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ABSTRACT

Down regulation of QKI triggers ferroptosis by interfering cytoskeletal

stability and lipid membrane integrity in double negative prostate cancer

Cheol Keun Park

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Nam Hoon Cho)

The widespread application of androgen deprivation therapy for the recurrent or
metastatic prostate cancer triggers the emergence of double negative prostate cancer
(DNPC). Despite aggressive behavior of DNPC, few targeted therapy has been
established compared to androgen receptor positive prostate cancer (ARPC). This study
revealed that the application of statin can trigger ferroptosis in DNPC represented by
overexpression of RNA-binding protein quaking (QKI). PC3 and DU145 cells were
selected as DNPC model and showed overexpression of QKI. MicroRNA-200 family,
especially miR-200b, repressed QKI expression in PC3 cells. After overexpressing QKI
in ARPC cell lines, the enhancement of stemness was observed. High expression of rho
GDP-dissociation inhibitor, myosin phosphatase rho interacting protein and integrin
beta 4 was associated with high QKI expression on immunohistochemistry of prostate
cancer specimens. As a therapeutic target of QKI, fluvastatin was selected and treated
to QKI-overexpressing (QKI-OE) cells. The treated QKI-OE cells showed diminished
proliferation and increased intracellular reactive oxygen species, suggesting the
occurrence of ferroptosis. In Kaplan-Meier analysis, shorter progression free survival
was identified in DNPC and cases with high QKI expression (P < 0.001 for all). When
1



combining DNPC and QKI expression, DNPC with high QK1 expression showed worst
prognosis (P < 0.001). In conclusion, QKI was overexpressed in DNPC and associated
with inferior prognosis. QKI-OE tumor cells were selectively sensitive to fluvastatin,
which triggers ferroptosis. Application of statin that targets QKI can be the therapeutic
option for the DNPC patients.

Key words: double negative prostate cancer, quaking, ferroptosis, statin, miR-
200b



Down regulation of QKI triggers ferroptosis by interfering cytoskeletal
stability and lipid membrane integrity in double negative prostate cancer

Cheol Keun Park

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Nam Hoon Cho)

I. INTRODUCTION

Androgen deprivation therapy (ADT) is the first-line treatment for the recurrent or
metastatic prostate cancer, where androgen receptor (AR) is a tumorigenic driver.! After
the application of ADT, the resistant phenotype of prostate cancer, which is called
castration-resistant prostate cancer (CRPC) has emerged. Among CRPC, double
negative prostate cancer (DNPC) shows distinct characteristics, which lacks of AR and
neuroendocrine (NE) marker expression.’® In addition, DNPC cell line showed
increased expression of integrin beta 4 (ITGB4),* which is associated with stemness
feature in breast cancer.* Despite aggressive behavior of DNPC, few targeted therapy
has been established compared to AR positive prostate cancer (ARPC).

Recent study reported ferroptosis inducers, erstin and RSL3, as a novel
therapeutic strategy in advanced prostate cancer.’ Ferroptosis is a form of regulated cell
death, which is triggered by iron-dependent accumulation of lipid hydroperoxides.®
Glutathione peroxidase 4 (GPX4) eliminates lipid hydroperoxides and acts as a
regulator of ferroptosis. Several pathways and molecules, such as amino acid, iron, lipid

metabolism, glutathione synthesis and coenzyme Q10, are related to the execution of

3



ferroptosis.®’ Statin, one of the several inducers related to the pathways of ferroptosis,
depletes coenzyme Q10 and inhibits biosynthesis of GPX4 via prohibiting downstream
tRNA isopentenylation.®’ In addition, recent study reported that several microRNAs
including miR-638 suppresses FTH1 and triggers intracytoplasmic iron accumulation. '

Lipid metabolism regulates ferroptosis via several pathways. Several enzymes
such as acyl-CoA synthetase long-chain family member 4 (ACSL4),
lysophosphatidylcholine acyltransferase 3 and 15-lipoxygenase catalyzes the
peroxidation of polyunsaturated fatty acids (PUFAs) and triggers ferroptosis.!' On the
contrary, activated exogenous monounsaturated fatty acids (MUFAs) by ACSL3
displaces PUFAs from plasma membrane and reduces the sensitivity of cell to
ferroptosis.'? A recent study reported the impaired synthesis of MUFASs in quaking (QKI)
knockout mice, suggesting the regulatory role QKI in lipid synthesis. "

Besides the regulatory role of lipid synthesis, QKI regulates the metabolism
of adipose tissue itself. In adipose tissue, the knockdown of QKI promotes brown fat
energy dissipation and transformation of white fat to brown fat, causing thermogenesis.
On the contrary, the induction of QKI mediated by cAMP-cAMP response element
binding protein axis restricts the energy consumption by interfering mRNA stabilization
and translation of UCPI and PGCla, the key thermogenic genes in adipose tissue.'*

QKI also regulates several processes of RNA metabolism such as mRNA
splicing, circular RNA formation and miRNA stabilization.!’!” Via alterative splicing,
QKI plays an important role in cardiac sarcomerogenesis and contractile function.!® In
cancers, QKI promotes epithelial-to-mesenchymal transition (EMT) through increasing
circular RNA.'S Several actin cytoskeleton-associated genes, including MPRIP and
MYOF are directly targeted by both QKI and miR-200c, revealing coordinated control
of alternative splicing and mRNA abundance during EMT in breast cancer.'® However,
a recent study has reported QKI also represses EMT in head and neck cancer via
negative feedback loop to maintain homeostasis of EMT-inducing signals.*® On the
contrary, QKI functions as tumor suppressor in several types of cancers such as colon,

stomach, and lung cancer.?'** Especially, via epistatic interaction with TP53, QKI



suppresses the tumorigenesis by stabilizing miR-20a in glioblastoma.?*

Despite several studies about DNPC, QKI and ferroptosis, the role of QKI and
correlation with ferroptosis in DNPC has not been fully elucidated. Thus, this study
tried to investigate the role of QKI and ferroptosis in the progression and treatment of

DNPC.

