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ORIGINAL ARTICLE

Selective targeting p53" ' lung cancer cells harboring
homozygous p53 Arg72 by an inhibitor of CypA

W Lu'??, F Cheng®®'%, W Yan'?, X Li', X Yao', W Song* M Liu?, X Shen'>, H Jiang'®, J Chen*®”# J Li' and J Huang'

TP53 plays essential roles in tumor initiation and progression, and is frequently mutated in cancer. However, pharmacological
stabilization and reactivation of p53 have not been actively explored for targeted cancer therapies. Herein, we identify a novel
Cyclophilin A (CypA) small molecule inhibitor (HLOO1) that induces non-small cell lung cancer (NSCLC) cell cycle arrest and
apoptosis via restoring p53 expression. We find that HLOO1 stabilizes p53 through inhibiting the MDM2-mediated p53
ubiquitination. Further mechanistic studies reveal that the downregulation of G3BP1 and the induction of reactive oxygen species
and DNA damage by HLOO1 contribute to p53 stabilization. Surprisingly, HLOO1 selectively suppresses tumor growth in p53 wild-
type NSCLC harboring Arg72 homozygous alleles (p53-72R) through disrupting interaction between MDM2 and p53-72R in a CypA-
dependent manner. Moreover, combining HLOO1 with cisplatin synergistically enhance tumor regression in orthotopic NSCLC
mouse model. Collectively, this study demonstrates that pharmacologic inhibition of CypA offers a potential therapeutic strategy

via specific activation of p53-72R in NSCLC.
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INTRODUCTION

Lung cancer is one of the most fatal malignancies worldwide, which
represents about 27% of the leading cause of all cancer deaths in
2016." Advances in kinase inhibitors, such as gefitinib and erlotinib,
have been effective in treating non-small cell lung cancer (NSCLC).?
However, patients treated with those kinase inhibitors often
develop drug resistance, and their prolong survivals are typically
only a few months.* In addition, most currently therapeutic agents
often cause severe toxicity due to lacking of targeted specificity
between cancer and normal cells.>® Thus, development of new
molecularly targeted therapeutic agents is very urgent to improve
the clinical outcomes for cancer patients.”

Cyclophilin A (CypA), known as a peptidyl prolyl cis-trans
isomerase, is overexpressed in multiple types of cancer (for
example, NSCLC) and plays a critical role in tumor transformation
and metastasis.® For example, CypA stimulates cell proliferation
through binding to cell surface receptor CD147 and activating
ERK1/2 signaling pathways.”'® CypA is also able to inhibit
apoptosis by sequestering cytochrome c."" Knockdown of CypA
resulted in decreased cell proliferation and increased apoptosis in
NSCLC in vivo,'? suggesting that CypA is a potential therapeutic
target in NSCLC.

The tumor suppressor p53, encoded by TP53, plays essential
roles in cell cycle, DNA repair and apoptosis.'> TP53 is frequently
inactivated by mutations or deletions in multiple cancer types.'

Recent studies demonstrated that restoration and reactivation
of wild-type p53 (p53"") function prompt effective tumor
suppression.'® Hence, pharmacological restoration and activation
of p53"T activity might provide a promising therapeutic strategy
for the timely development of the molecularly targeted cancer
therapies in clinic.'

In this study, we report a small molecule CypA inhibitor (HLOO1)
that selectively suppresses tumor growth of NSCLC harboring p53*/"
Arg72 homozygous alleles (p53-72R) both in vitro and in vivo by
blocking the proteasomal degradation of p53*'. Furthermore, a
combination of HLOO1 with cisplatin synergistically inhibits tumor
growth and induces tumor regression in vivo. These findings suggest
that pharmacologic inhibition of CypA offer a promising avenue for
the treatment of NSCLC patients with p53-72R.

RESULTS

CypA overexpression predicts poor prognosis in lung cancer

To determine the significance of CypA in human lung cancer, we
investigated the differential expression profiles of CypA-coding
gene (PPIA) in lung adenocarcinoma (LUAD) data set'® from The
Cancer Genome Atlas (TCGA). We found that PPIA was significantly
overexpressed in LUAD (P=2.1x10""2, Kolmogorov—Smirnov
test) compared to matched normal tissues (Figure 1a). To further
validate the clinical role of PPIA expression in lung cancer, we
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Figure 1. The anti-proliferation activity of HLOO1 in vitro. (@) CypA (encoded by PPIA) differential expression analysis in LUAD using the RNA-seq

(V2, read count, log2 scale) data from TCGA. The significance (P-value) of differential expression in different groups was calculated using
Kolmogorov-Smirnov test. (b) Kaplan-Meier survival analysis of CypA in LUAD patients. Patients were grouped into lowly (green) and highly
(red) expressed groups based on the mean expression level. All P-values of Kaplan-Meier survival analysis were performed using a log-rank
test. (¢) Chemical structure of HLOO1. (d) Graph indicates ICso values of HLOO1 in various cancer cell lines. Colors demonstrate cell lines
from different tissues: red, lung cancer; blue, breast cancer; yellow, colorectal cancer; pink, pancreatic cancer; aqua, liver cancer; green,
prostatic cancer; orange, cervical cancer; black, neuroblastoma; purple, gastric cancer. (e) Cellular thermal shift assay showing CypA target
engagement by HLOOT in intact A549 cells. A549 cells were incubated with HLOO1 for 12 h, and cellular thermal shift assay was carried out.
(f and g) A549-CypA-knockout cells are resistant to HLOO1. CRISPR/Cas9-mediated CypA-knockout A549 cells were analyzed by western
blotting (f). The 1Cso values of HLOO1 against CypA-knockout A549 cells represent mean+s.d. of independent biological triplicates
representative of three experiments (g). (h) S cell cycle arrest induced by HLOO1 in A549 cells. A549 cells were treated with HLOO1 for 36 h at
the indicated concentrations and fixed with ethanol. The cells were stained with Pl to detect DNA content by FACS analysis. Representative
results from three independent experiments are shown. Quantitative analysis was provided in Supplementary Figure 1h. (i) Apoptosis induced
by HLOO1 in A549 cells. A549 cells were treated with HLOO1 for 72 h at the indicated concentrations, double-stained with AnnexinV-FITC and
Pl, and analyzed by flow cytometry. Representative results from three independent experiments are shown. Quantitative analysis was
provided in Supplementary Figure 1k.

