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Abstract

Cancer cells are defective in DNA repair, so they experience increased DNA strand breaks, genome instability, gene
mutagenesis, and tumorigenicity; however, multiple classic DNA repair genes and pathways are strongly activated in
malignant tumor cells to compensate for the DNA repair deficiency and gain an apoptosis resistance. The mechanisms
underlying this phenomenon in cancer are unclear. We speculate that a key DNA repair gene or signaling pathway in cancer
has not yet been recognized. Here, we show that the lipogenic liver X receptor (LXR)-sterol response element binding factor-
1 (SREBF1) axis controls the transcription of a key DNA repair gene polynucleotide kinase/phosphatase (PNKP), thereby
governing cancer cell DNA repair and apoptosis. Notably, the PNKP levels were significantly reduced in 95% of human
pancreatic cancer (PC) patients, particularly deep reduction for sixfold in all of the advanced-stage PC cases. PNKP is also
deficient in three other types of cancer that we examined. In addition, the expression of LXRs and SREBF1 was significantly
reduced in the tumor tissues from human PC patients compared with the adjacent normal tissues. The newly identified LXR-
SREBFI1-PNKP signaling pathway is deficient in PC, and the defect in the pathway contributes to the DNA repair deficiency
in the cancer. Strikingly, further diminution of the vulnerable LXR-SREBF1-PNKP signaling pathway using a small
molecule triptonide, a new LXR antagonist identified in this investigation, at a concentration of 8 nM robustly activated
tumor-suppressor p53 and readily elevated cancer cell DNA strand breaks over an apoptotic threshold, and selectively
induced PC cell apoptosis, resulting in almost complete elimination of tumors in xenograft mice without obvious
complications. Our findings provide new insight into DNA repair and apoptosis in cancer, and offer a new platform for
developing novel anticancer therapeutics.

Introduction

Intracellular DNA is frequently damaged by various endo-
genous and exogenous DNA damage agents, producing both

These authors contributed equally: Bo Yang, Bin Zhang, Zhifei Cao

Edited by T. Mak

Supplementary information The online version of this article (https://
doi.org/10.1038/s41418-020-0514-3) contains supplementary
material, which is available to authorized users.

< Zhifei Cao
hunancao@163.com

P4 Quansheng Zhou
zhougs @suda.edu.cn

Extended author information available on the last page of the article

DNA single- and double-strand breaks (DSBs). In normal
cells, damaged DNA can be repaired over time by DNA
repair machinery, thereby the amount of DSBs keeps low.
However, DNA repair is defective in various malignant
tumors and the levels of DSBs in cancer cells are high [1-4],
this raises the rate of gene mutations and genome instability,
resulting in carcinogenesis and malignant tumor progression
[2, 5-8]. DNA repair is deficient in cancer, notably, the levels
of DSBs in pancreatic tumor tissues are increased approxi-
mately eightfold compared with normal pancreatic tissues
[9, 10]; however, multiple DNA repair genes and signaling
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pathways are strongly activated in various types of malignant
tumors [3, 4, 8]. The mechanisms underlying this phenom-
enon in cancer remain enigmatic.

The liver X receptors (LXRoa/NR1H3, LXRB/NR1H2) are
nuclear receptors that act as master transcription factors to
control the transcription of multiple lipogenic and tumorigenic
genes that regulate lipid metabolism and tumorigenesis
[11-17]. Aberrant expression of the LXRs and their down-
stream sterol response element binding factor-1 (SREBF 1, also
known as SREBPI and SREBPIc¢) is associated with not only
dyslipidemia, obesity and cardiovascular diseases [11, 12], but
also various types of cancer [13—17]. However, the role of the
lipogenic genes LXRs and SREBFI in DNA repair has not
been reported to date.

Polynucleotide kinase/phosphatase (PNKP) is a unique
bi-functional DNA strand end-processing enzyme essential
for the repair of both single- and double-DSBs, and is
required for DNA repair and the survival of cells and
mammals [18-22]. Convincingly, either the knockout of
PNKP or inhibition of PNKP enzyme activity in cancer cells
causes the cells prone to apoptosis and sensitizes the cells to
radiation and DNA damage drugs, resulting in synthetic
lethality [23-27]. Despite the importance of PNKP, the
transcription-regulatory mechanism of the gene is enigmatic,
neither its function in the pancreas nor its role in pancreatic
cancer (PC) have been reported in the literature.

We guess that a key DNA repair gene or signaling
pathway in cancer has not yet been recognized and
conducted this study to explore the mechanisms of DNA
repair deficiency and apoptotic resistance in malignant
tumors, focusing on PC. We found that the lipogenic
LXR-SREBF1 signaling pathway controls the tran-
scription of PNKP, thereby governing PC cell DNA
repair and apoptosis, and the LXR-SREBF1-PNKP sig-
naling pathway is a vulnerable point of malignant tumors
for cancer therapy.

Results

PNKP controls cancer cell apoptosis by the
regulation of DNA repair

We first screened the expression levels of DNA repair
essential genes in normal cells and PC cells, and observed
that PNKP expression levels were significantly reduced in
six human PC cell lines compared with various normal
tissues and cell lines (Fig. Sla), then we investigated
whether PNKP is abnormally expressed in PC patients
and found that the levels of PNKP protein were reduced
on average 3.2-fold in tumor tissues from 124 human
pancreatic ductal adenocarcinoma patients compared with
matched tumor-adjacent normal tissues using the
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immunohistochemical staining method (Fig. la, b). The
decrease in PNKP protein was particularly apparent in all
of the advanced-stage PC patients who showed an average
sixfold reduction in the protein compared with matched
tumor-adjacent normal tissues (Fig. 1c); PNKP levels
were also significantly lower in advanced stage (III and
IV) than in early stage (I and II) PC cases (Fig. 1c). In
addition, quantitative real-time PCR (qPCR) showed that
PNKP expression levels were markedly reduced in the
primary tumor tissues from 22 cases of PC patients
compared with matched tumor-adjacent normal tissues
(Fig. 1d). Consistent with our findings, database mining
(https://www.oncomine.org) of human gene expression
data showed that PNKP expression in pancreatic tissue
samples was significantly decreased in the patients with
pancreatic intraepithelial neoplasia, and was profoundly
reduced in pancreatic tumor tissues compared with normal
tissue (Fig. le). In short, these data imply that the low
levels of PNKP were related to the advanced stage of the
cancer.