Il. MATERIALS AND METHODS

1. Cell culture
LNCaP, MDA-PCa-2B, PC3, DU145 and RWPE-1 cell lines were purchased from
American Type Culture Collection. LNCaP, PC3 and DU145 cells were maintained in
RPMI-1640 (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) at 37°C in 5% CO,. MDA-PCa-2B cell was maintained in BRFF-HPCI
(Athena Environmental Sciences, Baltimore, MD, USA) supplemented with 10% FBS
at 37°C in 5% CO;. RWPE-1 was maintained in Keratinocyte serum-free medium
(Gibco) supplemented with human recombinant epidermal growth factor (Gibco) and
bovine pituitary extract (Gibco) under recommended conditions. Cells were fed twice

weekly and split weekly with trypsinization.

2. RNA isolation and microRNA microarray
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. The quality of RNA was confirmed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). MicroRNA
microarrays were performed using the Agilent Human miRNA v14 (Agilent
Technologies) according to the manufacturer's instructions. The target prediction of

miRNAs was surveyed using TargetScan database (https://www.targetscan.org).

3. RNA-sequencing data analysis

Cancer cell line RNA-sequencing dataset was acquired from Cancer Cell Line



Encyclopedia (CCLE). Weil-Cornell Medicine® and Stand Up to Cancer/Prostate
Cancer Foundation (SU2C-PCF)*® dataset for castration-resistant neuroendocrine
carcinoma/adenocarcinoma were downloaded from cBioPortal for Cancer Genomics
(https://www.cbioportal.org). AR activity score and NE signature score were calculated
as previously described.? Expression values of mRNAs and microRNAs in each dataset
was transformed to Z-score ((sample value — population mean)/sample standard
deviation), used to generate gene set score. The cut-off for negative correlations
between miRNA and gene pairs was defined as Pearson’s correlation coefficient < -

0.25.

4. Western blot

After cell lysis with a PRO-PREP kit (iNtRON Biotechnology, Seongnam, Republic of
Korea), protein extracts were centrifuged at 15,000 x g for 15 min. Twenty micrograms
protein was electrophoresed on 10% polyacrylamide gels and transferred onto a
nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). After blocking with 5% skim
milk for 1 h at room temperature, probing was performed with primary antibody against
QKI (dilution 1:5000, polyclonal, Bethyl Laboratories, Montgomery, TX, USA).
Glyceraldehyde 3 phosphate dehydrogenase (dilution 1:500, clone 0411, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was used as an internal control. After blocking
the blotted membrane with 0.5% bovine serum albumin for 1 hour at room temperature,
incubation with secondary antibody against mouse (SA001) and rabbit (SA002,
GenDEPOT, Barker, TX, USA) was performed. Visualization was performed by
enhanced chemiluminescence detection kit (GenDEPOT).

5. microRNA and siRNA transfection
Silencer negative control siRNA and QKI siRNA were transfected using Lipofectamine
2000 (Invitrogen). Appropriate MISSION miRNA mimics (nontargeting miRNA, miR-
141, miR-200a, miR-200b, miR-200c, and miR-494; Sigma Aldrich, St. Louis, MO,
USA) were transfected using X-tremeGENE 360 Transfection Reagent (Sigma



Aldrich).

6. Production of QKI overexpressing cell lines
QKlI-overexpressing (QKI-OE) prostate cancer cell lines were generated by infecting
QKlI-lentiviral activation particles (Santa Cruz Biotechnology), using a synergistic
activation mediator transcription activation system designed to specifically and
efficiently upregulate gene expression via lentiviral transduction of cells.?’ Briefly, cells
were incubated with the target virus particle or control activation particle for 24 hours
with Polybrene (Sigma Aldrich). Infected cells were selected by puromycin for 96

hours. Overexpression of QKI was confirmed western blot.

7. Sphere formation assay
To create tumor sphere, METHOCEL (Sigma Aldrich) and Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA) were used as previously described.?® Then, the mixture of
tumor sphere was implanted in the center of each well of a 12-well plate. After

polymerization of gels, each well was filled with culture media.

8. Aldehyde dehydrogenase (ALDH) detection assay
ALDH activity was measured by using the ALDEFLUOR ALDH assay kit
(STEMCELL Technologies, Cambridge, MA, USA) according to the manufacturer's
protocol as previously described.?® In brief, cells were resuspended in ALDEFLUOR
buffer and incubated with the ALDH substrate. As a negative control, cells was also
incubated with diethylaminobenzaldehyde, an ALDH inhibitor. After 35 to 40 minutes
of incubation at 37°C, cells were analyzed with FACSCalibur flow cytometer (BD
Biosciences). Results were presented as percentages of ALDH active (ALDHbr) cells.

9. In silico drug screening
DepMap data of multiple cancer cell lines CRISPR screen (https://depmap.org) and

Cancer Therapeutic Response Portal (CTRP) database® was used for in silico drug



screening to identify the sensitive drug for QKI. In DepMap database, CERES score of
each gene according to each cell line was obtained. In CTRP database, the area under
curve (AUC) of each drug based on each cell line was obtained. The lower AUC
indicated the more sensitive the cell is to the drug of interest. These two datasets were
merged by using cell line names as identifier. Then a similarity matrix using Pearson
correlation metric were generated. This new drug sensitivity—gene dependency score
matrix contained all matched correlation coefficients for corresponding drug and gene

(481 drugs, 17634 genes).