correlated the expression of PPIA with overall survival of LUAD
patients in TCGA. In the Kaplan—Meier survival analyses, we found

A CypA inhibitor HLOO1 inhibits cell viability in NSCLCs
We previously identified HLOO1 as a highly potent CypA peptidyl

that high PPIA expression was significantly correlated with poor
prognosis in LUAD patients (P=9.4x 103, Figure 1b).
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Figure 2. Decreased expression of G3BP1 in A549 cells induced by HLOO1. (a) The quantitative differences of G3BP1 expression after the
treatment of 10 um HLOO1 in the 2-DE images through three independent experiments. Bar groups represent the mean + s.d. Student’s t-test
was performed, *P < 0.05. (b and ¢) Western blotting suggesting decreased G3BP1 induced by HLO01. A549 cells were incubated with 20 um
HLOO1 for different time (b) or different concentrations of HLOO1 for 36 h (c), and cell lysates were analyzed by western blotting. (d) Kaplan-
Meier survival analysis of G3BP1 in LUAD patients. (e and f) The knockdown of G3BP1 suppresses the proliferation of A549 cells. A549 cells
stably expressing control shRNA or G3BP1 shRNA were lysed and subjected to western blotting (e), and the proliferation of A549-shG3BP1
cells were assessed by MTS assay at 24, 48, 72 and 96 h through three independent experiments carried out in triplicate (f). Bar groups
represent the mean +s.d. Student’s t-test was performed, **P < 0.01. (g-i) The overexpression of G3BP1 produces resistance to the
suppression activity of HLO01. A549 cells stably expressing G3BP1 were analyzed by western blotting (g), and the proliferation (h) and cell
viability (i) of A549-shG3BP1 cells were assessed by MTS assay at 24, 48, 72 and 96 h in the presence of 20 um HLOO1 through three
independent experiments carried out in triplicate. Bar groups represent the mean +s.d. Student’s t-test was performed, **P < 0.01,
*¥**¥p < 0.001.

inactive HL0O1 analogs,'” HL0O3 and HL008, had no proliferation
effect on both HLOO1-sensitive and -resistant cell lines
(Supplementary Figure 1a and Supplementary Table 2).

To comprehensively investigate the anti-tumor activities of HLOO1
in human cancers, we evaluated a panel of lung cancer cell lines
(H128, H209, H524, H460, A549, H1299, H522, H1975, H1395, H292,
H358, H1650, H157, H23, H2126, H1703 and H838) as well as
breast cancer (MCF7 and MDA-MB-231), colorectal cancer
(HCT116, HT-29 and Ls174T), pancreas cancer (PANC-1 and
SW1990), hepatocellular cancer (HepG2 and Hep3B), prostate
cancer (PC3), cervical cancer (Hela and SiHa), neuroblastoma
(IMR-32 and SH-SY5Y) and gastric cancer (BGC823, MGC803, SNU-1
and AGS) (Figure 1d and Supplementary Table 1). HLOO1 displayed

HLOO1 inhibits the proliferation of lung cancer cells

To investigate the potential molecular mechanisms by which
HLOO1 regulates cell viability, we first examined whether CypA was
indeed targeted by HLOO1 in intact cells using cellular thermal
shift assay on A549 cells. Figure 1e shows that HLOO1 stabilizes

anti-proliferation effects on five lung cancer cell lines (A549, H292,
H460, H838 and H1650) with ICs, value less than 10 pm. HLO15,"”
an active analog of HLOOT with an ICso value of 159 nm in CypA
enzyme assay, showed similar suppressing activities in HLOO1-
sensitive lung cancer cells (A549 and H460), but not effective in
HLOO1-resistant cells (H1395 and H1975). In comparison, two

CypA in intact cells, suggesting that CypA is a binding protein of
HLOO1. CypA stabilization following HLOO1 treatment was also
detected in other lung cancer cells, including H460, H1395, H1975
and H1299 (Supplementary Figures 1b—e). Furthermore, knockout
of CypA by CRISPR/Cas9-mediated genome editing markedly
diminished effectiveness of HLO01 in A549, H460 and H292 cells
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(Figures 1f and g and Supplementary Figures 1f—g), supporting
that CypA is a major functional target of HLOO1. We next
performed cell cycle analysis to characterize the effects of

HLOO1. After 36 h treatment, HLOO1 caused a dramatic decrease
in the number of cells in the G1 phase and an increase in the
percentage of cells in the S phase (Figure 1h and Supplementary
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Figure 1h). HLOO1 also reduced the expression of several cell cycle-
related proteins including Cyclin D1, Cyclin E, CDK2 and Cdc25A
(Supplementary Figure Ti). In contrast, cellular apoptosis was
increased after incubation with HLOO1 for 72 h, detected by the
Annexin V staining assay (Figure 1i and Supplementary Figure 1j).
The increased apoptosis was accompanied by an increased level
of three pro-apoptotic proteins: Puma, Noxa and Bax
(Supplementary Figure 1k).

G3BP1 is associated with the anti-tumor activity of HLOO1

We next performed two-dimensional (2D) PAGE analysis to
investigate differentially expressed proteins that involves in anti-
proliferation effects of HLOO1 in A549 cells (Supplementary Figures
2a-b). A total of 13 proteins were identified by mass spectrometry
analysis (Supplementary Table 3). These identified proteins are
involved in various cellular functions, including signal transduc-
tion, cell metabolism, proteolysis, cytoskeleton constituent,
transcription regulation and immune regulation. We focused on
Ras GTPase-activating protein-binding protein 1 (G3BP1), since it
was previously known to be involved in cell proliferation and cell
cycle regulation.'® As shown in Figures 2a—c and Supplementary
Figures 3a—d, HLOO1 treatment lead to G3BP1 downregulation in a
dose- and time-dependent manner in three different NSCLC cell
lines (A549, H460 and H292).

