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A B S T R A C T

Aims: Lipocalin 2 (Lcn2/NGAL) belongs to lipocalin superfamily with diverse functions. The precise function of
Lcn2, particularly in cancer development, remains to be elucidated yet. In an attempt to knockout of Lcn2
expression by CRISPR/Cas 9 technology in a highly aggressive and invasive prostate cancer cell line and to
evaluate the combination therapy with cisplatin (CDDP), this study was conducted.
Main methods: Control CRISPR/Cas9 plasmid and homology-directed repair plasmid or validated human Lcn2
CRISPR/Cas9 KO plasmids were co-transfected into PC3 cells using fugene HD transfection reagent. The stable
cells were selected in the presence of puromycin. Correspondingly, knock out of Lcn2 was evaluated by RT-PCR,
ELISA, and immunocytochemistry. PC3-Scr (control) and Lcn2-KO (PC3 cells in which lcn2 has been knocked
out) were treated with or without cisplatin (CDDP). Cell proliferative ability was measured by WST-1 and
colony-formation assays. Apoptosis was evaluated by DAPI staining, in situ cell death detection (TUNEL) assay,
and cell death detection ELISA plus methods. The migration capabilities were studied by wound healing/scratch
and transwell assays.
Key findings: Lcn2 knock out in a highly aggressive and invasive cancer cell like PC3 decreased cell proliferation
and increased the sensitivity of CDDP. Conspicuously, loss of Lcn2 expression effectively enhanced CDDP-in-
duced apoptosis in PC3 cells. Lcn2 knock out by CRISPR/Cas9 technology decreased the cell migration capacity
of PC3 cells as well.
Significance: Lcn2 not only is a valuable and useful biomarker for diagnosis and prognosis of prostate cancer but
also and more importantly is a potential novel emerging therapeutic target.

1. Introduction

Prostate cancer (PCa) is the most common and one of the deadliest
cancers among men worldwide [5]. There are a wide range of treat-
ments for PCa including surgery, chemotherapy, radiotherapy, etc. [1].
Although, in most cases, these treatments are effective and the patients
become cancer-free, but they are far from 100% effective and also
100% of the time. Additionally, each of these approaches has many side
effects and complications left behind (e.g. incontinence, sexual pro-
blems etc.) [1]. In order to overcome these gaps, expanding our insight
about the disease and its underlying mechanisms and designing novel
treatment options seems absolutely essential.

Given the fact that the cancer essentially has a genetic basis and
many genes are reportedly up−/down-regulated during the disease
[13,30], identifying and targeting the deregulated genes might be
useful for both enhancing our understanding of the disease and im-
proved cancer therapy. Lipocalin-2 (Lcn2) is one of the genes that are
upregulated in most types of cancer [8,24,34].

Lcn2 is a small and secretory protein which belongs to lipocalins
superfamily [7]. Physiologically, Lcn2 has a wide range of roles in the
body, including anti-bacterial [4,12], anti-oxidant [2,3,14,25–28,31],
pro- or anti-apoptotic [18], iron transporter [33], etc. Furthermore,
from a pathophysiological point of view, a bulk body of studies has
reported that Lcn2 is upregulated and involved in the development of
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almost all types of cancer [8,24,34]. Moreover, recently it has been
reported that Lcn2 plays an important role in resistance of cancer cells
against some common anti-cancer drugs, a phenomenon that is also
known as “chemoresistance” [20,23,25,35]. However, it is worthy to
mention that there are few papers dealing with the tumor suppressor
role of Lcn2 as well. Indeed, the relation between Lcn2 and cancer
progression is organ type-specific i.e. in some type of cancers such as
PCa and breast cancer [32], Lcn2 acts like a proto-oncogene but in some
other types such as colon cancer [19] Lcn2 plays as a tumor suppressor
factor. Considerably, as mentioned above, it has been well-known that
Lcn2 is upregulated in PCa. Hence, it's targeting by a powerful and
effective method could be a promising strategy to suppress PCa pro-
gression. In order to genetically silence a gene's expression, there are
three common methods available today; 1. Zinc finger nucleases
(ZFNs), 2. transcription activator like effector nucleases (TALENs), and
3.clustered randomly interspersed short palindromic repeats (CRISPR)/
CRISPR associated-9 (Cas9) [11]. Among these techniques, CRISPR/
Cas9 is a genetic engineering-based method that is considerably sim-
pler, cheaper and stronger than the others. CRISPR/Cas9 is one of the
novels, commercially available and powerful genetic engineering tools
that has made “gene knockout” processes more efficient, cost-effective
and easier than before.

Taken all together, in the current study, we tried to target one of the
crucial genes i.e. Lcn2 – that has been implicated in the development of
a variety of cancer types [24] and even in the chemoresistance of cancer
cells [23,35] – by CRISPR/Cas9 technique in a highly invasive, ag-
gressive and hormone-refractory cell line of PCa namely PC3, followed
by evaluation of this targeting in combination therapy with CDDP (the
generic drug name of cisplatin) in terms of cytotoxicity, apoptosis, and
cell migration capacity in an in vitro study.

2. Materials and methods

2.1. Cell culture

Human PCa cell line, PC3, was purchased from national cell bank,
Pasteur Institute of Iran. The cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 media with 10% fetal bovine serum
(FBS) and incubated with 5% CO2 at 37 °C.

