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Abstract. Ovarian cancer is one of the leading causes of death  
in the world, which is linked to its resistance to chemotherapy. 
Strategies to overcome chemoresistance have been keenly 
investigated. Culturing cancer cells in suspension, which 
results in formation of spheroids, is a more accurate reflection 
of clinical cancer behavior in vitro than conventional adherent 
cultures. By performing RNA-seq analysis, we found that the 
focal adhesion pathway was essential in spheroids. The phos-
phorylation of focal adhesion kinase (FAK) was increased in 
spheroids compared to adherent cells, and inhibition of FAK in 
spheroids resulted in inhibition of the downstream mammalian 
target of the rapamycin (mTOR) pathway in ovarian clear cell 
carcinomas. This result also suggested that only using a FAK 
inhibitor might have limitations because the phosphorylation 
level of FAK could not be reduced to the level in adherent cells, 
and it appeared that some combination therapies might be 
necessary. We previously reported that glutamine and gluta-
mate concentrations were higher in spheroids than adherent 
cells, and we investigated a synergistic effect targeting gluta-
mine metabolism with FAK inhibition on the mTOR pathway. 
The combination of AOA, a pan-transaminase inhibitor, and 
PF 573228, a FAK inhibitor, additively inhibited the mTOR 
pathway in spheroids from ovarian clear cell carcinomas. Our 
in vitro study proposed a rationale for the positive and negative 

effects of using FAK inhibitors in ovarian clear cell carci-
nomas and suggested that targeting glutamine metabolism 
could overcome the limitation of FAK inhibitors by additively 
inhibiting the mTOR pathway.

Introduction

Ovarian cancer has a high mortality rate worldwide, which is 
related to the late identification of most ovarian cancer cases in 
advanced stages (1). Late diagnosis indicates that cancer cells 
are disseminated to intraperitoneal tissues or metastasized 
to other organs when the cancer is first identified. In these 
cases, chemotherapy is less likely to be effective, with tumor 
relapse occurring often, resulting in poor patient prognosis. 
Developing therapies that improve patient outcomes is an 
important area of focus (1,2).

The experimental procedure that most appropriately 
mimic the clinical characteristics of metastasized cancers 
in vitro is culturing cancer cells in suspension, also known as 
three-dimensional cultures (3-9). The procedure results in the 
formation of spheroids, and these spheroids are often consid-
ered to share cancer stem-like characteristics (3,10-12).

Accordingly, we have recently obtained spheroids by 
culturing OVTOKO (ovarian clear cell carcinoma) and SiHa 
(cervical squamous cell carcinoma) and demonstrated the 
common metabolism in spheroids (10). In the present study, by 
performing RNA-seq analysis and using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG), we found that the only 
common trait between spheroids derived from OVTOKO and 
SiHa was the pathway hsp 04510, which is also known as the 
focal adhesion kinase (FAK) pathway.

The FAK pathway has been investigated in various types 
of solid tumors for the last few decades, and this pathway 
is essential in tumor cell-extracellular matrix attachment, 
migration, invasion and spheroid formation (13-26). Inhibiting 
the FAK pathway is promising as a target in ovarian serous 
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carcinoma, and currently several types of inhibitors are in 
clinical trials (27).

However, to the best of our knowledge, there is no study 
reported on the effectiveness of FAK inhibitors in ovarian clear 
cell carcinomas. Therefore, we evaluated the effectiveness of 
targeting the FAK pathway in ovarian clear cell carcinomas 
using the ovarian clear cell carcinoma cell lines OVTOKO, 
OVISE and JHOC5. At the same time, we found a potential 
limitation to inhibiting FAK pathways from the in vitro study: 
because the phosphorylation of FAK was higher in spheroids 
than adherent cells, the same doses of FAK inhibitors were not 
always effective at inhibiting phosphorylation because inhibi-
tion depended on cancer status and other conditions.