Strikingly, PNKP levels were significantly reduced in 95%
of PC cases (Fig. 1c); this is the highest defective rate among
all of the 39 DNA repair genes in the cancer reported in the
literature [26]. Thus, our findings show that PNKP is a useful
new biomarker for PC with high sensitivity, and provide a
foundation for the mechanistic study of DNA repair deficiency
in the cancer. This research is particularly important for the
patients with advanced-stage PC who account for > 80% of the
cancer patients and for which there are no effective therapies.
PNKP levels were also significantly lower in cancer cell lines
derived from human PC, cervical cancer, leukemia, and lym-
phoma compared with immortalized normal cell lines (Fig. 1f,
see also Fig. Sla, b). Database mining (https://www.oncomine.
org) indicated that PNKP expression was also significantly
decreased in the malignant tumor tissues from human cervical
cancer (Fig. 1g), acute myeloid leukemia (Fig. 1h), and folli-
cular lymphoma (Fig. 1i). Collectively, these data suggest that
PNKP should be viewed as an important new biomarker for PC
and three other types of malignant tumors.

Next, we investigated the role of PNKP in PC cell
DNA repair and apoptosis. Silencing of PNKP by shRNA
markedly increased intracellular DSBs by 167-fold in PC
cells in the absence of DNA damage inducer (Fig. 2a, b,
see also Fig. Slc, d for PNKP protein levels). In addition,
when the cancer cells were treated with a very low dose
(1 mJ/cm?) of ultraviolet B (UVB) radiation, the level of
DSBs obviously increased; furthermore, silencing of
PNKP resulted in a sixfold further increase in the levels of
DSBs in the cells compared with UVB radiation only
(Fig. 2c, d), moreover, the PNKP-silenced cancer cells
readily went to apoptosis (Fig. 2e). These data suggest
that reduction of intracellular PNKP levels markedly
impairs DNA repair and sensitizes PC cells to UVB
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Fig. 1 PNKP is deficient in
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radiation, and promotes cancer cell apoptosis. In contrast,
overexpression of PNKP (Fig. Sle, f) notably diminished
the levels of UVB-induced DSBs in pancreatic cell lines
(Fig. 2f, g) and the pancreatic tumor cells from tumor-
bearing xenograft mice (Fig. S2a—d), and reduced cancer
cell apoptosis (Fig. 2h). Furthermore, inhibition of PNKP
activity via its specific inhibitor A12B4C3 [23, 24] sig-
nificantly induced apoptosis in PC cell lines Patu8988
(Fig. 2i, j) and Pancl (Fig. S1g). Together, these results

tissues lymphoma

suggest that PNKP controls PC cell DNA repair and
apoptosis.

The lipogenic LXR-SREBF1 signaling pathway
controls PNKP gene transcription and functions as a
new regulator of DNA repair and apoptosis in cancer

The regulatory mechanisms that control the transcription of
PNKP remain enigmatic. The PNKP gene promoter region
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Fig. 2 PNKP controls the levels of intracellular DNA double-
strand breaks and apoptosis as well as tumorigenicity of pan-
creatic cancer cells. Silencing of PNKP by shRNA along (see
Fig. Slc, d) markedly increased DNA single- and double-strand breaks
(DSBs) in pancreatic cancer (PC) cell line Patu8988 measured by a
comet assay a, b and further significantly increased DSBs upon
radiation of the PC cells with a very low dose (1 mlJ/cm?) ultraviolet
beam (UVB) ¢, d as indicated by the red arrow a and c, the apoptotic
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cells (red) were detected by TUNEL assay e. In contrast, over-
expression of PNKP (PNKP high, see Fig. Sle, f) diminished DSBs
upon radiation with 2 mJ/cm®> UVB f, g and reduced apoptotic cells
(red) as measured by TUNEL assay h. Inhibition of PNKP activity
using its specific inhibitor A12B4C3-induced PC cell apoptosis as
measured by PI-Annexin V double staining i, j. Data are shown as
means + S.D. of three independent replicates. Scale bar, 20 um.
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Fig. 3 SREBF1 regulates PNKP gene expression and governs
pancreatic cancer cell DNA repair and apoptosis. The mRNA levels
of SREBFI a, LXRa b, and LXRf ¢ in the tumor tissues and adjacent
normal tissues from 22 cases of pancreatic cancer patients were
measured by qPCR. Silencing of the transcription factor SREBF1
expression by shRNA significantly diminished PNKP expression
levels d, e, increased DNA single- and double-strand breaks (DSBs) in

is predicted to contain a sterol response element (SRE) that
may be bound by the transcription factor SREBF1
(Fig. S3a). SREBFI transcription is driven by LXRs [28]
(Fig. S3b), so we examined the expression of LXRa and

pancreatic cancer (PC) cells (red arrows in f, g) and apoptotic cells
(red) as detected by TUNEL assay h. By contrast, overexpression of
SREBF1 significantly increased expression of the PNKP gene i, j,
decreased intracellular DSBs Kk, 1 and apoptotic cells m. Data are
shown as mean +S.D. based on three independent replicates. Scale
bar, 20 pm.

LXRp in PC. qPCR analysis revealed that the expression
levels of SREBF1 (Fig. 3a), LXRa (Fig. 3b), and LXRf
(Fig. 3c) were reduced in the primary tumor tissues from 22
cases of PC patients compared with matched tumor-adjacent
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normal tissues. In addition, compared with normal cells, the
expression of both the SREBFI (Fig. S3c) and LXRa
(Fig. S3d) genes was downregulated by approximately
fourfold in all six tested PC cell lines. Consistent with our
results, database mining (https://www.oncomine.org) of
human gene expression data showed that the expression
levels of both SREBFI (Fig. S3e) and LXRa (Fig. S3f) were
significantly reduced in the tumor tissues from PC patients
compared to the pancreatic tissues from normal people.

