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ABSTRACT

Despite advances in therapies treating non-Hodgkin’s lymphoma (NHL),
20~40% of patients experience relapsed or refractory disease. While solid tumors
with homologous recombination deficiencies have been successfully targeted with
synthetic lethal agents such as poly-ADP ribose polymerase (PARP) inhibitors, such
synthetic lethality strategy has not yet been approved to treat patients with NHL.
Here we investigated the mechanism of action (MoA) and therapeutic potential
of a new-generation acylfulvene compound, LP-284, in both in vitro and in vivo
NHL models. One of LP-284’'s MoA includes inducing the repair of double-strand
DNA break (DSB). We found that LP-284 exerts nanomolar potency in a panel of
hematological cancer cell lines including fifteen NHL cell lines. In vivo, LP-284
treatment prolongs the survival of mantle cell lymphoma (MCL) cell line JeKo-1
derived xenograft mice by two-fold and shows increased efficacy over bortezomib
and ibrutinib. In addition, LP-284 is capable of inhibiting tumor growth of JeKo-1
xenografts that are refractory to bortezomib or ibrutinib. We further showed that
LP-284 is particularly lethal in cells with deficient DNA damage response and repair,
a targetable vulnerability in NHL.

INTRODUCTION

Non-Hodgkin’s lymphomas (NHL) are the seventh
most prevalent class of cancers in the US. Mantle cell
lymphoma (MCL) and diffuse large B cell lymphoma
(DLBCL) are two major classes of NHLs and account
for about 6% and 31% of all NHL cases, respectively [1].
Nearly all MCL patients relapse after standard frontline
chemo-immunotherapies and have poor complete response
rates of 19-71% after treatment with second-line therapies
[2]. Patients with DLBCL have similar outcomes with
approximately 30—40% of patients developing refractory
or relapsed disease [3]. NHL patients typically experience
poorer prognoses after each relapse, especially for those

carrying unfavorable biomarkers such as TP53 [4] and
dual translocation of MYC and BCL2/6 [5]. Therefore,
new approaches that target the vulnerabilities in malignant
NHL cells are always needed.

Alterations in DNA damage repair (DDR) represent
a targetable vulnerability of many lymphomas [6].
Precisely targeting lymphomas that carry deficiency in
the repair of DNA damage can be a strategy with clinical
applications akin to the successes of synthetic lethal agents
such as poly-ADP ribose polymerase (PARP) inhibitors.
Molecular profiling of 2523 lymphoma samples across
various histologic subtypes demonstrated that DDR is
dysregulated in ~18% of the samples, with MCL (~47%),
DLBCL (~21%), and chronic lymphocytic leukemia/
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small lymphocytic leukemia (CLL/SLL, ~15%) having
the highest percentage of DDR dysregulation (Batlevi
et al., 2022 American Society of Hematology conference
abstract # 4169).

DDR is an intricate and sophisticated system
where different types of DNA damage are repaired
through different routes. Understanding the specific DNA
damage and the genes involved in the corresponding
repair pathway would help pinpoint targeted NHL
patient populations. There are five major DDR pathways:
homologous recombination repair (HR), non-homologous
end joining (NHEJ), nucleotide excision repair (NER),
base excision repair (BER), mismatch repair (MMR). The
HR pathway provides a high-fidelity mechanism to repair
DSBs, the most lethal form of DNA damage [7]. Due to
the need for pairing with complementary sequences, HR
repair typically occurs in S and G2 phases. The ataxia-
telangiectasia mutated (ATM) protein plays a central role
in the entire HR process through the phosphorylation of a
battery of downstream HR factors such as H2A.X variant
histone (H2AX) and breast cancer gene 1 (BRCA1). Cells
carrying dysfunctional ATM have reduced HR activities
and are reported to be hypersensitive to DNA-damaging
agents [7, 8]. DSBs can also be repaired by the error-prone
NHEJ pathway which mostly occurs in G1 phases [9].

The NER pathway corrects bulky base adducts
introduced by ultraviolet light and certain chemical
compounds such as cisplatin. NER can be divided into
two sub-pathways: global genomic NER (GG-NER) and
transcription-coupled NER (TC-NER). While GG-NER
repairs DNA lesions throughout the genome, TC-NER
only repairs damages that occurred on the transcribed
strand of actively transcribing genes. TC-NER is an
orchestrated process in which a group of ERCC proteins
(ERCC1/2/3/4/5/6/8) play essential roles in damage
recognition, DNA unwinding, and incision [10]. BER
corrects small base lesions caused by oxidation, alkylation,
methylation, or deamination [11]. MMR mainly fixes
base-base mismatch, insertion, and deletion that occur
during DNA replication and recombination [12].

At the cellular level, failure to repair damaged DNA,
which typically occurs due to defective DDR or excessive
DNA damage, or both, can lead to cell cycle arrest,
apoptosis, or senescence. In fact, accumulated evidence
has demonstrated the efficacy of DDR inhibitors as
monotherapy or in combination in preclinical lymphoma
models. A number of these DDR inhibitors have also
been exploited in early clinical trials in lymphoma [6].
Mutation of ATM occurs in 40~50% of MCL patients
[13] and ~14% of CLL patients [14]. Beyond mutations
of genes directly involved in HR, deficiency in the HR
pathway termed BRCAness has also been described for
several hematological cancers [6]. The hallmark BCR-
ABL fusion in chronic myeloid leukemia (CML) and high
expression of LMO2 in DLBCL both lead to BRCAness
or HR deficient (HRD) phenotype [6, 15]. Therefore,

introducing DSBs that cannot be repaired efficiently
in HRD lymphoma tumors creates a synthetic lethality
treatment approach.

