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Simple Summary: Patients with wild-type p53 ovarian cancer appear to have a poorer survival rate
than those with mutant p53 due to resistance to chemotherapy. The mechanism underlying this
observation is not clearly understood. The aim of this study was to identify potential biomarkers
regulated by p53 that conferred resistance using in vitro and in vivo studies. Growth differentiation
factor 15 (GDF15) expression was demonstrated to be controlled by p53 in both ovarian cancer cell
lines and orthotopic mouse models. The histological and RNAseq studies of the GDF15-knocked
down, A2780 cell line-induced tumor revealed that the ratio and canonical pathways of stromal/tumor
were modified by secretory GDF15.

Abstract: Background: The standard treatment of ovarian cancer is surgery followed by a
chemotherapeutic combination consisting of a platinum agent, such as cisplatin and a taxane-like
paclitaxel. We previously observed that patients with ovarian cancer wild-type for p53 had a poorer
survival rate than did those with p53 mutations. Thus, a better understanding of the molecular
changes of epithelial ovarian cancer cells with wild-type p53 in response to treatment with cisplatin
could reveal novel mechanisms of chemoresistance. Methods: Gene expression profiling was
performed on an ovarian cancer cell line A2780 with wild-type p53 treated with cisplatin. A gene
encoding a secretory protein growth differentiation factor 15 (GDF15) was identified to be highly
induced by cisplatin treatment in vitro. This was further validated in a panel of wild-type and
mutant p53 ovarian cancer cell lines, as well as in mouse orthotopic models. The mouse tumor
tissues were further analyzed by histology and RNA-seq. Results: GDF15 was identified as one
of the highly induced genes by cisplatin or carboplatin in ovarian cancer cell lines with wild-type
p53. The wild-type p53-induced expression of GDF15 and GDF15-confered chemotherapy resistance
was further demonstrated in vitro and in vivo. This study also discovered that GDF15-knockdown
(GDF15-KD) tumors had less stromal component and had different repertoires of activated and
inhibited canonical pathways in the stromal cell and cancer cell components from that of the control
tumors after cisplatin treatment. Conclusions: GDF15 expression from the wild-type p53 cancer cells
can modulate the canonical pathways in the tumor microenvironment in response to cisplatin, which
is a possible mechanism of chemoresistance.
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1. Introduction

Opvarian cancer is the fifth most common cause of death in women [1]. The standard treatment of
ovarian cancer is surgery followed by a chemotherapeutic combination consisting of a platinum agent,
such as cisplatin or carboplatin, and a taxane-like paclitaxel. Whereas the majority of high-grade serous
ovarian cancers respond to treatment [2], several epithelial ovarian cancer subtypes with wild-type
p53 gene appear to be resistant to standard chemotherapy. For example, low-grade serous ovarian
cancer is relatively resistant to various chemotherapy regimens [3]. Similarly, mucinous and clear cell
ovarian carcinomas are also not very responsive to the standard taxane/paclitaxel combination [4,5].
We previously observed that patients with ovarian cancer wild-type for p53 had a poorer survival
rate than did those with p53 mutations [6]. Thus, a better understanding of the molecular changes
of epithelial ovarian cancer cells with wild-type p53 in response to treatment with cisplatin could
hopefully reveal novel mechanism of chemoresistance.

In the ovarian cancer cell line A2780, which is wild-type for p53, we found that growth
differentiation factor 15 (GDF15) expression was highly induced by cisplatin exposure. Expression
of this gene is known to be induced by factors such as cellular stress, inflammation, and exposure to
nonsteroidal anti-inflammatory drugs [7-13]. GDF15 is also known as nonsteroidal anti-inflammatory
drug-activated gene, macrophage inhibitory cytokine-1, placental bone morphogenic protein, placental
transformation growth factor-f3, and prostate-derived growth factor [14-17]. GDF15 belongs to the
transforming growth factor-3 superfamily, and its receptor (GFRAL) was recently identified [18,19].
The GDF15/GFRAL pathway is known to affect energy homeostasis, which could have implications for
cancer initiation and progression [20].

In previous studies, GDF15 expression was elevated in many cancers such as breast, cervical,
colorectal, ovarian, pancreatic, and prostate cancers as well as glioblastomas, melanomas, and oral
squamous cell carcinomas [21-28]. As seen in these cancers, high expression of GDF15 is associated
with poorer survival than in patients with low expression [23,24]. However, depending on tumor type,
GDF15 has been shown to be either protumorigenic or antitumorigenic. For example, its overexpression
in glioblastoma and human colon cancer cells inhibited tumor formation in nude mouse models [8,10].
In contrast, another study showed that overexpression of GDF15 led to an increase in the dissemination
of prostate cancer cells [29].

In the present study, we performed gene expression analysis of the ovarian cancer cell line A2780
with wild-type p53 treated with 5 or 10 pM cisplatin at different time points. In parallel, gene expression
study was also done with the ovarian cancer cell line OVCA420 with mutant p53. GDF15 was among
the most differentially expressed genes in the cells with wild-type p53 but not in mutant p53 cells. Using
a panel of ovarian cancer cell lines and orthotopic mouse models of ovarian cancer, we would like to
demonstrate that the level of GDF15 expression induced by chemotherapeutic agents is p53-dependent
and that up-regulation of secretory GDF15 protein by treatment with cisplatin can be detected in the
mouse sera. Our mouse models allowed us to detect GDF15 secretion into the blood and the impact of
GDF15 level on the tumor and stroma interaction in vivo. More importantly, we proved that GDF15
expression impacts ovarian tumorigenesis by modulating the canonical pathways in both the tumor
cell and stroma cell components of the tumor.

2. Results

2.1. Differential Expression of Genes in the Cisplatin-Sensitive, Wild-Type p53 Ovarian Cancer Cell Line
A2780—Following Cisplatin-Based Treatment

To identify genes potentially involved in cisplatin response of ovarian tumors with wild-type p53,
we conducted gene expression profiling of the A2780 cell line (wild-type p53) and OVCA420 (mutant
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p53; ¢.818G > A; p.R273H). We have deposited the microarray data into GeoArchive (GEO accession
#GSE122287). Figure 1a shows the most differentially expressed genes 16 h after cisplatin exposure.
We chose four genes (CDKN1A, FDXR, GDF15, and TP5313) with the highest expression levels and fold
induction for further validation at the RNA and protein level (Table S1). These genes did not change in
the OVCA420 p53 mutant cell line after treatment with cisplatin (Figure 1). Previous study showed
that BTG2 expression in prostate cancer cells was induced by treatment with cisplatin [30], so we did
not choose it for further investigation. The RNA expression for all four genes was induced in a time-
and dose-dependent manner (Figure 1b). The robust induction of GDF15 protein was detected after 16

h of cisplatin treatment (Figure 1c).

a

g 8

Fold Change
g 8

Figure 1. Differentially expressed genes identified by microarray analysis in wild-type p53 A2780
ovarian cancer cell line treated with cisplatin: (a) Heat map of genes with differential expression in the
A2780 ovarian cancer cell line induced by treatment with cisplatin. The expression of these genes in the
p53 mutant OVCA420 cell line was also shown. The color bar at the bottom indicates the fold change
in reference to the expression value at zero hour on log?2 scale; * indicated the genes validated in (b);
(b) Validation of the up-regulation of the four genes by semi-quantitative RT-PCR analysis performed
using total RNA extracted from A2780 cells treated with cisplatin at increasing doses (2.5, 4.5, 5.75,
and 25 pM) for 16 h or a single dose at IC90 for different times (in triplicate); (c) Western blot showing
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expression of GDF15 in A2780 cells that were treated by cisplatin as indicated.
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2.2. Induction of GDF15 Expression in a Panel of Ovarian Cancer Cell Lines by Exposure to
Chemotherapeutic Agents