Next, we investigated whether PNKP expression in PC
cells was controlled by SREBFI1. The silencing of
SREBFI1 using shRNA in PC cell Patu8988 markedly
reduced expression of PNKP (Fig. 3d, e), increased
intracellular DSBs (Fig. 3f, g) and the levels of the DNA
strand break marker YH2AX (Fig. S3g, h), and induced
cancer cell apoptosis (Fig. 3h). Similarly, inhibition of
SREBFI activity via treatment with its specific inhibitor
FGH10019 [29] suppressed PNKP expression in a dose-
dependent manner (Fig. S3i, j), increased the number of
intracellular DSBs (Fig. S3k-n). In contrast, over-
expression of SREBFI significantly increased PNKP
levels in PC cells (Fig. 3i, j), but markedly reduced the
levels of DSBs in the cancer cells by 8.3-fold (Fig. 3k, 1)
and diminished apoptosis (Fig. 3m). The similar effect of
SREBFI1 on DNA repair (Fig. S4a, b) and apoptosis
(Fig. S4c-f) was observed in another PC cell line Pancl.
These findings suggest that the transcription factor
SREBF1 controls PNKP expression, DNA repair, and
apoptosis of the cancer cells.

The transcription factor LXRa is upstream of SREBFI
[28]. Next, we investigated the impact of LXRa on the
expression of the SREBFI and PNKP genes. Over-
expression of LXRa notably elevated SREBF1 and PNKP
protein levels in PC cells (Fig. 4a, b), but diminished UVB-
induced cancer cell apoptosis (Fig. 4c). In contrast, silen-
cing of LXRa significantly reduced SREBF1 and PNKP
protein levels in PC cells (Fig. 4d, e), but increased the
amount of intracellular DSBs after UVB radiation
(Fig. 4f, g) and apoptosis in both PC cell lines Patu8988
(Fig. 4h) and Pancl (Fig. S5a—d). In addition, activation of
LXRa in PC cells by treatment with its specific agonist
GW3965 promoted LXR downstream SREBF1 (Fig. 4i, 1)
and PNKP expression (Fig. 4i, k). Strikingly, inhibition of
LXRa activity via a very low concentration of triptonide (8
nM) almost completely suppressed transcription of SREBF1
and PNKP in PC cells (Fig. 4i, k, 1, see also Fig. S6a—f).
Interestingly, the low concentration of triptonide also
notably increased the number of DSBs in PNKP-deficient
PC Pancl and Patu8988 cells, but only moderately elevated
the levels of DSBs in the immortalized normal Chang liver
cell line with normal PNKP expression (Fig. S5h, 1), sug-
gesting that triptonide selectively promotes the genesis of
DSBs in PC cells via inhibition of the LXRa downstream
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SREBF1 and PNKP gene transcription. Taken together,
these findings suggest that DNA repair in PC cells is con-
trolled by the newly identified LXRa-SREBF1-PNKP sig-
naling pathway.

A new anticancer strategy for creating a bottleneck
to selectively reduce DNA repair and apoptotic
resistance in cancer cells

Next, we explored a new strategy for developing novel cancer
therapy. Noticeably, the LXR-SREBFI1-PNKP signaling path-
way can be almost completely inhibited by 8 nM triptonide, a
small molecule with anticancer effect [30—34], but the effect of
triptonide on DNA repair has not yet been reported. A
mechanistic study showed that triptonide did not affect the
expression of the LXRf and LXRfS genes (Fig. SS5e), but
strongly suppressed transcription of downstream SREBF1 and
PNKP genes (Fig. 4i-1, see also Fig. S6a—f). These results
suggest that LXR is the first protein in the LXR-SREBFI-
PNKEP signaling axis. It is well established that sterols bind to
their receptor proteins LXRa and LXRf, activating the pro-
teins, which function as transcription factors to drive the
expression of various lipogenic and oncogenic genes [11-17].
Triptonide has a similar backbone chemical structure with
sterols. Accordingly, we hypothesized that triptonide might
bind to the proteins of LXRs and inhibit the LXR-SREBF1-
PNKP signaling pathway.

The binding of triptonide to LXRs has not yet been
reported in the literature, therefore, we studied the direct
binding of triptonide to LXR proteins using three inde-
pendent methods, focusing on LXRa, because LXRa is
expressed in various tissues, including liver, adrenal gland,
intestine, adipose tissue, macrophages, lung, kidney, and
pancreas, whereas LXR is ubiquitously expressed in a few
of tissues. Surface plasmon resonance (SPR) analysis indi-
cated that triptonide binds directly to LXRa, with extremely
high affinity constants of 0.12nM and 43.2 nM, respec-
tively, for the fast and slow binding phases (Fig. Sa, b). This
direct interaction was further confirmed by pull-down assay,
high-performance liquid chromatography (HPLC), and
mass spectrometry (Fig. 5c, d). In addition, circular
dichroism (CD) analysis showed that triptonide caused the
second structure changes in LXRa protein (Fig. 5e). Col-
lectively, these results imply that LXRa functions as a very
high affinity receptor for triptonide.

In addition, we found that triptonide potently inhibited
proliferation of all six of the human PC cell lines that we tested,
with an average ICsy of 10.3 2.8 nM, particularly, the IC50
was 7.8 nM and 9.7 nM for the highly malignant PC cell lines
Patu8988 and Pancl, respectively (Fig. 6a). Treatment with
8nM triptonide remarkably inhibited LXRo function and
expression of downstream PNKP and SREBFI genes and
notably induced accumulation of DSBs in PC cells as
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Fig. 4 The LXRax controls pancreatic cancer cell DNA repair and
apoptosis by the regulation of downstream SREBF1 and PNKP
expression. Overexpression of LXRa (LXRa high) significantly
increased expression of the SREBF1 and PNKP in pancreatic cancer
cells a, b, but reduced apoptotic cells (red) as detected by TUNEL
assay c¢; In contrast, silencing LXRa (LXRa shRNA) resulted in
reduction of SREBF1 and PNKP expression levels d, e, but sig-
nificantly increased the levels of DNA single- and double-strand
breaks (DSBs, red arrows, f, g) and apoptotic cells h. Activation of