2.2. Vectors and transfection

Validated Human Lcn2 CRISPR/Cas9 KO Plasmids, and Homology-
directed repair (HDR) plasmid, and Control (Scramble) CRISPR/Cas9
Plasmid (Scr) were purchased from Santa Cruz biotechnology (SCBT,
USA). In this way, Lcn2 CRISPR/Cas9 KO Plasmid consists of a pool of 3
plasmids, each encoding the Cas9 nuclease and a target-specific 20 nt
guide RNA (gRNA) designed for maximum knockout efficiency. The
three Lcn2-specific gRNAs sequences were as; 5′-CATCCCGCTGCCTA
GGGCGC-3′, 5′-AGCCGTTGCGCCCGATGCCG-3′ and 5′-CCAGTTCTCAC
CGCGGCATC-3′. In this account, CRISPR/Cas9 KO Plasmids and HDR
plasmids or Control CRISPR/Cas9 Plasmid were co-transfected into PC3
cells using fugene HD transfection reagent (Roche, USA) according to
manufactures' protocol. Briefly, PC3 cells were seeded into a 6-well
plate. After 24 h that the cells reached 60–70% confluent, the culture
media were removed and the cells were washed with phosphate buffer
saline (PBS), 1.2mL of C1 solution was added to the well. At 24 h post-
transfection, following removal of the C1 solution and washing the well
with PBS, 1.5 mL of selection medium (complete medium containing
2 μg/mL of puromycin) were added. Successful transfection of the HD
and CRISPR plasmids were visually verified under florescent micro-
scope.

2.3. RNA Extraction and RT-PCR

Total RNA was extracted using the RNX-Plus reagent kit (Cinnaclon,

Iran) from the cultivated cells according to the manufacturer's in-
structions. In this way, quantitative measurement was done using a
Spectrophotometer NanoDrop ND-1000 (NanoDrop, USA) and also for
qualitative measurement, all extracted RNAs were electrophoresed on
gel agarose 1.5%. Additionally, cDNA was synthesized using the
SuperScript VILO cDNA Synthesis Kit (Invitrogen, USA) and also the
total RNAs were considered as the template. PCR was performed using a
T100™ Thermal Cycler (Bio-Rad, USA) with β-actin as an internal con-
trol.

PCR condition included a primary denaturation step at 95 °C for
5min followed by 35 cycles of PCR (95 °C for 30 s, 57 °C for 30 s, 72 °C
30 s) and 72 °C for 5min. Lcn2 primer pairs were, forward: 5′-TCACC
TCCGTCCTG TTTAGG-3′ and reverse: 5′-CGAAGTCAGCTCCTTGGT TC-
3′. β-actin primer pairs were, forward: 5′-TTCTACAATGAGCTGCGTG
TGC-3′ and reverse: 5′-GTGTTGAAGGTCTCAAACATGAT-3′. The PCR
products were electrophoresed on 2% agarose gel.

2.4. Immunocytochemistry

Immunocytochemical (ICC) staining was performed on the cultured
PC3 cells grown on sterile coverslips. The coverslips were incubated in
Lcn2 antibody (abcam, UK) diluted 1:1000 at 4 °C overnight and in-
cubated in second antibody (abcam, UK) diluted 1:500 at 37 °C for
30min. Then the coverslips were counterstained with 4′,6-diamidino-2-
phenylindole, DAPI, (Sigma-Aldrich, USA).

2.5. Enzyme Linked Immunosorbent Assay (ELISA)

Expression of Lcn2 at protein level was also measured by ELISA kit
((R&D Systems, USA) as instructed by the manufacturers. Concisely,
cell culture medium of PC3-Scr and Lcn2-KO cells were collected,
centrifuged at 1,800 rpm for 10min to remove cells and debris, and
were used for measurement of the proteins' concentration. The con-
centrations were calculated according to the standard curves created
using standard samples that were provided by the kit.

2.6. Cell proliferation assay and colony formation assay

Cell proliferation was quantified using the Cell Proliferation
Reagent Water Soluble Tetrazolium-1 (WST-1) solution (Sigma-Aldrich,
USA) according to the manufacturer's instructions. For the colony for-
mation assay, 1,000–2000 of PC3 or KO cells/well were incubated in
RPMI 1640 medium containing 10% FBS for 2 weeks. The colonies were
fixed with methanol 100% and stained with Giemsa for 20min. The
number of colonies having>50 cells was counted using an inverted
microscope and analyzed using ImageJ software.

2.7. DAPI staining

PC3-Scr or Lcn2-KO cells were seeded into 6-well plates and grown
on sterile coverslips as 5×105 cells/well. After 24 h, the culture media
were changed and the cells were incubated with 500 μg/mL of CDDP in
complete medium for 6 h. At 6 h post-treatment, following discarding
the culture media and washing the cells with PBS, they were fixed with
methanol 100%. Apoptosis assay was performed with DAPI staining
according to the manufacturer's instructions. Finally, two random
images under a florescent microscope (at 10× magnification) were
taken for each well. The numbers of apoptotic and non-apoptotic cells
were counted and analyzed using ImageJ software.

2.8. In Situ Cell Death Detection (TUNEL) assay

PC3-Scr or Lcn2- KO cells were cultured and treated with 500 μg/mL
CDDP. Detection and quantification of apoptosis at single cell level,
based on labeling of DNA strand breaks (TUNEL) were performed by in
situ cell detection kit (Roche, Germany) according to the kit instruction.
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The coverslips were also counterstained with DAPI. Finally, two
random images under a florescent microscope (at 10× magnification)
were taken for each well. The number of apoptotic and non-apoptotic
cells was counted and analyzed using ImageJ software.

2.9. Cell death detection ELISA

Apoptosis was also further studied by Cell Death Detection ELISA
plus (Roche, Switzerland) which monitors DNA fragmentation. PC3-Scr
or Lcn2-KO cells were seeded into 6-well plates as 5× 105 cells/well.
The cells were harvested using Trypsin-EDTA after treatment with
CDDP. Cell pellets were collected and apoptosis assays were performed
according to the manufacturer's instructions.

2.10. Wound healing/scratch assay

PC3-Scr or Lcn2-KO cells were seeded into 6-well plates. After 24 h,
similar straight scratches have been made on monolayers in each well
using 1000 μl sterile pipette tips and washed twice with culture
medium. At 0 h, 24 h, 48 h and 72 h time points, two random pictures
under a microscope (at 4× magnifications) were taken for each wound.
The areas between the edges of the wounds have been measured and
analyzed using ImageJ software.