Among the four validated genes described above, we chose GDF15 for further analysis as it
had the highest induced expression following treatment with cisplatin. To determine whether our
observation was specific to A2780 cells, we further treated 13 ovarian cancer cell lines (7 wild-type for
p53 and 6 with missense or nonsense p53 mutations) with 2.5 uM cisplatin (Figure 2). RNA and protein
analysis of these cells revealed that GDF15 up-regulation occurred only in the cell lines with wild-type
p53 (Figure 2a,b), suggesting that the up-regulation of GDF15 following cisplatin treatment could be a
p53-dependent event. Original uncropped western blots images were provided in Figure S4.
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Figure 2. Induction of GDF15 expression in ovarian cancer cell lines after treatment with cisplatin
depends on the presence and induction of wild-type p53. Cell lines with wild-type p53 or mutant
p53 were treated with cisplatin at IC90 dose for 24 h (2.5 uM: A2780, OVCA432; 5 uM: ALST,
OVCAR3, OVCA420, TOV21G, SMOV2; 10 uM: ES2, HEYAS, KOC7C, OVCAR5, RMG1, SKOV3):
(a) Semiquantitative RT-PCR analysis of GDF15 expression using total RNA extracted from a panel
of ovarian cancer cell lines with wild-type p53 or mutant p53 confirmed by PCR-Sanger sequencing
(in triplicate); (b) Western blots of GDF15 and p53 protein expression in ovarian cancer cell lines after
treatment with cisplatin; (¢) GDF15 was induced when SKOV3 ovarian cancer cells (p53-null) were
transduced with an adenovirus carrying the wild-type p53 gene; (d) Knockdown of p53 (p53 KD)
expression in A2780 ovarian cancer cells by p53 small interfering RNA suppressed the induction of
GDF15 protein expression by treatment with cisplatin.
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Ovarian cancer treatment consists of debulking surgery followed by administration of a
combination of chemotherapeutic agents, typically a taxane-like paclitaxel and a DNA-damaging
agent such as cisplatin or carboplatin. Therefore, we further treated six ovarian cancer cell lines (three
wild-type for p53 and three with p53 mutations) with varying doses of carboplatin or paclitaxel. Similar
to the cell lines treated with cisplatin, the cell lines wild-type for p53 had up-regulation of GDF15
following treatment with carboplatin, whereas GDF15 expression was not affected in the p53-mutant
cell lines. On the other hand, paclitaxel did not induce GDF15 expression in either p53 wild-type or
P53 mutant ovarian cancer cell lines (Figure 3).

A2780 smov2  kocrc P93 Wild-type A2780 SMOV2  KOC7C
Carboplatin (UM) 550 100300 0 50100300 0 50 100300 Paclitaxel ("M) 0 10 50 100 0 10 50 100 0 10 50 100

B-Actin Mh.j B-Actin ----|-..|§'"|

OVCA432 OVCA420 SKOV3 p53 Mutant OVCA432 OVCA420 SKOV3
Carboplatin (UM) o 50 100300 0 50100300 0 50100300 Paclitaxel (n"M) 0 10 50 100 0 10 50 100 0 10 50 100

B-Actin P...|-...{---- B-Actin NPEDESES | vy g o

Figure 3. GDF15 expression in ovarian cancer cell lines after treatment with carboplatin or paclitaxel.
Cell lines with wild-type p53 (A2780, SMOV2, KOC7C) or mutant p53 (OVCA432, OVCA420, SKOV3)
were treated with varying doses of carboplatin or paclitaxel for 24 h.

2.3. Induction of GDF15 Expression Requires Wild-Type p53

To further determine whether GDF15 expression is dependent on p53 following cisplatin-based
treatment, we infected the p53-null cell line SKOV3 (confirmed by western blot and Sanger sequencing
to have a single base deletion in exon 4 of p53 [31]) with an adenovirus containing the wild-type
P53 gene as described previously [32]. Following p53 overexpression in the cell line, we observed
higher expression of GDF15 than that in control cells (Figure 2c). Furthermore, knockdown of p53
expression by small interfering RNA in A2780 cells wild-type for p53 suppressed the induction of
GDF15 expression by cisplatin exposure in comparison to the control cells (Figure 2d).

2.4. GDF15 Is Secreted into the Blood In Vivo in Mice with Tumor Burdens after Treatment with Cisplatin

Because mature GDF15 is a secreted protein, we further examined its expression in the blood
in vivo following cisplatin-based treatment. We chose two p53 wild-type ovarian cancer cell lines
for this mouse experiment: A2780 (cisplatin-sensitive, ICsy = 1.3 uM) and RMGI1 (cisplatin-resistant,
IC59 = 7.5 uM). After tumors were formed in these mice, they were treated with phosphate-buffered
saline (PBS) or 2.5 or 5 mg/kg cisplatin. We then collected the tumors and blood from these mice 24
and 48 h after treatment. Figure 4 shows the results of a combination of two independent experiments
using mice with different tumor burdens. The data demonstrated that mice given cisplatin had a
significant up-regulation of GDF15 at the RNA level in tumors (Figure 4a) and/or sera (Figure 4b). As a
control to ensure the specificity of the enzyme-linked immunosorbent assay for the anti-human GDF15
antibody, we detected no GDF15 protein in sera from control mice without any ovarian tumor (data
not shown). More importantly, up-regulation of GDF15 was much higher in the mice injected with the
cisplatin-sensitive A2780 cell line than in the mice injected with the cisplatin-resistant RMG1 cell line
(Figure 4).
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Figure 4. Induction of GDF15 expression in mouse ovarian tumors and sera by cisplatin treatment
invivo: (a) Semiquantitative RT-PCR analysis of GDF15 expression performed using total RNA
extracted from mouse A2780 (cisplatin-sensitive) and RMG1 (cisplatin-resistant) tumors after treatment
with cisplatin (2.5 or 5 mg/kg) for 24 or 48 h. **p = 0.004; ***p = 0.0007; ***p < 0.0001; (b) Enzyme-linked
immunosorbent assay of GDF15 sera levels in mice. *p = 0.03; ***p = 0.0002.

2.5. GDF15-KD Increases Tumor Burden and Tumor Sensitivity to Cisplatin-Based Treatment In Vivo

To determine the role of GDF15 in the response of ovarian cancer to treatment with cisplatin,
we generated stable GDF15-KD A2780 cell lines using two different shRNAs targeting GDF15. As a
control, we also generated a stable control GDF15-NT A2780 cell line using non-target shRNA (NT).
The efficiency of GDF15 knockdown was confirmed in vitro and in vivo by real-time polymerase chain
reaction (RT-PCR), western blot and enzyme-linked immunosorbent assay (Figure S2). Then, we
intraperitoneally injected nude mice with control GDF15-NT A2780 or GDF15-KD A2780 cells. Once
tumors developed, the mice were given either 5 mg/kg cisplatin or PBS twice within a 5-day period.
Forty-eight hours after the last treatment, we obtained the tumors and blood from the mice.

Tumor weight analysis revealed that the GDF15-KD tumors were substantially larger than the
control tumors (Figure 5a). Also, cisplatin-treated mice in both the control and GDF15-KD groups
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had smaller tumors than did PBS-treated mice. To determine whether GDF15 expression makes the
tumors more sensitive or resistant to treatment with cisplatin, we normalized the weights of the
cisplatin-treated tumors to the weights of the PBS-treated tumors (Figure 5b). This revealed that the
decrease (fold change) in the size of the GDF15-KD tumors (67%) after cisplatin-based treatment was
significantly greater than that in the control (53%) (Figure 5b).
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Figure 5. The impact of GDF15 KD on ovarian tumor growth, cisplatin response and tumor composition;
(a) Tumor weights in mice after treatment with PBS or cisplatin. * p = 0.0079; ** p = 0.0046; (b) Fold
decrease in tumor weights after treatment with cisplatin normalized to control tumors treated with PBS;
(c) Percentage of Ki67-positive ovarian tumor cells in the tumor. N.S., not significant; (d) RPPA analysis
results showing induction of higher expression of the apoptotic proteins Bim, cleaved caspase-7, and
phosphorylated Chk1 after treatment with cisplatin in GDF15-KD A2780 tumors compared to normal
A2780 tumors; (e) Percentage of tumor and stromal cells in mouse A2780 and GDF15-KD A2780 tumors
after treatment with PBS; (f) Percentage of tumor and stromal cells in mouse A2780 and GDF15-KD
A2780 tumors after treatment with cisplatin.
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Because tumor growth is a balance between proliferation and apoptosis, we sought to determine
whether cell proliferation differed in GDF15-KD mice compared to the control following cisplatin
exposure. We performed immunohistochemical staining of ovarian tumor samples treated with
cisplatin for Ki67, a marker of cell proliferation. As a result, the percentage of Ki67-positive tumor
cells after cisplatin treatment did not differ significantly (Figure 5c) from untreated control. However,
reverse-phase protein array (RPPA) analysis demonstrated that expression of proteins involved in
apoptosis (Bim, cleaved caspase-7, and phosphorylated Chk1) was markedly higher in cisplatin-treated
GDF15-KD A2780 tumors than the control A2780 tumors (Figure 5d).

