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Capivasertib combines with docetaxel to enhance anti-tumour
activity through inhibition of AKT-mediated survival
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BACKGROUND/OBJECTIVE: To explore the anti-tumour activity of combining AKT inhibition and docetaxel in PTEN protein null
and WT prostate tumours.
METHODS: Mechanisms associated with docetaxel capivasertib treatment activity in prostate cancer were examined using a panel
of in vivo tumour models and cell lines.
RESULTS: Combining docetaxel and capivasertib had increased activity in PTEN null and WT prostate tumour models in vivo.
In vitro short-term docetaxel treatment caused cell cycle arrest in the majority of cells. However, a sub-population of docetaxel-
persister cells did not undergo G2/M arrest but upregulated phosphorylation of PI3K/AKT pathway effectors GSK3β, p70S6K, 4E-BP1,
but to a lesser extent AKT. In vivo acute docetaxel treatment induced p70S6K and 4E-BP1 phosphorylation. Treating PTEN null and
WT docetaxel-persister cells with capivasertib reduced PI3K/AKT pathway activation and cell cycle progression. In vitro and in vivo it
reduced proliferation and increased apoptosis or DNA damage though effects were more marked in PTEN null cells. Docetaxel-
persister cells were partly reliant on GSK3β as a GSK3β inhibitor AZD2858 reversed capivasertib-induced apoptosis and DNA
damage.
CONCLUSION: Capivasertib can enhance anti-tumour effects of docetaxel by targeting residual docetaxel-persister cells,
independent of PTEN status, to induce apoptosis and DNA damage in part through GSK3β.
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INTRODUCTION
Capivasertib is a selective AKT inhibitor [1] being tested in a
number of phase III clinical trials in prostate and breast cancer. In
tumour cells, AKT regulates cell proliferation, survival, migration,
gene expression and metabolism [2] and is commonly activated
via signalling through PI3Kα or β [3]. The PI3K/AKT/mTOR pathway
is frequently dysregulated in cancers with activating mutations
commonly occuring in PIK3CA [4, 5] or AKT1 [6] activating AKT
signalling and rendering cells sensitive to AKT pathway inhibitors
[7–10]. Loss of the tumour suppressor PTEN also activates AKT
signalling, through PI3Kβ [11–14].
PTEN loss is common in mCRPC [15, 16] and is associated with

poorer survival following chemotherapy and hormonal therapy
[17, 18]. Monotherapy treatment with PI3K-AKT pathway
inhibitors have minimal activity in clinical trials, but improved
effects are seen in combination. In prostate cancer, targeting
PI3K/AKT signalling by combining PI3Kβ or AKT inhibitors with
inhibitors of androgen signalling increases anti-tumour effects in
PTEN null tumour cell lines and tumour models due to reciprocal

crosstalk between these two pathways [14, 19, 20]. Moreover,
combining the AKT inhibitor ipatasertib and abiraterone gave
benefit in castrate-resistant prostate cancer with PTEN protein
loss [21].
In the Phase II ProCAID clinical study, combining capivasertib

and docetaxel improved survival for mCRPC patients regardless of
PTEN status [22–24] providing clinical proof of concept that PI3K-
AKT inhibition enhances taxane chemotherapy [1, 25–29]. While
preclinical work established potential for this combination [30, 31],
what drives this broad combination benefit in prostate cancer is
poorly understood. Longer treatment of PIK3CA, PTEN altered
gastric cancer models suggests that paclitaxel treated tumour had
small increased activation of AKT [25], however, the mechanistic
interactions, and shorter time points were not explored. To gain
more insight into this combination in prostate cancer we have
examined the effects of docetaxel alone and the combination
across a panel of xenograft models and cell lines representing
PTEN protein null and PTEN protein proficient (PTEN WT) prostate
tumours.
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RESULTS
Capivasertib combines with docetaxel to enhance anti-tumour
activity of preclinical prostate cancer models independent of
PTEN status
We have previously shown that capivasertib combines with
docetaxel in breast cancer xenografts to enhance anti-tumour

