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ABSTRACT  

 

Advanced bladder cancer (BC) is associated with a poor prognosis and limited 

treatment options. PI3K/AKT/mTOR pathway is frequently activated in this disease and 

can be a potential therapeutic target for treatment intervention. We studied the 

antitumor efficacy of a new targeted therapy, TAK-228 (oral mTORC1/2 inhibitor) in 

preclinical models of BC. We evaluated the effects of TAK-228 in combination with a 

PI3Kα inhibitor (TAK-117) or with chemotherapy (paclitaxel). We used six BC cell lines 

and in vivo xenografts models. TAK-228 strongly inhibited cell proliferation in vitro, and 

reduced tumor growth and angiogenesis in vivo. Three possible biomarkers of 

response to TAK-228 (basal levels of 4E-BP1, p-4E-BP1/4E-BP1 ratio or eIF4E/4E-

BP1 ratio) were identified. The combination of TAK-228 and TAK-117 had synergistic 

effects in vitro and in vivo. Furthermore, TAK-228 demonstrated greater efficiency 

when combined with paclitaxel. TAK-228 also showed ex vivo activity in tumor tissue 

from patients with treatment naive BC. TAK-228 is a promising investigational agent 

that induces a strong effect on cell proliferation, tumor growth, and angiogenesis in BC 

models. High synergistic effects were observed with TAK-228 combined with a PI3K 

inhibitor or with chemotherapy. These results are currently being investigated in a clinic 

trial of TAK-228 plus paclitaxel in patients with metastatic BC (NCT03745911).  

 

IMPLICATIONS 

Strong synergistic effects were observed when combining TAK-228 with TAK-117 (a 

PI3Kα inhibitor) or with paclitaxel chemotherapy. A phase II study is currently 

evaluating at our institution the efficacy of TAK-228 combined with paclitaxel in patients 

with metastatic bladder cancer. 
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INTRODUCTION  

Bladder cancer (BC) is a major source of mortality worldwide, with an estimated 79,000 

new cases and 17,000 deaths in the USA in 2017 (1). When it is diagnosed at an early 

localised stage, radical cystectomy is the standard of care treatment. For patients who 

relapse after surgery or for de novo metastatic patients, palliative platinum-based 

chemotherapy is the recommended therapy. Until 2017, following disease progression 

to first-line chemotherapy, there was no internationally accepted standard second-line 

regimen, with vinflunine chemotherapy, being only approved in Europe after showing 

modest results in a phase 3 trial (2). In 2017, several immune check-point inhibitors 

targeting the programmed cell death-1 (PD-1) pathway showed clinically relevant signs 

of antitumor activity in advanced BC patients. Pembrolizumab, a PD-1 inhibitor, 

showed for the first time, an improvement in overall survival compared to standard 

chemotherapy in the second line setting (3). Monotherapy with other immune 

checkpoint inhibitors has also shown promising results (4). The objective response rate 

in these studies ranged from 15-20%, which indicates that a significant proportion of 

patient does not benefit from immunotherapy. Despite the significant duration of 

response observed with these agents, some patients will ultimately experience disease 

progression. Therefore, therapies for improving the outcome of advanced BC patients 

are needed.  

Detailed molecular information on BC is now available thanks to the Cancer Genome 

Atlas (5). However, no targeted agents have been approved for advanced BC 

treatment. Several antiangiogenic agents and anti-EGFR targeted therapies were 

investigated but showed no significant clinical benefit in clinical trials (6). FGFR 

inhibitors are emerging as a potential target but results from randomized trials are 

awaited (7). PI3K/AKT/mTOR pathway is frequently altered in cancer (8) and is a 

potential therapeutic target. This pathway plays a critical role in relevant cellular 

processes such as cell proliferation, survival, apoptosis, and metabolism (8,9). 

Phosphatidylinositol 3-kinase (PI3K), Akt (a serine/threonine kinase also named PKB), 

and mammalian target of rapamycin (mTOR) are the 3 major players of this pathway 

(9) with almost 50% of BCs showing alterations in this pathway (10,11). E542K, E545K 

and H1047R are the most common activating point mutations of the p110α catalytic 

subunit of PI3K (PI3KCA). In addition, mutations or inactivating deletions in the TSC1 

gene are also prevalent (10,11) and are associated with increased mTORC1 activity 

(12). Finally, several alterations in 4E-BP1 and eIF4E have been correlated with an 

impaired outcome in BC patients (13,14). These frequent molecular alterations make 

the PI3K/AKT/mTOR pathway an attractive pathway to target in BC patients.  
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Preclinical studies have showed that everolimus (mTORC1 inhibitor) is active in 

selected BC models, both in vitro and in vivo (12,15,16). However, despite these 

preclinical effects, everolimus and the rapalogs have in general very limited efficacy 

when given as monotherapy to patients (12). The activity of many other small 

molecules inhibiting other key nodes (PI3K and AKT) in the pathway have been also 

preclinically studied in BC (17,18). 

The new dual mTOR kinase inhibitors are ATP-competitive inhibitors that bind to the 

catalytic site and potently suppress both mTORC1 and mTORC2 kinase activity. 

Importantly, these agents are more effective than rapalogs in inhibiting the pathway. 

mTORC1/2 inhibitors such as PP242, OSI-027 and Torin1 have demonstrated superior 

antitumor effects than rapamycin in several cancer models including BC (19-21). TAK-

228 (sapanisertib) is an orally bioavailable, potent and highly selective mTORC1/2 

inhibitor that inhibits growth of human cell lines of various cancer types (22-26). Until 

very recently, its activity in BC models has not been well characterized (27). So far no 

mTORC1 inhibitor has shown clinical activity in unselected patients with advanced BC. 