Alkylating agents have been tremendously
successful in cancer therapy for decades due to their
ability to damage DNA in fast-growing tumor cells and
prevent cells from undergoing replication [16]. BER,
MMR, and alkyltransferase are the major mechanisms
for removing alkylated lesions. Unrepaired alkylated
lesions can turn into DSBs after DNA replication,
which subsequently makes HRD cells vulnerable to
alkylating agents [17]. The R-CHOP regimen, consisting
of rituximab and chemotherapies such as the alkylating
agent cyclophosphamide, has remained the front-
line therapy in NHL [18]. In addition to R-CHOP,
bendamustine has been widely used in NHL treatment
since its approval in 2008 [19].

Acylfulvenes are a class of alkylating agents with
selective cytotoxicity toward cancer cells. One of the
most extensively characterized acylfulvene compounds
is irofulven, which generates DNA lesions that cause
synthetic lethality in cancer cells with defective TC-NER,
but not GG-NER [20, 21]. Another well-characterized
compound LP-184 ((-)N-hydroxy-N-(methylacylfulvene)
urea) has been shown to be selectively toxic in cancer
cells with impaired TC-NER or HR (Kulkarni et al., 2022
American Association for Cancer Research conference
abstract # B033). Comparing the cell cytotoxicity of
acylfulvenes and conventional alkylating agents in the
NCI-60 cell line panel has revealed a distinct antitumor
spectrum of acylfulvenes [22], which is likely due to the
different DDR pathways acylfulvenes invoke. On the one
hand, cyclophosphamide and melphalan can induce O6-
alkylguanine which can be repaired by alkyltransferase
DNA repair. Bendamustine, a widely used alkylator for
B-cell lymphoma, induces BER [23]. Cisplatin also
induces TC-NER, but its resistance has also been linked
to MMR deficiency [24]. On the other hand, acylfulvenes
mainly alkylate adenine at position N3 or guanine at
position N7 and their activities are independent of
alkyltransferase repair, BER, or MMR [20]. Antitumor
activities of acylfulvenes are also independent of
TPS53 status, increased expression of P-glycoprotein,
or overexpressed multi-drug resistant protein-1, all of
which contribute to resistance to conventional alkylating
agents [25].

Both irofulven and LP-184 are pro-drugs that require
activation by the NADPH-dependent oxidoreductase
prostaglandin reductase 1 (PTGR1) [22]. The dependence
on PTGRI1 provides a patient-selection strategy for
irofulven and LP-184 but limits their applications in
cancer cells with low PTGR1. We sought to generate new
acylfulvenes to extend the clinical scopes of irofulven
and LP-184. The compound LP-284, or (+)N-hydroxy-N-
(methylacylfulvene)urea, is the positive enantiomer of LP-
184. Our previous studies demonstrate that LP-284 doesn’t
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require PTGR1 for activation, but retains strong antitumor
activities in the NCI-60 human tumor cell line panel (Zhou
et al., 2022 Society of Hematologic Oncology conference
abstract # MCL319).

Here, we aimed to characterize LP-284’s antitumor
efficacy in NHL models and further elucidate its
mechanisms of action. In particular, we focused on MCL
and double-hit lymphoma (DHL) where exist greater
unmet medical needs as well as recognized deficiencies in
DDR. We further investigated LP-284-induced damage at
the DNA level and its selective lethality in DDR-deficient
models, paving the rationale for clinical studies in NHL
with DDR deficiency.

RESULTS

LP-284 is a new acylfulvene compound with
robust anti-tumor activities in NHL cancer
cell lines

Previous studies by us and others have demonstrated
that both irofulven and LP-184 require PTGRI for
bioactivation [22]. However, the expression level of
PTGRI1 remains very low in cancer cells of hematologic
lineages. We compared PTGR1 RNA expression between
180 hematologic and 856 solid cancer cell lines covered
by the cancer cell line encyclopedia (CCLE) [26]. We
observed significantly lower expression of PTGR1 in
hematologic cancer cell lines with a mean normalized
microarray intensity of 4.2 compared to a mean value
of 8.7 in solid cancer cell lines (Figure 1A). We also
determined that the average expression of PTGRI is
about two-fold lower in primary tumor samples from
leukemia and lymphoma patients than those from solid
tumor patients in the cancer genome atlas (TCGA) studies
(Figure 1B) [27]. Insufficient PTGR1 indicated the limited
application of existing acylfulvenes for hematologic
cancers. During the process of synthesizing LP-184, we
identified its positive enantiomer LP-284. LP-284 was
found not to be activated by PTGR1 and had strong anti-
tumor activity in the 6 hematologic cancer cell lines in the
NCI-60 panel (Zhou et al., 2022 Society of Hematologic
Oncology conference abstract # MCL319). It was
hypothesized that LP-284 could be applied to hematologic
cancer cells with limited PTGR1 expression which has
posed a barrier for irofulven and LP-184.