2.11. Transwell assay

The control PC3 or Lcn2-KO cells (5× 104 cells/well in 60 μl in
RPMI) were seeded on SPL 24-well cell culture inserts (6.5mm dia-
meter, SPL, Korea) with 8.0 μm pores in 45 μL serum-free medium at
their upper surface. RPMI with 10% fetal bovine serum was added to
the lower wells to stimulate migration. Cells were further incubated for
6 h. Then, medium was discarded and migrating cells were stained with
Hematoxylin/Eosin for 5min at room temperature. The cells that had
migrated to the lower surface of the filter membrane were taken photos
under the microscope. Three independent experiments for each sample
were carried out.

2.12. Statistical analysis

The experiments were performed in three independent tests of tri-
plicates. Student's t-test and/or ANOVA were performed for statistical
analyses. All values were expressed as mean ± SD and considered
significantly different when p value was< 0.05.

3. Results

3.1. CRISPR/Cas9-mediated knockout of Lcn2 decreased cell proliferation

To investigate whether Lcn2 has any role in carcinogenesis of a
highly aggressive PCa cell line i.e. PC3, Lcn2 expression was knocked
out by CRISPR/Cas9 technology in PC3 cells initially. Schematic re-
presentation and overview of the study have been shown in Fig. 1.
Shortly, following transfection of the PC3 cells with the CRISPR/Cas9
plasmids and culturing of the cells in the selection medium for 1 week,
single cell colonies were established by serial dilution followed by
confirmation assays for Lcn2 knockout (KO) and cell proliferation as-
says. Our pilot and initial results indicated the established Lcn2-KO
colonies exhibited similar characteristics in terms of lack of Lcn2 ex-
pression and reduced proliferation (data not shown). Therefore, we
mixed the three established colonies, named Lcn2-KO, and studied the
effects of the Lcn2 knockout in these cells in comparison to the scramble
PC3 cells (PC3-Scr). Confirmation of the Lcn2 knockout in Lcn2-KO
cells firstly confirmed in mRNA level by RT-PCR (Fig. 2A) followed by
immunohistochemistry (Fig. 2B) and ELISA (Fig. 2C). The results in-
dicated the absence of Lcn2 expression in the Lcn2-KO cells. Cell pro-
liferation assay indicated that knockout of Lcn2 in PC3 cells slowed

their proliferation rate (Fig. 3A). Consistently, the colony formation
assay results further confirmed the cell proliferation assay results
(Fig. 3B). Taken altogether, these results suggested the oncogenic role
of Lcn2 in the PCa progression.

3.2. Loss of Lcn2 expression resulted in enhancing of sensitivity of PC3 cells
to the chemotherapeutic agent

A number of studies have been reported that Lcn2 is involved in
chemoresistance of cancer cells against chemotherapy drugs [23,35].
To investigate whether knockout of Lcn2 would increase/decrease the
cytotoxicity effects of CDDP on the cells, the Lcn2-KO and PC3-Scr cells
were treated with different concentrations of CDDP followed by cell
proliferation assays. Within our assumption, the absence of Lcn2 in-
creased the cytotoxicity effects of CDDP on PC3 cells (Fig. 4). It is no-
teworthy that anticancer therapies including radio-, immuno- and
chemo-therapy primarily exert their effects via activating cell death
pathways including apoptosis in cancer cells. However, apoptosis-
evading behavior of cancer cells results in treatment resistance, espe-
cially chemoresistance that is a major challenge for cancer therapy.
Therefore, next, in order to determine whether knockout of Lcn2 could
increase CDDP-induced apoptosis in the PC3 cells, the Lcn2-KO and the
PC3-Scr cells were treated with CDDP (500 μg/mL) for 6 h followed by
evaluation of apoptosis using DAPI staining, In Situ Cell Death Detection
(TUNEL), and cell death detection ELISA plus methods. The TUNEL assay
results revealed that CDDP induced a few apoptotic cell deaths (about
16%) in the control cells (PC3-Scr) but interestingly this reached to 47%
in the Lcn2-KO cells (Fig. 5A). Consistently, the DAPI staining results
indicated the CDDP treatment stimulated apoptosis in the Lcn2-KO cells
nearly four times more than in the PC3-Scr cells (Fig. 5B). Finally, to
further evaluate and confirm the TUNEL and DAPI staining results, we
also performed a quantitative ELISA-based assay for apoptosis. Con-
sistent with previous findings, we found that knockout of Lcn2 promi-
nently increased CDDP-induced apoptotic cell death in the prostate
cancer cell line (Fig. 5C). Altogether, these results unanimously support
the idea that Lcn2 acts like a strong shield against an anti-cancer drug,
CDDP, at least in part, through inhibiting of CDDP-mediated apoptotic
cell death.

3.3. Targeting of Lcn2 expression decreased the cell migration capacity of
PC3 cells

Migration is a key property of cancer cells and critical for cancer
metastasis. Since PC3 cells are highly aggressive and invasive, we
evaluated the migration capacity of the Lcn2-KO cells in comparison
with the PC3-Scr cells finally. To achieve this, scratch and transwell
assays were performed. Based on the transwell assay results, the
number of PC3-Scr cells that were migrated through 8-μm filter after 6 h
was about six times higher than that of Lcn2-KO cells (Fig. 6A and B).
Consistently, the scratch assay experiments revealed that the PC3-Scr
cells can fill the wounded area much faster than the Lcn2-KO cells at
any given time point that studied for 72 h (Fig. 6 C and D). Of note,
when the cells were scratched by yellow pipette tips (100 μl pipette
tips), the scratch area was more filled in the control cells compared with
the Lcn2-KO cells after 72 h (Supplementary Fig. 1).

Taken together, these results strongly suggest that targeting of Lcn2
expression by CRISPR/Cas9 technology in a highly invasive and ag-
gressive prostate cancer cell line might be considered as a potential,
novel, and additional modality, at least in part, for the treatment of
prostate cancer cells.