2.6. GDF15 KD Affects Tumor Composition after Cisplatin-Based Treatment

As a secreted protein, GDF15 could have both autocrine and paracrine signaling. To determine
whether GDF15 affects tumor stroma composition, we used microscopic images of Ki67 stains for
cellular segmentation analysis of tumor and non-tumor cells within the tumors from both GDF15-KD
and control mice (Figure S1). Based on cellular morphology and Ki-67 staining, the tumor tissue was
segmented into tumor cell regions (Ki-67 positive cells and/or pleiomorphic nuclei) and stromal regions
(vascular/fibrous region, other non-tumor cell type region and noncellular region). Quantification of the
tumor and stromal compartments demonstrated that the percentage of the stromal cell component of
the tumors was lower in GDF15-KD tumors than in control tumors in both the PBS- and cisplatin-treated
groups (Figure 5e,f). However, after treatment with cisplatin, the stromal cell component appeared to be
higher in the control GDF15-NT A2780 tumors than the GDF15-KD A2780 tumors (Figure 5f). Because
the stromal cells in the A2780 tumors were derived from mice, we measured the relative abundance
of mouse tissue in tumors formed by GDF15-NT A2780 and GDF15-KD A2780 cells indirectly using
mouse IgG detection signals as a surrogate of stromal composition using RPPA data. In the RPPA
analysis, we had 60 mouse anti-human primary antibodies; thus, the secondary anti-mouse IgG
antibody would recognize any endogenous mouse IgG. We compared the relative signals detected
using these 60 antibodies and found that GDF15-KD A2780 tumors had significantly decreased signals
(Figure S3). This demonstrated that the endogenous mouse IgG levels were lower in tumors formed by
GDF15-KD A2780 cells than in the control, and thus the stromal composition was lower in GDF15-KD
A2780-induced tumors than the GDF15-NT-induced tumors.

To further investigate the impact of knocking down GDF15 in the tumor formation by A2780
in nude mice, we performed RNAseq analysis of GDF15-NT A2780 and GDF15-KD A2780 tumors
from mice treated with PBS or cisplatin. We performed a novel RNAseq analysis by mapping the
RNAseq data to both the human reference genome and mouse reference genome. This allowed us
to interrogate the gene expression changes in both A2780 ovarian cancer cells (human) and stromal
cells (mouse) by GDF15 knockdown and cisplatin treatment. We found that there was a substantial
increase in the number of sequencing reads that mapped to the mouse reference genome (Table S2)
in GDF15-NT A2780 control tumors after cisplatin treatment (PBS treated, 17 + 2% versus cisplatin
treated, 37 + 16%). On the other hand, only a small change in the number of sequencing reads that
mapped to the mouse reference genome was observed in GDF15-KD A2780 after cisplatin treatment
(PBS treated, 18 + 0% versus Cisplatin treated, 19 + 2%). This would suggest an increase in the stromal
component contributed by the mouse in cisplatin treated GDF15-NT A2780 tumors. This result also
agreed with the cellular segmentation analysis that cisplatin treated control GDF15-NT A2780 tumor
had more stromal component (Figure 5e,f).

Both human and mouse genes differentially expressed in the cisplatin and PBS-treated groups
are provided in Tables S3-56. Ingenuity Pathway Analysis (IPA) was used to identify the changes in
canonical pathways that may be responsible for gene expression changes in GDF15-NT and GDF15-KD
after cisplatin treatment. As expected, the canonical p53 pathways are highly activated in both
GDF15-NT and GDF15-KD tumors after cisplatin treatment in both the tumor cell and stromal cell
components (Figure 6). However, several activated canonical pathways were not activated in the
tumor component of GDF15-KD in comparison to GDF15-NT (Figure 6) such as the interferon signaling
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pathway and cell cycle: G2/M DNA damaging checkpoint regulation pathway, which suggests GDF15
expression may be involved in those pathways. On the contrary, there are several canonical pathways
being activated in the stromal cell component of GDF15-KD tumor after cisplatin treatment compared
to the GDF15-NT control such as the RhoGDI signaling pathway and the acute phase response
signaling pathway.
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Figure 6. Activation or inhibition of canonical pathways in the tumor cell and stromal cell components
of tumors formed by A2780 GDF15-NT control cells or A2780 GDF15-KD cells by cisplatin treatment.
Z-score is a statistical measure of the match between expected relationship direction and observed gene
expression changes after cisplatin treatment. z-score > 2 (activation) or z-score < 2 (inhibition) are
considered significant.
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3. Discussion

In this study, we showed that GDF15 expression is induced in ovarian cancer cells by treatment with
the chemotherapeutic agent cisplatin both in vitro and in vivo. Furthermore, our data demonstrated
that induction of GDF15 expression in ovarian cancer cells by treatment with platinum agents is
dependent on the presence of wild-type p53. This observation is more relevant to chemoresistant
ovarian carcinomas with wild-type p53, such as low-grade serous ovarian carcinomas, clear cell ovarian
carcinomas, and most of the endometrioid and mucinous ovarian carcinomas, than to high-grade
serous ovarian carcinomas which tend to be mutant for p53.

We also showed that GDF15 can be detected in sera from ovarian tumor-bearing mice after
cisplatin exposure. For this mouse experiment, we used two p53 wild-type ovarian cancer cell lines:
A2780 (cisplatin-sensitive) and RMGI1 (cisplatin-resistant). The A2780 tumors had at least 15-fold
higher induction of GDF15 expression than did the RMG1 tumors when treated at 2.5 uM cisplatin.
The discrepancy of GDF15 induction in RMG1 cisplatin-resistant cell line by cisplatin in vitro and
in vivo was likely the result of the doses of cisplatin being used. For in vitro study, when RMG1 was
treated at IC90 dose (10 uM), an up-regulation of GDF15 was detected. However, for in vivo study,
only up to 5 mg/kg cisplatin dose was used because the known maximum tolerated dose of cisplatin
for mice is 6 mg/kg. However, at such a dose, up-regulation of GDF15 was not detected in tumor
formed by the cisplatin-resistant RMG1 cell line in mice. A previous ovarian cancer study showed
that GDF15 expression was higher in post-chemotherapy than in pre-chemotherapy effusions [33].
Because low-grade serous ovarian carcinoma is relatively resistant to chemotherapy [34], developing
GDF15 as a potential serum biomarker to select patients that are sensitive to chemotherapy warrants
further investigation.

Using our orthotopic mouse model of ovarian cancer in which GDF15 was knocked down enabled
us to look at GDF15 from two angles: its role in ovarian tumorigenesis and its effect following treatment
with cisplatin. As noted above, GDF15-KD A2780 cells formed larger tumors in nude mice than
did GDF15-NT A2780 control cells, suggesting that basal level of GDF15 affects tumor growth. Ki67
staining is commonly used as a surrogate marker for tumor cell proliferation. However, we did not
observe any significant increase in the percentage of Ki67-positive tumor cells in mice after GDF15 KD
or a decrease in the percentage of Ki67 after treatment with cisplatin. A previous study suggested that
Ki67 can be expressed in growth-arrested cells, especially those overexpressing wild-type p53 [35].
In another study, researchers compared Ki67 expression in breast tumor samples before and after
chemotherapy. Only 40% of the tumors exhibited a significant decrease in Ki67 expression [36]. This
may have been the case with our ovarian tumors formed by A2780 cells wild-type for p53, in which Ki67
expression did not correlate with tumor cell proliferation. After tumor bearing mice were treated with
cisplatin treatment, the decrease in tumor weight was more drastic in the GDF15-KD A2780 tumors
than the control GDF15-NT A2780 tumors, suggesting that GDF15 induction increases tumor resistance
to cisplatin. Our RPPA analysis demonstrated that expression of phosphorylated Chk1 protein was
more highly induced in GDF15-KD A2780 tumors than in control tumors. Since phosphorylation of
Chk1 can induce checkpoint-mediated cell-cycle arrest [37], this might be one of the mechanisms why
GDF15-KD A2780 tumors appeared to be more sensitive to cisplatin treatment than the control tumors.