activity [1]. To assess the combination of capivasertib and
docetaxel more broadly in prostate cancer, a panel of PTEN null
and PTEN protein proficient (PTEN WT) prostate PDX and cell line
models was used. PDX and xenograft bearing mice were
randomised to receive docetaxel (5 mg/kg), capivasertib (130 or
100mg/kg BID), a combination of docetaxel and capivasertib or
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treated with the equivalent vehicle controls for up to 28 days.
Capivasertib was administered the day after docetaxel injection on
4 days on 3 days off intermittent schedule, mimicking the clinical
dosing regimen. Docetaxel cycles for individual models were
adjusted guided by tolerance studies (Fig. 1a–f). The combination
had broad activity, with increased tumour regression compared to
either of the monotherapies, seen in PTEN null (PAC120, HID28,
and C4-2), and PTEN WT (CTG-2428 and VCAP) models (Fig. 1a, b,
c, d, f, g, h, Supplementary Fig. 1). In an additional PTEN WT
(22RV1) model, tumour stasis was achieved (Fig. 1e, g, h,
Supplementary Fig. 1). In all models, the combination gave the
greatest anti-tumour activity.
The combination of docetaxel and capivasertib was also

explored in a proliferation assay in vitro. Prostate cancer cells
pre-treated with 10 nM docetaxel for 24 h, were washed and
replated prior to incubation with 0.5–1 µM capivasertib or DMSO
control for a further 13 days (Fig. 1i). Consistent with the in vivo
data, combination benefit was observed with capivasertib
treatment delaying outgrowth of docetaxel pre-treated cells
(Fig. 1j–m).
In summary, these data show that in preclinical PTEN null and

PTEN WT prostate cancer xenograft tumour models and cell lines,
addition of capivasertib following docetaxel pre-treatment
improved the anti-tumour effects.

Short term docetaxel treatment is associated with increased
phosphorylation of PI3K/AKT pathway effectors in preclinical
prostate cancer models
To study the mechanism driving the combination benefit in vitro
in more detail, we first investigated the effect of short-term
treatment with docetaxel monotherapy on the cell cycle. PTEN
null (PC3, LNCaP, PC346Flu1) and PTEN WT (22RV1, VCaP) prostate
cancer cells were treated for 24 h with DMSO control, 10 and
100 nM docetaxel, to mimic the ranges of exposure observed
clinically [32, 33]. Following treatment of cultured cells with
docetaxel two distinct populations of cells were present, suspen-
sion cells and adherent cells. Due to the phenotypic differences
between these two populations, the suspension and adherent
populations were analysed separately. Flow cytometry cell cycle
status of suspension populations indicated increased numbers of
cells in subG1 and high phospho-histone H3 positive G2 cells,
indicative of cell death and G2/M arrest respectively and
consistent with docetaxel sensitivity [34]. In contrast, fewer
adherent cells were in subG1 and G2/M arrest and more in G1
and active S phase (Supplementary Table 1, Supplementary
Results). Suspension and adherent cell fractions were also
analysed by immunoblotting (Supplementary Fig. 2A, B). Quanti-
fication of the ratio of cleaved:full length PARP indicated that in
VCaP cells greater PARP cleavage associated within the suspen-
sion cell populations following 24 h treatment with 10 and 100 nM
docetaxel whilst in LNCaP cells greater PARP cleavage associated
with the suspension cell population following treatment with
100 nM docetaxel (Supplementary Fig. 2A) indicating increased
apoptosis in these cells. Similarly, the trend of higher levels of
apoptosis in suspension cells was observed in PTEN null (PC3 and