Thus, we investigated other pathways to overcome the 
limitation. We have recently demonstrated that the concentra-
tion of glutamine and glutamate were significantly higher in 
spheroids than adherent cells (10), and we investigated the 
effects of targeting glutamine metabolism in spheroids, espe-
cially focusing on the mTOR pathway, which is a common 
downstream pathway between glutamine metabolism and 
FAK pathways (28,29). The combination of AOA, a pan-trans-
aminase inhibitor, and PF 573228, an FAK inhibitor, additively 
inhibited the mTOR pathway in two of three cell lines.

In the present study, from an in vitro point of view, we 
proposed a rationale for the positive and negative effects of 
using FAK inhibitors in ovarian clear cell carcinomas and 
suggested that targeting glutamine metabolism could over-
come the limitation of FAK inhibitors by additively inhibiting 
the mTOR pathway.

Materials and methods

Cell line and cell culture. The cancer cell lines OVTOKO 
and OVISE were obtained from the JCRB Cell Bank 
(Osaka, Japan), and JHOC5 was obtained from RIKEN Cell 
Bank (Tsukuba, Japan). They were cultured in RPMI-1640 
medium or DMEM (Wako, Japan), supplemented with 10% 
fetal bovine serum (FBS; Invitrogen, USA) and 100 U/ml 
penicillin/100 µg/ml streptomycin (Wako), and sub-cultured 
by 0.25% trypsin/EDTA (Wako) detachment. All cells were 
grown in a humidified atmosphere at 37˚C with 5% CO2.

Suspension (spheroid-forming) culture. Dissociated single 
cells (1x105 cells/ml) were seeded into ultra-low attachment 
plates (Corning Inc., Corning, NY, USA) and cultured for 48 h 
unless otherwise described. To collect spheroids, the medium 
was centrifuged for 2 min at 100 x g, and the supernatants 
were carefully aspirated.

mRNA-seq data. Adherent-cultured cells and spheroids 
were collected after washing and immediately treated with 
RNAlater (Thermo Fisher Scientific, Waltham, MA, USA). 
To construct cDNA libraries with the TruSeq RNA library 
kit, 1 µg of total RNA was used. The protocol consisted of 
polyA-selected RNA extraction, RNA fragmentation, random 
hexamer primed reverse transcription and 100 nucleotide 
paired-end sequencing by Illumina HiSeq2000 (Illumina, 
Inc., San Diego, CA, USA). The libraries were quantified using 
qPCR according to the qPCR Quantification Protocol Guide 
and qualified using an Agilent Technologies 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA, USA). We processed 
reads from the sequencer and aligned them to Homo sapiens 
(hg19) using Tophat v2.0.13  (30). Tophat incorporates the 
Bowtie v2.2.3 algorithm to perform the alignment (31). Tophat 
initially removes a portion of the reads based on the quality 
information accompanying each read before mapping reads 
to the reference genome. The reference genome sequence of 
Homo sapiens (hg19) and annotation data were downloaded 
from the UCSC table browser (http://genome.uscs.edu). Gene 
annotation information was also used to run Tophat with the 
‘-G’ option. 

For other parameters in Tophat, the default options were 
used. Tophat enables multiple alignments per read (up to 20 
by default) and a maximum of two mismatches when mapping 
the reads to the reference. Transcript assembly and abun-
dance estimation were performed using Cufflinks (32). After 
aligning reads to the genome, Cufflinks v2.2.1 was used to 
assemble aligned reads into transcripts and estimate the abun-
dance of the reads. To correct sequence expression count bias, 
‘--max-bundle-frags 50000000’ options were used. We also 
used the ‘-G’ option to make the best use of known gene anno-
tation information. For other parameters, default options were 
used. The transcript counts in the isoform level were calcu-
lated, and the relative transcript abundances were measured in 
FPKM (fragments per kilobase of exon per million fragments 
mapped) from Cufflinks. Gene level expression values were 
also calculated from the transcript counts. These values were 
used for later DEG analysis.

mRNA expression. Raw data were calculated as FPKM of 
each gene for each sample by Cufflinks software. We excluded 
genes with zero FPKM values for more than one total sample. 
We added a filtered gene with an FPKM value to facilitate 
log10 transformation. Filtered data was transformed by loga-
rithm and normalized by the quantile normalization method. 
We finally determined the significant result by adjusting 
|fold change| ≥2.