To examine the relevance of G3BP1 in human lung cancer, we
performed TCGA data analysis to investigate the correlation
between G3BP1 expression and overall survival in LUAD patients.
G3BP1 overexpression is significantly correlated with poor survival
in LUAD patients (P=9.0 x 1074 Figure 2d). Knockdown of G3BP1
in A549 cells lead to a slower proliferation compared to control
cells (Figures 2e and f), consistent with a previous study.'®
Moreover, resistance to HLO01 was found in G3BP1-overexpressed
A549 stable cell lines (Figures 2g—i). Collectively, those findings
suggest that G3BP1 plays a potential role for anti-proliferation
activity of HLOO1.

HLOO1 perturbs the interaction between CypA and G3BP1

We next investigated whether CypA physically interacted with
G3BP1 and further contributed to anti-proliferation activity of
HLOO1. Figure 3a and Supplementary Figure 3e reveal a potential
binding between CypA and G3BP1 via co-immunoprecipitation
(Co-IP) assay. We further examined the interaction between CypA
and G3BP1 by pull-down assay using CypA-conjugated beads and
A549 cell lysates (Supplementary Figure 3f). Figure 3b shows that
CypA variant R55A (retained less than 1% catalytic activity'®)
abolishes the interaction with G3BP1 using the purified recombi-
nant proteins. Additionally, incubation of CypA with increasing
concentration of HLOO1 causes a gradual reduction of complex
formation with G3BP1 (Figure 3c). Surface plasmon resonance
(Biacore, GE Healthcare, Piscataway, NJ, USA) assay shows that
CypA binds to G3BP1 with a Ky value of 4.26 um. Moreover, when
the mixture harboring CypA and increased concentration of HL0O1

Selective targeting p53"'" lung cancer cells by CypA inhibitor
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were passed over the biosensor surface of G3BP1, the binding
capability between G3BP1 and CypA was decreased with a Kp
value of 64.9 um (Figure 3d). Figure 3e further shows that CypA is
colocalized with G3BP1 in cytoplasm by confocal microscopy. In
addition, HLOO1 do not alter the intracellular localization of G3BP1,
CypA and its mutant CypA R55A (Supplementary Figure 3g).
Finally, we performed binding assay using truncated G3BP1 to
map the region of G3BP1 required for CypA binding. Figure 3f
reveals that a RNA-recognition motif domain (amino-acid residues
230-420) of G3BP1 is an essential region for CypA binding.

To investigate the role of CypA in the regulation of G3BP1, we
generated a stable A549 cell line bearing CypA knockdown by
shRNA-mediated gene silencing. Figure 3g shows that CypA
knockdown leads to the downregulation of G3BP1 level. In
addition, G3BP1 mRNA level is not affected by HLOO1 as
determined by RT-PCR assay (Figure 3h). In the presence of
cycloheximide (an inhibitor of protein biosynthesis in eukaryotic
organisms), G3BP1 protein level slowly decreased in a period of
12 h. However, protein half-life analysis reveals that G3BP1 is
markedly degraded at 8 h by HLOO1 treatment (Figures 3i and j).
A previous study showed that CypA regulated protein folding
and assembly via its peptidyl prolyl cis-trans isomerase activity,®
suggesting that the interaction between CypA and G3BP1 might
play a critical role for maintaining G3BP1 protein stability.
However, HLOO1 causes similar extent of G3BP1 downregulation
in both HLOO1-sensitive and -resistant cell lines (Supplementary
Figure 3h). Therefore, we next examined additionally possible
molecular mechanisms mediating the selectivity for anti-tumor
activity of HLOO1.

HLOO1 induces p53 activation

A careful comparison of genotype between HLOO1-sensitive and
-resistant cells revealed that cancer cells carrying p53 mutant or
p53"T have different responses to HLOO1, suggesting that
HLOOT may regulate p53 function in NSCLC (Figure 1d and
Supplementary Table 1). Indeed, treatment of HLOO1 increased
steady-state p53 levels in a time- and dose-dependent manner.
p21WAFCAP1 3 key downstream regulator of p53, was also
elevated upon HLOO1 treatment (Figures 4a and b). Knocked
down p53 by shRNA-mediated gene silencing revealed that loss of
p53 abrogates HLOO1-induced growth inhibition (Figures 4c and d
and Supplementary Figures 4a-b). In addition, HLOO1 fails to
induce S-phase arrest in p53 knockdown cells (Figure 4e and
Supplementary Figure 4c), suggesting that the S-phase arrest
induced by HLO01 is p53 dependent. Immunofluorescence
analysis further shows that HLOO1 induces p53 translocation into
nucleus, suggesting p53 activation (Figure 4f). Consistent with the
confocal microscopy studies, upregulation of p53 in nucleus is
also observed by western blotting (Supplementary Figure 4d).
Furthermore, gene silence of p53 target gene p21WAFI/CPT
markedly attenuates HLOO1-induced S-phase arrest (Supplementary
Figure 4e). Taken together, p53 activation plays a potential role in
HLOO1-mediated tumor growth suppression.

<
Figure 3.

Downregulated G3BP1 by HLOO1 via inhibiting the interaction between CypA and G3BP1. (a) Co-IP to detect the interaction between