10. Intracellular reactive oxygen species (ROS) measurement
Intracellular ROS was evaluated by using 2,7'-dichlorodihydrofluorescein diacetate
(H.DCFDA; Invitrogen). Cells were treated with the H-DCFDA for 10 min, and then
washed twice with phosphate buffered saline (PBS). Fluorescence of cells in PBS was

measured using the FACSCalibur flow cytometer (BD Biosciences).

11. Patient selection
The consecutive 72 prostate cancer patients which showed disease progression after the
application of ADT were selected as CRPC group. After matching International Society
of Urological Pathology (ISUP) grade group and pathological tumor staging based on
the 8th American Joint Committee on Cancer (AJCC) criteria to CRPC patients, 83
ADT-naive consecutive radical prostatectomy (RP) specimen between 2006 and 2011
were selected as ADT-naive prostate cancer (ADT-naive PC). All clinicopathologic
parameters, including age at the diagnosis, serum cholesterol level, body mass index
(BMI), histologic subtype, Gleason score, ISUP grade group, tumor volume, presence
of extraprostatic extension (EPE), seminal vesicle involvement (SVI), lymphovascular
invasion (LVI) and resection margin (RM) involvement and pathological tumor, node
and metastasis (TNM) staging based on the 8th AJCC criteria were obtained from
medical record review.

All cases were periodically followed and checked for loco-regional recurrence



or metastasis by imaging and prostate specific antigen (PSA) evaluation. The first
postoperative PSA was obtained 6—8 weeks after the operation. Biochemical recurrence
(BCR) was defined as a postoperative PSA equal to or more than 0.2 ng/mL. Cases with
BCR or the evidence of locoregional recurrence or distant metastasis by image study or
pathologic confirmation were defined as those with disease progression. Progression
free survival (PFS) was defined as the time from the date of the first curative operation
to the date of the first disease progression or to the date of death without disease

progression.

12. Immunohistochemistry (IHC) and interpretation

Four-um tissue sections from formalin fixed paraffin embedded blocks were used for
immunohistochemistry. IHC was performed using the Ventana Benchmark XT
automated staining system (Ventana Medical Systems, Tucson, AZ, USA), according
to the manufacturer’s protocol. Cell Conditioning 1 buffer (EDTA, pH 8.0, Ventana
Medical Systems) was used for antigen retrieval. The sections were incubated with
primary antibody for AR (prediluted, clone SP107, Cell Marque, Rocklin, CA, USA),
CD56 (dilution 1:100, clone CD564, Novocastra, Newcastle upon Tyne, UK),
synaptophysin (dilution 1:450, clone DAK-SYNAP, DAKO, Glostrup, Denmark),
chromogranin A (dilution 1:500, clone DAK-A3, DAKO), p53 (dilution 1:300, clone
DO-7, Novocastra), PTEN (dilution 1:200, clone D4.3, Cell Signaling Technology,
Danvers, MA, USA), QKI (dilution 1:500), integrin beta 4 (dilution 1:200, polyclonal,
Atlas Antibodies, Bromma, Sweden), myosin phosphatase rho interacting protein
(MPRIP; dilution 1:100, polyclonal, Atlas Antibodies), Rho GDP-dissociation inhibitor
(RhoGDI, dilution 1:50, clone G-3, Santa Cruz Biotechnology), GPX4 (dilution 1:1000,
clone EPNCIR144, Abcam, Cambridge, MA, USA), and FTH1 (dilution 1:400, clone
EPR3005Y, Abcam).

The evaluations of IHC slides were performed as follows. For AR, the
percentage of tumor cells with nuclear expression was calculated as previously

described.’® According to the previous report,*® cases with = 10% of expression were



considered as AR positive and the others were considered as AR negative. The
expression of CD56, synaptophysin and chromogranin A was assessed as previously
described,’! and cases with > 10% of expression in tumor cells were considered as
positive.

The nuclear expression of p53 was categorized as wild type and mutant pattern
as previously described.>? PTEN expression was assessed by comparing the staining
between tumor and adjacent normal glands or stroma as previously described.** Nuclear
expression of QKI was graded as 4 categories compared with the expression in adjacent
stromal fibroblasts and finally dichotomized to low and high expression as previously
described.?® The THC of ITGB4 was evaluated as low and high expression. Compared
with the expression of adjacent nerves, cases with equal or stronger diffuse cytoplasmic
staining in > 30% of tumor cells were considered as high ITGB4 expression.* The
expression of MPRIP and GPX4 was evaluated with 50% cut-off value as previously
described.®> As previously described,*® at least 50% of tumor cells with RhoGDI
moderate intensity were considered as high expression. The cytoplasmic expression of
FTH1 with > 75% of tumor cells was considered as high expression as previously

described.?’

13. Statistical analysis
Statistical calculation was performed with SPSS version 21.0 (IBM, Chicago, IL, USA).
The relationships between two cell line groups and the expression values obtained by
microRNA array were analyzed using Welch’s ANOVA test. The associations between
microRNA expression values and the other genes were analyzed by using Pearson
correlation test. For the comparison of patients’ age, student’s t-test was used. PFS was
estimated by the Kaplan-Meier method with log-rank test. Multivariate regression was
analyzed using the Cox proportional hazards model. Significance statements referred

to P-values of two-tailed tests < 0.05.

