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Evaluation of the dual mTOR/PI3K 
inhibitors Gedatolisib (PF-05212384) 
and PF-04691502 against ovarian 
cancer xenograft models
Simon p. Langdon1*, charlene Kay1, in Hwa Um3, Michael Dodds1, Morwenna Muir2, 
Grant Sellar4, Julie Kan5, charlie Gourley2 & David J. Harrison  3

This study investigated the antitumour effects of two dual mTOR/PI3K inhibitors, gedatolisib (WYE-
129587/PKI-587/PF-05212384) and PF-04691502 against a panel of six human patient derived ovarian 
cancer xenograft models. Both dual mTOR/PI3K inhibitors demonstrated antitumour activity against 
all xenografts tested. The compounds produced tumour stasis during the treatment period and upon 
cessation of treatment, tumours re-grew. In several models, there was an initial rapid reduction of 
tumour volume over the first week of treatment before tumour stasis. No toxicity was observed during 
treatment. Biomarker studies were conducted in two xenograft models; phospho-S6 (Ser235/236) 
expression (as a readout of mTOR activity) was reduced over the treatment period in the responding 
xenograft but expression increased to control (no treatment) levels on cessation of treatment. 
Phospho-AKT (Ser473) expression (as a readout of PI3K) was inhibited by both drugs but less markedly 
so than phospho-S6 expression. Initial tumour volume reduction on treatment and regrowth rate after 
treatment cessation was associated with phospho-S6/total S6 expression ratio. Both drugs produced 
apoptosis but minimally influenced markers of proliferation (Ki67, phospho-histone H3). These results 
indicate that mTOR/PI3K inhibition can produce broad spectrum tumour growth stasis in ovarian cancer 
xenograft models during continuous chronic treatment and this is associated with apoptosis.

Worldwide, there are approximately 239,000 new cases of ovarian cancer each year accounting for 4% of all 
cancers diagnosed in women1. Standard therapy consists of maximal surgical debulking and 6 cycles of 
platinum-taxane combination chemotherapy. Although most ovarian cancers are initially chemosensitive, the 
majority relapse and ultimately become chemoresistant2,3. Novel therapies are required and since components of 
the phosphoinositide-3-kinase (PI3K) pathway are frequently modified in ovarian cancer, targeting this pathway 
may be beneficial in this disease4–6.

PI3K activates mTOR via AKT and the pathway is activated in 70% of ovarian cancers3. Elevated phospho-Akt 
(Ser473) is found in 68% of ovarian cancers and phospho-mTOR in 55% of tumours7. Constitutive activation 
and deregulation of the PI3K/AKT/mTOR pathway may involve mutational activation or amplification of PI3K 
family members, loss of PTEN function, amplification of the AKT isoenzymes AKT1 and AKT2 or inactivation or 
mutation of AKT-associated mTOR-regulating molecules TSC1 or TSC24–8. In high grade serous ovarian cancer 
(HGSOC), the predominant type of ovarian cancer, it is estimated that the PI3K/AKT/mTOR pathway is activated 
in about half of cancers, with frequent amplifications in PIK3CA, AKT1, AKT2 and deletions in PTEN while 
mutations in the pathways components are relatively uncommon (<5% cancers)4–6,8. By contrast, in non-HGSOC 
e.g. clear cell or endometrioid subtypes, mutational activation is much more frequent and present in up to 30% 
of cancers4–6.
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Multiple inhibitors of the PI3K pathway have been developed and are under consideration for use in ovar-
ian cancer4–6,9. They include PI3K/AKT inhibitors, mTOR inhibitors, and dual PI3K/mTOR inhibitors. This last 
group were developed after demonstration that due to the existence of an S6K1-based negative feedback loop, 
prolonged mTOR inhibition leads to enhanced PI3K/AKT activation10–13. This could be overcome by use of inhib-
itors that simultaneously target both PI3K and mTOR. Two such inhibitors are PF-0469150214,15 and gedatolisib 
(also known as PF-05212384, WYE-129587or PKI-587)16. PF-04691502 has shown interesting activity against 
a large panel of ovarian cancer cell lines in vitro17. Both compounds have now entered Phase I clinical trials18,19.

The purpose of this study was to assess the antitumour efficacy of these two dual mTOR/PI3K inhibitors in 
patient derived xenograft models of ovarian cancer. Use of a panel of xenografts allowed assessment of the varia-
tion of any effects and characterization of the linkage between antitumour response and signalling. Markers of cell 
signalling and function were measured to provide support that the pathway was being inhibited and to provide 
information on the functional consequences.

Results
Assessment of the antitumour activity of Gedatolisib and PF-04691502 against a panel of xen-
ograft models. A panel of six human ovarian cancer xenografts (OV1002, HOX 424, HOX 516, HOX 552, 
HOX 299, HOX 493) were used in this study and four of these (HOX424, OV1002, HOX 516, HOX 493) have 
been described previously20–22. OV1002, HOX 516 and HOX 552 were derived from HGSOC, HOX 424 was 
derived from an endometrioid ovarian cancer while HOX 552 and HOX493 were of clear cell origin.