Consequently dual mTOR inhibitors such as TAK-228 are currently being tested in 

patients to assess if they are associated with greater clinical efficacy. In this article, we 

aim to characterize the effects of TAK-228, as single agent or combined with TAK-117 -

an upstream PI3K inhibitor- or with paclitaxel, looking for potential synergistic effects in 

BC cell lines with different genomic alterations. These combinations were also tested in 

several cell line-derived xenografts and ex vivo in tumor explants obtained from 

patients with treatment naïve BC. Finally, we aimed to identify molecular predictive 

biomarkers of response that could potentially help in better selecting patients for future 

biomarker-driven clinical trials.  

 

 

MATERIALS AND METHODS 

 

Cell culture 

Human BC cell lines obtained from ATCC (T24, HT-1197, TCCSUP, UM-UC-3 and 

RT4) or from DSMZ (CAL-29) were grown in Minimum Essential Medium 

supplemented with L-glutamine (2mM/L), penicillin/streptomycin (100 U/100 μg/ml) ( 

Live Technologies) and 10% fetal bovine serum (Sigma-Aldrich) and maintained at 

37ºC under a 5% CO2 humidified atmosphere. The absence of mycoplasma 

contamination in cell cultures was assessed following the standard operative 

procedures of our institution, as previously described (28). The number of passages 
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between the described experiments was twenty or less. At the end of the study, cell 

lines were authenticated using STR DNA profiling recommended by ATCC experts. 

 

 

Reagents 

TAK-228 and TAK-117 were provided by Millennium Pharmaceuticals. Everolimus and 

paclitaxel were from Selleckchem. For in vitro studies, 10mM DMSO stock solutions 

were stored at -20ºC. For in vivo studies, TAK-228 and TAK-117 were prepared in 

PEG400 as described by the manufacturer and stored at room temperature 1 week. 

Paclitaxel (from Teva) was prepared in physiological serum.  

 

Viability assays 

Cells (1000-7000 cells/well) were seeded depending on their doubling time in 96-well 

flat bottom plates. For the 3D cultures, 5000 cells were seeded in round bottom ultra-

low attachment 96-well plates and centrifuged for 10 minutes at 1000g. Next day, cells 

and 3D-spheroids were treated as indicated for 72 hours. Cell viability was measured 

by the MTS CellTiter 96 AQ One solution Cell proliferation assay (2D cultures) or 

CellTiter-Glo Luminescent cell viability assay (3D cultures) (Promega). In some 

experiments, cells were trypsinized diluted, and counted by an automatic cell counter 

(Scepter, Millipore).  

 

Western blotting 

Western blots were performed according to standard protocols. Cells were plated in 

100mm2 dishes and after 24 hours cells were treated as indicated for each experiment. 

The following antibodies were used: p-Akt (Ser473), p-Akt (Thr308), Akt, p-S6 

(Ser235/236), S6, p-4E-BP1 (Thr37/46), 4E-BP1, eIF4E, p-eIF4E (Ser209) LC3-I-II, 

p62/SQSTM1, cleaved-PARP, Cyclin D1 and TSC1 (Cell Signalling), α-tubulin (Sigma-

Aldrich) and GADPH (Santa Cruz). Mouse and rabbit horseradish peroxidase (HRP)-

conjugated secondary antibodies (GE Healthcare Life Sciences) were used. The anti-α-

tubulin or GAPDH antibodies were used as control to verify equal protein loading 

across samples. Bands were measured using QuantityOne software. In all the Figures, 

representative blots from 3 independent experiments are shown. 

 

Cell-cycle and apoptosis 

Cells were seeded in 100mm2 dishes and after 24 hours cells were treated with the 

drugs. For cell cycle analysis, cells were fixed during 3 days and stained with propidium 

iodide for 30 minutes and analysed by flow cytometry (FACSCalibur). Apoptosis was 
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analysed by Muse Cell Analyzer (Millipore, Hayward, CA, USA) using the Annexin V 

and Dead Cell Assay Kit (Millipore) and analyzed with MuseSoft 1.4.0.0. 

 

Autophagy 

Cells were seeded on tissue culture slides and after 24 hours, they were treated with 

the drugs. Cells were stained with Microscopy Dual Detection Reagent (Enzo Life 

Sciences) and analysed by fluorescence microscopy according to manufacturer’s 

protocol. Autophagy was also analysed by western-blot. 

 

Establishment of tumor xenografts in nude mice 

All animal work was conducted following the PRBB Institutional Animal Care and 

Scientific Committee guidelines. Five-week-old male BALB/c nude mice were 

subcutaneously inoculated in their flank with 5x106 RT4 cells, 20x106 CAL-29 cells or 

1.5x106 UM-UC-3 cells mixed with matrigel. Tumor growth was measured twice a 

week. Mean tumor volume at the experiment initiation was around 200mm3 based on 

our previous experience (29) and published reports. Treatment is given to the mice 

when the tumor volume is in the range of 75 to 350mm3. Mice were distributed 

homogenously into experimental groups. Treatment groups are described in figure 

legends. TAK-228 and TAK-117 (oral gavage) and paclitaxel (i.p.) were administered 

according to a pre-established dosing regimen. Animals were sacrificed at the various 

times indicated post-dose, and tumor tissue was harvested frozen at -80 or in formalin-

fixed paraffin-embedded (FFPE). 