I1l. RESULTS
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1. MicroRNA-200 family are downregulated in DNPC

Previous transcriptomic analysis of metastatic CRPCs have identified AR and NE
scoring gene sets that can classify ARPC, neuroendocrine prostate cancer (NEPC) and
DNPC.? To redefine established prostate cancer cell lines into ARPC, NEPC and
DNPCs, the AR and NE scoring gene sets were applied to CCLE RNA-sequencing
dataset (Figure 1A). A heatmap of the gene sets revealed three groups accordingly:
22RV1, VCaP, LNCaP and MDA-PCa-2B cells as ARPC, NCI-H660 cell as NEPC and
PC3 and DU145 cells as DNPC. Since VCaP and 22RV1 cells expressed some NE
markers, LNCaP and MDA-PCa-2B cells were selected as models of ARPC and PC3
and DU145 cells were selected as model of DNPC.

Then, comparison of microRNA expression profiles between LNCaP and PC3
cells was performed by microRNA array. Fifty-seven of 888 (6.4%) microRNAs were
significantly overexpressed, and 23 (2.6%) microRNAs were significantly under-
expressed in PC3 cell compared to LNCaP cell (Log2 fold difference > 2, P < 0.05).
Notably, all the five miR-200 family (miR-141, -200a/b/c and -429) were ranked as top
overexpressed microRNAs in LNCaP cell (Figure 1B).

2. QKI, a microRNA-200 family target gene, is overexpressed in DNPC

Since under-expression in DNPC was noted to all five members of miR-200 family,
search for a common target gene was performed. There were 218 putative target genes
shared by two broadly conserved miR-200b, -200c, -429 and miR-141, -200a
subfamilies (Figure 2A). Using the human dataset as a filter, these putative target genes
were narrowed down to 12 genes that showed inverse expressional correlations with
miR-200 families. The top rank (inverse correlation) gene was QKI and it was the only
gene overexpressed in PC3 and DU145 cells compared to other cell lines (Figure 2A).
The overexpression of QKI was confirmed in PC3 cells by Western blot (Figure 2B).
When comparing the five miR-200 families’ ability to inhibit QKI expression in PC3
cell, miR-200b showed the most significant repression of QKI expression in PC3 cell
(Figure 2C).

11
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(DNPC). (A) miR-200 familial target mRNA prediction by TargetScan. Two groups of putative
target mRNAs by miR-200b, 200c, 429 and miR-141, 200a were combined, resulting 218 genes
overlapped. Then their expressional correlation with miR-200 family score in the Weil-Cornell
Medicine castration-resistant prostate cancer database was calculated. Using -0.25 as cut-off
value, selected 12 genes expression was analyzed in prostate cancer cell lines. Genes and cells
were clustered to show the distributional relationship. (B) PC3 and DU145 cells overexpressed
QKI compared to LNCaP and RWPE-1 cells in Western blot. (C) After treating PC3 cell with
miR-200 family for 48 hours, the expression of QKI was assessed in Western blot. Among miR-

200 family, miR-200b repressed the expression of QKI most.

3. Clinicopathologic characteristics of DNPC

To identify DNPC, IHC for AR and NE markers was performed in prostate cancer tissue
specimen. The expression of AR was dichotomized as positive and negative with cut-
off value of 10% as previously described.** Among 72 CRPC cases, 16 cases were
classified as AR negative and the others showed AR positivity. All of 83 ADT-naive
PCs showed AR positivity (Figure 3). None of cases showed NE marker expression >
10% of tumor cells. Considering the expression of AR and NE markers, 72 CRPC cases
divided as 16 DNPCs and 56 ARPCs (Figure 4).

100 el

AR expression (%)
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Figure 3. The differences in androgen receptor (AR) expression according to the prostate
cancer subtype. Compared to AR positive prostate cancer (ARPC) and androgen deprivation
therapy-naive prostate cancer (ADT-naive PC), all double negative prostate cancers (DNPCs)

showed < 10% of AR expression.

ARPC :
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Figure 4. The immunohistochemical profiles of double negative prostate cancer (DNPC),
androgen receptor positive prostate cancer (ARPC) and androgen deprivation therapy-

naive prostate cancer (ADT-naive PC).
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Figure 5. Various morphologic features of double negative prostate cancer (DNPC). (A)
Among 16 DNPCs, 3 cases showed Gleason score 7, which belonged International Society of
Urological Pathology (ISUP) grade group 2. (B) Other cases showed Gleason score 7 to 10,
which belonged to ISUP grade group 3 to 5. (C) Some cases which belonged to ISUP grade
group 5 showed solid growth pattern. (D) Two DNPCs showed ductal type adenocarcinoma

component in 5 to 10% of entire tumor.

Sixteen DNPCs showed various morphologic features. Three cases showed
Gleason score 7, which belonged to ISUP grade group 2 and others showed Gleason
score 7 to 10, which belonged to ISUP grade group 3 to 5. Some cases which belonged
to ISUP grade group 5 showed solid growth pattern. Two DNPC cases were mixed type
adenocarcinoma showing ductal type adenocarcinoma in 5 to 10% of entire tumor
(Figure 5). When comparing several clinicopathologic parameters according to prostate
cancer subtype, DNPC showed significant correlation with several clinicopathologic
parameters (Table 1): tumor volume > 5cc (P < 0.001), presence of SVI (P < 0.001),
presence of RM extension (P = 0.008), presence of LVI (P <0.001), presence of lymph
node metastasis (P = 0.001) and presence of disease progression (P < (0.001).