LXRa and/or LXRP by its specific agonist GW3965 promoted
SREBF1 and PNKP expression in pancreatic cancer cells (i middle
lane, k, 1). Strikingly, GW3965-induced expression of SREBF1 and
PNKP was almost completely abolished by triptonide (TN) in pan-
creatic cancer Patu8988 cells (i right lane, k, 1), whereas the levels of
LXRa were not significantly affected (i right lane, j), similar results
were observed at mRNA levels in pancreatic cancer Pancl cells
(Figs. S3, S4). Scale bar, 20 um. The complete western blotting gels in
Fig. 4 are presented in Fig. S10.
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Fig. 5 Triptonide directly a 6 b
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with extreme high affinity. The
direct binding between
triptonide (TN) and LXRa was
ascertained by the surface
plasmon resonance (SPR) assay
and displayed extremely high
affinity constants (Kd) of 0.12
nM a and 43.2 nM b, for the fast
and slow binding phases,
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mentioned above. Triptonide caused enlargement of PC cell
size, in particular, an enlarged nucleus was apparent in the
cancer cells, leading to the formation of large cells with two or
more micronuclei, leading to the formation of large nonvi-
able cells with two or more micronuclei (Fig. 6b—d). Our
cell cycle analysis indicated that the PC cell cycle was
arrested at the G2/M phase after triptonide treatment [34].
These results suggest that triptonide promotes tumor cell
mitotic catastrophe. Consequently, PC cells became apop-
totic after treatment of Patu8988 (Fig. 6e, f) and Pancl
(Fig. 6g, h) cell lines with 8§nM triptonide for 9 days
(Fig. 6e-h). Triptonide induces PC cell apoptosis in a time-
dependent manner (Fig. S7g, h). Furthermore, compared
with PNKP and LXRa low expression cells, overexpression
of PNKP (Fig. S7a, ¢) and LXRa (Fig. S7b, d) in PC cell
line Patu8988 reduced the amount of apoptotic cells
(Fig. S7b, d), but increased cancer cell survival (Fig. S7e, f),
suggesting that PNKP and LXRa play a role in the reg-
ulation of PC cell apoptosis.

SPRINGER NATURE

More interestingly, suppression of the LXRa-
SREBF1-PNKP axis by 8 nM triptonide markedly ele-
vated the levels of both phosphorylated p53 (43.5-fold
increase) and total p53 (4.2-fold increase; Fig. 7a—c),
moreover, § nM triptonide treatment significantly sup-
pressed the colony-forming capabilities of PC cells
(Fig. 7d, e), suggesting that triptonide is a new p53
activator and cancer cell apoptosis inducer.

Finally, we evaluated the antitumor efficacy of the newly
identified LXR antagonist triptonide in human PC cell
Patu8988 xenograft mouse model. Strikingly, in the tumor
treatment model, the tumors in five of eight xenograft mice
were completely eliminated after administration of 5 mg/kg/d
triptonide for 73 days (Fig. 7f, g), and the tumor volumes of the
remaining three mice were markedly reduced; the overall
inhibition rate was 99.6% (Fig. 7h). Of note, there were no
significant differences in the body weight, organ index, or
blood cell parameters between the triptonide-treated and control
mice (Fig. S8a—e), suggesting that triptonide does not cause
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Fig. 6 Triptonide promotes
tumor cell mitotic catastrophe
and apoptosis. Triptonide (TN)
strongly inhibited pancreatic
cancer cell growth with an
extremely low ICs, of 7.76 nM
for pancreatic cancer cell line
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severe complications at the effective anti-PC doses tested.
Together, these results indicate that targeting the LXR-
SREBF1-PNKP axis using triptonide effectively suppresses
PC cell DNA repair, induces cancer cell apoptosis, and inhibits
tumor growth, offering a potential new strategy to treat PC
(Fig. 8).

Discussion

The LXR-SREBF1 signaling pathway acts as a new
regulator in DNA repair and apoptosis in cancer

DNA repair is known to be defective in various cancers
[1-4, 26], yet many well-known classic DNA repair genes
and pathways are robustly activated in various cancers,

including PC [2, 3, 8-10]. The contradiction between
DNA repair deficiency and strong activation of multiple,
classic DNA repair genes, and pathways in cancer has
puzzled cancer researchers for several decades. In the
current study, we uncover that the lipogenic LXR-
SREBF1-signaling pathway controls the transcription of
key DNA repair gene PNKP, thereby governing cancer
cell DNA repair, apoptosis, and tumorigenicity. Our
findings provide new insight into DNA repair and apop-
tosis in cancer.

Furthermore, inhibition of the LXRa-SREBF1-PNKP
signaling pathway by triptonide creates a controllable bot-
tleneck boosting intracellular DSBs over the apoptotic
threshold in cancer cells, and readily induces cancer cell
apoptosis. Our findings provide new strategy for controlling
DNA repair and apoptosis in cancer.

SPRINGER NATURE
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Fig. 7 Triptonide strongly activates pS3 and markedly suppresses
pancreatic cancer cell tumorigenicity and tumor growth in vivo
and significantly prolongs the survival of tumor-bearing xenograft
mice. Triptonide (TN) at 8 nM markedly increased the protein levels of
phosphorylated tumor-suppressor p53 (p-p53) a, b and also sig-
nificantly promoted expression of total p53 protein (T-p53) in pan-
creatic cancer (PC) cells a, ¢. PC cell colony-forming capability was
inhibited by treatment with 8 nM TN (d, quantitation in e). The anti-
PC efficacy of TN was evaluated in a mouse model. Of note, human
pancreatic cancer Patu8988 cells and Matrigel were first incubated at
4 °C for 10 min and mixed, and then subcutaneously injected 300 pl of

A new platform to develop LXR antagonists and
novel anticancer therapeutics

LXRs play a divergent role in tumorigenesis, functioning as
either tumor-suppressor [35-38] or tumor-promoter depen-

dent on the cell types and animal species [39-48]. The
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the mixture to the back each mouse. The cold Matrigel is a liquid, but
it becomes solid at 37 °C in mice. The tumor volume was monitored
using digital calipers every other day f, the initial tumor volume
reflects the mixture of injected Matrigel and tumor cells. The Matrigel
was gradually degraded in the xenograft mice within 2 weeks after
injection, thereby gradually decreasing the tumor volume during the
initial 2 weeks f. The tumors in five of eight xenograft mice were
completely eliminated after TN treatment for 73 days at 5 mg/kg/d, and
tumors in the remaining three mice were markedly reduced (g, quan-
titation in h). Data in 7a—e are shown as means + S.E. of three inde-
pendent replicates.