Next, we screened LP-284’s efficacy in a panel of
twenty-five cell lines across various hematologic cancer
types including MCL, DHL/triple-hit lymphoma (THL),
double expressor (DE) lymphoma, Burkitt’s lymphoma
(BL), multiple myeloma (MM), CML, acute lymphoblastic
leukemia (ALL), and acute myeloid leukemia (AML). The
IC50s of these twenty-two of these cell lines, including
the imatinib-resistant CML cell line K-562R, were in the
nanomolar range (Figure 1C). The average IC50 was 342
nM in the 6 MCL cell lines and 613 nM in the 7 DHL/THL

cell lines. TP53 mutation status was not correlated with
LP-284 sensitivity in these hematologic cancer cell lines
[28-32] (Figure 1C) or in the NCI-60 panel [33] where
LP-284’s antitumor activities were screened earlier (Zhou
et al., 2022 Society of Hematologic Oncology conference
abstract # MCL319) (p > 0.05; Figure 1D).

LP-284 inhibits MCL xenograft growth in vivo

We tested LP-284’s in vivo efficacy in the JeKo-1
cell line-derived MCL xenograft mouse model. Briefly,
mice were implanted with JeKo-1 xenografts and treated
with 2 mg/kg or 4 mg/kg body weight of LP-284 (i.v.)
every other day for five times in one cycle. LP-284’s
efficacy was compared with bortezomib and ibrutinib,
whose dosage regimens in xenograft mice were derived
from literature [34, 35].

At day 17 post-treatment initiation, the percentage
of tumor growth inhibition (TGI) in the 4 mg/kg and 2
mg/kg LP-284 arms was 113% and 63%, respectively,
and were significantly greater (p < 0.05) than the TGIs
of bortezomib (22%) and ibrutinib (8%; Figure 2A).
No significant weight loss was observed in any of the
treatment arms (one-tailed 7-test, p > 0.05; Figure 2B).
Furthermore, two treatment cycles of LP-284 significantly
prolonged mouse survival by at least two-fold compared to
vehicle (saline) (p < 0.001; Figure 2C).

LP-284 diminishes bortezomib-refractory and
ibrutinib-refractory MCL xenograft tumors

JeKo-1 MCL xenograft tumors that were refractory
to bortezomib and ibrutinib under the dosage regimens
tested in Figure 2A had tumor volumes of ~2000 mm? at
day 17. The treatment of mice implanted with bortezomib
and ibrutinib refractory tumors was then replaced with
one cycle of 4 mg/kg LP-284 or the vehicle (saline).
Bortezomib and ibrutinib refractory mice were stratified
based on their tumor size into two groups of four mice
each that were then treated by LP-284 or the vehicle.

One cycle of 4 mg/kg LP-284 led to near-complete
tumor regression, whereas the vehicle-treated tumors
continued to grow until the mice died or were sacrificed
due to excess tumor size (Figure 3A and 3B). In addition,
LP-284 resulted in ~2X longer survival (p < 0.001) than
vehicle treatment in the bortezomib or ibrutinib pre-treated
and refractory xenograft mice (Figure 3C). No significant
weight loss was observed at the end of treatment (EOT)
in any of the treatment arms (one-tailed 7-test, p > 0.05;
Figure 3D).

LP-284 induces HR response, cell apoptosis, and
DSB

To determine the mechanism of action of LP-284’s
potent antitumor activity, we examined LP-284-induced
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damage at the cellular level. The leukemia cell line HAP1
was treated with vehicle (DMSO) or 850 nM LP-284 for 6,
24, and 72 hours and stained with phosphorylated H2AX
(gH2AX) to monitor HR response and cleaved caspase 3
to monitor apoptosis (n = 2 per group). We also quantified
the number of DSB foci with the SensiTive Recognition
of Individual DNA Ends (STRIDE) assay (Figure 4A), a
novel and highly sensitive technique that allows specific
and direct detection of DNA breaks, such as DSBs, in the
nucleus of single cells [36].