Then, IHC for QKI, p53 and PTEN was performed to evaluate the
immunohistochemical profiles according to the subtypes of prostate cancer (Table 2
and Figure 6). On QKI IHC, 8 out of 16 (50.0%) DNPCs showed high QKI expression,
while 4 out of 52 (7.1%) ARPCs and 4 out of 83 (4.8%) ADT-naive PCs showed high
QKI expression (P < 0.001). In addition, higher proportion of p53 mutant pattern was
identified in DNPC (68.8%) than ARPC (14.3%) and ADT-naive PCs (18.1%, P <
0.001). However, loss of PTEN expression was not significant according to the

subtypes of prostate cancer (P = 0.620).
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Table 1. Clinicopathological characteristics 155 prostate cancer patients according to the prostate cancer subtype

No. of cases DNPC (%) ARPC (%) ADT-naive PC (%)

Category Variables (n=155) (n=16) (n=56) (n=83) P-value

Age (y)* < 66 75 8 (50.0) 30 (53.6) 37 (44.6) 0.577
> 66 80 8 (50.0) 26 (46.4) 46 (55.4)

ISUP grade group 2 48 3 (18.7) 17 (30.4) 28 (33.7) 0.531
3-5 107 13 (81.3) 39 (69.6) 55 (66.3)

Tumor volume <bcc 126 3 (21.4) 47 (83.9) 76 (91.6) <0.001
>5¢cc 27 11 (78.6) 9 (16.1) 7 (8.4)

EPE Absent 58 2 (14.3) 21 (37.5) 35 (42.2) 0.138
Present 95 12 (85.7) 35 (62.5) 48 (57.8)

SVI Absent 136 3 (21.4) 51 (91.1) 82 (98.8) <0.001
Present 17 11 (78.6) 5 (8.9) 1 (1.2)

RM extension Absent 55 3 (21.4) 13 (23.2) 39 (47.0) 0.008
Present 98 11 (78.6) 43 (76.8) 44 (53.0)

LVI Absent 140 2 (14.3) 55 (98.2) 83 (100) <0.001
Present 13 12 (85.7) 1 (1.8)

Pathologic T stage pT2 58 2 (14.3) 21 (37.5) 35 (42.2) 0.138
pT3 and pT4 95 12 (85.7) 35 (62.5) 48 (57.8)

LNM Absent 43 2 (40.0) 15 (93.7) 26 (100) 0.001
Present 4 3 (60.0) 1 (6.3)

Disease progression Absent 79 79 (95.2) <0.001
Present 76 16 (100) 56 (100) 4 (4.8)

Abbreviations: DNPC, double negative prostate cancer; ARPC, androgen receptor positive prostate cancer; ADT-naive PC, androgen
deprivation therapy-naive prostate cancer; ISUP, International Society of Urological Pathology; EPE, extraprostatic extension; SVI, seminal
vesicle involvement; RM, resection margin; LVI, lymphovascular invasion; LNM, lymph node metastasis

*The median age was 66.0 years.

**Tumor volume, extraprostatic extension, seminal vesicle involvement, resection margin extension, lymphovascular invasion and pathologic
T stage were evaluated in 153 cases. Lymph node was evaluated in 47 cases
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Table 2. Immunohistochemical staining results of QKI, p53 and PTEN according to the prostate cancer subtype
No. of cases DNPC (%) ARPC (%) ADT-naive PC (%)

Category Variables (n=155) (n=16) (n=56) (n=83) P-value
QKI expression  Low 139 8 (50.0) 52 (92.9) 79 (95.2) <0.001
High 16 8 (50.0) 4 (7.2) 4 (4.8)
p53 expression Wild type pattern 121 5 (31.2) 48 (85.7) 68 (81.9) <0.001
Mutant pattern 34 11 (68.8) 8 (14.3) 15 (18.1)
PTEN expression  Intact 52 4 (25.0) 21 (37.5) 27 (32.5) 0.620
Loss 103 12 (75.0) 35 (62.5) 56 (67.5)

Abbreviations: DNPC, double negative prostate cancer; ARPC, androgen receptor positive prostate cancer; ADT-naive PC, androgen
deprivation therapy-naive prostate cancer; QKI, quaking; PTEN, phosphatase and tensin homolog

DNPC

ARPC
ADT-naive PC

Figure 6. The characteristic immunohistochemical features of double negative prostate cancer (DNPC). DNPC showed high QKI
expression and mutant pattern of p53. No significant difference was identified in PTEN immunohistochemical staining.
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4. QKI overexpression enhances stemness and EMT

Recent study showed that miR-200c targeting QKI in multiple types of epithelial
cancers which linked to EMT and metastatic progression. In addition, QKI
overexpression in metastatic versus primary tumors as well as poorly differentiated
versus well differentiated primary tumor was confirmed on multiple prostate cancer
datasets.!” Based on these findings, a hypothesis that QKI may promote stemness and
trigger a transition from ARPC to DNPC was made. By using CRISPR-Cas9 complex,?’
LNCaP and MDA-PCa-2B QKI-OE cells were generated. The sphere formation assay
revealed increased numbers and sizes of spheres formed by QKI-OE cells (Figure 7A).
In addition, ALDH active cell population increased in QKI-OE cells, implying
increased stemness in QKI-OE cells (Figure 7B).
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Figure 7. QKI promotes stemness. (A) Tumor sphere formation assays of QKI-overexpressing
(QKI-OE) cells and control cells. LNCaP or MDA-PCa-2B (PCa2B) cells of modified QKI
expressions by CRISPR-mediated-transcriptional-activation were cultured in serum-free tumor
sphere media at ultra-low attachment 12-well plates. Tumor spheres were measured after 10
days. Number (left) and mean diameter (right) of spheres were significantly different between
control group and QKI-OE cells (*P < 0.05; *P < 0.01; P < 0.001). (B) ALDH-active cell
(ALDHbr) populations in QKI-overexpressing LNCaP (upper) and PCa2B (lower) cells.
ALDHbr population gate was set by diethylaminobenzaldehyde treated cells. Then the
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proportion of ALDHbr population was measured in QKI-OE cells and control cells.