tumor-suppressive effect of LXRs has been extensively
studied in recent decades, and activation of LXRs has been
generally applied as a strategy for cancer therapy [35-52].
Several LXR agonists, such as T0901317, GW3965, and
LXR-623, exhibit anti-atherosclerosis, anti-inflammation,
and anticancer effects in mouse models [49-51], and have
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Fig. 8 Schematic diagram showing that the LXRs-SREBF1-PNKP
axis is essential for DNA repair in cancer cells and is a vulnerable
point of pancreatic cancer for effective cancer therapy. Hydro-
phobic triptonide (TN) passes through the cell membrane and directly
binds to its receptor liver X receptors (LXRa and/or LXRp), inhibits
the transcriptional activity of LXRs and reduces the expression of
LXR downstream transcription factor SREBFI gene, in turn dimin-
ishing SREBFI-downstream PNKP gene expression. The LXRs-

been evaluated in five early clinical trials (four phase I and
one phase 2a) [12, 35, 50-52], unfortunately, none have
progressed to further clinical trial so far because of multiple
adverse reactions such as hypertriglyceridemia, liver stea-
tosis, neurological, and psychiatric events [52]. Of note, the
tumorigenic function of LXRs has not yet received due
attention.

Emerging evidence shows that LXRa is overexpressed in
gastric cancer tumor tissues and increases cancer cell
motility and invasion capabilities; in contrast, silencing
LXRa expression inhibits cancer cell migratory capability
[14]. Overexpression of LXRa/LXR} is closely associated
with poor overall survival in the cancer patients [39]. In
addition, activation of LXRa and LXRp by cholesterol in
malignant ascites promotes chemoresistance in ovarian

SREBF1-PNKP signaling axis controls the levels of intracellular DNA
single- and double-strand breaks (DSBs) and DNA repair in pancreatic
cancer (PC) cells. Reduction of the LXRs-SREBF1-PNKP axis by
triptonide causes a severe defect in DNA repair, marked elevation of
intracellular DSBs, activation of p53, and induction of PC cell mitotic
catastrophe and apoptosis, resulting in marked reduction of PC cell
tumorigenicity and potent anti-PC effects without obvious complica-
tions in murine studies.

cancer, contributing to poor prognosis in ovarian cancer
patients [40]. Furthermore, LXRa promotes renal cancer
cell metastasis by regulating the NLRP3 inflammasome in
renal cell carcinoma [41]. Moreover, cholesterol and 27-
hydroxycholesterol activate LXRs and estrogen receptors to
promote tumorigenesis and cancer metastasis [39—45, 53—
55]. Besides, aberrant overexpression of SREBF1 promotes
tumorigenesis [13—17]. Cholesterol-induced overexpression
of PNKP and several other genes enhances leukemia cell
proliferation and aggressiveness [56]. Thus, either over-
expression or aberrant activation of LXRs and downstream
SREBFs and PNKP promotes development of cancer,
which is associated with cancer metastasis and the poor
prognosis of cancer patients [13—17, 3945, 53-55, 57]. In
this study, we demonstrated that overexpression of LXRa,

SPRINGER NATURE
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SREBFI1, and PNKP in PC cells promoted the apoptosis
resistance of the cells; in contrast, silencing of the expres-
sion of these genes diminished cancer cell apoptosis resis-
tance, highlighting that inhibition of the LXR-SREBFI-
PNKP axis is a reasonable strategy for cancer therapy.

The serviceability of LXR antagonist in cancer therapy
has not been reported to date in the literature. In this study,
we find that the LXRa antagonist triptonide effectively
inhibits DNA repair in cancer and selectively triggers can-
cer cell apoptosis, resulting in high anticancer efficacy.
Amazingly, triptonide has extreme high affinity with LXR«
(Kd=0.12nM) and effectively inhibits the LXRa-
SREBFI1-PNKP axis, cancer cell DNA repair, and tumor-
igenicity. Our findings support the notion that LXR
antagonist is potential new anticancer therapeutics, and
provide a new platform for developing novel anticancer
therapeutics.

Traditionally, the overexpressed oncogenes and
strongly activated tumorigenic signal pathways have been
targeted for cancer therapy. Out of the ordinary, we target
the vulnerable spot LXRa-SREBF1-PNKP axis of PC
using LXR antagonist for cancer therapy. Our rationale is
based on that the levels of DSBs are much higher in
malignant tumors and are already in close proximity to the
apoptotic threshold in malignant tumors [3, 4, 9, 10],
therefore, a small reduction of the LXRa-SREBF1-PNKP
signaling activity by triptonide readily boosts intracellular
DSBs over the apoptotic threshold and induces PC cell
apoptosis (Fig. S9a, b). As normal cells have high levels
of PNKP, strong DNA repair capability, and fewer DSBs,
treatment of the cancer cells with 8 nM triptonide only
moderately raises the levels of DSBs, which do not exceed
the apoptotic threshold and induce apoptosis (Fig. S9b).
Our findings provide a new platform to develop novel
therapeutics against cancer and offer an alternative strat-
egy for effective cancer therapy.

Broad significance of targeting the LXRa-SREBF1-
PNKP axis for anticancer therapies

In the LXRa-SREBF1-PNKP axis, each gene is necessary
for DNA repair and each gene can be targeted indepen-
dently, thus broadening the avenue for DNA repair- and
apoptosis-based novel anticancer drug discovery. Aberrant
expression or activation of LXRa and SREBF1 are asso-
ciated with dyslipidemia and obesity, which are major risk
factors associated with development of cancer [13-17].
Because of this, targeting the LXRa-SREBF1-PNKP axis
likely exerts a twofold anticancer effect: on one hand, it
suppresses the oncogenic 27-hydroxycholesterol-induced
carcinogenesis [42-45, 48, 53-55, 58], and on the other
hand it inhibits DNA repair and induces cancer cell apop-
tosis. Therefore, our approach actually represents a twofold
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antitumor strategy, potentially resulting in effective antic-
ancer treatments.

In addition, the combination of the LXRa-SREBF1-
PNKP axis inhibitors, like triptonide, with existing geno-
toxic drugs or radiation can likely yield synergistic effects
for killing cancer cells [34, 59-63], thereby potentially
decreasing the required doses of chemotherapy and/or
radiotherapy and resulting in high anticancer efficacy with
minimal complications.