In addition, we showed that GDF15 expression can impact the response of both the tumor and
stromal cells to cisplatin. GDF15-KD tumors had less stromal component than did control tumors.
Moreover, following cisplatin-based treatment, the control tumors with higher induced GDF15 had a
higher stromal component, whereas the GDF15-KD tumors did not have a significant change in the
tumor-stroma ratio, suggesting that GDF15 secreted by tumor cells can protect or recruit stromal cells
against this treatment. This might have indirectly made the tumor cells more resistant to the treatment.
The tumor microenvironment is known to affect tumor response to chemotherapy. Specifically, a
recent study demonstrated the recruitment of myeloid cells to the tumor in a mouse mammary tumor
model following treatment with doxorubicin [38] and GDF15 can enhance the tumor-initiating and
self-renewal potential of multiple myeloma cells [39]. Stromal GDF15 has also been identified by others
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to be involved in the malignancy of ovarian cancer [40]. Although additional studies are needed to
identify the stromal component affected by GDF15 expression as well as how GDF15 might recruit
stromal cells, we are the first to show the effect of wild-type p53 in ovarian cancer cells on GDF15
expression and the impact of GDF15 on the stroma components. More significantly, using a novel
strategy to interrogate the gene expression change in both tumor cell and stroma cell component of
the mouse tumor, we were able to identify novel pathway changes in the stromal component after
cisplatin treatment. As shown by the canonical pathway comparative analysis of GDF15-NT and
GDF15-KD mouse tumor and stroma, pathways that could be responsible for the crosstalk were
identified. For instance, in GDF15-NT tumor, interferon signaling, and G2/M DNA damage checkpoint
regulation were highly up-regulated after cisplatin treatment. This suggests that GDF15 could be an
important factor in tumor progression by enhancing interferon signaling and DNA repair of tumor
cells. While in the GDF15-KD stroma, various degradation pathways were activated, including the
degradation of melatonin, serotonin, ethanol, nicotine, acetone, and bupropion, which might play a
role in chemosensitivity of this tumor. Since the activation of degradation pathways were only present
in GDF15-KD stroma, this might indicate that these cells were undergoing a process of apoptosis,
which could explain the decrease in the stromal composition in GDF15-KD tumor.

It has been previously shown that secretome of tumor cells induced by therapy treatment can
promote resistance and tumor progression [41], and GDF15 could be one of the secreted proteins in the
context of cisplatin resistance. The crosstalk between secreted GDF15 and the stromal environment
may play an important role in developing drug resistance by remodeling the tumor microenvironment
as have been observed in other environment-mediated drug resistance [42]. Since the receptor of
GDF15 has been discovered [18], targeting the GDF15 receptor could be a potential therapeutic strategy
to overcome chemoresistance.

4. Materials and Methods

4.1. Cell Lines

The following ovarian cancer cell lines were used in this study: A2780, ALST, ES2, HEYAS,
KOC7C, OVCAR-3, OVCAR-5, OVCA420, OVCA432, RMG1, SKOV3, SMOV2, and TOV21G. For
in vivo experiments, RMG1 and A2780 cells containing a luciferase vector (RMG1-luc and A2780-luc)
were used. All cell lines were cultured in RPMI medium (Sigma-Aldrich, St. Louis, MO, USA)
containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) in a humidified incubator at 37 °C
in a 5% CO, atmosphere. A2780 and ES2 cells were gifts from Dr. Rosemarie Schmandt (The
University of Texas MD Anderson Cancer Center, Houston, TX, USA); A2780-luc, ALST, HEYAS,
OVCAR-3, OVCA420, OVCA432, TOV21G, RMG1, and OVCAR-5 cells were gifts from Dr. Samuel
Mok (MD Anderson); and KOC7C and SMOV?2 cells were gifts from Dr. Naoto Ueno (MD Anderson).
ES-2, SKOV3 and TOV21G were originally from ATCC (Manassas, VA, USA). All cell lines were
authenticated by the MD Anderson Characterized Cell Line Core by STR (Short Tandem Repeat
Polymorphism) profiling.

4.2. Chemotherapeutic Agents

Cisplatin (Pfizer, New York, NY, USA), carboplatin (Hospira, Lake Forest, IL, USA), and paclitaxel
(Hospira, Lake Forest, IL, USA) were obtained in suspension from the MD Anderson pharmacy.

4.3. Gene Expression Profiling

A2780 cells were treated with 5 or 10 uM cisplatin (Teva, Irvine, CA, USA), and total RNA was
extracted from the cells at 0, 0.5, 1, 2, and 16 h after treatment using a mirVana miRNA isolation kit
(Ambion, Austin, TX, USA). Similarly, OVCA420 cells were treated with 2.5 and 5 uM cisplatin for 16 h.
To prepare samples of total RNA for hybridization to a GeneChip Human Genome U133 Plus 2.0 Array
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(Affymetrix, Santa Clara, CA, USA), a MessageAmp Premier RNA amplification kit (Thermo Fisher
Scientific, Waltham, MA, USA) was used following the manufacturer’s protocol. Briefly, 100 ng of total
RNA was reverse-transcribed to synthesize first-strand cDNA. After second-strand cDNA synthesis, an
in vitro transcription reaction generated biotin-labeled antisense RNA. Next, 12 pg of a biotin-labeled
antisense RNA sample was fragmented and hybridized to a U133 Plus 2.0 array in a GeneChip 640
hybridization oven at 45 °C for 16 h. The arrays were washed and stained using a Fluidics Station
450 and scanned using a confocal laser GeneChip Scanner 3000. CEL data files generated by the
GeneChip Human Genome U133 Plus 2.0 Array were imported into the dChip software program for
normalization of expression signals using an invariant set algorithm for identification of differentially
expressed genes as described previously [43].

4.4. Semiquantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

To measure expression of genes of interest, total RNA was extracted from cell lines using a
PureLink RNA mini kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol,
including treatment of extracted total RNA with DNase treatment. For RNA extraction from mouse
tissues, frozen tissue samples were cut and stored for at least 16 h in RN Alater-Ice (Thermo Fisher
Scientific, Waltham, MA, USA) at —20 °C. After tissue transition, total RNA was isolated from the
tissue using the mirVana miRNA isolation kit following the manufacturer’s protocol. The DNA-free
kit was then used to remove the genomic DNA from the extracted total RNA. Once RNA was extracted
using either of these kits, 1 ug RNA was reversed transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer’s protocol.
RT-PCR was performed as follows: 10 pL of Master Mix (7.5 pL of 2x iQ Supermix; Bio-Rad, Hercules,
CA, USA), 1.75 uL of molecular grade water, and 0.75 uL of 20x TagMan gene expression assay mix
(Applied Biosystems, Foster City, CA, USA) were added to 5 uL of diluted (1:25) cDNA. RT-PCR was
performed using a C1000 thermal cycler (Bio-Rad, Hercules, CA, USA). All TagMan assays used were
bought from Applied Biosystems. Cyclophilin A (PPIA) and beta-glucuronidase (GUSB) were used
as controls.

4.5. Western Blot Assay

Total protein was extracted either from cell lines or tumor tissue using RIPA buffer (Sigma-Aldrich,
St. Louis, MO, USA) containing protease inhibitors. Thirty micrograms of protein was subjected to
electrophoresis on a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to a nitrocellulose
membrane. After being blocked for 1 h in 5% milk in phosphate-buffered saline (PBS) with 0.05%
Tween 20, the membrane was incubated overnight at 4 °C with a primary antibody, rinsed three times
with PBS with 0.05% Tween 20 for 10 min each, and incubated at room temperature for 1 h with the
secondary antibody. After being further rinsed three times for 10 min each, the membrane was scanned
using an Odyssey imaging machine (LI-COR Biosciences, Lincoln, NE, USA). The primary antibodies
used were anti-nonsteroidal anti-inflammatory drug-activated gene/placental transformation growth
factor-3, rabbit polyclonal (anti-GDF15, 1:1000; Millipore, Billerica, MA, USA), and anti-3-actin (1:3000;
Sigma-Aldrich, St. Louis, MO, USA) antibodies. The secondary antibodies used were goat anti-mouse
and goat anti-rabbit antibodies (1:10,000; LI-COR Biosciences, Lincoln, NE, USA).