  

Ex vivo treatment of fresh tumor samples 

We used 2 types of samples: cell line-derived xenograft and human tumor tissue from 

patients with BC. The latter were obtained following IRB approval (2016/6767/I) from 

transurethral resection of the bladder in 6 previously untreated patients with BC. Ex 

vivo assays were performed according to our own experience (30). Briefly, fresh tumor 

samples were immediately sliced and cultured with or without the drug as indicated. 

Samples were FFPE and analyzed by immunohistochemistry. 

 

Immunohistochemistry (IHC) 

FFPE blocks were cut in 5-μm tissue sections and were immunostained in a Dako Link 

platform. The final H-score value (the percentage of cells at each staining intensity) or 

the percentage of positive tumor cells for each case was determined according to our 

own experience (30). The antibodies used were as follows: pH3, p-S6 (Ser235/236), 

VEGF- A, c-caspase 3 (Cell Signalling) and CD31 (Spring Bioscience). 
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Statistics 

Statistical analysis was carried out with SPSS version 18.0 (SPSS, Inc.). Student’s t-

test or ANOVA were used for comparisons between groups. Non-linear (polynomial) 

regression was used for the viability assay (dose-response curve). To test for 

correlation, we used the Spearman’s rank correlation coefficient (r). We considered 

correlation when r was close to ± 1. Results were considered significant when p<0.05. 

 

RESULTS 

 

TAK-228 decreases cell proliferation in a dose-dependent manner 

We tested the anti-proliferative effects of TAK-228 in 6 BC cell lines with different 

underlying genetic background in PI3KCA, TSC1/2, PTEN and RAS genes according 

to the Cosmic Catalog of Somatic Mutations in Cancer and the Broad-Novartis Cancer 

Cell Line Encyclopedia (31) (Supplementary Table 1). We did not find evidences of 

EIF4EBP1 or EIF4E mutations in these cells. TAK-228 reduced the proliferation of all 

BC cells in a concentration-dependent manner with IC50 values ranging from 24 to 

41.6nM (Figure 1A). RT4 cells (TSC1 mutant) were significantly more sensitive than 

other cell lines (p<0.001) (Figure 1A). 

 

TAK-228 arrests cell cycle and induces apoptosis and autophagy 

The inhibitory effects of TAK-228 on cell proliferation prompted us to evaluate its 

effects in modulating cell cycle, apoptosis and autophagy. We used the RT4 and CAL-

29 cell lines, the 2 most sensitive cells. In RT4 cells, TAK-228 significantly increased 

the number of cells in G0/G1 phase and reduced the cells in S phase (p<0.05). 

Similarly, the quantity of cells in G2/M phase was decreased. Same trend was 

observed in CAL-29 cells, despite the differences not being significant (Figure 1B).  

As TAK-228 induces apoptosis in breast and colon cancer cells in vitro (22,26) , we 

analysed if TAK-228 was also able to induce apoptosis in BC cells. We treated the cells 

with TAK-228 during 48 hours and no apoptosis effect was detected through western 

blot (cleaved-PARP) and Muse Cell Analyzer using the Muse AnnexinV & dead cell kit 

(Supplementary Figure S1A). Apoptosis was not observed when extending treatment 

for 3 days or when performing high-dose experiments (Supplementary Figure S1A). 

Contrary, when we evaluated the effects of TAK-228 in a three-dimensional (3D) 

spheroid model that better mimics the tumor characteristics in vivo (32), we found that 

TAK-228-treated RT4 spheroids undergo apoptosis as early as 24 hours post-

treatment (Figure 1C). 
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It has been reported that classical mTOR inhibitors and dual mTORC1/2 inhibitors 

induce autophagy (33,34). We checked through western blot the levels of 2 proteins 

involved on autophagy: LC3-II and p62/SQSTM1. We demonstrated that TAK-228 

decreases the levels of p62 and increases the levels of LC3-II in RT4 and CAL-29 cells 

(Figure 1D and Supplementary Figure S1B, respectively). A high accumulation of 

autophagic vesicles in RT4 cells was detected with fluorescence microscopy after 

treatment with TAK-228 (Figure1D). Based on these results, we can conclude that 

TAK-228 induces cell cycle arrest in G0/G1 phase, activates autophagy and apoptosis 

on the tested cells.   

 

TAK-228 inhibits PI3K/AKT/mTOR pathway  

We evaluated the inhibitory effects of TAK-228 on the PI3K/AKT/mTOR pathway by 

western-blot in CAL-29, T24 and RT4 cell lines. To assess the effects of TAK-228 on 

mTORC2, we analysed the AKT activation through phosphorylation at the Ser473 site 

(Figure 2A). TAK-228 inhibited the phosphorylation of AKT at Ser473 in CAL-29 and 

T24 cells at 2 and 24 hours. AKT phosphorylation at Ser473 was almost recovered at 

24 hours in T24 cells but not in CAL-29. AKT phosphorylation at Thr308 was inhibited 

at 2 hours but had recovered at 24 hours in both T24 and CAL-29. Phosphorylation of 

AKT was not observed in RT4 at basal conditions. Total AKT levels were unchanged 

after treatment of these 3 cell lines. 

Phosphorylation of S6, a direct downstream target of mTORC1, was found to be 

completely abolished by TAK-228 2 hours after treatment and this effect was 

maintained for 24 hours in the 3 tested cell lines. Total S6 levels decreased slightly 

after drug treatment. In addition, TAK-228 significantly reduced the phosphorylation of 

4E-BP1 Thr37/46, (downstream of mTORC1) in RT4 cells (Figure 2A), in a dose-

dependent way (data not shown). There was also a slight decrease of 4E-BP1 

phosphorylation in CAL-29 and T24 (Figure 2A). We compared with the mTORC1 

inhibitor everolimus and inhibition of S6 phosphorylation but not of AKT or 4E-BP1 

(Supplementary Figure S2) was observed, suggesting that TAK-228 is more effective 

than everolimus on inhibiting the PI3K pathway.  