Pathway analysis. Pathway analysis was performed as previ-
ously described (33). The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database was used to analyze the biological 
pathways (http://www.genome.jp/kegg/). All data analyses and 
visualization of differentially expressed genes was conducted 
using R 3.2.2 (www.r-project.org).

Reagent. L-glutamine (2 mM) and HEPES were purchased 
from Wako. PF 573228 (1 µM otherwise described), AOA 
(2 mM) and dimethyl 2-oxoglutarate (2 mM) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).

Western blotting. The same amount of protein from whole cell 
lysates was subjected to SDS-polyacrylamide gel (Bio-Rad, 
Hercules, CA, USA) electrophoresis and then electrotrans-
ferred onto polyvinylidene difluoride membranes (Millipore, 
Bedford, MA, USA). Membranes were blocked with 5% (w/v) 
skim milk in TBS/Tween-20 for 1 h at room temperature. 
After that, the blots were probed with primary antibodies at 
1-500 dilutions overnight at 4˚C, followed by incubation with 
appropriate secondary antibodies conjugated to horseradish 
peroxidase (GE Healthcare, Tokyo, Japan) for 1 h at room 
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temperature. The secondary antibodies were detected using 
Immobilon Western Chemiluminescent HRP Substrate 
(Millipore) according to the manufacturer's instructions. 
Protein bands from western blotting were relatively quantified 
with ImageJ (34,35).

Antibody. Anti-GLS antibody, anti-GDH antibody, anti-GOT1 
antibody and anti-GPT2 antibody were purchased from abcam 
(cat# 156876, 89967, 170950 and 101876, respectively).

Anti-PSAT1 antibody was purchased from Proteintech 
(cat#  10501-1-AP). Anti-p-FAK (Tyr397) antibody was 
purchased from Life Technologies (cat# 44-624G). Anti-FAK 
antibody was purchased from BD Biosciences (Bedford, MA, 
USA) (cat# 610088). Anti-p-Akt (Ser 473) antibody, anti-Akt 
antibody, anti-p-S6K (Thr389) antibody, anti-S6K antibody, 
anti-p-S6 (Ser 235/236) antibody and anti-S6 antibody were 
purchased from Cell signaling technology (cat# 9271, 9272, 

9205, 9202, 4858 and 2217, respectively). Anti-α-tubulin anti-
body was purchased from Millipore (cat# CP06).

Statistical analysis. P-values <0.05 were considered to indi-
cate statistically significant differences.

Results

Focal adhesion pathway is the only common pathway based on 
KEGG analysis between spheroids from OVTOKO and SiHa 
by RNA-seq analysis. We recently obtained spheroids from 
OVTOKO (ovarian clear cell carcinoma) and SiHa (cervical 
squamous cell carcinoma) (10). Using these spheroids, we 
investigated the common pathways, which could be universal 
and essential pathways in spheroids. The top 10 significant 
pathways in spheroids compared with adherent-cultured cells 
from each cell line are shown in Fig. 1. To our surprise, there 

Figure 1. Significance of FAK in spheroids. (A) Result of RNA-seq comparing spheroids and adherent cells. The top 10 pathways based on KEGG are shown. 
Hsa 04510, the focal adhesion pathway, is the only common pathway between OVTOKO and SiHa. (B) Phosphorylation of FAK in ovarian clear cell carcinoma 
by western blotting. The phosphorylation level of FAK was higher in spheroids compared to adherent cells. (C) Difference of phosphorylation levels of FAK in 
different time-course in OVTOKO cells in suspension by western blotting. Cells were seeded in the suspension and then collected at the indicated time after 
seeding. It was suggested that the increase of the FAK phosphorylation levels of cells in suspension was time-dependent. KEGG, Kyoto Encyclopedia of Genes 
and Genomes; Adh, adherent-cultured cells; Sph, spheroids. *P<0.05; **P<0.01; ***P<0.001.
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was only one pathway that was common between spheroids 
from OVTOKO and those from SiHa; it was hsa 04510, the 
focal adhesion pathway.