4.6. Stable GDF15 Short Hairpin RNA Knockdown

Two different GDF15 mission shRNA lentiviral transduction particles (catalog #
TRNCNO0000058388, TRNCNO0000058389, Sigma-Aldrich, St. Louis, MO, USA) were transfected
into the A2780 in a 6-well plate 24 h after plating to knockdown the expression of GDF15 in A2780 cells
as two independent stable GDF15-KD A2780 cell lines. Mission pLKO.1-puro non-mammalian shRNA
control transduction particles (catalog #SHC002V, Sigma-Aldrich, St. Louis, MO, USA) was transfected
into A2780 cells as GDF15-NT A2780 control cell line. Puromycin (InvivoGen, San Diego, CA, USA)
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was used for stable selection at a concentration of 1 pg/mL. These stable cell lines were used in the
mice studies.

4.7. GDF15 Secretion in a Blood Mouse Experiment

All animal studies were approved by the MD Anderson Institutional Animal Care and Use
Committee and carried out under protocol #00000377-RN00 and 00000913-RN00. All nude mice were
obtained from MD Anderson Experimental Radiation Oncology Breeding Core with approved animal
protocols. No human subjects were involved in this study. The animal protocol# 00000377-RN00
and 00000913-RNO00 was approved on 4 January 2011 and 3 January 2014 respectively by the IACUC
committee. Mice were housed in a modified barrier room at the Research Animal Support Facility
(RASFH) at MD Anderson. The Department of Veterinary Medicine and Surgery (DVMS) maintains
the RASFH with AAALAC accreditation standards. Fifty 5- to 6-week-old female nude mice were
injected intraperitoneally with 2 x 10° A2780-luc cells (cisplatin-sensitive) or 5 x 10® RMG1-luc cells
(cisplatin-resistant). The mice were then monitored weekly for tumor growth via injection of D-luciferin
(Caliper Life Sciences, Hopkinton, MA, USA) and use of a Xenogen imaging system (Caliper Life
Sciences). Once tumors developed in the mice, 25 mice were administered PBS (n = 5), 2.5 mg/kg
cisplatin (n = 10), or 5 mg/kg cisplatin (n = 10) via intraperitoneal injection. The cisplatin doses chosen
are based on previous systematic determination of the maximum tolerated dose (~6 mg/kg) of cisplatin
treatment in mice such that doses less than the maximum tolerated dose will have minimal or no
impact on body weight and the development of clinical signs [44]. Mice with tumor burden had no
sign of weight loss, loss of locomotion or any sign of moribund) at the time of treatment. Twenty-four
or 48 h after treatment, five mice were randomly selected to be euthanized at each time point for both
cisplatin concentrations according to Institutional Animal Care and Use Committee guidelines. CO,
chambers were operated according to specific instructions provided by the Departments of Veterinary
Medicine and Surgery (specified CO; injection setting; chambers will not be overcrowded and animals
from different cages will not be mixed together). CO, was used as the primary method of euthanasia
followed by cervical dislocation as secondary means of ensuring death. Tumor and blood samples
were collected from the mice. A week after the first 25 mice were given treatment, the experiment was
repeated with the remaining 25 mice.

4.8. GDF15 Knockdown in Mice

All nude mice were obtained from MD Anderson Experimental Radiation Oncology Breeding Core
after MD Anderson Institutional Animal Care and Use Committee approval of the study. Six-week-old
female nude mice were injected intraperitoneally with 2 x 106 A2780 control or GDF15-knockdown
(KD) A2780 cells following Institutional Animal Care and Use Committee approved protocol. On days
18 and 23 after injection of the cells and confirmation of tumor formation, the mice (10 per treatment
group) were given 5 mg/kg cisplatin or PBS via intraperitoneal injection. Forty-eight hours after the last
cisplatin injection, mice were euthanized according to Institutional Animal Care and Use Committee
guidelines. CO, was used as the primary method of euthanasia followed by cervical dislocation as
secondary means of ensuring death. Tumor and blood samples were then collected from each mouse.
RNA and protein were extracted from the mouse tumor samples. Sera from the blood was used for the
enzyme-linked immunosorbent assay (ELISA).

4.9. RNAseq Analysis

Tumor tissues from orthotopic mouse model were stored in RNAlater solution until extraction
with Qiagen RNeasy Mini Kit. Sequencing libraries were prepared using KAPA Stranded RNA-Seq
Kit (Roche Diagnositcs, Indianapolis, IN, USA) and run in a single lane using Illumina HiSeq4000
instrument. A total of eight tumor samples (Two GDF15-KD A2780 tumors and two GDF15-NT
A2780 tumors from mice treated with PBS or cisplatin) were analyzed by RNAseq. Sequencing reads
(Fastq files) from the RNAseq were analyzed using CLC Genomics Workbench version 11 to identify
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differentially expressed genes. Reads were mapped to human reference genome GRCH38 as well as to
mouse reference genome GRCM38 with default setting and gene expression was estimated with the
EM estimation algorithm and reported as TPM (transcripts per million). The RNAseq data has been
deposited into GeoArchive (GEO accession #GSE132610).

4.10. ELISA

When the mice were killed, blood was collected from them and stored in serum tubes. The blood
was allowed to clot for at least 30 min at room temperature and then centrifuged at full speed for
10-15 min at 4 °C. After centrifugation, the serum was transferred to a centrifuge tube and stored at —80
°C until all blood samples were collected. A human GDF15 Quantikine enzyme-linked immunosorbent
assay kit (R&D Systems, Minneapolis, MN, USA) was used to measure GDF15 levels in the sera of mice
according to the manufacturers’ protocol. Absorbance was measured using a BMG LABTECH plate
reader. Absorbance at 540 nm along with 450 nm was used for correction. Prism version 6 (GraphPad
Software, La Jolla, CA, USA) was used to analyze the data.

4.11. Immunohistochemistry

Immunohistochemical analysis of paraffin-embedded tissue samples from the GDF15-KD mice
was conducted. Briefly, slides were deparaffinized and dehydrated. Antigen retrieval was conducted
in a decloaking chamber (Biocare Medical, Concord, CA, USA) at 121 °C for 3 min and 95 °C for
1 minin citrate buffer (Poly Scientific, Bay Shore, NY, USA). Slides were stained with an anti-Ki67
mouse monoclonal antibody (catalog #550609; BD Pharmingen, San Jose, CA, USA) at a dilution of 1:50
and counterstained with hematoxylin using a Lab Vision Autostainer 360 (Thermo Fisher Scientific,
Waltham, MA, USA). The mouse-on-mouse HRP-polymer (Biocare Medical, Pacheco, CA, USA) was
also used in this procedure.

Slides stained for Ki67 were then analyzed with the assistance of the MD Anderson Flow Cytometry
and Cellular Imaging facility and a Vectra Quantitative Pathology System. Images of the stained slides
were taken using a Vectra 2 microscope along with the in Form 2.2 software program (PerkinElmer,
Waltham, MA, USA) for quantification of the percentage of Ki67-positive tumor cells and examination
of the tumor composition. A few immune cells were also Ki67-positive. Thirty randomly chosen
fields at 20x magnification were captured for image analysis. The software was set up to detect
tissue segmentation (e.g., tumor cells, vascular and fibrous region, other cell types, noncellular region
based on cellular, cytoplasmic, Ki-67 staining and nuclear features) (Figure S1), cell segmentation, and
staining intensity. Images that did not contain any tissue or tissue that did not include any tumor cells
were rejected and not included in the analysis. The percentage of tumor cells with Ki67-positive nuclear
staining was calculated by counting an average of 26,900 total tumor cells in each tumor sample. The
ovarian tumor composition (tumor-stroma ratio) was calculated using tissue segmentation data.

4.12. RPPA

Protein was extracted from 2040 pg of mouse tumor samples in RIPA buffer obtained from the
Functional Proteomics Reverse Phase Protein Array (RPPA) Core facility at MD Anderson. Frozen
tumor samples were homogenized in 200 pL of ice-cold RIPA buffer. Samples were then spun down for
5 min at 2600 rpm and frozen for at least 1 h before continuing with protein isolation. Samples were
thawed and spun down at full speed for 20 min at 4 °C. The protein concentration was determined
using a Bio-Rad Protein Assay. Samples were then mixed in 4x sodium dodecyl sulfate buffer without
bromophenol blue and boiled for 5 min. Next, samples were submitted to the Functional Proteomics
Reverse Phase Protein Array (RPPA) Core facility for further processing at a concentration of 1 ug/uL.
Serially diluted protein lysates were arrayed on nitrocellulose-coated slides (Grace Bio-Labs, Bend, OR,
USA) using an Aushon 2470 Arrayer (Aushon BioSystems, Billerica, MA, USA). Each slide was probed
using a previously validated primary antibody and biotin-conjugated secondary antibody. Sixty mouse
anti-human IgG primary antibodies and 214 rat or goat anti-human IgG primary antibodies were
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used. Amplification of the original obtained signal was performed using a Dako Cytomation-catalyzed
system (Dako, Santa Clara, CA, USA), and visualization of positivity was conducted using a DAB
calorimetric reaction. To generate spot intensity, the slides were scanned, analyzed, and quantified
using the customized software program MicroVigene (VigeneTech Inc., Carlisle, MA, USA). The
SuperCurve fitting logistic model developed by the MD Anderson Department of Bioinformatics
and Computational Biology (https://bioinformatics.mdanderson.org/public-software/supercurve/) was
used to fit each dilution curve. Data points were normalized for protein loading and transformed to
normalized linear values at the protein expression level.