Furthermore, our data show that PNKP is deficient in not
only PC, but also cervical cancer, acute myeloid leukemia,
and follicular lymphoma, and the deficiency of PNKP
contributes to the elevation of DSBs in PC cells and render
the cells prone to apoptosis. No wonder, further diminution
of the vulnerable LXR-SREBFI1-PNKP signaling pathway
using triptonide readily increases the levels of DSBs above
an apoptotic threshold and causes cancer cell apoptosis,
resulting in potent anti-leukemia, anti-lymphoma, and anti-
angiogenesis effects [31-33], as well as a strong anti-PC
effect; hence, LXRs, SREBFI, and PNKP are potential
targets for the development of novel therapies against var-
ious malignant tumors with defects in the LXR-SREBF1-
PNKP signaling pathway and PNKP expression. Therefore,
our findings have significance for cancer therapies more
broadly.

Materials and methods
Materials

Triptonide was purchased from Chengdu Must Biotech Ltd
(Chengdu, China). AlamarBlue Assay kit was obtained
from Invitrogen (Carlsbad, CA, USA). TagDNA poly-
merase was from TaKaRa Biotechnology Co., Ltd (Dalian,
China). RevertAid First-Strand cDNA Synthesis Kit was
obtained from Fermentas Life Sciences (St. Leon-Rot,
Germany). The human normal tissue cDNA library was
purchased from TaKaRa Biotechnology Co., Ltd. The
PNKP inhibitor A12B3C4 (#1005129-80-5), insulin, and
monoclonal antibody against f-actin were obtained from
Sigma (St. Louis, MO, USA). Comet assay reagents were
purchased from Trevigen (Gaithersburg, MD, USA).
TUNEL assay kit was purchased from Millipore (Bedford,
MD, USA). The SREBF1 inhibitor FGH10019 (#1046045-
617, Lot: HY-16207) was purchased from Selleck (Hous-
ton, TX, USA). LXR agonist GW3965 (#405911-17-3,
Lot31561) and LXR antagonist GSK2033 (1221277-90-2,
Lot28434) were purchased from MedChem Express
(Monmouth Junction, New Jersey, USA). Antibodies to
PNKP (Abl181107, Lot: GR164529-2), SREBFI
(Ab135133), and LXRa (Ab176323, Lot: GR139087-7)
were obtained from Abcam Ltd (Cambridge, MA, USA).
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The primers for RT-PCR and qPCR were synthesized in
Genwiz (Suzhou, China) and listed as following:

Gene Primer  Primers sequences (5'-3") Assay

name name

fB-actin Forw AAGAGCTACGAGCTGCCTGACG RT-PCR
Rev CGCCTAGAAGCATTTGCGGTGG

PNKP Forw GGCCTGTTACCATCCATCCC RT-PCR
Rev TGGGACTTCCGGAGCAGTTA

SREBF1 Forw CATCCAAACACAACCTTATTTGCAC RT-PCR
Rev CACTGGATGAGTGAATGAATGTGAG

LXRa Forw GAGTGAGAGTATCACCTTCCTCAAG RT-PCR
Rev GATCTTCAGACACAGCACAGTGTTA

LXRp Forw GTATTTGAGTAGCGGCGGTGTG RT-PCR
Rev CGCTCTGGTTCCTCTTCGGGAT

B-actin Forw CACCATTGGCAATGAGCGGTTCC qRT-PCR
Rev GTAGTTTCGTGGATGCCACAGG

PNKP Forw TCTGGTGTCCCAAGATGAGA qRT-PCR
Rev CTGCGGTGAACACTAGCAAC

SREBF1 Forw GAGCGAGCACTGAACTGTGT qRT-PCR
Rev GGAGAAGCTGTAGGCAGGAG

LXRa Forw CCCCTTCAGAACCCACAG qRT-PCR
Rev TCGCAGCTCAGAACATTGTAG

LXRp Forw GGAGATCGTGGACTTCGCTA qRT-PCR

Rev ACACTCTGTCTCGTGGTTGT

Human PC specimens

The human PC tissue arrays, including 100 primary PC tumor
tissues and 80 paired normal pancreatic tissues, were obtained
from Shanghai Outdo Biotech (Shanghai, China). In addition,
24 PC tumor tissues and four paired normal pancreatic tissues
were provided by Chang Zhou Hospital. The clinical char-
acteristics of the patients are presented in Extended Table 1.
The study was approved by Ethical Committee of Soochow
University prior to sample analysis. Tissue samples were
collected, after written informed consent, from patients who
underwent pancreatic resection for PC.

Preprocessing of RNA-seq data

All second-generation RNA-seq data for PNKP, SREBFI,
and LXRoa were recorded from Oncomine database
(https://www.oncomine.org). Next, the values were calcu-
lated and normalized using GraphPad Prism software.

Immunohistochemistry

PNKP protein levels in the tissue samples were detected by
immunohistochemistry as described previously [64]. The
slides were then stained with 3,3-diaminobenzidine solution
and observed and imaged using a Leica microscope.

Cell culture

The human PC cell lines Patu8988 and Panclwere obtained
from Cell Bank of the Shanghai Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences (Shanghai,
China). Other cells used in our study were from ATCC and
Cell Bank of the Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences. The cells were
mycoplasma free, and cultured in Dulbecco's Modified Eagle
Medium (DMEM) (high glucose) supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/mL penicillin G,
and 100 pg/mL streptomycin under a humidified atmosphere
of 5% CO, at 37 °C as previously described [65].

Cell UVB radiation

The UVB source was a HL-2000 UV Crosslinker (UVP,
Upland, CA, USA), which was used to deliver an energy
spectrum of UVB radiation (280-320 nm; peak intensity,
302 nm), and 1 or 2 mJ/cm? of UVB was exposed to cells.

Cell growth assay

Cell growth was measured using the Alamarblue assay as
we described previously [65]. In short, cells were seeded in
96-well plates for 24 h in DMEM complete medium with
either triptonide at the concentrations of 0-8 nM or dime-
thyl sulphoxide as a control. After 70 h incubation, 10 uL of
Alamarblue solution was added to each well. The plates
were incubated at 37 °C, 5% CO, for 2h, and the dual
fluorescence wavelength absorbance at 560 nm and 590 nm
were measured using SpectraMax M5 multi-detection
reader. The ICsy, which is defined as the drug concentra-
tion at which cell growth was inhibited by 50%, was
determined using SPSS 16.0 software.

