performed at a dose of 5 Gy 4 h after the addition of
extract. The assay was performed per the manufacturer’s (Trevigen)
instructions, and comets were visualized on an Axiovert 200
microscope at 10× magnification and 40% intensity. Approximately
50 comets were analyzed per treatment condition with Cometscore
software, and mean tail moment was calculated.

Cell Cycle Analysis and γH2AX. Cells were collected at 4, 8, and
24 h following treatment with 04F or irrepairzepine with and without
IR treatment. After washing once with PBS, the cells were fixed in 1%
paraformaldehyde for 15 min on ice. Cells were centrifuged and fixed
in 70% ethanol at −20 °C for 2 h. The cells were then washed with
BSA-T-PBS (1% w/v bovine serum albumin and 0.2% v/v Triton X-
100 in PBS) and incubated with γH2AX antibody (Cell Signaling) in
BSA-T-PBS overnight at 4 °C. After washing, the cells were incubated
with anti-rabbit IgG Fab2 Alexa 488 (Molecular Probes) at room
temperature for 1 h in the dark. Cells were washed, and the pellet was
resuspended and incubated at room temperature in PI staining
solution (PI/PNase solution, BD) for 15 min. Cells were analyzed by
flow cytometry.

Statistical Analysis. Statistical analysis was performed by one-way
or two-way ANOVA with the Tukey’s post hoc test. All analysis was
completed using GraphPad Prism software. ****P < 0.0001, ***P <
0.001, **P < 0.01, *P < 0.05.
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