4.13. Statistical Analysis

The Kruskal-Wallis test was used for analysis of GDF15 secretion in mouse blood experiments for
both mice sera and the RT-PCR analysis from tumor samples. The Mann-Whitney U test was used for
all analyses conducted as a result of the GDF15-KD experiment. Unless otherwise stated, the error
bars represent standard error. Prism version 6 (GraphPad Software, La Jolla, CA, USA) was used to
conduct the analyses.

5. Conclusions

Up-regulation of GDF15 in ovarian cancer cells with wild-type p53 can modulate the canonical
pathways in the tumor microenvironment in response to cisplatin.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/10/3043/s1,
Figure S1: Images of control GDF15-NT A2780 and GDF15-KD A2780 ovarian tumor sections subjected to tissue
segmentation analysis using the Vectra 2 quantitative pathology imaging software program. Tumor cell regions
are highlighted in red, and stromal regions are highlighted in yellow (vascular and fibrous regions), green
(other cell types) or blue (noncellular region), Figure S2: Validation of GDF15 knock down in vivo and in vitro:
(a) Semiquantitative RT-PCR analysis of GDF15 expression performed using total RNA extracted from A2780
cells with control nontarget short hairpin RNA and GDF15-KD A2780 cells with two GDF15 short hairpin RNAs
(KD1 and KD2); (b) Western blot analysis of induction of GDF15 protein expression by treatment with cisplatin
in GDF15-KD A2780 cells; (c) Semiquantitative RT-PCR analysis of GDF15 expression performed using total
RNA extracted from mouse tumors formed with control A2780-NT cells and GDF15-KD cells; (d) Enzyme-linked
immunosorbent assay of GDF15 sera levels in mice with tumors formed from control A2780-NT cells and
GDF15-KD cells. *** p < 0.0002, Figure S3: Mouse GDF15-KD A2780 tumors had markedly lower endogenous
IgG mouse antigens than that in A2780 tumors based on RPPA analysis with 274 antibodies. The rat or Goat
anti-human antibodies (n = 214) detected only human specific proteins, while the mouse anti-human antibodies
(n = 60) detected both mouse IgG and the human specific proteins, Figure S4: Original images of western blots,
Table S1: Differentially expressed genes in cisplatin treated A2780 cells with wild-type p53, Table S2: The number
of sequencing reads mapped to mouse genome GRCm38 from RNAseq analysis of xenograft tumors, Table S3:
Differentially expressed genes from GDF15-NT A2780 tumors from mice treated with cisplatin versus PBS using
RNAseq data mapping to human Genome GRCH38, Table S4: Differentially expressed genes from GDF15-KD
A2780 tumors from mice treated with cisplatin versus PBS using RNAseq data mapping to human Genome
GRCHS3S8, Table S5: Differentially expressed genes from GDF15-NT A2780 tumors from mice treated with cisplatin
versus PBS using RN Aseq data mapping to mouse Genome GRCm38, Table S6: Differentially expressed genes
from GDF15-KD A2780 tumors from mice treated with cisplatin versus PBS using RNAseq data mapping to mouse
Genome GRCm38.

Author Contributions: D.IL, S.-Y.K.,, YTM.T., K.-K.W. carried out experiments and analyzed the data. EH.K.,
C.-W.N. analyzed the data and wrote the paper. D.M.G. and K.-K.W. provided administrative, technical, or material
support. D.LL. and K.-K.W. designed the study, conceived the experiments and wrote the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the NIH, including the MD Anderson Ovarian Cancer
Specialized Program of Research Excellence (P50 CA08369), and by the NCI Cancer Center Support Grant
P30CA016672 for using the Flow Cytometry and Cellular Imaging Facility, and the Sequencing and Microarray
Facility (SMF). This study was also supported by the Blanton-Davis Ovarian Cancer Research Program. RNAseq
was partly supported by the ATGC Core grant CA016672(ATGC).

Acknowledgments: We thank Tri Nguyen, Chief of the Histology Laboratory in the MD Anderson Department of
Gynecologic Oncology and Reproductive Medicine, for processing the mouse tissues for histology analysis, Carol
Johnston for Ki-67 staining, and Zhifei Zu for technical help in lentivirus preparation.

Conflicts of Interest: The authors declare no conflict of interest. Funders had no role in design of the study and
collection, analysis, and interpretation of data and in writing the manuscript.


https://bioinformatics.mdanderson.org/public-software/supercurve/
http://www.mdpi.com/2072-6694/12/10/3043/s1

Cancers 2020, 12, 3043 16 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer |. Clin. 2020, 70, 7-30. [CrossRef]
[PubMed]

Romero, I; Bast, R.C., Jr. Minireview: Human ovarian cancer: Biology, current management, and paths to
personalizing therapy. Endocrinology 2012, 153, 1593-1602. [CrossRef]

Gershenson, D.M.; Sun, C.C.; Bodurka, D.; Coleman, R.L.; Lu, K.H.; Sood, A K,; Deavers, M.; Malpica, A.L.;
Kavanagh, J.J. Recurrent low-grade serous ovarian carcinoma is relatively chemoresistant. Gynecol. Oncol.
2009, 114, 48-52. [CrossRef] [PubMed]

Sugiyama, T.; Kumagai, S.; Hatayama, S. Treatments of epithelial ovarian cancer by histologic subtype.
Gan Kagaku Ryoho 2009, 36, 187-192.

Takano, M.; Sasaki, N.; Kita, T.; Kudoh, K.; Fujii, K.; Yoshikawa, T.; Kato, M.; Hirata, J.; Furuya, K,;
Tsuda, H.; et al. Survival analysis of ovarian clear cell carcinoma confined to the ovary with or without
comprehensive surgical staging. Oncol. Rep. 2008, 19, 1259-1264. [CrossRef]

Wong, K.K,; Izaguirre, D.I.; Kwan, S.Y.; King, E.R.; Deavers, M.T.; Sood, A.K.; Mok, S.C.; Gershenson, D.M.
Poor survival with wild-type TP53 ovarian cancer? Gynecol. Oncol. 2013, 130, 565-569. [CrossRef]

Li, PX.; Wong, J.; Ayed, A.; Ngo, D.; Brade, A.M.; Arrowsmith, C.; Austin, R.C.; Klamut, H.J. Placental
transforming growth factor-beta is a downstream mediator of the growth arrest and apoptotic response of
tumor cells to DNA damage and p53 overexpression. |. Biol. Chem. 2000, 275, 20127-20135. [CrossRef]
Albertoni, M.; Shaw, PH.; Nozaki, M.; Godard, S.; Tenan, M.; Hamou, M.F.; Fairlie, D.W.; Breit, S.N.;
Paralkar, V.M.; de Tribolet, N.; et al. Anoxia induces macrophage inhibitory cytokine-1 (MIC-1) in glioblastoma
cells independently of p53 and HIF-1. Oncogene 2002, 21, 4212-4219. [CrossRef] [PubMed]

Bootcov, M.R,; Bauskin, A.R.; Valenzuela, S.M.; Moore, A.G.; Bansal, M.; He, X.Y.; Zhang, H.P.; Donnellan, M.;
Mabhler, S.; Pryor, K.; et al. MIC-1, a novel macrophage inhibitory cytokine, is a divergent member of the
TGF-beta superfamily. Proc. Natl. Acad. Sci. USA 1997, 94, 11514-11519. [CrossRef] [PubMed]