The two mTOR/PI3K inhibitors, Gedatolisib (1-[4-[4-(dimethylamino)piperidine-1-carbonyl]phe-
nyl]-3-[4-(4,6-dimorpholin-4-yl-1,3,5-triazin-2-yl)phenyl]urea) and PF-04691502 (2-Amino-8-[trans-4-
(2-hydroxyethoxy) cyclohexyl]-6-(6-methoxypyridin-3-yl)-4-methylpyrido[2,3-d] pyrimidin-7(8 H)-one), were 
first assessed against the HOX 552 ovarian cancer xenograft model. PF-04691502 (10 mg/kg/day) was adminis-
tered p.o. over 4 weeks (days 0–4; 7–11; 14–18; 21–25) while gedatolisib (25 mg/kg) was given i.v. on days 0, 4 and 
8 only. Both drugs produced a growth delay during the treatment period with PF-04691502 producing a longer 
lasting effect than gedatolisib (Fig. 1). On discontinuation of either drug, the treated tumours regrew.

A further four xenografts (OV1002, HOX516, HOX299, HOX424) were then tested using the same schedule 
for PF-04691502 but extending the schedule for gedatolisib (days 0, 4, 7, 11, 14, 18, 21 and 25) (Fig. 1). A sixth 
xenograft, HOX 493, was treated with PF-04691502 only (Fig. 1). Using this extended schedule for gedatolisib 
resulted in activity comparable to that of PF-04691502 in the OV1002, HOX516 and HOX299 xenograft models. 
For OV1002 and HOX299, there was an initial decrease in tumour volume during the first 3 days of treatment 
with PF-04691502 which then stabilized over the treatment period. This initial decrease was less obvious for geda-
tolisib. On cessation of treatment, tumours regrew. For the HOX 516 xenograft there was no evidence of an initial 
decrease in tumour volume but significant tumour stasis was achieved while treatment was given. For the HOX 
424 xenograft, both drugs had significant activity against this model, however the gedatolisib-treated tumours 
showed some increase in growth during drug treatment which contrasted with the other models tested. There was 
no significant change in mean body weight of the animals during drug treatment (Supplementary Fig. 1) or any 
other indication of toxicity in these experiments.

In summary, both PF-04691502 and gedatolisib were active against all models tested. A broadly similar 
response was achieved in all cases with consistent static inhibition of tumour growth across all models and 
reduced activity of gedatolisib against the HOX 424 model. In some models, there was evidence of an initial 
reduction in growth over the first 3–7 days but in all cases, this converted to a static effect.

Effects of Gedatolisib and PF-04691502 on PI3K/mTOR signalling in the xenograft models.  
Two xenograft models were then used to study pharmacodynamic changes within tumours. The OV1002 model 
was selected as it had shown marked sensitivity to both dual inhibitors while HOX424 showed reduced sensitivity 
to gedatolisib hence might demonstrate differential effects. Tumours were treated with the same schedule as used 
previously with the addition of two further oral injections for PF-04691502 on Days 28 and 29 and an extra i.v. 
injection for gedatolisib on Day 29. The tumour volume changes on treatment for this experiment are shown in 
Supplementary Fig. 2. Tumours were collected 4 h after injection on days 4, 7 and 29. Tumours were also collected 
on Day 46, 17 days after the last injection when tumours were regrowing. Untreated control tumours were col-
lected on days 0 and 29. As with the antitumour studies, there was no change in mean body weight of the treated 
animals (Supplementary Fig. 3).

To analyse protein expression of selected markers within these xenografts after treatment, two related 
approaches were used. Tissue microarray (TMA) blocks of the xenografts were prepared and sections from these 
blocks assessed by standard immunohistochemistry (IHC) and by quantitative immunofluorescence (IF) using 
AQUA (automated quantitative analysis) methodologies23. TMA sections were cut and stained with a number 
of antibodies. These included phospho-S6 (pS6) and total S6 to evaluate mTOR inhibition and phospho-AKT 
(pAKT) and total AKT to evaluate PI3K inhibition. Markers of function including Ki67 (proliferation, cycling 
cells), phospho-histone H3 (mitotic cells) and apoptosis (apoptotic bodies) were also assessed.

Treatment with either PF-04691502 or gedatolisib markedly reduced pS6 expression in OV1002 xenografts as 
assessed by either IHC or quantitative IF (Fig. 2). Illustrative examples are shown in Supplementary Figs. 4 and 5 
for each day. The mean values for pS6 expression in OV1002 as detected by IHC or IF after treatment are depicted 
in Fig. 2A,B respectively. Phospho-S6 (pS6) expression was significantly reduced throughout the treatment period 
and returns to control values on discontinuation of treatment. Total S6 expression values as measured by AQUA 
did not decrease significantly relative to Day 0 control values (Supplementary Fig. 6).