4. Discussion

New therapeutic approaches in cancer have attracted a lot of at-
tention recently. In this way, we tried to take basic and essential steps
toward targeted cancer therapy owing to CRIPR/Cas9 technology in our
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project. Inadequate knowledge and information about cancer and its
underlying mechanisms have resulted in the absence of an efficient
anti-cancer therapy strategy yet. Furthermore, the aims of nearly all of
the current treatments are just to alleviate the consequences and

complications of the disease instead of targeting the main underlying
causes. Remarkably, cancer is a complex and multifactorial disease with
different structural mechanisms and many studies have demonstrated
that genetic dysregulations, for example, aberrant expression of certain

Fig. 1. Schematic Representation and Overview of the Study. This figure illustrates our workflow in the present study. Briefly: 1) In order to create an Lcn2-deficient
PC3 cell line, the cells were cultured and then co-transfected with the CRISPR/Cas9 plasmids (which are verified and specifically target Lcn2 gene in the human
genome). 2) The co-transfected cells were incubated and selected in the presence of puromycin for one week. 3) Lcn2 knockout was confirmed at transcriptional (by
RT-PCR) and translational levels (by ICC and ELISA). 4) Finally, effects of the Lcn2 knockout on some cellular characteristics (including chemoresistance, cell
proliferation, apoptosis and migration) were assessed by their own corresponding and specific techniques as shown in the figure.

Fig. 2. Confirmation of the Lcn2 Knockout in PC3 Cells. In order to indicate that Lcn2 expression was successfully abrogated in PC3-KO cells, three confirmational
assays were performed comprising RT-PCR, ICC (B) and ELISA (C). (A) For RT-PCR, both PC3-Scr and Lcn2-KO cells were cultured in T-25 flasks and after RNA
extraction, equal amounts of the RNAs were used for cDNA synthesis. Finally, PCR was performed with specific primers for Lcn2 and β-actin, and PCR products were
ran in 2% agarose gel. (lane1= 100 bps ladder, lane2=β-actin of PC3-Scr cells, lane3=β-actin of Lcn2-KO cells, lane4= Lcn2 of PC3-Scr cells, lane5= Lcn2 of
Lcn2-KO cells) Absence of lcn2-specific bond in lane 5 indicates that Lcn2 was successfully knocked out in Lcn2-KO cells at transcriptional level. (B) For ICC, PC3-Scr
and Lcn2-KO cells were cultured on sterile coverslips in 6-well plates and following fixation, the cells were stained with lcn2-specific antibodies. DAPI staining was
used for counter-staining. (Green= Lcn2, blue= nucleus) absence of any green colour in B-e and B-f indicates that lcn2 was successfully knocked out in Lcn2-KO
cells at translational level. Overall, expression of Lcn2 was detected in the cells but no expression was observed in the Lcn2-KO cells. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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genes play a major role in many types of cancer [13,30].
In this study, by CRISPR/Cas9 technique Lcn2 gene was knocked

out in a highly aggressive and invasive prostate cancer cell line fol-
lowed by evaluation of this targeting in combination therapy with
CDDP especially in terms of induction of apoptosis.

Our results revealed that the knocking out of Lcn2 via CRISPR/Cas9
effectively resulted in reduced cell proliferation after 24 h.
Downregulation of Lcn2 by shRNA in PC3 and DU-145 cells has been
studied by Tung et al. [29]. Importantly, they did not observe any
difference in proliferation between the control and those Lcn2-down-
regulated cells after 24 h. The first significant difference was observed
after 48 h indicating that the efficiency of knockout by CRISPR/Cas9
technique comparing to the knockdown by shRNA. Of note, the re-
duction of Lcn2 expression that reported by Tung et al was 85%

whereas in our study no expression of Lcn2 was detected as investigated
by RT-PCR, ELISA, and immunohistochemistry.

It is important to say that the precise mechanisms underlying Lcn2
promotes cancer growth including prostate cancer remain unknown
yet. Lcn2 exerts its oncogenic effects through several main mechanisms
including; 1- being an important local iron transporter, Lcn2 imports
iron into cancer cells, thereby increasing intracellular iron levels, which
in turn facilitates the tumor cells proliferation [6,17,22]. 2- Lcn2 ele-
vates expression and activity of gelatinases' (matrix metalloproteinase-9
(MMP9) and matrix metalloproteinase-2 (MMP2)) which in turn ren-
ders the extracellular matrix (ECM) softer thereby cancer cells become
motile and invasive [6]. 3- Lcn2 induces epithelial to mesenchymal
transition (EMT) (an integral part of metastasis) in tumor cells [24], 4-
Lcn2 drives angiogenesis around some primary tumors by upregulating

Fig. 3. CRISPR/Cas9-mediated Knockout of Lcn2 Significantly Inhibited PC3 Cells Growth. (A) For WST-1 assay, equal numbers of PC3-Scr and Lcn2-KO cells were
seeded into 96-well plates and absorbance at 420 nm were measured at 0 and 24 h time points. (B and C) For colony formation assay, equal numbers of PC3-Scr and
Lcn2-KO cells were seeded into 6-well plates. After 2 weeks, the cells were stained with giemsa and the colonies with> 50 cells were counted in each well. The results
of both assays obviously indicated that the Lcn2 knockout remarkably attenuated PC3 cells proliferative abilities. (Mean ± SD, ***P < .001, **P < .01).

Fig. 4. Lcn2 knockout considerably increased CDDP-in-
duced cytotoxicity. Proliferation of PC3-Scr and Lcn2-KO
cells in the presence or absence of CDDP was also in-
vestigated. In this regard, equal numbers of both cells
were seeded into 96-well plates and treated with different
concentrations of CDDP, and quantified with WST-1
assay. The results revealed that the Lcn2 knockout sig-
nificantly increased sensitivity of PC3 cells against CDDP.
(Mean ± SD, ***P < .001).
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and activating vascular endothelial growth factor (VEGF) in nearby
normal cells [20,21], etc.