Then, RNA-sequencing on QKI-OE DU145 cells was performed to validate
the differences in the expression of EMT and stemness marker according to the QKI
expression status. RNA-sequencing data showed the upregulation of ARHGDIA and
ITGB4 compared to the control group (Figure 8). To confirm the RNA-sequencing data
of QKI-OE DU145 cells, the RNA-sequencing data of SU2C-PCF dataset®® was
analyzed. Similar to RNA-sequencing data of QKI-OE DU145 cells, SU2C-PCF
dataset showed significant overexpression of OKI and ITGB4 in DNPC compared to

ARPC and NEPC (Figure 9).
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Figure 8. The RNA-sequencing data of DU145 cells according to QKI expression status.
By RNA-sequencing data analysis, the expression of several genes associated with epithelial-
to-mesenchymal transition and stemness was assessed. Compared to the control group, the

upregulation of ARHGDIA and ITGB4 was identified in QKI-overexpressing cells.
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Figure 9. The comparison of RNA expressions among androgen receptor positive prostate
cancer (ARPC), double negative prostate cancer (DNPC) and neuroendocrine prostate
cancer (NEPC) of Stand Up to Cancer/Prostate Cancer Foundation (SU2C-PCF) dataset.
In SU2C-PCF dataset, DNPC showed significant expression of QK7 (P < 0.001), ITGB4 (P <
0.001) and FTHI (P =0.033) expression compared to ARPC and NEPC.

From the RNA-sequencing data obtained from SU2C-PCF dataset and QKI-
OE DU145 cells, RhoGDI and ITGB4 were selected as markers for IHC. In addition,
IHC for MPRIP, encoded by MPRIP gene directly targeted by QKIY was also
performed (Figure 10). When analyzing the expression of RhoGDI, MPRIP and ITGB4
according to the QKI expression status, high expression of RhoGDI, MPRIP and
ITGB4 was significantly identified in cases with high QKI expression (Table 3; P =
0.014, <0.001 and < 0.001, respectively).

QKI RhoGDI ITGB4

QK1 high

QKI low
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Figure 10. The expression of Rho guanine nucleotide dissociation inhibitor (RhoGDI),
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myosin phosphatase rho interacting protein (MPRIP) and integrin beta 4 (ITGB4)
according to QKI expression status. Compared to cases with low QKI expression, those with

high QKI expression showed high expression of RhoGDI, MPRIP and ITGB4.

Table 3. Immunohistochemical staining results of RhoGDI, MPRIP and ITGB4 according to
QKI expression status

No. of cases  QKI high (%) QKI low (%)

Category Variables (n=155) (n=16) (n=139) P-value
RhoGDI expression Low 74 3 (18.8) 71 (51.1) 0.014
High 81 13 (81.3) 68 (48.9)
MPRIP expression Low 132 7 (43.8) 125 (89.9) <0.001
High 23 9 (56.3) 14 (10.1)
ITGB4 expression Low 146 9 (56.3) 137 (98.6) <0.001
High 9 7 (43.8) 2 (1.4)

Abbreviations: RhoGDI, Rho guanine nucleotide dissociation inhibitor; MPRIP, myosin phosphatase
rho interacting protein; ITGB4, integrin beta 4; QKI, quaking

5. QKI-OE prostate cancer is associated with hypercholesterolemia and
selectively inhibited by fluvastatin
Several studies have reported the association between prostate cancer and
hypercholesterolemia and BMIL.*** Since QKI regulates lipid metabolism,'>!* the
association between QKI expression and serum cholesterol level or BMI was
investigated in 163 prostate cancer patients. Cases with high QKI expression showed
significantly higher serum cholesterol level than those with low QKI expression (P =
0.020; Figure 11A). However, no significant difference was observed between QKI
expression and BMI (P = 0.428; Figure 11B).

Then, in silico drug screening was performed to identify the therapeutic agent
of QKI. Among the drugs that showed inverse correlation with QKI expression, top hits
included the GPX4 inhibitors such as ML210 and ML162 and 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase inhibitors (statins) such as fluvastatin and
lovastatin (Figure 12A). However, the GPX4 inhibitors are not yet available in vivo.
Instead, the statins were selected as therapeutic agent of QKI since high QKI expression

and hypercholesterolemia were significantly associated in prostate cancer patients.
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Figure 11. The distribution of serum cholesterol level and body mass index (BMI)
according to QKI expression status. (A) Cases with high QKI expression showed higher
serum cholesterol level than those with low QKI expression (P = 0.020). (B) No significant
difference was identified according to QKI expression status (P = 0.428).
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Figure 12. QKI-overexpressing (QKI-OE) cells are selectively vulnerable to statins. (A)
Using Cancer Therapeutic Response Portal database, drug sensitivity (AUC) correlation with
QKI gene expression was calculated. (B) QKI-OE LNCaP and MDA-PCa-2B (PCa2B) cells
were treated with fluvastatin. At 5 days after fluvastatin treatment, cells were harvested and

counted. Relative cell proliferation compared to control group was displayed. (C) Compared to
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control group, intracellular reactive oxygen species increased in QKI-OE LNCaP and PCa2B

cells after treating fluvastatin.