CypA and G3BP1 in A549 cells. Proteins retained on the beads were analyzed by western blotting. Non-related antibodies were used as
control. (b) The interaction between CypA and G3BP1 relies on the peptidyl prolyl cis-trans isomerase activity. G3BP1 was incubated with
CypA WT beads or CypA R55A beads, and proteins retained on the beads were analyzed by western blotting. Bovine serum albumin-
conjugated beads were used as control. (c) HLOO1 inhibits the interaction between CypA and G3BP1 demonstrated by pull-down assay. The
lower band indicated that equal G3BP1 proteins were loaded in the pull-down assay. (d) Surface plasmon resonance binding assay for CypA
and G3BP1. (e) Colocalization of G3BP1 and CypA. A549 cells were fixed and stained as indicated. (f) Region of G3BP1 necessary for binding to
CypA. Different purified truncated G3BP1 was incubated with CypA beads, and proteins retained on the beads were analyzed by western
blotting. Bovine serum albumin-conjugated beads were used as control. (g) A549 cells stably expressing control shRNA or CypA shRNA were
analyzed by western blotting. (h) A549 cells were treated with HLOO1 for 36 h, and mRNA was extracted and subjected to real-time PCR. Values
represent mean =+ s.d. of three independent experiments carried out in triplicate. (i) A549 cells were treated with 20 um HLOO1 in the presence
of CHX (20 pg ml~") and collected at the indicated time points. Cell lysates were analyzed by western blotting. (j) Quantification of protein
half-life analysis of G3BP1 described in i. Values represent mean + s.d. of three independent experiments carried out in triplicate.
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To explore the mechanisms underlying p53 upregulation, we
sought to identify p53 regulator whose function was altered after
HLOO1 treatment. RT-PCR analysis shows that p53 mRNA levels in
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degradation. Previous studies showed that p53 activity is mainly
controlled by MDM2-mediated ubiquitination and degradation via
the proteasome.?® Accordingly, we examined the effect of HL0O1
on p53 ubiquitylation in NSCLC cells. In the presence of
proteasome inhibitor MG132, a ladder of slowly migrating
ubiquitylated forms was observed. Addition of HLOO1 inhibits
ubiquitination of p53 in three different NSCLC cell lines (Figure 4h
and Supplementary Figures 4h—i). We reasoned that CypA might
participate in p53 ubiquitination and degradation. To test this
hypothesis, CypA was knocked down in A549 cells via shRNA-
mediated gene silencing. Loss of CypA reduced HLOO1-induced
elevation of p53 (Figure 4i), suggesting that HLOO1-mediated p53
activation in A549 cells by targeting CypA. Collectively, these
observations suggest that HLOO1 activates p53 function by
reducing its ubiquitination and degradation.

A recent study suggested that the decreased G3BP1 also
contributed to p53 stabilization by diminishing the redistribution
of p53 from nucleus to cytoplasm.?’ To investigate the relation-
ship between G3BP1 downregulation and p53 activation induced
by HLOO1, shG3BP1 stable knockdown A549 cells were treated
with HLOO1, and p53 activation appeared at an earlier time point
(6 h) (Supplementary Figure 5a), compared to the control cells at
8 h (Figure 4a). In addition, G3BP1 cannot interact with MDM2
and regulate the function of MDM2 directly (Supplementary
Figure 5b), and has no effect on p53-MDM2 interaction
(Supplementary Figure 5c), consistent with previous data.”’ In
summary, although G3BP1 plays a potential role for anti-
proliferation activity of HLOO1 (Figure 2), the downregulation of
G3BP1 by HLOOT may partially contribute to p53 stabilization via
inhibiting p53 redistribution from nucleus to cytoplasm.

HLOO1 induces oxidative stress and subsequent DNA damage

As p53 is known to be activated by cellular stress, such as
endoplasmic reticulum stress, oxidative stress and DNA
damage,22 we examine whether HLOOT-induced cellular stress.
Supplementary Figures 6a—c show that HLOO1 induces reactive
oxygen species (ROS) generation and y-H2AX phosphorylation.
However, HLOO1 has minor effects on two endoplasmic reticulum
stress markers: GRP78 and XBP-1.

We further used the antioxidant N-acetyl-L-cysteine (NAC) to
abrogate the oxidative stress to examine the role of ROS in HLOO1-
induced p53 activation. Supplementary Figure 6d shows that NAC
(5 mm) greatly suppresses ROS generation and DNA damage
induced by HL0O1. Of note, in the presence of NAC (5 mwm), HLOO1
still activates p53 in a time- and dose-dependent manner
(Supplementary Figures 6e—f). Interestingly, the steady activation
of p53 is delayed to 10h (Supplementary Figure 6e) in the
presence of NAC (5 mm), compared to the p53 activation of control
cells at 8 h (Figure 4a). Furthermore, the S-phase arrest induced by
HLOO1 becomes weaker (S-phase arrest was decreased from
23.52 to 15.25%) (Supplementary Figure 6g), and the ICso value
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increases from 7.22 to 10.35 um in the presence of NAC at 5 mm
(Supplementary Table 4).

We next investigated the effects of HLOO1 on the phosphoryla-
tion status of key components in p53 signaling pathway, including
MDM2, p53, Cdc25C, CHK1, CHK2 and CDK1 (Supplementary
Figures 6h—i). HLOO1 induces p53 phosphorylation at S15 and
S392, but has no effects on 520, S46 and T18. Moreover, HL001 has
no effect on the phosphorylation of Cdc25C (5216), CHK1 (S345),
CHK2 (T68) and p53 (S6), while the DNA damage agent topotecan
induces the elevated levels of phosphorylated Cdc25C (5216),
CHK1 (5345), CHK2 (T68) and p53 (S6).

We further examined the activities of two ROS-inducing agents
(elesclomol and f-lapachone) and a DNA damage agent
(topotecan) against both HLOO1-sensitive cells (A549, H460 and
H838) and HLOO1-resistant cells (H1395, H1975, H1299, H157, Hela,
HCT116, MCF7, MDA-MB-231, PANC-1, H2126, Hep3B and IMR-32)
across various cancer types. Those three anti-tumor agents do not
show similar selectivity as HLOO1 (Supplementary Table 5). In
addition, HLOO1 induces similar ROS and DNA damage in both
HLOO1-sensitive (A549 and H460) and HLOO1-resistant lung cancer
cells (H1395 and H1975) (Supplementary Figures 6j—k). Taken
together, these results suggest that the induction of ROS
generation partially contributes to HLOO1-induced p53 activation
and anti-proliferation activity of HL0O1.

Selective tumor suppression activity of HL001 in p53"T NSCLC
TP53 is often mutated in approximate 50% cancer patients, whose
somatic alterations are associated with tumor progression, adverse
prognosis and the development of drug resistance.'*?* We
examined the role of CypA-coding gene PPIA in human lung
cancer based on different p53 genotypic statuses. We collected
p53 nonsynonymous mutations and copy number variant data
from TCGA.'® Interestingly, we found that high PPIA expression
was significantly correlated with poor survival in p53*"T LUAD
patients (P=5.0x 10~%, Figure 5a). However, high PPIA expression
is not significantly correlated with poor survival in p53 mutant
patients (P=0.8556, Figure 5a). Furthermore, high PPIA expression
is significantly correlated with poor survival rate for patients
(P=0.0177) whose tumors are p53 natural diploid. In contrast,
high PPIA expression is not significantly correlated with poor
survival rate for LUAD patients whose tumors have p53 deletions
(P=0.1186) or gains (P=0.8615) in Figure 5b. These findings
suggest that CypA inhibitors may improve potential clinical
benefits for a subset of lung cancer patients whose tumors are
p53"T or natural diploid.