A total of 463,123 nuclei in the vehicle group and
316,704 nuclei in the LP-284 group were surveyed. LP-
284-induced gH2AX was significantly different at 6 hours
post-treatment when compared with the vehicle-treated
cells (one-tailed 7-test, p < 2.2e-16) and increased over
time (Figure 4B). At both 24 and 72 hours, LP-284 treated
cells had around 3X higher mean intensity of gH2AX
than vehicle-treated cells (one-tailed 7-test, p < 2.2e-16).
Elevated caspase 3 intensity was not observed at 6 hours
(one-tailed 7-test, p = 0.23), but became significant at 24
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Figure 1: LP-284 exerts robust antitumor activities in hematologic cancer cell lines. (A) RNA expression levels of PTGR1 in
CCLE hematologic cell lines (n = 180) and solid tumor cell lines (7 = 856). (B) Average RNA expression levels of PTGR1 in TCGA patients
from 33 cancer types. (C) IC50 of LP-284 in a panel of hematologic cell lines measured by 72-hour cell survival assays. (D) LP-284 was
screened in the full NCI-60 cell panel. IC50 was compared between cells with and without TP53 mutation. Abbreviations: WT: wild type;
MUT: mutant; LAML: acute myeloid leukemia; DLBC: diffuse large B-cell lymphoma. Annotations of other TCGA cancer types can be
found at https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations.
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and 72 hours (one-tailed 7-test, p < 2.2¢-16; Figure 4C).
Though HAPI cells are thought to maintain an integral
DDR system [37], we speculated that prolonged treatment
of LP-284 would still result in some cells with an increased
number of DSB foci. As shown in Figure 4D, the majority
of nuclei treated by either the vehicle or LP-284 had fewer
than 50 DSB foci per nucleus at 6 hours post-treatment
and no significant difference was found between these two
groups (p = 0.41). At 24 hours, the LP-284 treated cells
exhibited a slightly increased mean number of DSB foci
per nucleus (one-tailed 7-test, p = 6.8e-05). At 72 hours
post-treatment, 15% of LP-284-treated cells whereas only
3% of vehicle-treated cells had more than 50 DSB foci per
nucleus (two-proportions Z-test, p <2.2e-16).

Cell cycle analysis was performed based on the
intensity of DAPI staining. Using the DAPI intensity in the
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6-hour vehicle-treated cells as the classifier, we considered
cells with DAPI intensity in the top 25 percentile as
replicating cells (late S or G2) and the ones in the bottom
25 percentile as non-replicating cells (Figure 4E). At
6 hours post-treatment, there were no differences in the
proportion of replicating cells between the vehicle and LP-
284 group (two-proportions Z-test, p > 0.05). However,
LP-284 treatment resulted in a greater proportion of
replicating cells after 24 and 72 hours (two-proportions
Z-test, p > 0.05; Figure 4F).

Increased sensitivity to LP-284 in ATM-deficient
cells

Given the effects of LP-284 on both HR and DSB,
we hypothesized that cells with reduced ATM expression
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Figure 2: LP-284 outperforms bortezomib and ibrutinib and prolongs the survival of MCL xenograft mice. (A) The
JeKo-1 MCL cell line-derived xenograft mice (n = 8/arm) were treated with vehicle (saline, i.v.), LP-284 (2 mg/kg or 4 mg/kg, i.v.),
bortezomib (1 mg/kg, i.p.), or ibrutinib (50 mg/kg, p.o.) at days indicated by arrows in the graph. Tumor volumes were measured every 2~4
days after treatment initiation. Data are represented as mean +/— SD. (B) The One-tailed #-test was used to examine if the JeKo-1 xenograft
mice weighed less on day 17 than on day 0. (C) Two cycles of LP-284 and vehicle were administered to JeKo-1 xenograft mice using the
regimens shown in the graph. Kaplan-Meier survival curves demonstrated prolonged survival of the LP-284 treated groups. Survival was

censored on day 61. Abbreviation: EOT: end of treatment.
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would be unable to efficiently activate HR repair rendering
them more sensitive to LP-284-induced DSB. Accordingly,
we knocked down the ATM gene in the DHL cell line SU-
DHL-10 and the MCL cell line JeKo-1 using the CRISPR-
Cas9 approach. We confirmed the reduction of ATM
protein level by western blot analysis. As shown in Figure
SA, the reduction of ATM expression was associated with
a significant reduction in LP-284’s 72-hour IC50 in SU-
DHL-10 (p < 0.05; Figure 5A). Consistently, in the SU-
DHL-10 WT cells, we observed activated HR as indicated
by increased ATM phosphorylation and gH2AX after
exposure to either vehicle or LP-284. However, in the
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SU-DHL-10 KD cells, there was no sign of HR activation
with comparable levels of phosphorylated ATM or gH2AX
between the vehicle and LP-284 treated cells (Figure
5C). The JeKo-1 ATM KD cells exhibited lower though
not statistically significant IC50 compared to its WT
counterpart (Figure 5A). Consistent with the observation,
we observed LP-284-induced HR, indicated by ATM
phosphorylation and gH2AX, in both JeKo-1 WT and KD
cells at both 6 hours and 24 hours post-treatment (Figure
5C). We also explored the correlation between ATM and
LP-284 response in a pair of non-tumor fibroblast cells
with well-characterized ATM status [38]. Treatment of
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Figure 3: LP-284 rescues bortezomib-refractory and ibrutinib-refractory MCL xenograft mice. The JeKo-1 MCL cell
line-derived xenograft mice were treated with bortezomib (1 mg/kg, i.p.) or ibrutinib (50 mg/kg, p.o.) till day 16 when the tumor sizes
reached ~2000 mm?®. Each treatment arm was then further split into two sub-arms (n = 4/sub-arm), one of which was treated by vehicle
(saline) whereas the other was treated by 4 mg/kg LP-284 (i.v.), as indicated by arrows in the graph. (A) Tumor volumes decreased rapidly
in the LP-284 arms. Data are represented as mean +/— SD. (B) Representative photos show large tumors in one mouse after switching to
vehicle treatment (upper) and near complete tumor regression in one mouse after switching to LP-284 treatment (lower). (C) Kaplan-Meier
survival curves demonstrated prolonged survival of the LP-284 rescued groups. Survival was censored on day 61. (D) Animal weight