These data confirm that TAK-228 inhibits both mTORC1 and mTORC2 in BC cell lines 

with underlying alterations in the PI3K/AKT/mTOR pathway. 

 

TAK-228 decreases phosphorylation of S6 in tumor samples 

CAL-29, RT4 and T24 xenografts were excised and the samples were incubated in 

vitro with TAK-228. Samples were stained for p-S6 (Ser235/236), as a marker of 

mTORC1 activity. We observed that TAK-228 inhibits the phosphorylation of S6 in 
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tumor xenograft samples (Figure 2B) confirming the efficacy of TAK-228 in tumor 

tissues in vitro. 

 

Markers of sensitivity or resistance to TAK-228 

TSC1 mutations in BC are associated with increased responses to everolimus in 

clinical trials (35). Conversely, high 4E-BP1 expression and incomplete 

dephosphorylation of 4E-BP1 are associated with reduced benefit to dual mTOR 

inhibitors (36,37). It has also been described that eIF4E/4E-BP ratio increases in cells 

with acquired resistance to mTOR inhibitors (38). Hence, we assessed whether any of 

these markers could predict sensitivity or resistance to TAK-228 in our BC models. We 

evaluated these markers in basal cell lysates by western-blot and we determined the 

correlation between protein expression and IC50 values for TAK-228. TSC1 expression 

was present in 5 out of the 6 cell lines but was absent in the TSC1 mutated RT4 cell 

line (Figure 3A). However, no correlation was found between drug response and TSC1 

expression. 

Total 4E-BP1 levels were increased in 3 of the less sensitive cell lines (higher IC50 

values). We found a strong positive correlation between response to TAK-228 and 

reduced 4E-BP1 levels (r=0.814**), and a moderate negative correlation (r=‒0.587*) 

between p-4E-BP1 (Thr37/46)/4E-BP1 and TAK-228 sensitivity. eIF4E/4E-BP1 ratio 

also showed a strong negative correlation with drug sensitivity (r=‒0.687*) (Figure 3B). 

These results indicate a potential role of 4E-BP1, eIF4E/4E-BP1 and p-4E-BP1 

(Thr37/46)/4E-BP1 as predictive biomarkers of response to TAK-228 in BC. 

 

TAK-228 inhibits tumor growth on RT4 xenografts 

The RT4 xenograft model was used to test TAK-228 activity in vivo. After 21 days of 

treatment, TAK-228 significantly inhibited tumor growth in both the intermittent low 

dose (0.6mg/kg 5 days on/2 days off) and in the continuous low dose (1mg/kg daily) 

compared to controls. Tumor sizes in the groups treated once a week with higher 

doses (3mg/kg and 6mg/kg) were not significantly different from those of the control 

group (Figure 4A). Body weight and tumor size measurements were performed twice a 

week. However, we noticed a slightly weight decrease in the group mice treated with 

TAK-228 1mg/Kg, daily (Figure 4). In further experiments, the drug was administered 

for 3 consecutive days per week based on the toxicology findings detailed in the IB. No 

adverse effects were observed within the dose range and duration of the in vivo studies 

(see Figure 4B). Significant in vivo effects of TAK-228 (at 1mg/Kg daily) versus the 

control in a T24-xenograft model were observed (Supplementary Figure S3). 
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TAK-228 suppresses tumor proliferation and angiogenesis 

We determined the status of the PI3K/AKT/mTOR pathway activation on excised 

tumors in each group by IHC. p-S6 was used as a marker of mTORC1 activity. 

Reduction of total and S6 phosphorylation was observed. The strongest inhibitory 

effects in tumors were observed in the intermittent low doses (0.6mg/kg 5 days on/2 

days off) and in the continuous low doses (1mg/kg daily) (Figure 4C). A decrease in the 

cycling cell marker p-H3 (M phase) was found in all groups. In addition, the number of 

apoptotic cells (using c-caspase 3) increased slightly with treatment. This increment 

was greater when the animals were treated on a daily basis (Figure 4C).  

Angiogenesis was assessed using three angiogenic markers: CD31 (also known as 

PECAM-1: Platelet Endothelial Cell Adhesion Molecule-1), VEGF-A and p-KDR. The 

number of CD31 vascular structures was significantly reduced with treatment, 

particularly in the groups treated with TAK-228 at 0.6mg/kg and 1mg/kg. VEGF-A 

levels also decreased when the animals were treated with TAK-228 as did the 

phosphorylation of KDR receptor (Figure 4D). In view of these results, we can 

hypothesize that TAK-228 inhibits in vivo tumor proliferation through the inhibition of 

the PI3K pathway and by reducing angiogenesis.  

 

Synergistic effect of TAK-228 and TAK-117 in bladder cancer models 

We tested if TAK-117, a PI3Kα inhibitor, could enhance the effects of TAK-228. TAK-

117 IC50 values were obtained for each cell line by MTS assay (Supplementary Figure 

S4B). TAK-117 alone significantly inhibited the proliferation of TCCSUP and CAL-29 

cell lines and the CAL-29 xenograft (Supplementary Figure S4A and S4C).  These two 

cell lines have both mutations in the PIK3CA but not in the RAS genes. These results 

indicate that TAK-117 might be more active in tumors harbouring mutations in the 

PIK3CA gene. 

Cells were treated with TAK-228, TAK-117 or the combination of the 2 drugs. The 

nature of the interaction observed between TAK-228 and TAK-117 was analyzed with 

the software Calcusyn, which uses the median effect method of Chou and Talalay (39). 