C4-2) and PTEN WT (22RV1) cells treated with 10 and 100 nM
docetaxel (Supplementary Fig. 2B). Taken together the lower level
of apoptosis and G2/M arrest observed in the adherent cells
suggested they survived 24 h docetaxel treatment and represent a
population of short-term docetaxel-persister cells. We therefore
focused our studies on docetaxel-persister cells to explore the
combination in vitro.
Previous studies suggest induction of phosphorylated AKT in

gastric and prostate cells treated with docetaxel [25, 30, 35], here
we investigate the effects of short-term docetaxel treatment on
phosphorylation of various substrates downstream of AKT in
prostate cells.
A panel of PTEN null and PTEN WT prostate cancer cell lines

were treated with increasing concentrations of docetaxel for 24 h
and PI3K/AKT pathway activation analysed in the docetaxel-
persister cells by immunoblotting (Fig. 2a, b). Across the panel of
cell lines tested, differential responses to docetaxel treatment
were observed at the level of p-AKT(S473). In PTEN null cells
induction of p-AKT(S473) was only observed in LNCaP cells, while
in DU145 and LAPC4 PTEN WT cells p-AKT(S473) was reduced
following docetaxel treatment and no p-AKT(S473) was detected
in 22RV1 and VCAP cells. However, modulation of the PI3K/AKT
pathway downstream of AKT including phosphorylation of GSK3β,
p70S6K and 4E-BP1 was observed. Docetaxel treatment induced
p-GSK3β(S9) in a dose dependent manner in PTEN null (LNCaP)
and PTEN WT (DU145, 22RV1 and VCaP) cell lines and at 100 nM
docetaxel only in PC346Flu1 cells. Cell lines in which docetaxel
treatment did not result in a dose dependent induction
of pGSK3β(S9) (C4-2, PC3, LAPC4 and PC346Flu1) had higher
basal p-GSK3β(S9) levels. In all cell lines docetaxel treatment
induced p-p70S6K(T421/S424) levels and hyperphosphorylation of
p-4E-BP1(T37/46). The identity of these hyperphosphorylated
4E-BP1 species was not investigated in detail, however phosphor-
ylation of 4E-BP1 at additional sites is associated with mitosis,
altered protein translation and polyploidy [36–38]. Docetaxel
induction of p-p70S6K(T421/S424) and p-4E-BP1(T37/46) varied
between cell lines with 10 nM sufficient in LNCaP, C4-2, DU145,
LAPC4 and VCaP cells and 50 to 100 nM required in PC346-Flu, PC3
and 22RV1 cells. The induction of p-p70S6K(T421/S424) and
4E-BP1 hyperphosphorylation following a single dose of docetaxel
in vivo was also investigated (Fig. 2c). Docetaxel treatment
induced a significant increase in p-p70S6K(T421/S424) levels in
PTEN null (HID28) and PTEN WT (CTG-2428) tumours and a trend
to higher levels in PTEN null (PAC120) tumours. Similarly,
docetaxel treatment resulted in hyperphosphorylation of 4E-BP1
in PTEN null (HID28 and PAC120) tumours and PTEN WT
(CTG-2428) tumours. Changes in phosphorylation on p70S6K
and 4E-BP1 were not observed in VCaP tumours.

Capivasertib reverses PI3K/AKT pathway activation and alters
cell cycle progression in short-term-docetaxel-persister cells
Having established that 24 h docetaxel exposure can induce
phosphorylation of the AKT downstream pathway markers GSK3β,
p70S6K and 4E-BP1 in short-term-docetaxel-persister cells, the
effect of capivasertib was examined. LNCaP, PC3 and 22RV1 cells