comparison at day 0 and EOT. Abbreviation: EOT: end of treatment.
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Figure 4: LP-284 induces H2AX phosphorylation, cell apoptosis, and DSBs. The leukemia cell line HAP1 was treated with
vehicle (DMSO) or LP-284 at IC50 for 6, 24, and 72 hours. A total of 463,123 nuclei in the vehicle group and 316,704 nuclei in the LP-284
group were surveyed. Cells were stained with DAPI (blue), gamma-h2ax (gH2AX, Ser139, red), and cleaved caspase 3 (green). The amount
of DSB foci (yellow) per nucleus was directly detected and quantified using the double strand-DNA breaks with STRIDE (dSTRIDE)
technology. (A) Representative images of gH2AX, caspase 3, and DSB staining. (B) Comparison of gH2AX intensity between vehicle and
LP-284 treated cells over time. (C) Comparison of cleaved caspase 3 intensity between vehicle and LP-284 treated cells over time. (D)
Comparison of the number of DSB foci per nucleus between vehicle and LP-284 treated cells over time. One-tailed student’s #-test was
performed for 2 sample comparisons. (E) Cells were grouped into replicating (top 25%), non-replicating (bottom 25%), or others based
on DAPI intensity in cells treated by the vehicle for 6 hours. (F) The proportion of cells at different stages. Two-proportions Z-test was
performed to compare the proportion of replicating cells between LP-284 and vehicle-treated samples. p < 0.05; “p < 0.01; *"p < 0.001;
Abbreviation: ns: not significant.
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1667 nM LP-284 led to an average of 56% cell survival
in the ATM-deficient GSM05849, which is significantly
lower than the average of 73% cell survival in the ATM-
proficient GSM00637 (p < 0.01; Figure 5B).

Inhibition of TC-NER sensitizes cells to LP-284

As acylfulvenes are known to induce TC-NER
lesions [20, 21], we studied the toxicity of LP-284 in

well-characterized Chinese hamster ovary (CHO) cells
with defects in TC-NER [39] and BER [40]. In CHO
cells carrying mutations in the TC-NER core genes
ERCCI1, ERCC2, or ERCC6, cell survival decreased
with increased LP-284 dose, resulting in 26%~67% cell
survival compared with the vehicle (DMSO) treated WT
cells at the highest dose (4 uM) used in the study (one-
tailed 7-test, p < 0.001). However, no changes in cell
survival were observed in the parent WT cell line and the
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Figure 5: ATM-deficient cells show increased sensitivity to LP-284. (A) The ATM gene was knocked down in the DHL cell line
SU-DHL-10 and the MCL cell line JeKo-1. Western blots were performed to confirm the reduced protein expression of ATM. Cell viability
in WT and KD cell lines were measured 72 hours after LP-284 treatment and IC50 values were compared by Student’s #-test. (B) GM00638,
and GM05849 are ATM-proficient and deficient fibroblast cells, respectively. They were treated with 1667 nM LP-284 for 72 hours and
cell viability was measured. (C) Phosphorylation of H2AX and ATM in SU-DHL-10 and JeKo-1 were measured by western blots at 0, 2,
6, and 24 hours after treating by LP-284 at }» IC50. "p < 0.05; "p < 0.01; Abbreviation: ns: not significant.
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one carrying the BER mutation XRCC1 (one-tailed 7-test,
p =0.753; Figure 6A). We further validated the synthetic
lethal relationship between TC-NER deficiency and
sensitivity to LP-284 through pharmacological inhibition
of TC-NER. Spironolactone is an FDA-approved drug
for treating hypertension and also possesses the ability to
degrade the key TC-NER gene ERCC3 [41]. It is known
that adding 10 uM spironolactone to the MM cell line
RPMI8226 does not reduce cell viability, but results in the
degradation of ERCC3 after 24 hours [42]. Using the same
condition, we found that spironolactone alone didn’t cause
cell cytotoxicity but spironolactone in combination with
LP-284 led to a 2.4-fold decrease (p < 0.05) in LP-284’s
24-hour IC50 in the same RPMI8226 cell line (Figure 6B).

DISCUSSION

In the current study, we demonstrated the new
acylfulvene compound LP-284 has anti-tumor activity
including nanomolar potency in fifteen in vitro NHL cell
lines and in vivo preclinical NHL models. In the in vivo
MCL xenograft studies, LP-284 was demonstrated to have
increased TGI when compared to bortezomib and ibrutinib
and is capable of prolonging the survival of xenograft mice
by more than 2X (Figure 2). Bortezomib, a proteasome
inhibitor, and ibrutinib, a Bruton’s tyrosine kinase (BTK)
inhibitor, have been widely used in NHL, but cures are
rarely achieved. In comparison with bortezomib and
ibrutinib, LP-284 displays at least three times stronger
TGI (Figure 2). Furthermore and more importantly, in the
same study, LP-284 can almost completely eliminate those
NHL xenograft tumors that are refractory to bortezomib

Cell Survival (%) Compared to Control >

0 1000 2000 3000 4000
Concentration (nM)

® AA8(WT) - UV20(ERCCT mut) -4 UV5 (ERCC2 mut)

¥ UV61 (ERCC6 mut) -¢- EM9 (XRCCT mut)

or ibrutinib (Figure 3). There are numerous resistant
mechanisms of these two drugs such as mutation and
deregulation of the proteasome subunits, BTK mutation,
upregulated NF-«B, and cell survival pathways [43]. LP-
284 is likely able to overcome bortezomib and ibrutinib
resistance due to its entirely different mechanism of action
on targeting DDR deficiencies. Our results suggest that
LP-284 treatment may be a viable salvage treatment plan
for patients who are refractory to bortezomib or ibrutinib.