Western blotting

Proteins from pancreatic cells were extracted using the M-
PER Mammalian Protein Extraction Kit (Thermo Scien-
tific, Massachusetts, USA) as reported previously [66].
Equal amounts of protein were loaded in each lane and
resolved by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis with Tris-glycine running buffer. Sepa-
rated proteins were then transferred to nitrocellulose
membranes. Membranes were blocked with 5% nonfat
milk and incubated with primary antibodies to PNKP,
SREBPI1, and LXRa at 4 °C overnight, followed by
incubation with HRP-coupled secondary antibody for 1 h
at room temperature. Blots were visualized using
enhanced chemiluminescence detection reagents and
exposed to X-ray film.

SPRINGER NATURE
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Colony formation assay

The tumorigenicity of the tumor cells was measured via a
colony-forming assay as previously described [67].
The tumor cells were incubated with triptonide at doses of
0-8 nM for 72 h, harvested, and then enumerated following
trypan blue staining. The 35-mm dishes were coated with
0.5% agarose supplemented with complete DMEM med-
ium. After the bottom layer had solidified, 2000 living cells
in 1.6 mL of complete medium were mixed with 0.15 mL
4% low-melting agarose and then put in the dishes
and allowed to solidify. Then, the dishes were incubated at
37 °C in an atmosphere containing 5% CO, for 14 d without
further addition of triptonide. The colonies were counted
and imaged under a Zoom-stereo microscope SZX16
(OLYMPUS, Tokyo, Japan).

Human PC cell xenograft in mice

All mice used in this study were maintained in a laminar
airflow cabinet under specific pathogen-free conditions in
a 12-h light-dark cycle. Animal care and experiments
followed the approved animal protocols of Soochow
University Animal Care and Use Committee. The cancer
cell xenograft in mice was performed as described pre-
viously [65]. In brief, 6-week-old female nude mice
(18-22 g) were randomly divided into two groups (eight
mice per group), and then each mouse was subcutaneously
injected with pre-cold (4 °C) 300 uL of a mixture of PC
cell line Patu8988 (1 x 107 cells in 200 uL) and Matrigel
(100 pL).

Prevention of PC cell tumorigenesis in the xenograft
mice by triptonide

After xenograft, the mice were intraperitoneally injected
daily with either triptonide (5 mg/kg/d) or saline as a con-
trol. The body weight of each mouse was recorded, and the
tumor volume was monitored using digital calipers every
other day. Tumor growth rate was calculated according to
the following formula: tumor volume = 0.55 xlength x
width®. After treatment with triptonide for 73 days, blood
samples were collected from the eye veins of the animals
and stored in blood collection tubes containing sodium
citrate solution. Then the mice were killed, and the solid
tumors were excised, weighed, and imaged. Various
important organs, including the hearts, livers, spleens,
lungs, and kidneys, were also collected. The blood samples
were assessed using Automated Hematology Analyzer KX-
21N (Sysmex Corporation, Kobe, Japan). The hearts, livers,
spleens, lungs, and kidneys were weighed, and the organ
index was calculated according to the following equation:
organ index = organ weight (mg)/body weight (g).
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Wright-Giemsa staining

PC cells were grown on slides in six-well plates and incu-
bated with triptonide at the concentrations of 0—-8 nM for
72 h. After incubation, the cells were rinsed with phospate-
buffered saline (PBS) and stained using Wright-Giemsa
solution according to the manufacturer’s instructions.

Transmission electron microscope analysis

Cells were fixed with 1% (w/v) osmium tetroxide for 2 h at
room temperature, and dehydrated with ethanol. Subse-
quently, the cells were embedded by acetone, and the sec-
tions were stained with uranly acetate and lead citrate, and
observed under a H600 transmission electron microscope
(Hitachi Limited, Tokyo, Japan).

Cell apoptosis assay

The cell apoptosis was assessed using Annexin V and pro-
podium iodide double staining or 7-AAD and phycoerythrin
(PE) double staining. In brief, cells were incubated with the
indicated doses of triptonide for 3d, 6d, and 9d, respectively,
harvested, and then stained with fluorescein isothiocyanate-
labeled Annexin V and PI or 7-AAD and PE. Then, the
stained cells were analyzed by flow cytometry (Becton
Dickinson FACSCalibur, Franklin, Lakes, NJ, USA).

Comet assay

The alkaline comet assay was used to assess intracellular DSBs
and performed as described according to the protocols provided
by the manufacturer (Trevigen). In short, PC cells were grown
on six-well plates, treated with triptonide at the indicated doses
for 72 h, lysed with lysis buffer, and subjected to electrophor-
esis. DNA content was stained with ethidium bromide. The
slides were photographed digitally, and the amounts of DNA
tails were analyzed using a photography software.

RT-PCR

Total RNA was extracted from cells and treated with
RNase-free DNase 1. The cDNA was generated by reverse
transcription using RevertAid First-Strand cDNA Synthesis
Kit (Fermentas Life Sciences, St. Leon-Rot, Germany) and
oligo (dT) in a 20 pL reaction containing 5 ug of total RNA.
RT-PCR was performed in each 25 uL PCR reaction con-
taining 0.5 pL diluted cDNA, primers, dNTPs, and TaKaRa
Taq DNA Polymerase. The PCR reaction contained an
initial denaturation at 94 °C for 3 min, followed by 22-35
cycles of denaturation at 94 °C for 30 s, annealing at 68 °C
for 30 s, and extension at 72 °C for 1 min. Number of cycles
was dependent on the primer length and the molecular
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weights of the target genes. PCR products were analyzed by
1% agarose gel.

Quantitative real-time PCR

Quantitative real-time RT-PCR (qRT-PCR) analysis was
carried out using Platinum SYBR Green qPCR Super
Mix-UDG kits (Life Technologies, Carlsbad, CA, USA)
on an ABI Prism 7500 real-time PCR system (Applied
Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions [66]. Threshold cycle (Ct)
values of PNKP and SREBFI mRNA were equilibrated to
B-actin, which was used as an internal control. Relative
expression was calculated using the AACt method as
previously described.