We next searched in International Agency for Research on
Cancer p53 database to investigate the p53 mutation status across
different cancer cell lines used in this study. Consistently with
TCGA analysis (Figures 5a and b), HLOO1 is not effective in cancer
cells harboring p53 mutations or deletion, but exhibits remarkable
suppressing activities in several p53"" cell lines (Supplementary
Table 1). We performed the colony formation assay to verify HL0OO1

<
Figure 4.

p53 activation induced by HLOO1 in A549 cells. (a and b) A549 cells were incubated with 20 pm HLOO1 for different incubating time

(@) or different concentrations of HL0OO1 for 36 h (b), and cell lysates were analyzed by western blotting. (c and d) The knockdown of p53
produces resistance to the suppression activity of HLO01. A549 cells stably expressing control shRNA or p53 shRNA were analyzed by western
blotting (c), and cell viability was evaluated in the presence of 20 pm HLOO1 through three independent experiments carried out in triplicate
(d). Bar groups represent the mean + s.d. Student’s t-test was performed, ***P < 0.001. (e) A549 cells stably expressing control shRNA or p53
shRNA were treated with HLOO1 for 36 h at the indicated concentrations and fixed with ethanol. The cells were stained with Pl to detect DNA
content by FACS analysis. The number of events was plotted against the fluorescence intensity (DNA content). Representative results from
three independent experiments are shown. Quantitative analysis was provided in Supplementary Figure 4c. (f) Subcellular location of p53.
A549 cells were treated with 20 pm HLOO1 for 36 h, and were fixed and stained as indicated. (g) A549 cells were treated with 20 pm HLOO1. After
36 h, mRNA was extracted and subjected to real-time PCR. (h) Regulation of p53 ubiquitination by HLO01. A549 cells were treated with 20 pum
HLOO1 for 36 h and additional 4 h with 20 pm MG132 before collection. p53 was immunoblotted with monoclonal anti-p53 (DO-1) antibody.
(i) The activation of p53 is CypA dependent. A549 cells stably expressing control shRNA or CypA shRNA were treated with 20 pm HLOO1 for

36 h, and cell lysates were analyzed by western blotting.
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selectivity in lung cancer cell lines with different p53 status in a H292 cells (p53"") after 7 days’ incubation, while the growth of
broader range of NSCLC cell lines. HLOO1 at a concentration of H1299 (p53 null) and H1975 (p53 mutant) cells are less affected at
1 um notably suppresses the colony formation of A549, H460 and the same concentration (Figure 5c). Collectively, p53 genetic
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status may represent a potential biomarker for characterizing the
selectivity of anti-proliferation activity of HLOO1 in lung cancer.

HLOO1 specifically activates p53-72R function

Inconsistent responses to HLOO1 observed in several different
p53"" lung cancer cell lines suggest that other genetic profiles
may mediate selectivity of HLOOT activity in lung cancer
(Supplementary Table 1). The codon 72 in p53, a unique
polymorphism in human, encodes either proline or arginine.
A previous study reported that CypA interacted with the proline-
rich region of p53 (amino acids 64-91), and the proline 72 played
a critical role in mediating the interaction.”* We next processed
DNA sequencing data in both lung and non-lung cancer cells on
the exon 4 of p53 and examined whether the codon 72
polymorphism affects selective tumor suppression activity of
HLOO1. Surprisi\rlbgrgly, HLOO1 is more effective (ICso < 10 um) in cells
expressed p53™" with homozygous R/R at the codon 72 (A549,
H292, H460, H838 and H1650) than that of homozygous P/P across
17 different lung cancer cell lines (Supplementary Table 1). For
instance, the activities of HL0O01 in lung cancer cell lines
expressing p53"T with homozygous P/P (H128, H209 and
H1395) are 20 times weaker than cells with R/R at the codon 72.

We expressed p53 with either a proline or an arginine at the
codon 72 in H1299 (p53-null lung carcinoma cell line) and
examined the cell viability of H1299 cells treated with HLOO1. After
48 h incubation, the cell viability of H1299 cells transfected with
p53-72R is decreased more notably than that of p53-72P
(Figure 5d). Moreover, p53-72R level is increased in p53-
transfected H1299 cells after the treatment with HLOO1 for 24 h,
while the expression of p53-72P is not affected (Figure 5e).

We further performed Co-IP assay to investigate the selective
activation of p53 polymorphism at the codon 72 by HLOO1. As
shown in Figure 5f, the binding of MDM2 to p53-72R in H1299 cell
lysates is suppressed by the incubation of HL001, while
the interaction between MDM2 and p53-72P is not affected.
Pull-down assay using MDM2-conjugated beads and H1299-
transfected cell lysates show similar trends (Supplementary
Figure 7a). Furthermore, the interaction between MDM2 and
p53-72R is not interrupted by HLOO1 using purified recombinant
proteins (Supplementary Figure 7b). Collectively, HLOO1 is not a
direct inhibitor for MDM2—p53-72R interaction.

To identify the specific p53 activation induced by HL0OO1, we
investigated whether p53 is activated by HLOO1 in different lung
cancer cells containing p53-72R homozygote (H292 and H460)
and p53-72P homozygote (H128 and H1395). We found that p53
was strongly activated by incubation of 20 um HL0O1 in H292 and
H460 cells expressing p53-72R (Figure 5g). However, p53
expression is not affected in H1395 and H128 cells encoding
p53-72P. Furthermore, HLOO1 induces S-phase arrest in H292 and
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H460 cells (similar with A549 cells) with p53-72R, while the cell
cycle progress of H1395 (p53-72P), H1299 (p53 null) and H1975
(p53 mutant) are not affected significantly (Supplementary
Figure 7c). In summary, these observations suggest that HLOO1
selectively targets p53"" lung cancer cells harboring Arg72
homozygote.