Dysregulation of DDR is a common phenomenon
in NHL cells [6]. There are at least two approaches to
utilizing DDR deficiency as a therapeutic target. One
approach is to target the remaining functional DDR
pathways with DDR inhibitors, like PARP inhibitors
(PARPi), preventing cells from repairing endogenous
DNA damage that occurs constantly. PARPi block
the repair of single-strand DNA break, leading to the
generation of DSBs that are synthetic lethal in HR-
deficient cells. PARPi has been successfully used as a
targeted therapy in some solid tumors and is now being
explored in the treatment of hematologic malignancies
[44]. Another approach is to introduce DNA damage in
cells that cannot repair such lesions. Since non-tumor cells
typically maintain fully-functional DDR, this approach
provides a precise killing mechanism for DDR-deficient
tumors. We used the quantitative STRIDE technology
to assess the number of LP-284-induced DSB foci at the
resolution of a single nucleus in HAP1 cells. Increased
number of cells with accumulated DSB was noticeable at
24 hours post-treatment and peaked at 72 hours (Figure 4).
HAP1 doesn’t have mutations in any of the major DDR
pathway genes [37]. It is possible that some of the induced

150+
) @ |P-284 (IC50 = 836 nM)

4 LP-284 + Spironolactone
(IC50 =354 nM)

Cell Survival (%) Compared to Control

0 500 1000 1500
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Figure 6: LP-284 is selectively lethal in cells with TC-NER deficiency. (A) CHO wild-type (WT) cells, isogenic mutant cells
carrying TC-NER mutations (ERCC1, ERCC2, or ERCC6), and BER mutation (XRCC1) were treated by LP-284 for 72 hours in triplicates.
Cell survival was measured by Alamar Blue assays. (B) The multiple myeloma cell RPMI8226 was treated by LP-284 with and without the
combination of a non-toxic dose of spironolactone (10 M) for 24 hours in triplicates. Data are represented as mean +/— SD.
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DSBs were being repaired by HR in HAP1 cells during the
treatment course, as we have detected increased gH2AX
at 6 hours post-treatment. Interestingly, we found that LP-
284 treatment led to an increased proportion of replicating
cells (late S or G2). As HR repair takes place in S or G2
phases, it is possible that the arrested cells at S or G2 are
due to ongoing HR repair of LP-284-induced DSBs. Given
these observations, we hypothesize that LP-284 induces
DSBs that can be repaired by functional HR mechanisms.

ATM plays a central role in HR and is also the
most frequently deregulated gene in MCL [13]. Camacho
et al. reported that seven out of the seventeen MCL tumor
specimens examined had absent or very low ATM protein
expression [45]. We found a 1.4-fold increase in sensitivity
to LP-284 when the ATM gene was knocked down in
SU-DHL-10 (p < 0.05). We think this is driven by the
disrupted HR as no induction of phosphorylation of ATM
nor H2AX was noticeable in the SU-DHL-10 ATM KD
cells (Figure SA). We also observed significantly increased
sensitivity to LP-284 in ATM-deficient fibroblast cells
compared to its ATM-proficient counterparts (Figure 5B),
which is possibly driven by the dysfunctional HR as well.
Interestingly, only a mild increase of sensitivity to LP-
284 was observed in the JeKo-1 ATM KD cells, which
could be due to the still viable HR as evidenced by the
phosphorylation of ATM and H2AX. (Figure 5A and 5C).
Though the protein expression level of ATM is comparable
between SU-DHL-10 KD and JeKo-1 KD, it is likely
that the threshold level for ATM to elicit DSB repair is
different in these two cell lines. We hypothesize that a
more significant difference in IC50 can be observed if
ATM is completely knocked down or if the ATM function
is compromised due to mutations.

As failure to repair DSB or HR deficiency increases
NHL cells’ sensitivity to LP-284, targeting HR-deficient
NHL patients with LP-284 is likely to produce better
treatment outcomes. In addition to ATM, HR deficiency
has also been identified in NHL cells carrying other
genetic abnormalities. Expression of the transcription
factor LMO2 in more than half of DLBCL patients is
thought to prevent the recruitment of BRCAI1, leading to
the BRCAness phenotype and hypersensitivity to PARPi.
Mutation or overexpression of EZH2 inhibits HR and
enhances apoptosis from DNA-damaging agents. The
anti-apoptotic protein BCL2 is also known to decrease
DDR [6]. IGH/MYC translocation is also associated with
BRCA2 deficiency [46]. Therefore, there is likely to be a
broad range of NHL patients with HR deficiency who may
benefit from DSB-inducing agents such as LP-284.