Phosphorylation of FAK is increased in spheroids compared to 
adherent cells, and the increase is time-dependent. Inhibition 
of the FAK pathway is a promising target in ovarian serous 
carcinoma (15,25,27,36,37), and we focused on confirming 
the effectiveness of targeting the FAK pathway in ovarian 
clear cell carcinoma using the ovarian clear cell carcinoma 
cell lines OVTOKO, OVISE and JHOC5. We investigated the 
expression levels of FAK and the phosphorylation of FAK 
using western blots. As shown in Fig. 1B, the phosphorylation 
of FAK was higher in spheroids than adherent cells, and it was 
suggested that the increase was time-dependent after being in 
suspension (Fig. 1C).

PF 573228, a FAK inhibitor, decreases the phosphorylation 
of FAK and inhibits the downstream pathway, the Akt/mTOR 
pathway. PF 573228 is a FAK inhibitor, and it was shown to 
be effective at inhibiting tumor migration in various types of 
solid tumors by inhibiting the phosphorylation of FAK (27). 
We obtained the expected results, where PF 573228 decreased 
the phosphorylation of FAK and inhibited the downstream 
pathway, the Akt/mTOR pathway (Fig. 2A). Although it was 

difficult to quantify, it appeared that exposing cells in suspen-
sion to PF 573228 did not affect spheroid-forming abilities. 
However, we found that the attachment and proliferation 
ability of spheroids cultured with PF 573228 were deterred 
when reseeded into adherent plates (Fig. 2B).

Sensitivity and impact of FAK pathway inhibition depends 
on the cancer cell status. The results above were expected 
based on previous studies and the presence of FAK inhibi-
tors in clinical trials (27,37-40). We also determined that the 
effectiveness of inhibiting FAK pathways might depend on 
cancer cell status. The phosphorylation of FAK in spheroids 
was higher than adherent cells, and exposing them to 1 µM 
PF 573228 still resulted in a higher phosphorylation level of 
FAK compared with that of the non-exposed adherent cells 
(Fig. 2C).

Glutamine metabolism is essential to maintain the mTOR 
pathway of cells in suspension. We recently demonstrated 
that the concentration of glutamine and glutamate were 
significantly increased in spheroids compared to adherent 
cells (10), and we investigated the effects of targeting gluta-
mine metabolism on spheroids, especially focusing on the 
mTOR pathway. This was our focus because it is a common 
downstream pathway between glutamine metabolism and 

Figure 2. Effect of an FAK inhibitor, PF 573228, on cells in suspension. (A) Inhibitory effect of PF 573228 on FAK/Akt/mTOR pathway. Cells were seeded 
in the suspension and then cultured with or without 1 µM PF 573228. The phosphorylation of FAK and the Akt/mTOR pathway were inhibited. (B) Effect of 
PF 573228 on spheroid formation and expansion in adherent plates. Cells were seeded in the suspension and then cultured for 48 h with or without PF 573228. 
Then, spheroids were collected and reseeded into adherent plates. The medium was refreshed 1 h after re-seeding (which resulted in removal of non-attached 
spheroids). Then, attached spheroids were cultured for another 24 h. It was not obvious that PF 573228 inhibited spheroid formation. However, it appeared that 
the population of attached spheroids reduced in a dose-dependent manner. Bars, 100 µM. (C) Differential impact of PF 573228 on OVTOKO cells between 
adherent cells and spheroids. Cells in adherent plates or in suspension were cultured for 48 h with or without 1 µM PF 573228. The phosphorylation levels of 
FAK of cells in suspension could not be reduced to the level of those of adherent cells. Adh, adherent-cultured cells; Sph, spheroids.
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FAK pathways and because inhibiting the mTOR pathway 
is a promising target for the treatment for ovarian clear cell 
carcinoma (28,29,36,41,42). To confirm the significance of 
glutamine metabolism in cells in suspension, we cultured cells 
in suspension with or without glutamine. We found that the 
mTOR pathway, which is represented by the phosphorylation 
levels of S6K and S6, was inhibited when cells were cultured 
without glutamine. We also found that the effect was salvaged 
by supplementation of cell-permeable type α-KG, which are 
the intermediates of both glutaminolysis and the tricarboxylic 
acid (TCA) cycle (Fig. 3A)  (43-45). This result suggested 
the involvement of glutaminolysis in maintaining the mTOR 
pathway. We then investigated major enzymes related to gluta-
mine metabolism, including glutaminase (GLS), glutamate 
dehydrogenase (GDH), aspartate aminotransferase (GOT1), 
phosphohydroxythreonine aminotransferase (PSAT1) and 
alanine aminotransferase (GPT2) (46,47). We could not detect 
GPT2 (data not shown). We found that the expression of GOT1 