At the IC50 conditions, the combination showed synergistic activity (CI<1) in the tested 

cell lines. For the RT4 and CAL-29 cell lines, this synergistic effect was observed 

across the majority of the tested conditions. For T24 the synergistic effect was only 

observed in certain conditions, suggesting that in T24 the combination is less active 

(Supplementary Table 2). Using automatic counting with Scepter in CAL-29 and RT4 

cells we observed that the combination decreased cell proliferation more strongly than 

either drug alone (Figure 5A). In both cell lines, the combination treatment highly 

reduced S6, AKT and 4E-BP1 phosphorylation (western blot), compared with each 
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drug alone (Figure 5B and Supplementary Figure S5A). We also investigated the 

effects of the combination in cell cycle and autophagy. In RT4 cells, both TAK-228 and 

TAK-117 monotherapy increased G0/G1 phase with further increase when tested in 

combination (Supplementary Figure S5B). Higher amounts of LC3-II were observed, 

also suggesting that the combination may enhance the activation of autophagy 

(Supplementary Figure S5C). Given these findings, we can conclude that the 

combination acts synergistically in vitro in inhibiting cell proliferation, in arresting cell 

cycle and in activating autophagy. 

 

TAK-117 enhances the effects of TAK-228 in RT4 xenograft model 

To validate our in vitro results, we analysed the antitumor effects of the combination in 

the RT4 xenograft model. Mice were divided into 4 groups as indicated in Figure 5C. 

The combination significantly improved the antitumor effects compared to either of the 

drugs alone (Figure 5C). Tumors were excised and stained by pS6 Ser235/236, p-H3 

and c-caspase 3. A greater reduction in p-S6 phosphorylation and of pH3 was seen 

with the combination. On the other hand, c-caspase 3 expression was increased with 

the combination as compared to the single agents (Figure 5D). We observed a 

decrease in S6 and 4E-BP1 phosphorylation for each drug individually, as well as for 

the combination. The reduction in proteins levels was slightly higher with the 

combination, although this was not statistically significant (Figure 5E). Taking these 

results together, we confirm our in vitro results showing that the combination of TAK-

228 plus TAK-117 is more effective in the RT4 xenograft model than each agent alone. 

 

TAK-228 enhances the effects of paclitaxel in bladder cancer models 

The antiproliferative effect of TAK-228 with paclitaxel given concomitantly or 

sequentially was tested in 4 cell lines (Figure 6A). Concomitant treatment significantly 

improved the individual effects of each drugs alone in RT4, UM-UC-3 and T24 cells 

(Figure 6A). Similar effects were observed in CAL-29 cells when compared with TAK-

228 alone but not for paclitaxel. Regarding the sequential administration, the 

combination significantly reduced cell proliferation compared to each individual 

treatment in all the cell lines (Figure 6A).  

In RT4 cells, TAK-228 and paclitaxel did not enhance the inhibitory effects of TAK-228 

on the PI3K/AKT/mTOR pathway at the molecular level (Supplementary Figure S6A). 

However, the combination increased G2/M phase and decreased G0/G1 phase with 

respect to the control (Supplementary Figure S6B). Combination-treated cells showed 

reduced p62/SQSMT1 levels and increased LC3-II levels suggesting that the 

conversion of LC3-I to LC3-II is greater (more active autophagy) that with any individual 
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drug alone (Supplementary Figure S6C). Paclitaxel and the combination increased the 

number of apoptotic cells in 2D cultures (Supplementary Figure S6D). 

 

TAK-228 improves the effects of paclitaxel in xenograft models 

Finally, we validated the in vitro findings of the combination given sequentially in the 

RT4 and UM-UC-3 xenografts. Mice were divided into 4 groups as indicated in Figure 

6B. The combination was associated with a significantly higher reduction on tumor 

volume compared to each drug alone in RT4 and UM-UC-3 xenograft models (Figure 

6B). We observed that c-caspase 3 expression was increased with the combination 

treatment, suggesting that the combination activates apoptosis (Figure 6C). Taken 

together, these results indicate that the addition of paclitaxel to TAK-228 acts in a 

synergistic manner both in vitro and in vivo.  

 

TAK-228 plus paclitaxel is active ex vivo in tumor samples from bladder cancer 

patients 

We analyzed 6 human BC explants. In all cases, the combination significantly reduced 

the S6 phosphorylation compared to the control. In 4 out of the 6 samples, the 

combination increased c-caspase 3 expression and decreased H3 phosphorylation 

compared to control or monotherapy confirming the efficacy of the combination on 

human tumor samples (Figure 7A and 7B). Representative images of the stained 

explants are shown in Figure 7C.  

 

DISCUSSION 

Genetic alterations in PI3K/AKT/mTOR pathway have been identified in BCs (10,11) 

with a potential for therapeutic intervention. However, the limited overall clinical 

success of the classical mTORC1 inhibitors in BC pointed the need to look for better 

targeted therapies. Many small molecules inhibiting other key nodes in the PI3K/AKT 

pathway have shown promising activity in BC preclinical models (17,18) but were 

associated with severe adverse effects and failed to show clinical responses in their 

corresponding clinical trials. 

Here, we focused our research on the study of TAK-228, an investigational oral 

selective ATP-competitive mTORC1/2 inhibitor, as a possible option for treating BC, in 

monotherapy or combined with paclitaxel or a PI3Kα inhibitor. We used BC cells with 

different genetic features in the PI3K/AKT/mTOR pathway to mimic the diversity of 

gene mutations found in BC patients.TAK-228 showed good efficacy in all these cells. 