TP53 mutation is typically associated with poor
prognosis in NHL patients. In our preclinical models, we
did not observe any correlation between TP53 mutation
and LP-284’s antitumor activities. The JeKo-1 model
used in our xenograft study contains a lethal TP53
deletion (p.P58fs) and it responds well to LP-284. The
finding of TP53-independence is consistent with the one

made by Poindessous et al. [25] on LP-284’s acylfulvene
analog Irofulven. In Poindesous’ study, the cytotoxicity
of irofulven is not affected by the loss of TP53 function.
In the same study, they also reported that irofulven has
a very different anti-tumor spectrum from cisplatin and
ET-743 [25]. Similarly, we found that LP-284 displays a
unique profile of antitumor activities among the FDA-
approved alkylating agents for hematologic malignancy
treatment (Supplementary Figure 1). It is possible
that LP-284 would not exhibit cross-resistance with
conventional alkylating agents and thus patients that
are refractory to the commonly used therapies such as
bendamustine and R-CHOP would still be suitable for
LP-284 treatment.

In conclusion, our study has demonstrated LP-284
as a novel and potent acylfulvene drug that can suppress
tumor growth in NHL models and cells with HR or TC-
NER deficiency. LP-284 has promising potential to
treat patients that are refractory to BTK or proteasome
inhibitors and especially those with unfavorable genetic
features such as ATM, TP53, and double translocations
of MYC/BCLs. Further identification and validation of
LP-284’s biomarkers would facilitate the delivery of LP-
284 as a targeted approach towards NHL patients with
defective HR or TC-NER.

MATERIALS AND METHODS
Cell lines and chemicals

The following cell lines were purchased from the
American Type Culture Collection (ATCC): K-562R,
THP-1, KASUMI-6, AML-193, SUP-B15, KU-812,
U-937, CA46, SU-DHL-6, REH, NCI-H929, JVM-2,
JEKO-1, MAVER-1, MINO, REC-1, Z-138, RPMI8226,
SU-DHL-4, and SU-DHL-10. OCI-LY 1 was purchased
from the German Collection of Microorganisms and Cell
Cultures GmbH (DSMZ). DOHH-2, OCI-LY2, OCI-
LY-8, TMD8, HAP1, AAS, UVS5, UV20, UV21, and
EM9 were available at and authenticated by our contract
research organizations. Human fibroblast cells GM00637
and GM05849 were purchased from Coriell Institute for
Medical Research. All the cell lines were cultured in
medium according to the vendors’ recommendation in
cell culture incubators set at 37°C with 5% CO2. LP-
284 was provided by Lantern Pharma Inc., and stored
at —80°C. LP-284 was formulated from powder by
dissolving in 5% EtOH and 95% saline (in vivo studies)
or DMSO (in vitro studies). Bortezomib was purchased
from MedChemExpress (Cat. HY-10227) and formulated
with 1% DMSO and 99% Saline. Ibrutinib was
purchased from MedChemExpress (Cat. HY-10997) and
formulated with 10% DMSO, 40% PEG 300, 5% Tween
80, and 45% saline. Spironolactone was purchased from
Selleckchem (Catalog No.S4054) and formulated with
100% DMSO.
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Cell viability assay

Cell viability assay was conducted using the
CellTiter-Fluor™ Cell Viability Assay (Progema, G6082)
for cell lines if not specified below. The viabilities of SU-
DHL-10, OCI-LY1, OCI-LY2, OCI-LY8, and TMD-8
were measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay according
to the manufacturer’s recommendation (VWR, 103258-
310). The viability of CHO cells was measured by the
AlamarBlue assay. Cells (4000~8000/well) were seeded
in 96 well plates and treated with vehicles (DMSO) or
various doses of LP-284 for 72 hours in triplicates at 37°C
with 5% CO,. For CellTiter-Fluor™ assays, after 72 hours
of total incubation, 50 pl of GF-AFC Reagent (10 pl of
GF-AFC substrate diluted in 5 ml of assay buffer for
each 96 well plate) was added to each well, mixed, and
incubated for 30 minutes at 37°C. For the MTT assay,
after treatment, 5 mg/ml MTT solution was added to each
well, mixed, and incubated at 37°C for 4 hours before
the addition of the stopping buffer. Cells were incubated
for another 24 hours before cell viability assays. For the
Alamar Blue assay, immediately after the exposure time
was reached, the Alamar Blue solution in fresh cell culture
medium was added to the wells to a final concentration
0f 0.001%. Cells were incubated for another 3 hours. The
absorbance was measured using a microplate reader and
data was collected for further analysis.

LP-284 and spironolactone combination assay

Around 15,000 RPMI-8226 cells with 40 pl of
growth medium were seeded in each well of a tissue
culture-treated flat bottom black-sided 96 well plates.
Cell culture medium containing spironolactone or vehicle
(DMSO) was added to a concentration of spironolactone
at 10 uM. After 15~30 minutes of pre-incubation, 50 pl
of spironolactone, spironolactone + LP-284, LP-284, or
vehicle were added accordingly to reach 100 pul in each
well. Cells were incubated for another 24 hours before
CellTiter-Fluor™ Cell Viability Assay (Progema, G6082).