Synergistic effects of HLOO1 in combination with cisplatin
Cisplatin is a widely used cytotoxic chemotherapeutic agent for
the treatment of NSCLC in clinic. The combination of cytotoxic
chemotherapy drugs and targeted therapy drugs is an effective
approach in lung cancer therapy by minimizing toxicity and
acquired resistance.””> Accordingly, we examined the potential
efficacy of combining HLOO1 with cisplatin in A549 cells harboring
p53-72R. As shown in Figure 6a, the combination of HLOOT with
cisplatin displays a dramatically synergistic anti-proliferative effect
with a combination index of 0.385 in A549 cells. Furthermore, the
colony formation assay confirms that this drug combination
triggers dramatically synergistic inhibitory effect against cell
growth at a low concentration (Figure 6b). Interestingly, the
HLOO1-cisplatin combination is also effective in HLOO1-sensitive
H460 cells (p53-72R), while it is invalid in HLOO1-resistant
H1395 (p53-72P) and H1975 (p53 mutant) cells (Supplementary
Figures 8a—c).

We then tested the therapeutic effects of HLOO1 on both
xenograft models of p53-72R/R and p53-72P/P tumors by
subcutaneous injection of A549 and H1395 cells, respectively.
Mice receiving HLOO1 show a significant reduction in in vivo tumor
growth of A549 (p53-72R/R) (P < 0.001, Figure 6c¢), but not for
H1395 (p53-72P/P) (Supplementary Figure 8d), consistent with the
in vitro observations. In addition, HLOO1 shows minor effects on
A549-CypA R55A cells-derived xenograft model and its inactive
analog HLOO3 fails to impair the in vivo tumor growth of
A549-derived xenograft model (Supplementary Figures 8e—f),
suggesting that CypA plays important roles for HLOO1's anti-
cancer activities.

To further evaluate the mechanism of tumor suppression by
HLOO1, we examined the expression of G3BP1, p53 and CypA in
the tumor tissues by western blot analyses and immuno-
histochemistry assays. HLOO1 upregulates the expression of p53
and downregulates the expression of G3BP1 compared with
vehicle group (Figures 6d and e). Taken together, HLOOT
suppresses lung cancer growth by upregulation of p53 level
in vivo.

We further investigated the potency of combinational therapy
using an orthotopic lung cancer mouse model in vivo. After
30 days treatment, tumors in the control group grow fast and
distribute diffusely in lung tissue. The single-agent-treated group
shows a limited anti-tumor activity at the given dose and tumor

Figure 5. Therapeutic profiles of HL001 on inducing p53 activation and suppressing cell proliferation in cells with p53-72R than p53-72P.

(@ and b) Kaplan-Meier survival analysis for CypA in LUAD patients grouped by TP53 genotypes: (a) TP53 DNA copy number variants and
(b) TP53 mutated (Mut) versus WT. TP53 DNA copy number variant data are grouped based on GISTIC 2.0 values: gain (values =1 or 2), natural
diploid (values =0), loss (values =—1 or — 2). Patients are categorized into lowly (green) and highly (red) expressed groups based on the mean
expression level. All P-values of Kaplan-Meier survival analysis were performed using a log-rank test. (c) Colony formation assay of lung cancer
cells (A549, H292, H460, H1395, H1299 and H1975) treated with 1 um HLOO1 for 7 days. The cells were fixed and stained with crystal violet.
Quantifications of three independent colony formation assays were shown in the right panel. Bar groups represent the mean + s.d. Student’s
t-tests were performed, ***P < 0.001. (d) HLOO1 inhibits the proliferation of p53-72R-transfected H1299 cells. H1299 cells transfected with
p53-72P or p53-72R were treated with 20 pm HLOO1 for 72 h, and cell viability was evaluated by three independent MTT assays carried out in
triplicate. Bar groups represent the mean +s.d. Student’s t-test was performed, **P < 0.01. (e) HLOO1 stabilizes p53 in p53-72R-transfected
H1299 cells. H1299 cells transfected with p53-72P or p53-72R (200 ng) were treated with 20 pm HLOO1 for 36 h, and cell lysates were analyzed
by western blotting. (f) HLOO1 inhibits the interaction between p53-72R and MDM2. H1299 cells transfected with p53-72P or p53-72R were
treated with HLOO1 for 24 h, and cell lysates were immunoprecipitated with p53 antibodies DO-1. Proteins retained on the beads were
analyzed by western blotting. Non-related antibodies were used as control. (g) HLOO1 selectively activates p53 in cells with p53-72R. H292
(p53-72R/R), H460 (p53-72R/R), H1395 (p53-72P/P) and H128 (p53-72P/P) cells were treated with 20 pm HLOO1 for 36 h, and cell lysates were
analyzed by western blotting.
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spread is observed. In contrast, combining HLOO1 with cisplatin
exhibits significantly coordinative anti-tumor activity (Figure 6f
and Supplementary Figure 8g). In addition, three-dimensional

co-registration also shows that tumors grow and distribute
diffusely in the entire lung in the control group or the single-
agent group (Figure 6g). In contrast, tumor growth is significantly
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suppressed and only a small lightspot is found in the HLOO1 and
cisplatin combination group (Figure 6g and Supplementary Movie 1).
Finally, macroscopic lung tumors from different groups suggest
the synergistic effect of HLOO1 in combination with cisplatin on
lung tumor suppression, consistently with the 2D image and the
three-dimensional reconstruction data (Figure 6h). Furthermore,
no markedly difference in mouse body weight is observed,
indicating low toxicity in the HLOO1-cisplatin combination
(Supplementary Figure 8h). In summary, these results suggest
that HLOO1 offers a promising preliminary lead agent to treat lung
cancer by rational combinational therapy with cisplatin for human
lung cancers.