As expected, the RT4 cell line, which harbors a TSC1 mutation, was significantly more 
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sensitive to TAK-228 than the other cell lines confirming the positive predictive role of 

TSC1 mutation using mTOR inhibitors (35).  

However, we found no correlation between TSC1 protein expression and TAK-228 

response in the whole panel of BC lines, probably due to the different molecular profile 

of each line. Presently an open-label, single arm phase II study (NCT03047213) is 

evaluating TAK-228 monotherapy activity in patients advanced BC with TSC1 and/or 

TSC2 mutations.  

To gain insight into the mechanisms of TAK-228, we analyzed some of the cell 

processes regulated by mTOR showing that TAK-228 induces G0/G1 cell cycle arrest 

and activates autophagy. In our study, TAK-228 exhibited antitumor effects by arresting 

cell cycle and we can speculate that induction of autophagy might have had an additive 

effect. Despite autophagy having opposing context-dependent roles in cancer with 

either inducing resistance or sensitizing cells to therapies (40), modulation of 

autophagy represents a new anti-cancer strategy with autophagy inducers and/or 

inhibitors in clinical trials (33).  

Remarkably, we did observe in vivo induction of apoptosis by TAK-228 but not in 2D 

traditional monolayer cultures. However, without further analyzing the underlying 

mechanism, we could demonstrate that apoptosis is indeed activated by TAK-228 in a 

3D-spheroids culture setting. Similar contradictory results have been described with 

other drugs (41). 

Our findings show that TAK-228, by inhibiting both mTORC1 and mTORC2 complexes, 

strongly reduces PI3K/mTOR pathway activation in BC cells lines and in xenografts. 

Similar findings have been described in other tumor types (22,26). mTORC2 has been 

implicated in promoting invasion and metastasis in BC (42) suggesting that its inhibition 

might be of therapeutic relevance. Rapamycin and its analogs have not shown 

significant activity in BC partly because of the lack of inhibition of mTORC2. TAK-228 

was shown to be superior to everolimus in BC cell lines confirming that dual inhibition 

of TAK-228 was more efficiently blocking the PI3K/AKT/mTOR pathway than 

everolimus. This suggests that TAK-228 might show a better clinical success in BC 

patients. 

The antitumor efficacy observed in vitro with TAK-228 was confirmed in in vivo models. 

Significant dose-dependent inhibition was seen in monotherapy in the RT4 xenograft 

and T24 models. Similar in vivo effects with TAK-228 had been reported in other tumor 

types, (26,43). As PI3K/AKT/mTOR pathway plays a key role in angiogenesis (44) we 

studied angiogenesis markers in tumor samples under TAK-228 treatment. We found 

that TAK-228 reduced significantly angiogenesis in the treated tumors compared to 

controls. Taken together, our results indicate that TAK-228 has the potential to be a 
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potent anti-cancer agent due to its inhibitory effects on cell proliferation, cell cycle, 

tumor growth, and angiogenesis.  

We looked for potential predictive biomarkers in cells with known molecular alterations 

in PI3K/AKT/mTOR pathway in order to optimize patient selection in future trials. Low 

levels of 4E-BP1 and high levels of p-4E-BP1/4E-BP1 and eIF4E/4E-BP1 ratios 

significantly correlated with cellular responses to TAK-228, indicating a potential role as 

predictive biomarkers of response and resistance. Other studies have shown that high 

expressions of p-4E-BP1 or eIF4E are associated with worse prognosis in BC (45,46) 

but none have analysed their role as predictive biomarkers of response to mTOR 

inhibitors. Hence, our findings warrant further investigation in prospective biomarker-

embedded clinical trials. 

Despite the fact that PI3K/AKT/mTOR pathway inhibitors are active anticancer agents, 

the available clinical data indicates limited efficacy for AKT, mTOR, and PI3K inhibitors 

administered as single-agents. Consequently, it is necessary to define rational 

combinations based on robust preclinical data of enhanced or synergistic effects. For 

that reason, we analysed the role of combining TAK-228 with the PI3Kα inhibitor TAK-

117 or with paclitaxel with the objective of improving the effects of TAK-228 alone. 

Importantly, we found that both combinations resulted in synergistic antiproliferative 

effects in BC cell lines and in the RT4 xenograft model in vivo. Moreover, the molecular 

inhibition of the PI3K/AKT/mTOR pathway was significantly stronger with the 

combinations than with each drug alone. The synergistic efficacy of combining an 

mTOR inhibitor with an AKT or PI3K inhibitor has been studied in multiple cancer types 

including BC. Our results on the effect of TAK-228 plus TAK-117 on tumor growth in a 

BC xenograft model are confirmatory and extend the conclusions reached by others 

studies using a chick embryo chorioallantoic membrane (CAM) model (27). Other 

groups have reported similar results when combining TAK-228 with chemotherapy in 

other tumors (26,47) but our report is the first published in 2 different BC xenografts. 

Moreover, we report for the first time the ex vivo activity of TAK-228 in tumor tissues 

from patients with treatment naïve BC.  

Taking our results into account, both combination, TAK-228 plus TAK-117 and TAK-

228 plus paclitaxel, warrant further evaluation in clinical trials with BC patients. Of note, 

our institution is leading an investigator initiated phase II study evaluating the efficacy 

of TAK-228 plus paclitaxel in patients with advanced BC progressing to prior platinum-

based chemotherapy (NCT03745911) including an analysis of predictive tissue 

biomarkers. The trial is currently open in 5 Spanish hospitals and enrolment is ongoing. 