For HOX 424 xenografts, the effect of PF-04691502 on HOX 424 as detected by IHC is shown in Fig. 2A. 
PF-04691502 produced a significant reduction in pS6 expression on Day 4 while gedatosilib produced a 
non-significant reduction on Day 7 (Fig. 2A). When pS6 expression was detected by AQUA analysis, it was 
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reduced by PF-04691502 on Day 4 period and on Day 7 for gedatolisib, however these results did not achieve 
significance (Fig. 2B). With both agents, even on treatment, the levels of pS6 expression appeared to increase after 
an initial drop. Total S6 expression values as measured by AQUA again didn’t significantly decrease relative to Day 
0 control values (Supplementary Fig. 6).

The expression of pAKT was more homogeneous than that for pS6 in the OV1002 xenograft model 
(Fig. 3A,B). Illustrative examples after treatment are shown in Fig. 3C,D. Significant reductions in pAKT expres-
sion were observed for PF-04691502 and gedatolisib on Day 4 when assessed by IHC (Fig. 3A). However, this 
reduction was not significant when measured by AQUA in TMA cores (Fig. 3B). Although significant changes 
were not observed in pAKT expression using triplicate cores, an analysis of large numbers of fields (10–30) was 
undertaken for each xenograft section and significant changes were observed in OV1002 for both PF-04691502 
(on days 4 and 7) and gedatolisib on Day 7 (p < 0.05; ANOVA). This analysis did suggest that changes in expres-
sion were occurring but the effects were small and not easily detected. While pAKT was reduced on selected days, 
total Akt expression was not reduced on this analysis (Supplementary Fig. 6).

Effects of Gedatolisib and PF-04691502 on apoptosis and proliferation markers within the xen-
ograft models. Next, the effects of the drugs on indicators of functional change were investigated. To assess 
whether the two agents influenced apoptosis, the number of apoptotic bodies were counted in H&E sections 
using microscopy. Ten high powered fields (x 40) were evaluated for each xenograft and the mean value/single 
field was calculated. The mean of the group+/− S.D. is shown in Fig. 4A. Both drugs produced increases in apop-
tosis in both xenograft models at early time points most notably on days 4 and 7.

Two indicators of proliferation were next measured – Ki67 and phospho-histone H3. Ki67 is expressed during 
G1, S, and G2 phases of cell cycle with a peak during mitosis and an absence in G0 phase24. Phospho-histone H3 
(Ser10) is expressed during mitosis25. Ki67 expression did not change significantly after treatment with either 
drug in OV1002 xenografts (Fig. 4B) while PF-04691502 had a small effect in the HOX424 xenograft, reducing 
Ki67 on day 4 only (Fig. 4B). Phospho-histone H3 (Ser10) was unchanged after treatment in xenografts (Fig. 4C).

Figure 1. Antitumour activity of PF-04691502 and gedatolisib against a panel of human ovarian cancer 
xenografts. Both drugs were evaluated against the HOX 552, OV1002, HOX 516, HOX 299, HOX 424 models. 
PF-04691502 only was tested against the HOX 493 model. PF-04691502 (10 mg/kg/day p.o.) and gedatolisib 
(25 mg/kg/day i.v.) were administered on the days indicated by arrows. PF-04691502 was administered over 4 
weeks (days 0–4; 7–11; 14–18; 21–25) against all 6 models while gedatolisib (25 mg/kg) was given on days 0, 4 
and 8 only to HOX 552 but then extended to days 0, 4, 7, 11, 14, 18, 21 and 25 for OV1002, HOX516, HOX299, 
HOX424. Mean (+/− S.E.) tumour volumes are shown. For OV1002 and HOX 299, all treatment points shown 
were statistically different from control (ANOVA followed by Tukey post-test; *p < 0.05). For HOX 516, all 
treatment points beyond Day 3 were statistically different from control. For HOX 552, all treatment points were 
statistically different from control beyond Day 10 until Day 36 for gedatolisib and Day 71 for PF-04691502. For 
HOX424, all treatment points after Day 7 and before Day 35 were statistically different from control. For HOX 
493, all treatment points were statistically different from control until Day 31.
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These results suggest that induction of apoptosis rather than inhibition of proliferation is predominantly 
responsible for the initial tumour volume reduction and stasis.

Association of Gedatolisib and PF-04691502 on pS6/S6 and pAKT/AKT ratios across the xeno-
graft models. We then analysed pS6 and pAKT to assess whether the level of expression of phospho-activated 
molecules might be associated with size of response to drug. Since this comparison was now between different 
xenograft models as opposed to the time course studies which are within individual models, phospho-activated 
expression was compared to the level of total expression (Fig. 5A,B). An association (p = 0.033 (Spearman)) 
was observed (Fig. 5C) between pS6/total S6 expression and tumour volume index (Day 7) after treatment with 
PF-04691502 suggesting that a higher level of initial pS6 expression was associated with a greater initial response 
on treatment.