Tung et al. showed that down-regulation of Lcn2 up-regulates p21
and p53, induces G0/G1 cell cycle-arrest as well as down-regulation of
the cell cycle- regulator cyklin D1 suggesting Lcn2 by regulating the
G0/G1 phase checkpoint target cyclin D, p53 and p21 may promote the
proliferation prostate cancer cells. Though, clarifying the precise me-
chanisms in this regards would be the subject of future study.

In 2016 Ding G and his colleagues indicated that lentivirus-medi-
ated Lcn2 overexpression in two non-invasive PCa cell lines, C4e2B and
22RV1, promoted their proliferation, while knockdown of Lcn2 resulted
in the opposite results [10]. They employed siRNA technology to
knockdown Lcn2 expression and followed cells proliferation for six
days. Interestingly, the first significant difference was observed after
four days post-knockdown, which again highlights the fact that in order
to inhibit the pro-proliferative effects of Lcn2 in tumor cells, it seems
the complete loss of Lcn2 expression is essential.

We found that the loss of Lcn2 expression increased the sensitivity
of PC3 cells to CDDP. This finding not only highlights the importance of
the combination therapies – targeting plus chemotherapy – but also
might be considered as a novel strategy to tackle the chemotherapy
resistance problems and to minimize the side effects of chemother-
apeutic agents such as CDDP as well. Correspondingly, our findings also
revealed that the targeting of Lcn2 expression in PC3 cells via the
CRISPR/Cas9 technology effectively increased CCDP-induced apop-
tosis. It is well worth to mention that one of the well-known features of
cancer cells is the escaping from apoptotic cell death. The mechanisms
underlying cancer cells evading from apoptosis include upregulation of
anti-apoptotic signals, downregulation of pro-apoptotic signals, and

abnormal cross talk of apoptosis and autophagy [15,36]. On the other
hand, chemotherapeutic drugs such as CDDP induce pro-apoptotic
signals in cancer cells [9]; however, cancer cells by escaping apoptosis
would cause cancer resistance and lead to therapeutic failure.

It has been shown that the mechanism of cisplatin-induced apop-
tosis is closely associated with the capability of cisplatin to produce
cellular reactive oxygen species (ROS). [16]. On the other hand, we
have already shown that Lcn2 protects cells against cisplatin toxicity
[25]. Moreover, we have already shown that Lcn2 acts as a scavenger of
ROS [26,27]. Taken together, our results might suggest that knock out
of Lcn2 in the PC3 cells, at least in part, impedes in the scavenging role
of Lcn2 and causes CDDP- induced apoptosis.

Since Lcn2 upregulates in a variety of cancer types, it can be con-
cluded that our findings might introduce a novel treatment strategy i.e.
targeting apoptosis and might be feasible and usable for cancer therapy.
Our results also revealed that knockout of Lcn2 decreased the cell mi-
gration capacity of a highly aggressive and invasive prostate cancer cell
line i.e. PC3 Cells. Supporting this notion, Tung and et al evaluated the
effects of Lcn2 knockdown on the prostate cancer cells' ability to invade
three dimensional extracellular matrix i.e. matrigel [29]. They also
found that Lcn2 knockdown decreased the migration and invasion ca-
pacities of PC3 cells. Furthermore, they also studied the expression and
activity level of MMP-2 and MMP-9. There is a direct relationship be-
tween the gelatinases expression and activity and cancer progression.
They found that the knockdown of Lcn2 in the PC3 cells decreased the
expression of MMP-2 and MMP-9 at the protein levels. This finding was
further confirmed by a gelatin zymography assay, in which the
knockdown of Lcn2 in PC3 and DU145 cells resulted in a decreased
MMP-2 and MMP-9 expression, compared to the control cells. The

Fig. 5. Knockout of Lcn2 Significantly Increased CDDP-induced Apoptosis in PC3 Cells. For DAPI (A and B) and TUNEL (C and D) assays, equal numbers of PC3-Scr
and Lcn2-KO cells were cultured on sterile coverslips in 6-well plates. Then the cells were treated with 500 μg·mL−1 CDDP for 6 h. After the treatment, the cells were
fixed and stained with In Situ Cell Death Detection (TUNEL) kit according to the manufacturer's protocol. Both the DAPI staining and the TUNEL assays showed that
the Lcn2-KO cells are much more sensitive to CDDP-induced apoptosis than the control cells. (E) For Cell Death Detection ELISA plus assay, equal numbers of PC3-Scr
and Lcn2-KO cells were seeded into 96-well plate and treated with 500 μg·mL−1 for 6 h and then the protocol was carried out according to the manufacturer's manual.
In consistence with above findings, Cell Death Detection ELISA plus results further supported the anti-apoptotic roles of Lcn2 against CDDP in PC3 cells. The
percentage of apoptotic cells after 6 h treatment with CDDP in the Lcn2-KO cells was significantly higher than that of the PC3-Scr cells. (Mean ± SD ***P < .001,
**P < .01).
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involvement of Lcn2 in promoting migration and survival against ultra-
violate (UV) irradiation and cisplatin in endometrial carcinoma cells
has been shown by Miyamoto et al. [23]. They also revealed that the
Lcn2-induced prolonged cell survival was mediated by the phosphatidyl
inositol 3-kinase (PI3K)/Akt and p53-p21 pathways. In other words,
Lcn2 conferred malignant potential to the endometrial carcinoma cells.

Ding et al has been reported that Lcn2 has been implicated in the
castration resistance by increasing androgen receptor (AR) transcrip-
tional activity [10]. It may be of value to mention that Lcn2 has much
more expression in castration-resistant prostate cancer (CRPC) – a le-
thal phenotype of prostate cancer– as compared with castration-sensi-
tive prostate carcinoma. Of note, in CRPC, the tumor cells are hormone-
refractory and do not respond to androgen therapy. The Ding et al
findings strongly suggested that Lcn2 might be a novel target in CRPC
therapy, however, still warrants further investigations.