Baek, S.J.; Kim, K.S.; Nixon, ].B.; Wilson, L.C.; Eling, T.E. Cyclooxygenase inhibitors regulate the expression
of a TGF-beta superfamily member that has proapoptotic and antitumorigenic activities. Mol. Pharmacol.
2001, 59, 901-908. [CrossRef]

Wang, X.; Kingsley, PJ.; Marnett, L.J.; Eling, T.E. The role of NAG-1/GDF15 in the inhibition of intestinal
polyps in APC/Min mice by sulindac. Cancer Prev. Res. 2011, 4, 150-160. [CrossRef]

Huang, C.Y.; Beer, T.M.; Higano, C.S.; True, L.D.; Vessella, R.; Lange, P.H.; Garzotto, M.; Nelson, P.S. Molecular
alterations in prostate carcinomas that associate with in vivo exposure to chemotherapy: Identification of a
cytoprotective mechanism involving growth differentiation factor 15. Clin. Cancer Res. Off. ]. Am. Assoc.
Cancer Res. 2007, 13, 5825-5833. [CrossRef]

Proutski, I.; Stevenson, L.; Allen, W.L.; McCulla, A.; Boyer, J.; McLean, E.G.; Longley, D.B.; Johnston, P.G.
Prostate-derived factor—A novel inhibitor of drug-induced cell death in colon cancer cells. Mol. Cancer Ther.
2009, 8, 2566—2574. [CrossRef]

Wang, X.; Baek, S.J.; Eling, T.E. The diverse roles of nonsteroidal anti-inflammatory drug activated gene
(NAG-1/GDF15) in cancer. Biochem. Pharmacol. 2013, 85, 597-606. [CrossRef]

Unsicker, K.; Spittau, B.; Krieglstein, K. The multiple facets of the TGF-beta family cytokine
growth/differentiation factor-15/macrophage inhibitory cytokine-1. Cytokine Growth Factor Rev. 2013,
24,373-384. [CrossRef]

Mimeault, M.; Batra, S.K. Divergent molecular mechanisms underlying the pleiotropic functions of
macrophage inhibitory cytokine-1 in cancer. J. Cell. Physiol. 2010, 224, 626—635. [CrossRef] [PubMed]
Eling, T.E.; Baek, S.J.; Shim, M.; Lee, C.H. NSAID activated gene (NAG-1), a modulator of tumorigenesis.
J. Biochem. Mol. Biol. 2006, 39, 649—655. [CrossRef] [PubMed]

Mullican, S.E.; Lin-Schmidt, X.; Chin, C.N.; Chavez, J.A.; Furman, ].L.; Armstrong, A.A.; Beck, S.C.; South, V.J.;
Dinh, T.Q.; Cash-Mason, T.D.; et al. GFRAL is the receptor for GDF15 and the ligand promotes weight loss in
mice and nonhuman primates. Nat. Med. 2017, 23, 1150-1157. [CrossRef] [PubMed]

Yang, L.; Chang, C.C.; Sun, Z.; Madsen, D.; Zhu, H.; Padkjaer, S.B.; Wu, X.; Huang, T.; Hultman, K;
Paulsen, S.J.; et al. GFRAL is the receptor for GDF15 and is required for the anti-obesity effects of the ligand.
Nat. Med. 2017, 23, 1158-1166. [CrossRef]


http://dx.doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://dx.doi.org/10.1210/en.2011-2123
http://dx.doi.org/10.1016/j.ygyno.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19361839
http://dx.doi.org/10.3892/or.19.5.1259
http://dx.doi.org/10.1016/j.ygyno.2013.06.016
http://dx.doi.org/10.1074/jbc.M909580199
http://dx.doi.org/10.1038/sj.onc.1205610
http://www.ncbi.nlm.nih.gov/pubmed/12082608
http://dx.doi.org/10.1073/pnas.94.21.11514
http://www.ncbi.nlm.nih.gov/pubmed/9326641
http://dx.doi.org/10.1124/mol.59.4.901
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0196
http://dx.doi.org/10.1158/1078-0432.CCR-07-1037
http://dx.doi.org/10.1158/1535-7163.MCT-09-0158
http://dx.doi.org/10.1016/j.bcp.2012.11.025
http://dx.doi.org/10.1016/j.cytogfr.2013.05.003
http://dx.doi.org/10.1002/jcp.22196
http://www.ncbi.nlm.nih.gov/pubmed/20578239
http://dx.doi.org/10.5483/BMBRep.2006.39.6.649
http://www.ncbi.nlm.nih.gov/pubmed/17129398
http://dx.doi.org/10.1038/nm.4392
http://www.ncbi.nlm.nih.gov/pubmed/28846097
http://dx.doi.org/10.1038/nm.4394

Cancers 2020, 12, 3043 17 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tsai, VW.W.; Husaini, Y.; Sainsbury, A.; Brown, D.A.; Breit, S.N. The MIC-1/GDF15-GFRAL Pathway in
Energy Homeostasis: Implications for Obesity, Cachexia, and Other Associated Diseases. Cell Metab. 2018,
28,353-368. [CrossRef]

Welsh, ].B.; Sapinoso, L.M.; Kern, S.G.; Brown, D.A.; Liu, T.; Bauskin, A.R.; Ward, R.L.; Hawkins, N.J.;
Quinn, D.I,; Russell, PJ.; et al. Large-scale delineation of secreted protein biomarkers overexpressed in cancer
tissue and serum. Proc. Natl. Acad. Sci. USA 2003, 100, 3410-3415. [CrossRef] [PubMed]

Wan, E; Miao, X.; Quraishi, I; Kennedy, V.; Creek, K.E.; Pirisi, L. Gene expression changes during
HPV-mediated carcinogenesis: A comparison between an in vitro cell model and cervical cancer. Int. |.
Cancer 2008, 123, 32-40. [CrossRef] [PubMed]

Staff, A.C.; Bock, A.].; Becker, C.; Kempf, T.; Wollert, K.C.; Davidson, B. Growth differentiation factor-15 as a
prognostic biomarker in ovarian cancer. Gynecol. Oncol. 2010, 118, 237-243. [CrossRef] [PubMed]

Shnaper, S.; Desbaillets, I.; Brown, D.A.; Murat, A.; Migliavacca, E.; Schluep, M.; Ostermann, S.; Hamou, M.E;
Stupp, R.; Breit, S.N.; et al. Elevated levels of MIC-1/GDF15 in the cerebrospinal fluid of patients are
associated with glioblastoma and worse outcome. Int. J. Cancer 2009, 125, 2624-2630. [CrossRef] [PubMed]
Boyle, G.M.; Pedley, J.; Martyn, A.C.; Banducci, K.J.; Strutton, G.M.; Brown, D.A.; Breit, S.N.; Parsons, P.G.
Macrophage inhibitory cytokine-1 is overexpressed in malignant melanoma and is associated with
tumorigenicity. J. Investig. Dermatol. 2009, 129, 383-391. [CrossRef] [PubMed]

Koopmann, J.; Buckhaults, P; Brown, D.A.; Zahurak, M.L.; Sato, N.; Fukushima, N.; Sokoll, L.].; Chan, D.W,;
Yeo, C.J.; Hruban, R.H.; et al. Serum macrophage inhibitory cytokine 1 as a marker of pancreatic and other
periampullary cancers. Clin. Cancer Res. 2004, 10, 2386—2392. [CrossRef]

Zhang, L.; Yang, X.; Pan, H.Y.; Zhou, X.J.; Li, J.; Chen, W.T.; Zhong, L.P,; Zhang, Z.Y. Expression of growth
differentiation factor 15 is positively correlated with histopathological malignant grade and in vitro cell
proliferation in oral squamous cell carcinoma. Oral Oncol. 2009, 45, 627-632. [CrossRef]

Strelau, J.; Schmeer, C.; Peterziel, H.; Sackmann, T.; Herold-Mende, C.; Steiner, H.; Weller, M.; Unsicker, K.
Expression and putative functions of GDF-15, a member of the TGF-beta superfamily, in human glioma and
glioblastoma cell lines. Cancer Lett. 2008, 270, 30-39. [CrossRef]

Senapati, S.; Rachagani, S.; Chaudhary, K.; Johansson, S.L.; Singh, R.K.; Batra, S.K. Overexpression of
macrophage inhibitory cytokine-1 induces metastasis of human prostate cancer cells through the FAK-RhoA
signaling pathway. Oncogene 2010, 29, 1293-1302. [CrossRef]

Chiang, K.C; Tsui, K.H.; Chung, L.C.; Yeh, C.N.; Feng, T.H.; Chen, W.T; Chang, P.L.; Chiang, H.Y.; Juang, H.H.
Cisplatin modulates B-cell translocation gene 2 to attenuate cell proliferation of prostate carcinoma cells in
both p53-dependent and p53-independent pathways. Sci. Rep. 2014, 4, 5511. [CrossRef]

Crane, EK.; Kwan, S.Y.; Izaguirre, D.I; Tsang, Y.T.; Mullany, L.K.; Zu, Z.; Richards, ].S.; Gershenson, D.M.;
Wong, K.K. Nutlin-3a: A Potential Therapeutic Opportunity for TP53 Wild-Type Ovarian Carcinomas. PLoS
ONE 2015, 10, e0135101. [CrossRef]

Modesitt, S.C.; Ramirez, P.; Zu, Z.; Bodurka-Bevers, D.; Gershenson, D.; Wolf, J.K. In vitro and in vivo
adenovirus-mediated p53 and p16 tumor suppressor therapy in ovarian cancer. Clin. Cancer Res. 2001, 7,
1765-1772.