Analysis of the growth rate of tumours after cessation of treatment also indicated interesting differences in the 
panel of xenografts. The mean doubling times of xenografts after the cessation of treatment with PF-04691502 was 
analysed (from Day 28 onwards) and compared with the initial mean doubling time of the control group (from 
Day 0) (Supplementary Table 1). These ratios (Supplementary Table 1) were then compared with the ps6/total 
S6 expression ratios and a significant association was again observed (p = 0.033 (Spearman)) (Fig. 5D). These 
results suggest that a higher ratio of pS6/total S6 expression is indicative of an initially enhanced response to 
PF-04691502 but then on discontinuation of drug, the tumours relapse more rapidly.

Discussion
The data obtained with the two dual mTOR/PI3K inhibitors indicated broad spectrum activity against these pre-
clinical models of ovarian cancer. The drugs produced a predominantly static effect against the xenograft models 
though in some cases there was an initial tumour volume reduction. In most models, the inhibitory effects ceased 
relatively quickly on cessation of drug treatment. There was no obvious toxicity as indicated by little or no body 
weight loss (Supplementary Fig. 1). The similarities in activity between the two drugs is consistent with both 
drugs having the same mechanism of action. Further work is needed to assess how long stable disease can be 
maintained on continuous drug treatment or whether resistance will emerge.

Figure 2. Expression of pS6 in OV1002 and HOX424 xenografts after treatment with PF-04691502 and 
gedatolisib. (A) pS6 (Ser235/236) expression detected by immunohistochemistry. Immunoscores are shown. 
(B) pS6 (Ser235/236) expression detected by immunofluorescence. Normalised AQUA scores are shown. 
(C) Examples of pS6 (Ser235/236) immunostaining in TMA cores. (D) Examples of pS6 (Ser235/236) 
immunofluorescence staining in TMA cores. Mean values shown are average values +/− S.D. for each group of 
xenografts. *P < 0.05 shown for ANOVA followed by Tukey post-test.
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The biomarker studies completed to date suggest possible utility of pS6 as an indicator of response in tumour 
biopsies. A previous in vitro study evaluating PF-04691502 against 33 ovarian cancer cell lines in vitro concluded 
that sensitivity to the drug did not correlate with PI3 kinase activating mutations or PTEN loss in this disease17. 
Our analysis suggests early inhibition of mTOR signalling as indicated by reduction of pS6 expression but perhaps 
only short term control of pAKT expression. The inhibition of both pathways leads to an early decrease in tumour 
volume in some models but this appears to convert to stasis if only mTOR inhibition is sustained. Increased apop-
tosis rather than reduced proliferation was associated with growth stasis. Previous in vitro studies using ovarian 
cancer cell lines have associated mTOR inhibition with increased apoptosis26. In breast cancer cell line models, 
greater growth inhibition was observed in luminal and HER2-positive cell lines than in triple-negative cell lines 
after treatment with PF-04691502, with apoptosis being observed in the former27.

The initial tumour volume inhibition appeared to be strongest where pS6/total S6 expression was highest 
suggesting that tumours with the greatest pathway activation might be inhibited more. Similarly, on cessation 
of treatment, the xenografts regrew most rapidly where this ratio was greatest again supporting dependency on 
this pathway. This data supports the possible use of the pS6/total S6 ratio as a potential biomarker to help predict 
response but also potential rapid regrowth if the drug is stopped; this will require further validation.

On the basis of these results, these dual inhibitors have broad spectrum activity against ovarian cancer models 
producing disease stabilization rather than disease response (although some models did show an initial partial 
response). This could be valuable in extending time to progression when used as a maintenance therapy following 
chemotherapy. Both HGSOC and non-HGSOC xenografts responded to this treatment, which is not unexpected 
as these pathways are activated in multiple histological subtypes of ovarian cancer. The inhibitors were active 
when given continuously and cessation of treatment led to tumour regrowth. In these in vivo models in mice, 
disease stabilization was produced at doses that did not appear to have obvious toxicity.

These xenograft models may be of value in helping to define further the dynamic changes occurring on treat-
ment. It is possible that feedback mechanisms are limiting the pAKT inhibition and further studies might identify 
these pathways within this xenograft material. If this were the case, use of other targeted inhibitors in conjunction 
with the mTOR/PI3K inhibitors might produce more potent antitumour effects.