DISCUSSION

The development of precision oncology provides novel strategies
for prevention and treatment of cancers.?® Genetic profiles like
single nucleotide polymorphisms can be exploited to predict risk
of cancer or evaluate outcome and/or response to clinical
treatment. However, identifying new drugs targeting proteins
with specific single nucleotide polymorphism is still in the early
stage in precision oncology.?” Over 200 natural p53 sequence
variations are reported and one of the most common p53
polymorphisms is at codon 72, encoding either Pro or Arg.*®
Comparative genomic studies suggest that p53-72P is the
ancestral form, in which p53-72R is found with over 50%
frequency in some populations.?® In this study, we found that
HLOO1, a small molecule CypA inhibitor, selectively restores
p53-72R homozygote expression and reactivates p53-dependent
cancer cell growth suppression. Moreover, HLOO1-cisplatin drug
combination is highly effective in WT p53-72R cells (A549 and
H460), but not in WT p53-72P (H1395 cells) and mutant p53-72R
(H1975 cells). To the best of our knowledge, this is the first study
that p53-72R can be selectively activated by a small molecule,
providing a potential biomarker for the development of targeted
cancer therapies. Further studies are needed to elucidate the
causative pathways and molecular mechanisms involved in highly
selective anti-tumor activities of HLOOT in p53-72R lung cancer.
HLOO1 and its analog would provide a useful small molecule probe
for understanding the functional roles and mechanisms of p53
polymorphism at codon 72.

Previous studies have suggested that p53-72P interacted more
readily with inhibitory protein iASPP than p53-72R*° and iASPP
was reported to inhibit p53 activity.?' In addition, the Arg72
variant is associated with greater binding and ubiquitination of
p53 by MDM2.3? Moreover, CypA interacts with the proline-rich
region of p53 (amino acids 64-91), and the proline 72 plays a
critical role in mediating the interaction.® In this study, we
showed that HLOO1 disrupted the interaction between p53-72R
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and MDM2 in the presence of CypA using the Co-IP and pull-down
assays (Figure 5f). In addition, p53-72R is more stable than
p53-72P after treatment with HLOO1, which result in selectively
suppressing growth of the p53-72R lung cancer cells. Further
studies will be needed to determine precisely how HL001
specifically regulates p53-72R in clinic.

Alterations in p53 signaling pathways are believed to be
needed for the development of most cancers, and various
accumulated evidences indicate that the restoration and reactiva-
tion of p53 function have the marked therapeutic benefits.?
Although a variety of compounds that restore p53 function have
been reported, the biological consequences and clinical benefits
of these compounds remain unclear3**® For instance, p53 is
activated by various cellular stresses and MDM2 is a main negative
regulator of p53. Herein, we showed that HLOO1 selectively
upregulates p53-72R through disrupting interaction between
MDM?2 and p53-72R in a CypA-dependent manner.

Alternatively, CypA interferes intracellular ROS generation and
its inhibitor Cyclosporin A significantly increases intracellular ROS
level 237 As a potent CypA inhibitor, HLOO1 indeed induces ROS
generation and DNA damage in a time-dependent manner. DNA
damage may be the secondary effect of the oxidative stress
induced by HLOO1, as y-H2AX phosphorylation is not observed in
the presence of NAC. We also found that HLOO1 still activated p53
even in the presence of antioxidant NAC, although a delayed
steady activation of p53. In addition, HLOOT induces down-
regulation of G3BP1 through blocking the interaction between
CypA and G3BP1. The downregulation of G3BP1 facilitates early
p53 activation, but does not affect HLOO1-induced steady state of
p53 activation. The p53 activation is observed in a panel of NSCLC
cell lines by using western blotting and immunofluorescence.
However, p53 is lost in 2D PAGE analysis. One possible explanation
is that the limited detection sensitivity of 2D PAGE may not cope
with the actual dynamic range of p53 protein concentration in cell
extracts owing to a well-known instability of p53.3® Collectively,
these data suggest that the oxidative stress and G3BP1 down-
regulation induced by HLOO1 partially contribute to p53 activation.

Overexpression of CypA plays an important role in the
resistance to cisplatin in cancer cells3® A well-known CypA
inhibitor Cyclosporin A significantly and selectively increases the
sensitivity of cisplatin-resistant cells to the cytolysis by cisplatin.>®
However, several clinical trials utilizing cisplatin/carboplatin in
combination with Cyclosporin A yielded unsatisfactory results due
to its strong immunosuppressive activity.*® As a potent inhibitor of
CypA, HLOO1 exhibits weak activity on concanavalin A-simulated
mouse spleen cell proliferation (data not shown), indicating a safer
therapeutic option for cisplatin resistance. Furthermore, we
described markedly synergistic effects of HLOOT in combination
with cisplatin on tumor growth suppression in NSCLC both in vitro

Figure 6.

Effects of HLOO1 in combination with cisplatin on the growth of A549 cells in vitro and in vivo. (a) Evaluation of effect of HLOO1 in

combination with cisplatin on cell viability. A549 cells were treated with several ratios combination of HLOO1-cisplatin for 48 h, and cell
viability was assessed by MTT assay. The combination index was calculated as described in ‘Materials and Methods’ section. Synergism of
HLOO1-cisplatin is shown by combination index < 1. (b) Synergistic effects of HLOO1-cisplatin combination. A549 cells were treated with
indicated single drug (HLOO1, 0.5 pm; cisplatin, 4 pm) or drug combination for 7 days, and the cells were fixed and stained with crystal violet.
Quantifications of three independent colony formation assays were shown in the right panel. Bar groups represent the mean + s.d. Student'’s
t-tests were performed, ***P < 0.001. (c) HLOO1 suppresses A549-generated tumor growth in vivo. Nude mice with tumor xenografts formed by
A549 cells were treated daily for 40 days by oral gavage with vehicle or HLO01 (20, 60 and 120 mg kg ~'). Tumor measurements are mean +s.d.
Student’s t-tests were performed, **P < 0.01, ***P < 0.001, n=6 per group. (d and e) HLOO1 induces increased p53 and decreased G3BP1 in
A549 xenograft tumors. Tumor tissues from different treatment groups were lysed and analyzed by western blotting (d) or
immunohistochemical stained by antibodies against p53 or G3BP1 (e). (f and g) In vivo effects of HLOOT and cisplatin combination therapy
in an orthotopic lung tumor model. Mice with established tumors (n=6 per group) were treated for 30 days with vehicle, HLO01 (20 mg kg ™'
in 0.5% CMC-Na by daily gavage), cisplatin (1 mg kg~" in normal saline by intraperitoneal injection once a week) or drug combination of
HLO001 and cisplatin (HLOO1, 20 mg kg ™" in 0.5% CMC-Na by daily gavage. Cisplatin, 1 mg kg ™' in normal saline by intraperitoneal injection
once a week). The representative bioluminescent 2D images (f) or three-dimensional modeling (g) from each group were shown. (h) Four
representative macroscopic observations of lungs in nude mice at day 30.
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and in vivo, providing an achievable targeted therapeutic strategy
for individual patient according to their p53 codon 72 poly-
morphism, although the detailed mechanism of synergistic effects
needed to be studied further.