Generation of ATM knock-down cells

ATM gene knockdowns in JeKo-1 and SU-
DHL-10 were performed using the CRISPR/CAS9
method. The SgRNA sequences used were CACC
GGTGAAATATCTCAGCAACAG and AAACCTG
TTGCTGAGATATTTCACC. The oligo was ligated into
the pSpCas9(BB)-2A-GFP (PX458) (Addgene, 48138) to
make the knockdown construct. The construct was then
transfected into cells via nucleofection. Successfully
transfected cells were selected by single-cell sorting
(Sony, SH800) based on GFP positivity. Single cells were
expanded for 2 to 3 weeks. DNA was isolated using the
Nucleospin Tissue kit (Macherey-Nagel, 740952.50).

The DNA was then subjected to PCR amplification
using primers outside the sgRNA region (Forward:
ATTCATCTAATGGTGCTATTTACGG and Reverse:
GTTAAACTGTCAGGTCACTTGGG). Confirmation of
ATM INDEL events was validated by Sanger sequencing
of PCR-amplified DNA.

SensiTive recognition of individual DNA ends
(STRIDE) assay and detection of gamma-H2AX
and apoptosis

HAPI cells were seeded on cover glasses in 12-
well plates at a density of 16,000 cells/well and left to
rest for 24 hours. Next, cells were treated with vehicle
(DMSO) or 850 nM LP-284 for 6, 24, and 72 hours. After
treatment, all samples were fixed with ice-cold 70% EtOH
and stored at —20°C. STRIDE assay to detect DSB foci
was performed as described in Kordon et al. [36]. Cells
were then counterstained with DAPI (Thermo Fisher,
D1306), phospho-H2A.X (Ser139) (1:100 dilution, Alexa
Fluor® 647, Cell Signaling Technology, 9720), and cleaved
Caspase-3 (Asp175) (1:50 dilution, Alexa Fluor® 488, Cell
Signaling Technology, 9603) for 90 min. The coverslips
with fixed cells were then mounted with Vectashield
(Vector Laboratories) and stored at 4°C before imaging.
Fields of view for imaging (at least 10 per sample)
were chosen randomly over the surface of the coverslip.
The images were then collected as 3D confocal stacks
using Cell Discoverer 7 LSM 900 microscope, Zeiss.
Quantification of DSB foci was performed as described
in Kordon et al. [36].

Western blot

Cells were collected and lysed using RIPA buffer
supplemented with a protease inhibitor cocktail. Lysates
were loaded onto SDS-PAGE gels and ran at 150 V
for 1.5 hours. Proteins were then transferred to PVDF
membranes and blocked with TBST (Tris-buffered saline
and 0.05% Tween 20) supplemented with 5% nonfat milk.
The membranes were blotted with the following primary
antibodies overnight at 4°C: ATM (Cell Signaling, 2873S,
1:1,000 dilution), p-ATM (Cell Signaling, 130508,
1:1,000 dilution), p-H2AX (Cell Signaling, 25578, 1:1000
dilution), and Tubulin (Cell Signaling, 2128S, 1:1,000
dilution). After washing with TBST, the membranes
were incubated with the secondary antibodies at room
temperature for 1 hour: anti-mouse or rabbit IgG HRP-
linked (Cell Signaling, 7076S or 7074S respectively,
1:10,000 dilution). Tubulin was used as a control of
protein loading.

In vivo animal study

Five-week-old NOD.SCID mice were procured
through Envigo (Item 17003F). Mice were fed Teklad
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irradiated (sterilized) mouse diet and bedded with Teklad
irradiated (sterilized) corncob bedding from Envigo
(Indianapolis, IN, USA). Mice were housed in Optimice
carousel sterile quarters with a filtered air supply in
disposable cages from Animal Care Systems, Inc.
(Centennial, CO). A total of 1 x 107 cells JeKo-1 cells were
injected subcutaneously into the right hind flank of each
animal using a 27-gram needle. Vehicle (saline), 4 mg/kg
or 2 mg/kg LP-284 was administered as an intravenous
injection on days 1, 3,5, 7,9, 17, 19, 21, 23, 25. 50 mg/
kg ibrutinib was administered orally daily on days 1-16.
1 mg/kg bortezomib was administered as an intraperitoneal
injection on days 1, 4, 7, and 10. The ibrutinib and
bortezomib arms were further treated with vehicle or 4 mg/
kg LP-284 intravenously on days 17, 19, 21, 23, and 25.
Tumors were measured in two dimensions using calipers,
and volume was calculated using the formula:

Tumor Volume (mm?) = w? x /2

where w = width and / = length, in mm, of the tumor. For
this study, the calipers were aligned to the tumor edges
(the tumors were not squeezed with the caliper).

Statistical analysis

Statistical analysis was conducted using GraphPad
PRISM® (versions 9.0, GraphPad Software, Inc.,
USA) software. Student’s ¢-test was used for two group
comparisons. Two-proportion Z-test was used for
proportion comparisons. Statistical significance was
evaluated by p values (ns: p > 0.05; "p < 0.05; “p < 0.01,
"'p < 0.001). The log-rank test was conducted for the
survival study and Kaplan-Meier survival curves were

generated.
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