When treating QKI-OE LNCaP and MDA-PCa-2B cells with fluvastatin, the
proliferation of QKI-OE cells diminished compared to control group (Figure 12B). In
addition, the intracellular ROS increased after treating fluvastatin on QKI-OE LNCaP
and MDA-PCa-2B cells (Figure 12C). From these findings, the increased sensitivity of
QKI-OE cells to GPX4 inhibitors and statins may be related to intracellular lipid
hydroperoxide accumulation and ferroptosis.*’

Next, the differences in the expression of several reported genes associated
with lipid metabolism and ferroptosis'' were investigated by RNA-sequencing. Among
these genes, the expression level of FTHI (Figure 8) and ACSL4 transcript variant 3
and 4 (Figure 13) significantly differed between QKI-OE DU145 cells and control
group. In addition, SU2C-PCF dataset showed significant overexpression of FTH1 in
DNPC than other subtypes (Figure 9). This finding indicated that the regulation of QKI
affected on the activity of ferroptosis.

To investigate the relationship between QKI overexpression and ferroptosis in
tissue specimen, the expression of GPX4 and FTHI1 was evaluated by IHC (Figure 14
and Table 4). Compared to QKI low cases, QKI high cases showed frequently low
GPX4 expression (P < 0.001) and high FTH1 expression (P = 0.002).
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Figure 14. The expression of glutathione peroxidase 4 (GPX4) and ferritin heavy chain 1
(FTH1) according to QKI expression status.
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Table 4. Immunohistochemical staining results of GPX4 and FTH1 according to QKI
expression status

No. of cases  QKI high (%) QKI low (%)

Category Variables (n=155) (n=16) (n=139) P-value
GPX4 expression Low 28 8 (50.0) 20 (14.4) <0.001
High 127 8 (50.0) 119 (85.6)
FTH1 expression Low 94 4 (25.0) 90 (64.7) 0.002
High 61 12 (75.00 49 (35.3)

Abbreviations: GPX4, glutathione peroxidase 4; FTHI, ferritin heavy chain 1; QKI, quaking

6. Prognostic significance of QKI expression in DNPC

In Kaplan-Meier analysis based on the subtype, DNPC showed significantly shorter
PFS compared to ARPC and ADT-naive PC (P <0.001; Figure 15A). In addition, cases
with high QKI expression showed significantly shorter PFS than those with low QKI
expression (P < 0.001; Figure 15B). When analyzing 72 CRPC cases, cases with high
QKI expression showed significantly shorter PFS than those with low QKI expression
(P < 0.001; Figure 15C). After combining subtype and QKI expression status in 72
CRPC cases, ARPC showed the longest PFS and DNPC with high QKI expression
showed the shortest PFS (P < 0.001; Figure 15D).

Next, univariate and multivariate analysis on disease progression was
performed in 72 CRPC cases to investigate the prognostic impact of several
clinicophatologic factors on disease progression (Table 5). On univariate analysis, ISUP
grade group 3 to 5 (P =0.015), tumor volume > 5cc (P < 0.001), presence of EPE (P =
0.040), presence of LVI (P < 0.001), presence of SVI or lymph node metastasis (P =
0.007), DNPC with low QKI expression (P = 0.045) and DNPC with high QKI
expression (P <0.001) were significantly associated with disease progression. However,
only ISUP grade group 3 to 5 (P = 0.045) and tumor volume > 5cc (P = 0.023) were

significantly associated with disease progression on multivariate analysis.
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Figure 15. Progression free survival (PFS) of 155 prostate cancer patients. (A) Double
negative prostate cancer (DNPC) showed shorter PFS than androgen receptor positive prostate
cancer (ARPC) and androgen deprivation therapy-naive prostate cancer (ADT-naive PC; P <
0.001). (B) Cases with high QKI expression (QKI-H) showed shorter PFS than those with low
QKI expression (QKI-L; P <0.001). (C) When analyzing 72 castration-resistant prostate cancers
(CRPCs), QKI-H cases showed shorter PFS than QKI-L cases (P <0.001). (D) After classifying
72 CRPCs into 3 subgroups based on subtype and QKI expression status, DNPC with QKI-H
showed the shortest PFS (P < 0.001).

IV. DISCUSSION

This study showed that 1) miR-200 family members were down-regulated in DNPC,
while its target gene QK/ was upregulated. 2) QKI induces stemness and EMT,

promoting transition of ARPC to DNPC. 3) QKI-OE cells were selectively sensitive to
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fluvastatin via the execution of ferroptosis.

DNPC showed distinct clinicopathologic characteristics compared to ARPC
and ADT-naive PCs: larger tumor volume, frequent LVI, frequent SVI, presence of
lymph node metastasis and disease progression. In addition, DNPC showed frequent
mutant p53 pattern. These features of DNPC partly overlaps with prostate cancer
belonged to aggressive variant prostate cancer immune-infiltrative subtype according

to the recently reported molecular classification.*!