In summary, our preclinical study demonstrated that HLOO1, a
small molecule inhibitor of CypA, selectively activated p53-72R
and subsequently inhibited growth of human lung cancer cells.
Furthermore, mouse models indicate that in vivo administration of
HLOO1 alone or co-treatment with cisplatin promote significant
tumor suppression in NSCLC. The preclinical results presented
here demonstrate that CypA inhibitors may serve as a new
pharmacologic approach to the targeted therapy for NSCLC.

MATERIALS AND METHODS
Please see the Supplementary Methods for more details.

Cellular protein thermal shift assay

Protein thermal shift assay in intact cells was described previously.*'
Briefly, cells were incubated with dimethylsulfoxide as control or HLOO1 at
a final concentration of 20 um for 12 h. After treatment, the cells were
digested with trypsin and resuspended in phosphate-buffered saline (PBS)
and the cell suspension was divided into eight equal PCR tubes. The tubes
were heated to 44, 46, 48, 50, 52, 54, 56 or 58 °C for 3 min and followed by
cooling at room temperature for 3 min. Then the cells were lysed by three
cycles of freeze-thawing using liquid nitrogen. The lysates were
centrifuged at 20 000 g for 20 min to separate the soluble proteins from
precipitates. The supernatants were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS—PAGE) followed by western blot
using CypA antibody.

Flow cytometry analysis

Flow cytometry analysis was performed as described previously.*? After
reaching 70-80% confluence, cells were treated with different concentra-
tions of HLOO1 for 36 h. For cell cycle analysis, cells were collected and
washed in PBS. The cell pellet was resuspended in PBS and fixed in 70%
ice-cold ethanol at 4 °C overnight. The fixed cells were centrifuged and
resuspended in 1 ml PBS. RNase A (0.05mgml~") was added and the
samples were incubated at 37°C for 30 min. With the addition of
0.05 mgml~" propidium iodide (Pl), the incubation was carried out at
4 °C in the dark for 20 min. Cell cycle profiles were analyzed on BD FACS
Calibur flow cytometer (Franklin Lakes, NJ, USA).

For cell apoptosis assay, cells were treated with various concentration of
HLOO1 for 72 h. After treatment, cells were collected, washed three times
with PBS and resuspended with 500 pl binding buffer at a concentration of
1% 10° cells per ml. Then 5 pl Annexin V-FITC and 5 ul Pl were added and
the solution was incubated at room temperature for 20 min. Analysis was
carried out using BD FACS Calibur flow cytometer.

Co-IP assay

Co-IP assay was carried out as described previously with modifications.*®
H1299 cells were transfected with different cDNA expressing p53-72P,
p53-72R or MDM2 for 24 h, and treated with HLOO1 (20 um) for 36 h. Cells
were washed with cold PBS and lysed in lysis buffer (50 mm Tris-HCl,
pH=7.0, 150 mm NaCl, 1T mm EDTA and 1% NP-40 supplemented with
protease inhibitor cocktail). The whole-cell lysates were incubated with
2 ug p53 antibody DO-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and 20 pl protein A/G Sepharose beads (Santa Cruz Biotechnology)
overnight at 4 °C. The immunocomplexes were washed with lysis buffer for
three times and separated by SDS-PAGE followed by western blotting
analysis. As p53 protein band is overlapping with IgG bands, IgG light
chain was further detected by using specific anti-IgG light chain secondary
antibody from (Jackson immunoResearch, West Grove, PA, USA).

Confocal microscopy

Confocal microscopy assay was performed as described previously with
modifications.** A549 cells were transferred to confocal dishes and treated
with 20 pm HLOO1 for 36 h or not. After washed three times with PBS, the
cells were fixed with 4% paraformaldehyde in PBS for 30 min at 4 °C,
permeabilized with 0.1% Triton X-100 for 15 min and blocked with 3%
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bovine serum albumin for 1 h at room temperature. Then the cells were
incubated with primary antibody at 4 °C overnight. p53 and G3BP1 were
visualized using Alexa Fluor 555-labeled goat anti-mouse secondary
antibody, and CypA was visualized using Alexa Fluor 488-labeled goat
anti-mouse secondary antibody. The cells were finally incubated with
Hoechst 33342 for 30 min at room temperature to stain nucleus. The
samples were imaged using Zeiss Axioplan 2 confocal microscopy (Carl
Zeiss, Inc., Thornwood, NY, USA).

p53 Codon 72 genotyping

Genotyping of the p53-72 polymorphism was carried out on cancer cells
with WT p53 reported by the International Agency for Research on Cancer
p53 database. The exon 4 of p53 was amplified from genomic DNA of the
cell lines using the forward primer 5-AAGGGAGTTGGGAATAGG-3" and
reverse primer 5-GAAGCCAAAGGGTGAAGA-3'. The PCR products were
purified and sequenced directly.

Animal studies

The mouse experiments were conducted according to the guidelines of
the Institution Animal Care and Use Committee of Shanghai and the
National Research Council Guide for Care and Use of Laboratory Animals.

Statistical analysis

Data were represented as the mean +s.d. with at least three independent
experiments with triplicate. Comparisons between two groups were
analyzed for statistical significance using two tailed Student’s t-test. For
multiple comparisons, one-way ANOVAs were applied. The levels of
significance were set at P < 0.05 (¥), P < 0.01 (**) and P < 0.001 (¥*¥).
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