5. Conclusion

Considering few exceptions including colorectal cancer in which
lcn2 acts as an anti-cancer molecule, up-regulation of Lcn2 has been
implicated in a variety of cancer types [8,24,34]. Lcn2 via several
known functions including up-regulation of gelatinase, stabilization of
MMP-9, anti-apoptotic, anti-oxidant, angiogenesis, and EMT, involves
in cancer initiation, promotion, and also metastasis. Supporting this
notion, up-regulation of Lcn2 has been considered as a valuable bio-
marker and prognostic factor in different cancers remarkably in pros-
tate cancer. Moreover, Lcn2 has been shown to implicate in chemo-
resistance and radio-resistance phenotypes of some types of cancer. All
these unique properties of Lcn2 strongly suggest that Lcn2 might be

considered as a potential, novel, and useful targeting molecule for
therapeutic purposes in different cancers. In this study, Lcn2 was
knocked out via CRISPR/Cas9 technology in a highly invasive and ag-
gressive cancer cell line i.e. PC3. Our results revealed that targeting of
Lcn2 expression by a robust and versatile technique i.e. CRISPR/Cas9
inhibited cell proliferation, increased the sensitivity of the cells to a
chemotherapeutic drug, enhanced CDDP-induced apoptotic cell death,
and decreased cell migration capacity of PC3 cells. However, the de-
tailed mechanisms underlying these effects warrant further study. We
suggest a potential novel modality for cancer treatment, at least for
prostate cancer cells, i.e. targeting of lcn2 knockout via CRISPR/Cas9
technique and in combination with CDDP therapy. Our findings could
be expanded for other cancer cells in which Lcn2 aberrantly is upre-
gulated as well. In this account, it requires further investigations and
would be the subject of future studies. It is noteworthy that in order to
develop our findings as a conventional therapeutic modality, further in
vitro studies including other prostate cancer cell lines comprising DU
145, LNCaP, 22Rv1, and NCI-H660 to expand the current findings as
well as a number of preclinical and clinical trial studies are needed.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lfs.2019.116586.
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Fig. 6. Knockout of Lcn2 Remarkably Decreased PC3 Cells Migration. (A and B); for transwell assay, adequate number of PC3-Scr and Lcn2-KO cells were seeded into
8 μm transwell filters (upper chamber) in 24-well plates. After 6 h, the upper sides of the filters were gently cleaned with sterile swaps and washed by PBS. Finally the
migrated cell (on the other side of the filters) fixed and stained with giemsa and the number of migrated cells was counted under a light microscope in three random
fields per transwell. (C and D); for the scratch (wound) assay, equal numbers of both cells were seeded into 6-well plates. After reaching the confluency of the cells
near 100%, similar scratches were drawn in each well by sterile blue pipette tips. At 0, 24, 48 and 72 h post-scratch, photos were taken from fixed regions per well.
Finally, the area of each wound was analyzed and measured using ImageJ software. The results of both assays unanimously confirmed that Lcn2 has been involved in
the migratory abilities of PC3 cells. (Mean ± SD, ***P < .001, **P < .01, *P < .05). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

S. Rahimi, et al. Life Sciences 231 (2019) 116586

7

https://doi.org/10.1016/j.lfs.2019.116586
https://doi.org/10.1016/j.lfs.2019.116586


Ethical issues

There are no ethical problems for this project.

Declaration of Competing Interest

The authors declare no conflict of interest.

Acknowledgments

This study was supported by Guilan University of Medical Sciences
Rasht, Iran (grant no: IR.GUMS.REC.1396.393).

References

[1] (ASCO) ASoCO, Prostate Cancer: Types of Treatment, https://www.cancer.net/
cancer-types/prostate-cancer/introduction, (2018) , Accessed date: 22 March 2019.

[2] B. Bahmani, M.H. Roudkenar, R. Halabian, A. Jahanian-Najafabadi, F. Amiri,
M.A. Jalili, Lipocalin 2 decreases senescence of bone marrow-derived mesenchymal
stem cells under sub-lethal doses of oxidative stress, Cell Stress and Chaperones 19
(5) (2014) 685–693, https://doi.org/10.1007/s12192-014-0496-5.

[3] P. Bahmani, R. Halabian, M. Rouhbakhsh, A.M. Roushandeh, N. Masroori,
M. Ebrahimi, et al., Neutrophil gelatinase-associated lipocalin induces the expres-
sion of heme oxygenase-1 and superoxide dismutase 1, 2, Cell Stress and
Chaperones 15 (4) (2010) 395–403.

[4] Z. Bakhshandeh, R. Halabian, A.A. Imani Fooladi, A. Jahanian-Najafabadi,
M.A. Jalili, M.H. Roudkenar, Recombinant human lipocalin 2 acts as an anti-
bacterial agent to prevent platelet contamination, Hematology 19 (8) (2014)
487–492, https://doi.org/10.1179/1607845414Y.0000000155.

[5] F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries, CA Cancer J. Clin. 68 (6) (2018) 394–424.

[6] S. Candido, S.L. Abrams, L.S. Steelman, K. Lertpiriyapong, T.L. Fitzgerald,
A.M. Martelli, et al., Roles of NGAL and MMP-9 in the tumor microenvironment and
sensitivity to targeted therapy, Biochim. Biophys. Acta 1863 (3) (2016) 438–448,
https://doi.org/10.1016/j.bbamcr.2015.08.010.

[7] S. Chakraborty, S. Kaur, S.K. Batra, S. Guha, Z. Tong, Neutrophil Gelatinase
Associated Lipocalin: Structure, Function and Role in Human Pathogenesis, INTECH
Open Access Publisher, 2011.

[8] S. Chakraborty, S. Kaur, S. Guha, S.K. Batra, The multifaceted roles of neutrophil
gelatinase associated lipocalin (NGAL) in inflammation and cancer, Biochim.
Biophys. Acta 1826 (1) (2012) 129–169, https://doi.org/10.1016/j.bbcan.2012.03.
008.