Both PF-04691502 and Gedatolisib (PF-05212384) have now progressed through Phase I clinical trials18,19 
and are being studied in combination with chemotherapy and inhibitors of other targeted pathways28. Within the 

Figure 3. Expression of pAKT (Ser473) in OV1002 and HOX424 xenografts after treatment with PF-
04691502 and gedatolisib. (A) pAKT (Ser473) expression detected by immunohistochemistry. Immunoscores 
are shown. (B) pAKT (Ser473) expression detected by immunofluorescence. Normalised AQUA scores are 
shown. (C) Examples of pAKT (Ser473) immunostaining in TMA cores. (D) Examples of pAKT (Ser473) 
immunofluorescence staining in TMA cores. Mean values shown are average values +/− S.D. for each group of 
xenografts. *P < 0.05 shown for ANOVA followed by Tukey post-test.
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phase I trial for PF-04691502, no responses were reported but stable disease was observed in 33% of patients18. 
Fatigue and rash were dose-limiting. A partial blockade of p-AKT (Ser473) signalling was observed in a group 
of 5 pre- and post-treatment biopsies18. In the Phase I trial of Gedatolisib, two partial responses (2.6%) were 
observed and disease stabilisation in 35% of patients. Comparison of tumour biopsies indicated a mean 30% 
reduction if p-AKT (Ser473) in a series of 8 pre-/post-treatment biopsies19. Our results indicate that it would be 
worthwhile evaluating changes in pS6 expression also in future studies with these drugs.

A multi-arm Phase I study which investigated both drugs in combination with either irinotecan or the 
MEK inhibitor PD-0325901 reported preliminary evidence of activity of gedatolisib plus the MEK inhibitor 
PD-0325901 in 3 ovarian cancer patients (all partial responses) out of 5 tested28. In cell line xenograft models 
(SKOV3 and A2780) of ovarian cancer, gedatolisib has shown enhanced antitumour activity when combined with 
crizotinib (a c-Met inhibitor) although its single agent activity was very limited29.

In conclusion, these results support continued consideration of these inhibitors for use in ovarian cancer.

Methods
Xenograft studies. The xenografts had been previously established in adult female CD-1 nude mice (housed 
in sterile isolators) directly from clinical material (ascites) and then passaged a minimum number of times until 
growth was reproducible and sufficient material was available to undertake experiments (4–10 passages). For 
the experiments described, groups of mice were implanted with fragments, subcutaneously in each flank. Group 
size was a minimum of 6 mice/group with at least 8 tumours/group. Tumours were allowed to grow to a group 
mean size of greater than 100 mm3 before drug treatment was initiated. PF-04691502 (2-Amino-8-[trans-4-
(2-hydroxyethoxy) cyclohexyl]-6-(6-methoxypyridin-3-yl)-4-methylpyrido [2,3-d] pyrimidin-7(8 H)-one 
was prepared as a suspension in 0.5% carboxymethylcellulose (CMC) in sterile distilled water. Gedatolisib 
(1-[4-[4-(dimethylamino)piperidine-1-carbonyl]phenyl]-3-[4-(4,6-dimorpholin-4-yl-1,3,5-triazin-2-yl)phe-
nyl]urea) was prepared as a suspension in 4% ethanol, 2% Tween and 4% PEG 400 in distilled water. In the 
initial experiment using HOX552, PF-04691502 (10 mg/kg/day) was administered by oral gavage over 4 weeks 
(days 0–4; 7–11; 14–18; 21–25) while gedatolisib (25 mg/kg/day) was given intravenously in the tail vein on 
days 0, 4 and 8 only. In the subsequent experiments, gedatolisib was administered on days 0, 4, 7, 11, 14, 18, 21 
and 25. Tumour volumes were measured on the days shown in the figures using vernier calipers and calculated 
as volume = π/6 × l × w2 where l is the length of the tumour and w = width. In a separate experiment, a time 
course study over the drug treatment period was undertaken and tumours collected at the time points indicated. 
Tumours were collected 4 h after injection on the day described. Samples were placed into formalin as fixative 
and were subsequently embedded (FFPE) into paraffin wax. The xenograft studies were undertaken under a UK 
Home Office Project Licence in accordance with the Animals (Scientific Procedures) Act 1986 and studies were 
approved by the University of Edinburgh Animal Ethics Committee.

Figure 4. Apoptosis, Ki67 and phospho-histone H3 expression in OV1002 and HOX 424 xenografts after 
treatment with PF-04691502 and gedatolisib. (A) Mean number of apoptotic bodies in a high-field (x 40) view 
for OV1002 xenografts and HOX 424 xenografts. Mean values shown are average values for each group of 
xenografts. Ten fields were evaluated for each individual xenograft and the mean value was evaluated. (B) Ki67 
expression. Mean % Ki67 expression is shown. C. Phospho-histone H3 expression. Mean % value (+/− S.D.) is 
shown for each group. *P < 0.05 shown for ANOVA followed by Tukey post-test.
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Tissue microarray preparation and immunohistochemistry studies. For analysis of protein expres-
sion, three replicate tissue microarrays (TMAs) were prepared which used triplicate cores from each of the xeno-
grafts in the study. Sections were then cut from these TMA blocks.