was commonly increased in spheroids compared to adherent 
cells among the cell lines (Fig. 3B). Amino-oxyacetate (AOA), 
a pan-transaminase inhibitor (48-50), cancelled the salvation 
effect of α-KG (Fig. 3C) on the mTOR pathway when inhibited 
by glutamine depletion.

Targeting glutamine metabolism additively inhibited the 
mTOR pathway of spheroids when combined with a FAK 
inhibitor. We then investigated the synergistic effect of AOA 
combined with a FAK inhibitor on the mTOR pathway in 
ovarian clear cell carcinoma. We found that exposing cells 
in suspension to AOA and PF 573228 additively inhibited the 
mTOR pathway in OVISE and JHOC5 (Fig. 4). The combined 
effect could not be observed in spheroids from OVTOKO. 
Rather, to our surprise, it appeared that adding AOA cancelled 
the inhibitory effect of PF 573228 on the mTOR pathway 
(Fig. 4). We were unsure what caused the adverse effect of 
AOA in spheroids from OVTOKO, which is discussed later.

Figure 3. Significance of glutamine metabolism in cells in suspension. (A) Glutamine metabolism impact on the mTOR pathway in cells in suspension. Cells 
were cultured for 6 h with or without 2 mM glutamine and 2 mM dimethyl 2-oxoglutarate. Glutamine depletion inhibited the mTOR pathway and dimethyl 
2-oxoglutarate salvaged it. This suggested that glutamine metabolism had some impacts on the mTOR pathway of cells in suspension. (B) Expression of 
enzymes related to glutamine metabolism between adherent cells and spheroids. Expression of enzymes related during glutamine metabolism (GLS, GDH, 
GOT1, PSAT1 and GPT2) were investigated by western blotting. Only GOT1 was commonly increased in spheroids compared to adherent cells among all 
cell lines. The expression of GPT2 could not be confirmed. (C) The effect of AOA, a pan-transaminase inhibitor, on the mTOR pathway related to glutamine 
metabolism for cells in suspension. Cells in suspension were cultured for 6 h with or without 2 mM dimethyl 2-oxoglutarate and 2 mM AOA. The salvation 
effect of dimethyl 2-oxoglutarate on the mTOR pathway inhibited by glutamine depletion was cancelled by AOA. α-KG, dimethyl 2-oxoglutarate; GLS, 
glutaminase; GDH, glutamate dehydrogenase; GOT, aspartate aminotransferase; PSAT1, phosphohydroxythreonine aminotransferase; GPT2, alanine amino-
transferase; Adh, adherent-cultured cells; and Sph, spheroids.
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Discussion

We examined the positive and negative effects of targeting the 
FAK pathway in ovarian clear cell carcinoma and suggested 
that targeting glutamine metabolism might overcome the limi-
tation of inhibiting the FAK pathway by additively inhibiting 
the mTOR pathway of cancer stem-like properties.