Table 5. Univariate and multivariate analysis of 72 CRPC cases on disease progression

Category Variable Univariate Multivariate
HR(95% CI) P-value HR(95% CI) P-value
Age (y) <66 1 -
> 66 0.967(0.604-1.546)  0.887 - -
ISUP grade group 2 1 1
3-5 2.044(1.147-3.641)  0.015 1.975(1.015-3.844)  0.045
Tumor volume <5cc 1 1
> 5c¢e 3.763(2.137-6.629) <0.001 2.784(1.149-6.745)  0.023
EPE Absent 1 1
Present 1.715(1.025-2.869)  0.040  1.021(0.550-1.896)  0.947
RM extension Absent 1 -
Present 1.038(0.590-1.826)  0.897 - -
LVI Absent 1 1
Present 4.580(2.397-8.751) <0.001 0.292(0.029-2.906)  0.293
SVIor LNM Absent 1 1
Present 2.464(1.284-4.727)  0.007  1.108(0.345-3.564)  0.863
Subtype/QKI ARPC 1 1
expression

DNPC/QKI-L  2.162(1.016-4.601)  0.045  5.728(0.896-36.638)  0.065

DNPC/QKI-H 7.997(3.573-17.896) <0.001 4.503(0.429-47.303) 0.210
Abbreviations: CRPC, castration-resistant prostate cancer; HR, hazard ratio; CI, confidence interval;
ISUP, International Society of Urological Pathology; EPE, extraprostatic extension; RM, resection

margin; LVI, lymphovascular invasion; SVI, seminal vesicle involvement; LNM, lymph node
metastasis; DNPC, double negative prostate cancer; QKI-L, low QKI expression; QKI-H, high QKI
expression

Regulation of EMT is the important cellular function of miR-200 family.'**

A recent study showed that miR-200 regulates epithelial plasticity via QKI. In addition,
QKI was overexpressed in metastatic prostate cancer than primary tumor.!® Results of

this study well correlated with the previous findings, except that I chose QKI by inverse
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correlation with miR-200 family in metastatic CRPC dataset. In addition, increased
stemness and EMT in QKI-OE cells and QKI high prostate cancer were observed,
raising the possibility of transition from ARPC to DNPC by QKI. However, further
studies are necessary whether QKI mediated transition can cause tumor metastasis.

Although not fully investigated, the population of DNPC has gradually
increased since the widespread use of AR inhibitors of enhanced efficacies and additive
androgen blockers.* Despite the need for DNPC as a new subset of prostate cancer, no
specific therapeutic option has not been established yet.? Because the overexpression
of QKI may promote the transition to DNPC, the inhibition of QKI may be the treatment
option for DNPC patients. However, it is difficult to directly target QKI because of the
various function and unclear downstream effectors of QKI.!%:13-17:19-24 Instead, targetable
signaling pathway activated in QKI-OE tumors were investigated using DepMap and
CTRP database. To improve target identification, the genetic interference sensitivities
such as CRISPR knock-out and RNAi knock-down data were added. This approach was
internally validated by checking several well established targetable drugs of specific
pathways, such as BRAF and MAPK inhibitors.*

This study revealed that statin is a targetable drug of QKI. When treating QKI-
OE cells with statin, these cells showed diminished proliferation compared with normal
control. Instead, they showed increased level of intracellular ROS, suggesting the
possibility of ferroptosis in QKI-OE cells triggered by lipid peroxidation. Several
retrospective studies have reported the improved progression free and overall survival
as well as diminished occurrence of prostate cancer with high Gleason score after
application of statin.***’ These studies raise the possibility of applying statin as a
chemotherapeutic agent. Although serum cholesterol reduction slowed tumor growth in

1, several randomized control trials did not showed significant results.

mouse mode
Therefore, further studies about effect of statin on prostate cancer are necessary.

In ferroptosis, p53 acts as both enhancer and suppressor. As ferroptosis
enhancer, p53 inhibits the expression of solute carrier family 7 member 11 or promotes

the expression of spermidine/spermine N1-acetyltransferase 1 and glutaminase 2. As
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ferroptosis suppressor, p53 directly inhibits dipeptidyl peptidase 4 activity or induces
the expression of cyclin dependent kinase inhibitor 1A/p21.% Considering the frequent
p53 mutant pattern in DNPC, it is plausible to assume that the inhibitory effect on
ferroptosis mediated by wild type p53 protein may be more impaired than enhancing
effect. However, further study is necessary to elucidate the effect of p53 mutant protein
on ferroptosis in DNPC.

Several reports investigated the ferroptosis as an option of cancer treatment
and some of them focused on the GPX4, since it is the important regulator of
ferroptosis.>!!*52 On the contrary, the effect of statin on QKI and ferroptosis has not
been fully elucidated. Instead, some speculations can be suggested based on the results
of this study. First, statin itself function as a ferroptosis inducer by depleting coenzyme
Q10 and inhibiting biosynthesis of GPX4.*? However, in IHC of prostate cancer
patients, the low expression of GPX4 was frequently observed in QKI high tumors.
Thus, the effect of statin on GPX4 biosynthesis may be alleviated in cases with QKI
high expression. Next, the hypothesis that statin interferes the lipid metabolism
mediated by QKI can be considered. QKI regulates the expression of several enzymes
related to fatty acid desaturation and elongation via PPARB-RXRa complex.'? If QKI
is down-regulated, depletion of these enzymes may cause depletion of MUFA which
reduces the sensitivity of cell to ferroptosis.!? In addition, the altered expression of
ACSL4 promotes the lipid peroxidation of PUFA, which also triggers ferroptosis. To
validate these speculations, further studies about interaction between statin and QKI,

and their effect on ferroptosis are necessary.

V. CONCLUSION

This study revealed that QKI was overexpressed in DNPC and associated with poor
prognosis. QKI-OE tumor cells were selectively sensitive to fluvastatin, which triggers
ferroptosis. Application of statin that targets QKI can be the therapeutic option for the
DNPC patients.
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