A standard Envision immunohistochemistry protocol was used to assess proteins of interest23. Briefly, sections 
were de-waxed in xylene followed by rehydration. Antigen retrieval was undertaken in a sodium citrate buffer 
pH 6.0 for 10 min. Slides were placed into distilled water, then washed in PBST twice for 5 min. Sections were 
placed into 3% H2O2 for 10 min, then washed 3 times with PBST. Sections were added to Sequenza and washed 
with PBST. These were blocked with DAKO total protein block for 10 min. Primary antibody was diluted with 
DAKO antibody diluent and sections incubated in primary antibody either for an hour at room temperature or 
overnight at 4 °C. The following rabbit primary antibodies were used at the stated dilution; pS6 (Ser235/236) 
(Cell Signalling #2211) (1 in 200); S6 (Cell Signalling #2217) (1 in 100); pAKT (Ser473) (Cell Signalling #4060) 
(1 in 100) and AKT (pan) (Cell Signalling #4685) (1 in 200). Sections were washed 3 times with PBST, followed 
by incubation with DAKO Envision labeled polymer for 30 min at room temperature. Slides were washed 3 times 
with PBST. DAB (DAB substrate: DAB chromagen = 1 ml: 20ul) was added to visualize staining. Sections were 
washed in water and counterstained in hematoxylin (15–20 sec) followed by Scot’s tap water for 15–20 sec. Slides 
were dehydrated 2 min: 50%, 80%, 99%, 99% alcohol and then mounted. Expression was measured by a scoring 
system consisting of the product of the percentage of positively stained tumour cells and intensity of staining 
(0–3) producing an immunoscore ranging from 0 to 300. For assessment of apoptotic counts, H&E sections were 
assessed. Ten high field (x 40) areas were counted and the mean value calculated. Apoptotic bodies were identified 
as membrane enclosed bodies with condensed/fragmented nuclei and frequently with eosinophilic cytoplasm.

Quantitative immunofluorescence (AQUA) studies. For assessment of protein expression by quan-
titative immunofluorescence, the following protocol was used23. Briefly, TMA sections were de-waxed in xylene 
2 × 5 min. This was followed by rehydration for 2 min in 99%, 99%, 80% and 50% alcohol. Antigen retrieval was 
undertaken in a sodium citrate buffer pH 6.0 where slides were boiled for 5 min. They were washed in PBST 

Figure 5. Association between pS6/total S6 expression and tumour volume index in 6 human ovarian cancer 
xenografts. (A) Baseline pS6, S6, pAKT and AKT mean values are shown for each xenograft model. (B) Ratios of 
pS6/S6 and pAKT/AKT are shown for each model. (C) Association between pS6/S6 expression plotted against 
tumour volume change after PF-04691502 treatment over 7 days. (D) Association between pS6/S6 expression 
plotted against the ratio of mean tumour volume doubling time (Td) at cessation of PF-04691502 treatment and 
mean tumour volume doubling time of untreated control.
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(PBS/Tween) twice for 5 min. Sections were then placed in 3% H2O2 for 10 min, then washed 3 times with PBST. 
Sections were added to sequenza and washed with PBST. These were blocked with DAKO total protein block for 
10 min. For mouse primary antibody, this was diluted at optimal dilution with second primary antibody (rabbit 
anti-cytokeratin, DAKO, Z0622, 1:150 dilution) diluted in DAKO antibody diluent either for an hour at room 
temperature or overnight at 4 °C. The same primary antibodies for pS6, S6, pAKT and AKT as used for IHC were 
used for immunofluorescence at the same dilutions while phospho-histone H3 (Ser10) (Cell Signalling #9701S) 
was used at 1 in 100 dilution and anti- Ki67 (DAKO M7240) was used at a 1 in 50 dilution. For rabbit primary 
antibody, the same protocol was used except the second primary antibody used was mouse anti-cytokeratin, 
Dako, M3515 diluted in Dako antibody diluent with 1:50 dilution overnight at 4 °C. Epithelial mask visualiza-
tion then required a 1:25 dilution of the goat anti-mouse Alexa555 Ab (Invitrogen, #A21422) in the pre-diluted 
Envision goat-rabbit HRP antibody solution (Dako, #K4003). Sections were washed 3 times with PBST. A 1:25 
dilution of the goat anti-rabbit Alexa555 Ab (Invitrogen, #A21428) in the pre-diluted Envision goat-mouse HRP 
antibody solution (Dako, #K4001) was prepared and added to slides which were then rinsed in 0.05% PBST 
3 × 5 min. Slides were transferred from Sequenza to the humidity chamber. For target visualization, target sig-
nal amplification diluent and the Cy5 Tyramide at 1:50 concentration were combined. These were vortexed to 
mix thoroughly. Slides were incubated with solution in the dark for 10 min at room temperature. Slides were 
washed 3 times with PBST. These were then dehydrated in 80% IMS for 1 min and air dried in the dark. For 
counterstaining and coverslipping, 45ul Prolong Gold anti-fade reagent with DAPI (Invitrogen, P36931), nuclear 
visualisation media, was applied on the coverslip (22 × 40 mm) and the coverslip was placed over the tissue. The 
mounted slide was left to dry overnight in the dark. After slides were completely dried, the coverslips were sealed. 
Monochromatic images of each TMA core were captured at x20 objective using an Olympus AX-51 epifluores-
cence microscope, and high-resolution digital images analysed by the AQUAnalysisTM software23.