So far, 8 metastatic bladder cancer patients have been enrolled. This trial will assess if 

the preclinical efficacy seen with the combination in our preclinical model is translated 
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into a clinical benefit in BC patients. Moreover, TAK-228 has previously been studied in 

phase I-II clinical trials, both in monotherapy (NCT01058707) and in combination with 

paclitaxel (NCT01351350) in several solid malignancies. Both studies showed a 

favorable toxicity profile with fewer adverse events compared to classic mTOR 

inhibitors. 

Research studies such as ours, identifying synergistic combinations and predictive 

biomarkers in preclinical models can help on effectively translate the findings into a 

clinical trial. Those are invaluable tools to increase the probability of success of new-

generation targeted agents. As immunotherapy is now and established treatment in 

bladder cancer, the question is if there is an opportunity to combine a check point 

inhibitor with TAK-228. Interestingly, in a preclinical hepatocellular carcinoma model, it 

was observed that PD-1 overexpression increases both S6 and eIF4E phosphorylation 

and that TAK-228 plus an anti-PD-1 antibody inhibits proliferation more efficiently than 

each drug alone (48). Based on this observation, the combination of PD-1/PD-L1 

inhibitors with TAK-228 warrants further investigation.  

In conclusion, our preclinical results indicate that TAK-228 alone or in combination with 

other therapies might represent a valid therapeutic strategy for patients with advanced 

BC and PI3K/AKT/mTOR pathway alterations. 
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FIGURE LEGENDS 

 

Figure 1. Cellular effects of TAK-228 on human bladder cancer cell lines in vitro. 

A. Effects of TAK-228 on cell viability. Cells were treated with increasing doses of 

TAK-228 (5, 10, 15, 20, 50, 60, 80, 100nM; six-well each) for 72 hours. Cell viability 

was determined using MTS assay. Values shown are the mean percentage +/- SD of 

cell viability relative to controls and plotted as dose-response curves using GraphPad 

Prism Software. IC50 values of TAK-228 in cells were calculated using CalcuSyn 

software and are shown on the right. The figure incorporates data from 3 replicate 

experiments. B. Effects of TAK-228 on cell cycle distribution. Cells were treated 

with TAK-228 [30nM and 50nM] for 24 hours. Fixed and propidium iodide stained 

cells were analyzed by flow cytometry. The bar chart shows the percentage of cells at 

different cell stages. C. Effects of TAK-228 on 3D cultures. RT4 spheroids or RT4 

cells were treated with TAK-228 [50nM] during 72 hours (viability assay) or 24 hours 

(western-blot). The viability was determined using CellTiter-Glo luminescent assay (3D) 

or MTS (2D). ***p<0.001. Lysates were analysed by western blot for cl-

PARP.D.Effects of TAK-228 on autophagy. RT4 cells were treated with TAK-228 

[50nM] or everolimus [100nM] (autophagy-inducer as positive control) in presence or 

absence of the autophagy inhibitor chloroquine (CLQ) [5 μM] for 24 hours. Cyto-ID 

Green stained autophagic vesicles were detected by fluorescence microscopy and 

representative images of 3 independent experiments are shown. Cellular extracts were 

analyzed by western blot using the indicated antibodies. Values corrected for loading 

were expressed as fold change of a control condition arbitrarily set to 1. 

 

Figure 2. Molecular effects of TAK-228 on the PI3K/mTOR signaling pathway.  

A. Effects of TAK-228 added in vitro on cultured cells. Cells were treated with TAK-

228 [50nM] for 2 and 24 hours. Cellular extracts were analyzed by western blot 

using the indicated antibodies. The graphs show the ratio between phosphorylated and 

total protein in each condition, expressed as fold induction versus control arbitrarily set 

at 1. Regarding the phospho-4E-BP1 Thr37/46 results, 3 to 4 bands between 20 and 

12 kDa are expected to appear, representing the different 4E-BP1 isoforms when 

phosphorylated at multiple sites. Of note, the upper and lower bands represent the 

more phosphorylated and unphosphorylated 4E-BP1 isoforms, respectively. * p<0.05, 

**p<0.01, ***p<0.001. B. Effects of TAK-228 added ex vivo to fresh xenografted 

tumors. Tumors were harvested from mice and sliced. Samples were cultured with or 

without TAK-228 (RT4 and T24 50nM, CAL-29 20nM) during 24 hours and routinely 
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FFPE. Slides were stained with pS6 (Ser235/236). Representative IHC images are 

shown. Each column represents an effect on the p-S6 expression of the paired control- 

and TAK-228- treated samples measured as H-score.  

 

Figure 3. Identification of potential biomarkers of sensitivity or resistance to 

TAK-228.  

A. Baseline expression of PI3K/mTOR-associated pathway components in 

unstimulated bladder cancer cells. Cells were seeded in 100mm2 dishes and left 

untouched for 48 hours. Cellular extracts were analyzed by western blot 

using the indicated antibodies. Three ratios of protein levels were calculated and the 

reported values are averages of the 3 biological replicates, error bars indicate the 

standard error of the mean. B. Correlation of protein expression with sensitivity to 

TAK-228. The correlation between protein expression and TAK-228 drug sensitivity 

(IC50 values) was assessed through Spearman’s rank correlation coefficient (r). We 

considered there was a correlation when r was close to ± 1 and the level of significance 

was lower than 0.05. 

 

Figure 4. In vivo effects of TAK-228 on the RT4 xenograft model.  

A. Effects of different schedules and doses. Various doses and schedules of TAK-

228 were tested as indicated. Treatment was administered when the average tumor 

volume reached approximately 200mm3 (n=8 mice/group). A plot of the average tumor 

volume as a function of time in each treatment group is shown *p<0.05, **p<0.01. B. 