[9] S. Dasari, P.B. Tchounwou, Cisplatin in cancer therapy: molecular mechanisms of
action, Eur. J. Pharmacol. 740 (2014) 364–378, https://doi.org/10.1016/j.ejphar.
2014.07.025.

[10] G. Ding, J. Wang, C. Feng, H. Jiang, J. Xu, Q. Ding, Lipocalin 2 over-expression
facilitates progress of castration-resistant prostate cancer via improving androgen
receptor transcriptional activity, Oncotarget 7 (39) (2016) 64309–64317, https://
doi.org/10.18632/oncotarget.11790.

[11] Gaj T, Gersbach CA, Barbas CF, 3rd. ZFN, TALEN, and CRISPR/Cas-based methods
for genome engineering. Trends Biotechnol.. 2013;31(7):397–405. doi:https://doi.
org/10.1016/j.tibtech.2013.04.004.

[12] D.H. Goetz, M.A. Holmes, N. Borregaard, M.E. Bluhm, K.N. Raymond, R.K. Strong,
The neutrophil lipocalin NGAL is a bacteriostatic agent that interferes with side-
rophore-mediated iron acquisition, Mol. Cell 10 (5) (2002) 1033–1043.

[13] Y.P. Goldberg, M.I. Parker, W. Gevers, The genetic basis of cancer, South African
medical journal = Suid-Afrikaanse tydskrif vir geneeskunde. 80 (2) (1991) 99–104.

[14] R. Halabian, H.A. Tehrani, A. Jahanian-Najafabadi, M.H. Roudkenar, Lipocalin-2-
mediated upregulation of various antioxidants and growth factors protects bone
marrow-derived mesenchymal stem cells against unfavorable microenvironments,
Cell stress and chaperones 18 (6) (2013) 785–800.

[15] Z. Huang, L. Zhou, Z. Chen, E.C. Nice, C. Huang, Stress management by autophagy:

implications for chemoresistance, Int. J. Cancer 139 (1) (2016) 23–32.
[16] M. Jiang, Q. Wei, N. Pabla, G. Dong, Wang C-Yi, T. Yang, S.B. Smith, Z. Dong,

Effects of hydroxyl radical scavenging on cisplatin-induced p53 activation, tubular
cell apoptosis and nephrotoxicity, Biochem. Pharmacol. 73 (9) (2007) 1499–1510.

[17] M. Jung, C. Mertens, R. Bauer, C. Rehwald, B. Brune, Lipocalin-2 and iron traf-
ficking in the tumor microenvironment, Pharmacol. Res. 120 (2017) 146–156,
https://doi.org/10.1016/j.phrs.2017.03.018.

[18] J.P. Kehrer, Lipocalin-2: pro- or anti-apoptotic? Cell Biol. Toxicol. 26 (2) (2010)
83–89, https://doi.org/10.1007/s10565-009-9119-9.

[19] S.L. Kim, S.T. Lee, I.S. Min, Y.R. Park, J.H. Lee, D.G. Kim, et al., Lipocalin 2 ne-
gatively regulates cell proliferation and epithelial to mesenchymal transition
through changing metabolic gene expression in colorectal cancer, Cancer Sci. 108
(11) (2017) 2176–2186, https://doi.org/10.1111/cas.13389.

[20] L. Leung, N. Radulovich, C.Q. Zhu, S. Organ, B. Bandarchi, M. Pintilie, et al.,
Lipocalin2 promotes invasion, tumorigenicity and gemcitabine resistance in pan-
creatic ductal adenocarcinoma, PLoS One 7 (10) (2012) e46677, , https://doi.org/
10.1371/journal.pone.0046677.

[21] M. Mannelqvist, I.M. Stefansson, E. Wik, K. Kusonmano, M.B. Raeder, A.M. Oyan,
et al., Lipocalin 2 expression is associated with aggressive features of endometrial
cancer, BMC Cancer 12 (2012) 169, , https://doi.org/10.1186/1471-2407-12-169.

[22] C. Mertens, J. Mora, B. Ören, S. Grein, S. Winslow, K. Scholich, et al., Macrophage-
derived lipocalin-2 transports iron in the tumor microenvironment,
Oncoimmunology 7 (3) (2017) e1408751-e, , https://doi.org/10.1080/2162402X.
2017.1408751.

[23] T. Miyamoto, H. Kashima, Y. Yamada, H. Kobara, R. Asaka, H. Ando, et al.,
Lipocalin 2 enhances migration and resistance against cisplatin in endometrial
carcinoma cells, PLoS One 11 (5) (2016) e0155220, , https://doi.org/10.1371/
journal.pone.0155220.

[24] J.J. Rodvold, N.R. Mahadevan, M. Zanetti, Lipocalin 2 in cancer: when good im-
munity goes bad, Cancer Lett. 316 (2) (2012) 132–138, https://doi.org/10.1016/j.
canlet.2011.11.002.

[25] M.H. Roudkenar, Z. Ghasemipour, R. Halabian, P. Yaghmai, A. Gharehbaghian,
A. Oodi, et al., Lipocalin 2 acts as a cytoprotective factor against cisplatin toxicity,
an in vitro study, DARU Journal of Pharmaceutical Sciences 16 (2) (2008) 106–111.

[26] M.H. Roudkenar, R. Halabian, P. Bahmani, A.M. Roushandeh, Y. Kuwahara,
M. Fukumoto, Neutrophil gelatinase-associated lipocalin: a new antioxidant that
exerts its cytoprotective effect independent on Heme Oxygenase-1, Free Radic. Res.
45 (7) (2011) 810–819, https://doi.org/10.3109/10715762.2011.581279.

[27] M.H. Roudkenar, R. Halabian, Z. Ghasemipour, A.M. Roushandeh, M. Rouhbakhsh,
M. Nekogoftar, et al., Neutrophil gelatinase-associated lipocalin acts as a protective
factor against H2O2 toxicity, Arch. Med. Res. 39 (6) (2008) 560–566.