Luciferase assay for measurement of gene promoter
activity

The genomic DNA fragments in the 5’flanking promoter
region of PNKP and SREBFI genes were cloned into
luciferase reporter vector pGL4.17. Patu8988 cells were
transfected with the pGL4.17-PNKP or pGL4.17-SREBF1
promoter constructs or control pGL4.17 using Lipofecta-
mine 2000 reagent (Invitrogen) and selected using G418 for
3-4 weeks. The stably transfected cells were treated with
triptonide at the doses of 0—8 nM. The luciferase activity in
cell lysates was measured using the Dual-Luciferase
Reporter assay kit (Promega, Madison, WI, USA).

Recombinant protein expression and purification

The full-length LXRa cDNA was cloned into a pET28a
vector with a six-residue His tag at the N-terminus. The
pET28a-LXRa plasmid was transformed into Escherichia
coli BL21 (DE3) cells. Transformed cells in 10L of LB
medium (ODggy = 0.6) were induced with 0.05 mmol/L
isopropyl-p-p-thiogalactopyranoside for 3h at 16 °C, har-
vested, and resuspended in 300 mL lysis buffer (25 mmol/L
HEPES, pH 8.6; 500 mmol/L NaCl; 10% glycerol; 3 mmol/
L p-mercaptoethanol; 1 mmol/LL phenylmethylsulfonyl
fluoride; 0.5 mmol/L  ethylenediaminetetraacetic  acid
(EDTA); 1 mg/mL lysozyme). The suspension was incu-
bated at 4 °C for 60 min with shaking and then sonicated for
5 min. The cell lysates were centrifuged at 13,000 rpm for
30 min, and the supernatant was applied to a nickel column
(Ni-NTA). The column was washed with 40 mL buffer A
(25 mmol/L HEPES, pH 7.5; 500 mmol/L NaCl; 100 mmol/
L imidazole) and eluted with 10 mL buffer B (25 mmol/L
HEPES, pH 7.5; 500 mmol/L. NaCl; 500 mmol/L. imida-
zole). The eluted LXRa was concentrated from 2 mL to
I mg/mL using a spin column with a filter by spinning at
10,000 x g, and freshly used in several experiments.

SPR assay

The direct binding of triptonide to LXRa was measured
using a fully automated SPR-based Biacore T200 (GE
company, Fairfield, CT, USA) according to the manu-
facturer’s instructions. Purified LXRa (0.1 mg/mL) was
immobilized on a CMS5 sensor chip according to the Biacore
manual. Triptonide was serially diluted with HBS buffer
(10 mmol/LL HEPES, 150 mmol/L. NaCl, 3 mmol/L. EDTA,
0.05% surfactant P20, 0.1% DMSO). The samples were
injected into the channels at a flow rate of 30 uL/min
and then washed with HBS buffer. The binding response
unit values of triptonide to LXRa were recorded directly
by the Biacore T200 instrument and normalized by sub-
tracting the signal from that obtained from vehicle
(0.1% DMSO).

Pull-down assay for determining the direct binding
of triptonide to LXRa protein

Triptonide was first dissolved in methanol buffer at a con-
centration of 1 mg/ml and then incubated at final con-
centration of 10pg/ml with 0.5 ml recombinant LXRo
protein-Ni-NTA beads or control Ni-NTA beads at 4 °C for
60 min (both LXRa protein-Ni-NTA beads and control Ni-
NTA beads were pre-blocked by 1% BSA for 1 h at room
temperature). The beads were washed five times with wash
buffer to remove free triptonide. The LXRa protein-bound
triptonide was eluted with elution buffer, and the eluted
triptonide was separated by HPLC and analyzed using mass
spectrometry.

CD spectroscopic measurements

Purified LXRa (1 mg/mL) was mixed with 100 um tripto-
nide. CD spectra were recorded on a Jasco J-715 spectro-
polarimeter (Tokyo, Japan) at 25 + 0.2 °C with a rectangular
quartz cell with a 0.01-cm optical path length (Hellma,
Plainview, NY, USA). Temperature control was provided
by a Peltier thermostat equipped with magnetic stirring.
Each spectrum represents the average of three scans
obtained by collecting data at a scan speed of 100 nm/min.
CD curves of LXRa-triptonide mixtures were corrected by
subtracting spectral contributions of ligand-free LXRa.

Cell transfection

PC Patu8988 and Pancl cells were transfected with either
VENUS-PNKP cDNA, VENUS-LXRa c¢DNA, or control
VENUS vector using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. The GFP-positive
transfected cells were sorted by flow cytometry, and the stably
transfected cells were expanded. In addition, Patu8988 cells
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were transfected with PNKP shRNA-Hu6-MCS-Ubiquitin-
EGFP-IRES-puromycin (PNKP shRNA sequence: 5-AGA-
GATGACGGACTCCTCT-3') or SREBF1 shRNA- Hu
6-MCS-Ubiquitin-EGFP-IRES-puromycin (SREBF1 shRNA
sequence: 5’-TCTCCATCAGTTCCAGCAT-3") or LXRa
shRNA- Hu6-MCS-Ubiquitin-EGFP-IRES-puromycin (LXRa
shRNA sequence: 5'-ctGAAGAAACTGAAGCGGCAA-3')
or control Hu6-MCS-Ubiquitin-EGFP-IRES-puromycin vec-
tor. PNKP, SREBFI, and LXRa protein levels in the stably
transfected cells were determined by Western blotting.

TUNEL assay

Cell apoptosis was detected using the TUNEL assay kit. In
brief, PC cells were seeded on glass cover slips in a six-well
plate at 50,000 cells per well and incubated for 12 h, and
then treated with triptonide at the concentrations of 0—8 nM
for 72 h. The cells were fixed in a 4% paraformaldehyde
solution for 20 min, permeabilized with 0.3% Triton X-100
for 10 min, washed for three times with PBS, and stained by
the fresh TUNEL assay solution. After incubation in the
dark at 37 °C for 60 min, the cells were washed three times
with PBS, then incubated with 4.6-diamidino-2-pheny-
lindole for 10 min in the dark. The slides were washed with
PBS for three times and sealed with the anti-fluorescence
quenching sealant. The apoptotic cells were imaged using
OLYMPUS FSX-100 confocal microscopy.

Statistical analysis

The data shown in this study represent the mean + S.E. of
three independent experiments. Differences between the
groups were assessed by one-way analysis of variance using
GraphPad Prism 7.02 software. The significance of differ-
ences was indicated as *P <0.05 and **P <0.01.

Data availability

Available by request from the corresponding author or from
commercial sources when applicable.
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