Received: 8 July 2019; Accepted: 21 November 2019;
Published: xx xx xxxx

References
 1. Ferlay, J. et al. Cancer Incidence and Mortality Worldwide: IARC CancerBase No. 11 Lyon, France: International Agency for 

Research on Cancer,[Available from, http://globocan.iarc.fr] (2014)
 2. Hollis, R. L. & Gourley, C. Genetic and molecular changes in ovarian cancer. Cancer Biol Med. 13, 236–247 (2016).
 3. Bast, R. C., Hennessy, B. & Mills, G. B. The biology of ovarian cancer; new opportunities for translation. Nature Rev Cancer. 9, 

415–428 (2009).
 4. Mabuchi, S., Kuroda, H. & Takahashi, R. The PI3K/AKT/mTOR pathway as a therapeutic target in ovarian cancer. Gynecol Oncol. 

137, 173–179 (2015).
 5. Bregar, A. J. & Growdon, W. B. Emerging strategies for targeting PI3K in gynecologic cancer. Gynecol Oncol. 140, 333–344 (2016).
 6. Cheaib, B., Auguste, A. & Leary, A. The PI3K/Akt/mTOR pathway in ovarian cancer: therapeutic opportunities and challenges. Chin 

J Cancer. 34, 4–16 (2015).
 7. Altomare, D. A. et al. AKT and mTOR phosphoylation is frequently detected in ovarian cancer and can be targeted to disrupt 

ovarian tumor cell growth. Oncogene. 23, 5853–5857 (2004).
 8. The Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature. 474, 609–615 (2011).
 9. de Melo, A. C., Paulino, E. & Garces, Á. H. A Review of mTOR Pathway Inhibitors in Gynecologic Cancer. Oxid Med Cell Longev. 

2017, 4809751 (2017).
 10. O’Reilly, K. E. et al. mTOR inhibition induces upstream receptor tyrosine kinase signalling and activates AKT. Cancer Res. 66, 

1500–1508 (2006).
 11. Sarbassov, D. D., Guertin, D. A., Ali, S. M. & Sabatini, D. M. Phosphorylation and Regulation of Akt/PKB by the Rictor-mTOR 

Complex. Science. 307, 1098–1101 (2005).
 12. Carracedo, A. & Pandolfi, P. P. The PTEN-PI3K pathway: of feedbacks and cross-talks. Oncogene. 27, 5527–5541 (2008).
 13. Carracedo, A. et al. Inhibition of mTORC1 leads to MAPK pathway activation through a PI3K-dependent feedback loop in human 

cancer. J Clin Invest. 118, 3065–3074 (2008).
 14. Cheng, H. et al. Discovery of the highly potent PI3K/mTOR dual inhibitor PF-04691502 through structure based drug design. Med 

Chem Commun. 1, 139–144 (2010).
 15. Yuan, J. et al. PF-04691502, a potent and selective oral inhibitor of PI3K and mTOR kinases with antitumor activity. Mol Cancer Ther. 

10, 2189–2199 (2011).
 16. Venkatesan, A. M. et al. Bis (morpholino-1,3,5-triazine) Derivatives: Potent Adenosine 5′-Triphosphate Competitive 

Phosphatidylinositol-3-kinase/Mammalian Target of Rapamycin Inhibitors:Discovery of Compound 26 (PKI-587), a Highly 
Efficacious Dual Inhibitor. J MedChem. 53, 2636–2645 (2010).

 17. Sheppard, K. E. et al. Synergistic inhibition of ovarian cancer cell growth by combining selective PI3K/mTOR and RAS/ERK 
pathway inhibitors. Eur J Cancer. 49, 3936–3944 (2013).

 18. Britten, C. D. et al. Phase I study of PF-04691502, a small-molecule, oral, dual inhibitor of PI3K and mTOR, in patients with 
advanced cancer. Invest New Drugs. 32, 510–517 (2014).

 19. Shapiro, G. I. et al. First-in-Human Study of PF-05212384 (PKI-587), a Small-Molecule, Intravenous, Dual Inhibitor of PI3K and 
mTOR in Patients with Advanced Cancer. Clin Cancer Res. 21, 1888–1895 (2015).

 20. Sims, A. H. et al. Defining the molecular response to trastuzumab, pertuzumab and combination therapy in ovarian cancer. Br J 
Cancer. 106, 1779–1789 (2012).

 21. Faratian, D. et al. Trastuzumab and pertuzumab produce changes in morphology and estrogen receptor signalling in ovarian cancer 
xenografts revealing new treatment strategies. Clin Cancer Res. 17, 4451–4461 (2011).