Ovarian cancer is one of the leading cause of death in the 
world. Fatality results because it seldom induces symptoms 
and is often identified during advanced stages (1). In these 
cases, chemotherapy is less likely to be effective, and it often 
results in tumor relapse. The experimental procedures that 
reflect the clinical characteristics of metastasized cancers 
in vitro are culturing cancer cells in suspension, which results 
in the formation of spheroids (3,4).

Accordingly, we performed RNA-seq analysis in spher-
oids obtained from OVTOKO (ovarian clear cell carcinoma) 
and SiHa (cervical squamous cell carcinoma) to find targets 
that were universal and essential pathways in spheroids. 
We found that the only common pathway based on KEGG 
was hsp  04510, the focal adhesion pathway. The focal 
adhesion pathway has been investigated in various types 
of solid tumors for the last few decades, and inhibition of 
FAK is a promising target in ovarian serous adenocarci-
noma (15,25,27,36,37). Thus, we evaluated the effectiveness 
of targeting the FAK pathway in ovarian clear cell carcinoma 
using the ovarian clear cell carcinoma cell lines OVTOKO, 
OVISE and JHOC5.

In the first half of this study, we demonstrated that the phos-
phorylation of FAK was increased in spheroids compared to 
adherent cells, and inhibiting FAK phosphorylation resulted in 
deterring spheroid attachment onto adherent plates. These find-
ings suggested that targeting the FAK pathway can be effective 
in targeting cancer stem cells because spheroids are known to 
share cancer stem-like features (positive effect) (3,10‑12). We 
also demonstrated the limitation of targeting the FAK pathway 
from an in vitro study (negative effect). The phosphorylation 
levels of FAK in spheroids were high, and even as much as 
1 µM PF 573228 could not completely inhibit the phosphoryla-
tion of FAK. These results intrigued us to determine a way 

to overcome it. In the latter half of this study, we approached 
FAK and the downstream mTOR pathway from a glutamine 
metabolism perspective.

We recently demonstrated that the concentrations of gluta-
mine and glutamate were significantly increased in spheroids 
compared to adherent cells  (10). Glutamine metabolism 
is known to be essential in the mTOR pathway (28). Taken 
together, we speculated that targeting glutamine metabo-
lism could be a breakthrough for the potential limitation 
of targeting FAK in ovarian clear cell carcinoma. Among 
enzymes related to glutamine metabolism, only the expression 
of GOT1 was commonly increased in spheroids compared 
to adherent cells among all cell lines. The combination of 
AOA, a pan-transaminase inhibitor, and PF 573228, an FAK 
inhibitor, additively inhibited the mTOR pathway in two of 
three cell lines.

The combined effect was not observed in spheroids from 
OVTOKO. Alternatively, it seemed that adding AOA cancelled 
the inhibitory effect of PF 573228 on the mTOR pathway. 
We are not sure what caused the adverse effect of AOA in 
spheroids from OVTOKO. Previous studies demonstrated that 
the KRAS mutation caused a metabolic switch and changed 
the significance of GOT1 in glutaminolysis in pancreatic 
cancer (50). However, it seemed that the KRAS mutation was 
not the one that caused our results, based on our previous study 
that investigated the mutation of each oncogene in ovarian 
clear cell carcinoma cell lines (51). Finding a biomarker and 
features to predict the combinational effect of targeting gluta-
mine metabolism and FAK will be our future direction.

In conclusion, from the in vitro perspective, we proposed 
that targeting glutamine metabolism with properly chosen 
targets could enhance the inhibitory effect of FAK inhibitors 
on the mTOR pathway in cancer stem cell-like properties.
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Figure 4. Synergistic effect of targeting glutamine metabolism and FAK on the mTOR pathway. Synergistic effect of AOA and PF 573228 on mTOR pathway in 
cells in suspension. Cells in the suspension were cultured for 48 h with or without 2 mM AOA and PF 573228. The phosphorylation level of S6 was additively 
reduced by AOA and PF 573228 treatment in OVISE and JHOC5. The combined effect could not be observed in OVTOKO. Rather, it appeared that adding 
AOA cancelled the inhibitory effect of PF 573228 on the mTOR pathway.
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