Representative photographs of tumor-bearing mice and the excised tumors. C. 

Effects of TAK-228 on mTORC1, proliferation and apoptosis. FFPE blocks were 

prepared from mice tumors. Box plots illustrate the staining results for the indicated 

antibodies. Each graph is expressed as: H-score in tumor cells for p-S6 (Ser235/236) 

or percentage of stained-tumor cells for p-H3 (Ser10) and cleaved-caspase 3). D. 

Effects of TAK-228 on angiogenesis. Representative IHC images of xenograft tumor 

sections stained with the indicated antibodies. Box plots illustrating the staining results 

or the indicated antibodies. Each graph is expressed as: H-score in tumor cells (for 

VEGF-A); percentage of stained endothelial cells (for p-KDR), and the number of 

stained tubular vascular structures within the tumor (for CD31). 

 

Figure 5: Effects of TAK-228 in combination with TAK-117 on bladder cancer 

models. 

A. Effects of TAK-228 in combination with TAK-117 on cell viability. Cells were 

plated in 6-well plates and allowed to adhere overnight. Next day, cells were treated 
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with TAK-228 and TAK-117 at the corresponding IC50 values for each drug/cell (RT4: 

24.3nM and 15.7μM; CAL-29: 30.1nM and 3.5μM, respectively). Cell number was 

measured using a Scepter 2.0 cell counter (Millipore) after 72 hours of treatment. 

Triplicates were carried out for each concentration and experiments were repeated 3 

times. The results are expressed as percentages of viable cells in the vehicle-treated 

control wells. **p<0.01. B. Effects of TAK-228 and TAK-117 alone or in combination 

on the PI3K/mTOR pathway in vitro. Cells were treated with TAK-228 and TAK-117 

at the corresponding IC50 values, as well as in combination, for 24 hours. Cellular 

extracts were analyzed by western blot using the indicated antibodies. C. Effects of 

TAK-228 in combination with TAK-117 in vivo. TAK-228 was administered at 

1mg/kg and TAK-117 at 140mg/kg 3 consecutive days per week. Mice were treated 

during 3 weeks as indicated. A plot of average tumor volume as a function of time in 

each treatment group is shown. * p<0.05, **p<0.01. 

D. Representative IHC images of xenograft tumor sections. The animals were 

killed and the tumors were harvested and FFPE. Pieces were stained for pS6 

(Ser235/236), p-H3 and c-caspase 3. Data are representative of independent tumors 

harvested from 5 mice. Each immunohistochemical marker was quantified as described 

in Figure 4C. E. Western blot images in xenograft tumor lysates. Tumor lysates 

were analyzed using western blot using the indicated antibodies. Tumors from 3 mice 

for each condition were checked. The graphs show the ratio between phosphorylated 

and total protein in each condition expressed as fold induction versus control arbitrarily 

set at 1.  

 

Figure 6. Effects of TAK-228 in combination with paclitaxel on bladder cancer 

models. 

A. Effects of TAK-228 in combination with paclitaxel on cell viability. Cells were 

plated and allowed to adhere overnight. Cells were treated with TAK-228 and paclitaxel 

(PAC) at the corresponding IC50 values for each drug/cell (RT4: 24.3nM and 5.3nM; 

UM-UC-3:38.4nM and 3.7nM; T24: 41.6nM and 4.7nM; CAL-29: 30.1nM and 3.2nM, 

respectively). Cells were treated in 2 ways: concomitantly with TAK-228 and paclitaxel 

(left) for 72 hours; or sequentially, first with paclitaxel for 24 hours, then adding TAK-

228 (right) for 48 hours. Cell viability was measured through MTS. The results are 

expressed as percentage of viable cells in the vehicle-treated control wells. **p<0.01, 

*** p<0.001. B. Effects of TAK-228 in combination with paclitaxel in vivo. Mice 

were divided into 4 groups (n=8 mice/group for RT4 xenografts and n=5 mice/group for 

UM-UC-3 xenografts): control (PEG400 and water); paclitaxel at 15mg/kg once per 

week; TAK-228 at 1mg/kg 3 times per week and combination group (sequential 
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paclitaxel followed 24 hours later by TAK-228 at 1mg/kg, 3 times per week). Mice were 

treated for 52 days. A plot of average tumor volume as a function of time in each 

treatment group is shown. For RT4 xenografts: * p<0.05, **p<0.01, *** p<0.001. For 

UM-UC-3 xenografts: *p<0.05 control versus paclitaxel+TAK-228, **p<0.01 TAK-228 

versus paclitaxel+TAK-228 and **p<0.01 paclitaxel versus paclitaxel+TAK-228. C. 

Effects of TAK-228 in combination with paclitaxel on apoptosis. Representative 

IHC images of xenograft tumor sections stained with c-caspase 3. The graph 

expresses the percentage of stained-tumor cells. 

 

Figure 7 

Effects of TAK-228 and paclitaxel added ex vivo to fresh bladder cancer explants. 

FFPE blocks were prepared from bladder tumors samples after 72 hours of treatment 

with TAK-228 [24.3nM] and paclitaxel [5.3nM] alone or in combination. A. Graphs 

showing the percentage of positive cells for active caspase-3 and p-H3, and H-score 

for p-S6. B. Graphs showing the expression of p-S6, active caspase-3, and p-H3 in 

control condition and after treatment with TAK-228 plus paclitaxel in each patient. C. 

Representative IHC images of control and TAK-228 plus paclitaxel-treated tumors 

(patient 2) stained with p-S6, active caspase-3 and p-H3 are shown. Scale bar, 50μM. 

*p<0.05. 
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