[28] M.H. Roudkenar, Y. Kuwahara, T. Baba, A.M. Roushandeh, S. Ebishima, S. Abe,
et al., Oxidative stress induced Lipocalin 2 gene expression: addressing its expres-
sion under the harmful conditions, J. Radiat. Res. 48 (1) (2007) 39–44, https://doi.
org/10.1269/jrr.06057.

[29] M.C. Tung, S.C. Hsieh, S.F. Yang, C.W. Cheng, R.T. Tsai, S.C. Wang, et al.,
Knockdown of lipocalin-2 suppresses the growth and invasion of prostate cancer
cells, Prostate 73 (12) (2013) 1281–1290, https://doi.org/10.1002/pros.22670.

[30] B. Vogelstein, K.W. Kinzler, The multistep nature of cancer, Trends Genet. 9 (4)
(1993) 138–141.

[31] Y. Yamada, T. Miyamoto, H. Kashima, H. Kobara, R. Asaka, H. Ando, et al.,
Lipocalin 2 attenuates iron-related oxidative stress and prolongs the survival of
ovarian clear cell carcinoma cells by up-regulating the CD44 variant, Free Radic.
Res. 50 (4) (2016) 414–425, https://doi.org/10.3109/10715762.2015.1134795.

[32] J. Yang, D.R. Bielenberg, S.J. Rodig, R. Doiron, M.C. Clifton, A.L. Kung, et al.,
Lipocalin 2 promotes breast cancer progression, Proc. Natl. Acad. Sci. U. S. A. 106
(10) (2009) 3913–3918, https://doi.org/10.1073/pnas.0810617106.

[33] J. Yang, D. Goetz, J.Y. Li, W. Wang, K. Mori, D. Setlik, et al., An iron delivery
pathway mediated by a lipocalin, Mol. Cell 10 (5) (2002) 1045–1056.

[34] J. Yang, M.A. Moses, Lipocalin 2: a multifaceted modulator of human cancer, Cell
cycle (Georgetown, Tex) 8 (15) (2009) 2347–2352, https://doi.org/10.4161/cc.8.
15.9224.

[35] D.S. Yu, C.L. Wu, S.Y. Ping, Y.L. Huang, K.H. Shen, NGAL can alternately mediate
sunitinib resistance in renal cell carcinoma, J. Urol. 192 (2) (2014) 559–566,
https://doi.org/10.1016/j.juro.2013.12.049.

[36] H.-C. Zheng, The molecular mechanisms of chemoresistance in cancers, Oncotarget
8 (35) (2017) 59950–59964, https://doi.org/10.18632/oncotarget.19048.

S. Rahimi, et al. Life Sciences 231 (2019) 116586

8

https://www.cancer.net/cancer-types/prostate-cancer/introduction
https://www.cancer.net/cancer-types/prostate-cancer/introduction
https://doi.org/10.1007/s12192-014-0496-5
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0015
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0015
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0015
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0015
https://doi.org/10.1179/1607845414Y.0000000155
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0025
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0025
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0025
https://doi.org/10.1016/j.bbamcr.2015.08.010
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0035
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0035
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0035
https://doi.org/10.1016/j.bbcan.2012.03.008
https://doi.org/10.1016/j.bbcan.2012.03.008
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.18632/oncotarget.11790
https://doi.org/10.18632/oncotarget.11790
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1016/j.tibtech.2013.04.004
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0055
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0055
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0055
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0060
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0060
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0065
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0065
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0065
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0065
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0070
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0070
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0075
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0075
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0075
https://doi.org/10.1016/j.phrs.2017.03.018
https://doi.org/10.1007/s10565-009-9119-9
https://doi.org/10.1111/cas.13389
https://doi.org/10.1371/journal.pone.0046677
https://doi.org/10.1371/journal.pone.0046677
https://doi.org/10.1186/1471-2407-12-169
https://doi.org/10.1080/2162402X.2017.1408751
https://doi.org/10.1080/2162402X.2017.1408751
https://doi.org/10.1371/journal.pone.0155220
https://doi.org/10.1371/journal.pone.0155220
https://doi.org/10.1016/j.canlet.2011.11.002
https://doi.org/10.1016/j.canlet.2011.11.002
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0120
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0120
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0120
https://doi.org/10.3109/10715762.2011.581279
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0130
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0130
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0130
https://doi.org/10.1269/jrr.06057
https://doi.org/10.1269/jrr.06057
https://doi.org/10.1002/pros.22670
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0145
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0145
https://doi.org/10.3109/10715762.2015.1134795
https://doi.org/10.1073/pnas.0810617106
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0160
http://refhub.elsevier.com/S0024-3205(19)30512-0/rf0160
https://doi.org/10.4161/cc.8.15.9224
https://doi.org/10.4161/cc.8.15.9224
https://doi.org/10.1016/j.juro.2013.12.049
https://doi.org/10.18632/oncotarget.19048

	CRISPR/Cas9-mediated knockout of Lcn2 effectively enhanced CDDP-induced apoptosis and reduced cell migration capacity of PC3 cells
	Introduction
	Materials and methods
	Cell culture
	Vectors and transfection
	RNA Extraction and RT-PCR
	Immunocytochemistry
	Enzyme Linked Immunosorbent Assay (ELISA)
	Cell proliferation assay and colony formation assay
	DAPI staining
	In Situ Cell Death Detection (TUNEL) assay
	Cell death detection ELISA
	Wound healing/scratch assay
	Transwell assay
	Statistical analysis

	Results
	CRISPR/Cas9-mediated knockout of Lcn2 decreased cell proliferation
	Loss of Lcn2 expression resulted in enhancing of sensitivity of PC3 cells to the chemotherapeutic agent
	Targeting of Lcn2 expression decreased the cell migration capacity of PC3 cells

	Discussion
	Conclusion
	Author contributions
	Ethical issues
	mk:H1_23
	Acknowledgments
	References