 22. Koussounadis, A. et al. Dynamic modulation of phosphoprotein expression in ovarian cancer xenograft models. BMC Cancer. 16, 
205 (2016).

 23. Faratian, D. et al. Phosphoprotein pathway profiling of ovarian carcinoma for the identification of potential new targets for therapy. 
Eur J Cancer. 47, 1420–1431 (2011).

 24. Scholzen, T. & Gerdes, J. The Ki-67 protein: from the known and the unknown. J Cell Physiol. 182, 311–322 (2000).
 25. Hendzel, M. J. et al. Mitosis-specific phosphorylation of histone H3 initiates primarily within pericentromeric heterochromatin 

during G2 and spreads in an ordered fashion coincident with mitotic chromosome condensation. Chromosoma. 106, 348–360 
(1997).

 26. Aguirre, D. et al. Bcl-2 and CCND1/CDK4 expression levels predict the cellular effects of mTOR inhibitors in human ovarian 
carcinoma. Apoptosis. 9, 797–805 (2004).

https://doi.org/10.1038/s41598-019-55096-9
http://globocan.iarc.fr


9Scientific RepoRtS |         (2019) 9:18742  | https://doi.org/10.1038/s41598-019-55096-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 27. Yuan, J. et al. Activity of PF-04691502, a dual PI3K/mTOR inhibitor in breast cancer cell lines and models discriminates between ER, 
PR and HER2 positive and negative segments. (Abstract #LB-302). Proceedings of the 101st Annual Meeting of the AACR (2010).

 28. Wainberg, Z. A. et al. A Multi-Arm Phase I Study of the PI3K/mTOR Inhibitors PF-04691502 and Gedatolisib (PF-05212384) plus 
Irinotecan or the MEK Inhibitor PD-0325901 in Advanced Cancer. Target Oncol. 12, 775–785 (2017).

 29. Lezzi, A., Caiola, E. & Broggini, M. Activity of Pan-Class I Isoform PI3K/mTOR Inhibitor PF-05212384 in Combination with 
Crizotinib in Ovarian Cancer Xenografts and PDX. Transl Oncol. 9, 458–465 (2016).

Acknowledgements
We are grateful to Wyeth/Pfizer (ONC-EU-150) and to the Scottish Funding Council (SRDG HR07005) for 
support of this study.

Author contributions
S.P.L., G.S., J.K., C.G. and. D.J.H. conceived and designed the experiments, S.P.L., C.K., I.U., M.D. and M.M. 
conducted the experiments, S.P.L., C.K., I.U., M.D., M.M., G.S., J.K. and D.J.H. analysed the results. All authors 
contributed to the writing and review of the manuscript.

Competing Interests
Julie Kan was an employee of Pfizer and Grant Sellar was an employee of Wyeth when the studies were being 
conducted. David Harrison reports grants from Scottish Funding Council, during the conduct of the study. 
Charlie Gourley reports grants from Astrazeneca, Tesaro, Nucana, Aprea and Novartis for research studies and 
personal fees from Astrazeneca, Roche, Clovis, Tesaro, Foundation One, Nucana and Chugai for advisory board 
attendance and lectures. Simon Langdon reports research support from Wyeth. Charlene Kay, In Hwa Um, 
Michael Dodds and Morwenna Muir declare no potential conflicts of interest.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55096-9.
Correspondence and requests for materials should be addressed to S.P.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-55096-9
https://doi.org/10.1038/s41598-019-55096-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Evaluation of the dual mTOR/PI3K inhibitors Gedatolisib (PF-05212384) and PF-04691502 against ovarian cancer xenograft mode ...
	Results
	Assessment of the antitumour activity of Gedatolisib and PF-04691502 against a panel of xenograft models. 
	Effects of Gedatolisib and PF-04691502 on PI3K/mTOR signalling in the xenograft models. 
	Effects of Gedatolisib and PF-04691502 on apoptosis and proliferation markers within the xenograft models. 
	Association of Gedatolisib and PF-04691502 on pS6/S6 and pAKT/AKT ratios across the xenograft models. 

	Discussion
	Methods
	Xenograft studies. 
	Tissue microarray preparation and immunohistochemistry studies. 
	Quantitative immunofluorescence (AQUA) studies. 

	Acknowledgements
	Figure 1 Antitumour activity of PF-04691502 and gedatolisib against a panel of human ovarian cancer xenografts.
	Figure 2 Expression of pS6 in OV1002 and HOX424 xenografts after treatment with PF-04691502 and gedatolisib.
	Figure 3 Expression of pAKT (Ser473) in OV1002 and HOX424 xenografts after treatment with PF-04691502 and gedatolisib.
	Figure 4 Apoptosis, Ki67 and phospho-histone H3 expression in OV1002 and HOX 424 xenografts after treatment with PF-04691502 and gedatolisib.
	Figure 5 Association between pS6/total S6 expression and tumour volume index in 6 human ovarian cancer xenografts.