Bock, A.J.; Stavnes, H.T.; Kempf, T.; Trope, C.G.; Berner, A.; Davidson, B.; Staff, A.C. Expression and clinical
role of growth differentiation factor-15 in ovarian carcinoma effusions. Int. J. Gynecol. Cancer Off. ]. Int.
Guynecol. Cancer Soc. 2010, 20, 1448-1455.

Romero, I.; Sun, C.C.; Wong, K.K,; Bast, R.C,, Jr.; Gershenson, D.M. Low-grade serous carcinoma: New
concepts and emerging therapies. Gynecol. Oncol. 2013, 130, 660-666. [CrossRef]

Van Oijen, M.G.; Medema, R.H.; Slootweg, P.J.; Rijksen, G. Positivity of the proliferation marker Ki-67 in
noncycling cells. Am. J. Clin. Pathol. 1998, 110, 24-31. [CrossRef]

Montagna, E.; Bagnardi, V.; Viale, G.; Rotmensz, N.; Sporchia, A.; Cancello, G.; Balduzzi, A.; Galimberti, V.;
Veronesi, P.,; Luini, A.; et al. Changes in PgR and Ki-67 in residual tumour and outcome of breast cancer
patients treated with neoadjuvant chemotherapy. Ann. Oncol. 2015, 26, 307-313. [CrossRef]

Capasso, H.; Palermo, C.; Wan, S.; Rao, H.; John, U.P; O’Connell, M.].; Walworth, N.C. Phosphorylation
activates Chk1 and is required for checkpoint-mediated cell cycle arrest. J. Cell Sci. 2002, 115, 4555-4564.
[CrossRef]


http://dx.doi.org/10.1016/j.cmet.2018.07.018
http://dx.doi.org/10.1073/pnas.0530278100
http://www.ncbi.nlm.nih.gov/pubmed/12624183
http://dx.doi.org/10.1002/ijc.23463
http://www.ncbi.nlm.nih.gov/pubmed/18398830
http://dx.doi.org/10.1016/j.ygyno.2010.05.032
http://www.ncbi.nlm.nih.gov/pubmed/20576287
http://dx.doi.org/10.1002/ijc.24639
http://www.ncbi.nlm.nih.gov/pubmed/19521960
http://dx.doi.org/10.1038/jid.2008.270
http://www.ncbi.nlm.nih.gov/pubmed/18754039
http://dx.doi.org/10.1158/1078-0432.CCR-03-0165
http://dx.doi.org/10.1016/j.oraloncology.2008.07.017
http://dx.doi.org/10.1016/j.canlet.2008.04.042
http://dx.doi.org/10.1038/onc.2009.420
http://dx.doi.org/10.1038/srep05511
http://dx.doi.org/10.1371/journal.pone.0135101
http://dx.doi.org/10.1016/j.ygyno.2013.05.021
http://dx.doi.org/10.1093/ajcp/110.1.24
http://dx.doi.org/10.1093/annonc/mdu528
http://dx.doi.org/10.1242/jcs.00133

Cancers 2020, 12, 3043 18 of 18

38.

39.

40.

41.

42.

43.

44.

Nakasone, E.S.; Askautrud, H.A.; Kees, T.; Park, J.H.; Plaks, V.; Ewald, A.J.; Fein, M.; Rasch, M.G.;
Tan, Y.X;; Qiu, J.; et al. Imaging tumor-stroma interactions during chemotherapy reveals contributions of the
microenvironment to resistance. Cancer Cell 2012, 21, 488-503. [CrossRef]

Tanno, T,; Lim, Y.; Wang, Q.; Chesi, M.; Bergsagel, P.L.; Matthews, G.; Johnstone, R.W.; Ghosh, N.; Borrello, I.;
Huff, C.A,; et al. Growth differentiating factor 15 enhances the tumor-initiating and self-renewal potential of
multiple myeloma cells. Blood 2014, 123, 725-733. [CrossRef]

Lima, C.A.; Jammal, M.P,; Martins-Filho, A.; Silveira, T.P.; Micheli, D.C.; Tavares-Murta, B.M.; Murta, E.EC.;
Nomelini, R.S. Stromal Growth Differentiation Factor 15 and Its Association with Ovarian Cancer. Gynecol.
Obstet. Investig. 2018, 83, 35-39. [CrossRef]

Obenauf, A.C; Zou, Y,; Ji, A.L.; Vanharanta, S.; Shu, W.; Shi, H.; Kong, X.; Bosenberg, M.C.; Wiesner, T.;
Rosen, N.; et al. Therapy-induced tumour secretomes promote resistance and tumour progression. Nature
2015, 520, 368-372. [CrossRef] [PubMed]

Meads, M.B.; Gatenby, R.A.; Dalton, W.S. Environment-mediated drug resistance: A major contributor
to minimal residual disease. Nat. Rev. Cancer 2009, 9, 665-674. [CrossRef]

Wong, KK,; Tsang, Y.T.; Deavers, M.T.; Mok, S.C.; Zu, Z.; Sun, C.; Malpica, A.; Wolf, ] K,; Lu, KH,;
Gershenson, D.M. BRAF mutation is rare in advanced-stage low-grade ovarian serous carcinomas. Am. J.
Pathol. 2010, 177, 1611-1617. [CrossRef] [PubMed]

Aston, W].; Hope, D.E.; Nowak, A K.; Robinson, B.W.; Lake, R.A.; Lesterhuis, W.J. A systematic investigation
of the maximum tolerated dose of cytotoxic chemotherapy with and without supportive care in mice. BMC
Cancer 2017, 17, 684. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ccr.2012.02.017
http://dx.doi.org/10.1182/blood-2013-08-524025
http://dx.doi.org/10.1159/000473891
http://dx.doi.org/10.1038/nature14336
http://www.ncbi.nlm.nih.gov/pubmed/25807485
http://dx.doi.org/10.1038/nrc2714
http://dx.doi.org/10.2353/ajpath.2010.100212
http://www.ncbi.nlm.nih.gov/pubmed/20802181
http://dx.doi.org/10.1186/s12885-017-3677-7
http://www.ncbi.nlm.nih.gov/pubmed/29037232
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Differential Expression of Genes in the Cisplatin-Sensitive, Wild-Type p53 Ovarian Cancer Cell Line A2780—Following Cisplatin-Based Treatment 
	Induction of GDF15 Expression in A Panel of Ovarian Cancer Cell Lines by Exposure to Chemotherapeutic Agents 
	Induction of GDF15 Expression Requires Wild-Type p53 
	GDF15 Is Secreted into the Blood In Vivo in Mice with Tumor Burdens after Treatment with Cisplatin 
	GDF15-KD Increases Tumor Burden and Tumor Sensitivity to Cisplatin-Based Treatment In Vivo 
	GDF15 KD Affects Tumor Composition after Cisplatin-Based Treatment 

	Discussion 
	Materials and Methods 
	Cell Lines 
	Chemotherapeutic Agents 
	Gene Expression Profiling 
	Semiquantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 
	Western Blot Assay 
	Stable GDF15 Short Hairpin RNA Knockdown 
	GDF15 Secretion in a Blood Mouse Experiment 
	GDF15 Knockdown in Mice 
	RNAseq Analysis 
	ELISA 
	Immunohistochemistry 
	RPPA 
	Statistical Analysis 

	Conclusions 
	References