Fig. 1 Combining capivasertib with docetaxel shows benefit in PTEN null and PTEN WT prostate cancer tumour and cell line models. Plots
showing change in tumour volume over 28 days in PTEN null (a, b, c) and PTEN WT (d, e, f) prostate cancer xenograft models. Docetaxel and
capivasertib dosing schedules for each model are indicated (docetaxel dose with upward arrow, capivasertib dose period with square
parentheses). Docetaxel cycles were adjusted guided by tolerance studies. PAC120 and HID28 studies were dosed weeks 1 to 4; VCaP and
22Rv1 were dosed weeks 1, 2, and 3; CTG-2428 and C4-2 studies were dosed week 1 and 3. g Heatmap depicts % tumour growth inhibition
(TGI) scored low (blue) to high (red), numbers show absolute %TGI, with P value versus vehicle control depicted below, *P > 0.05, **P > 0.01,
***P > 0.001. h Heatmap depicts % tumour regression scored no regression (white) to high regression (red), numbers show absolute %
regression, with P value versus vehicle control depicted below, *P > 0.05, **P > 0.01, ***P > 0.001. i Schematic of in vitro assay procedure.
j–m Plots showing proliferation of docetaxel or DMSO control pre-treated cells cultured for 13 days in the presence of DMSO control or
capivasertib 0.5 µM (LNCaP), 1 µM (C4-2, VCaP and 22RV1). Proliferation is shown as average % confluency from at least triplicate wells. Error
bars represent standard deviation. Data are representative of at least two independent experiments.
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were treated with increasing concentrations of docetaxel for 24 h.
Suspension cells were removed and remaining adhered docetaxel-
persister cells were washed with PBS prior to treatment with
capivasertib or DMSO control for a further 24 h (Fig. 3a, b). In DMSO

control cells the dose dependent induction of phosphorylation of
GSK3β and p70S6K by docetaxel was maintained in LNCaP, PC3 and
22RV1 cells 24 h after the removal of docetaxel suggesting
prolonged docetaxel effects (Figs. 2b and 3b). Addition
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of capivasertib (750 nM) to PTEN null (LNCaP and PC3) and PTEN
WT (22RV1) cells decreased levels of phosphorylated
p70S6K1, GSK3β, S6, NDRG-1 and PRAS40 confirming that
phosphorylation of these proteins in docetaxel-persister cells is
AKT dependent (Fig. 3b).
Next, the impact of the monotherapy and combination

treatments on cell cycle in the docetaxel-persister cells was
analysed by flow cytometry using the same treatment schedule
(Supplementary Fig. 3A, B). Capivasertib monotherapy treatment
increased the percent of cells in sub-G1/G1 in cells sensitive to
monotherapy treatment consistent with previous reports [19]. The
combination treatment reduced the total number of adherent
cells relative to docetaxel monotherapy treatment (Supplementary
Fig. 3A) however, the percentage of cells in each cell cycle phase
was similar (Supplementary Fig. 3B). Western blot analysis for
expression of proteins associated with cell cycle control showed
that in PTEN null (C4-2, LNCaP, and PC3) and PTEN WT (22RV1 and
VCaP) cells combination treatment reduced levels of cyclin B1
(indicative of mitotic exit) and reduced cyclin D1 and/or phospho-
Rb (S807/811) levels (indicative of G1 arrest) (Supplementary
Fig. 4A). Docetaxel induced total p21 levels in p53 functional,
(C4-2, LNCaP, PC345Flu1 and 22RV1) and p53 non-functional (PC3
and VCaP) cells whereas capivasertib treatment alone or in
combination, decreased p21 levels and induced p27 in C4-2,
LNCaP and PC346Flu1 cells, consistent with p27 being a direct
target of AKT [39, 40], (Supplementary Fig. 4A). Reduced p21 and
increased p27 expression has previously been associated with a
senescence-like phenotype following PI3K/AKT pathway inhibition
[41]. However, induction of the senescence marker beta-
galactosidase [42] was not observed in C4-2, LNCaP or PC346Flu1
docetaxel-persister cells treated with capivasertib or the combina-
tion (Supplementary Fig. 4B).
Taken together, the data indicate that capivasertib treatment of

prostate docetaxel-persister cells reduces G2 arrest and inhibits
further cycling.

Capivasertib enhances apoptosis in docetaxel-persister cells in
a GSK3β dependent manner
As the combination treatment consistently reduced the number of
docetaxel-persister cells relative to docetaxel pre-treatment alone
(Supplementary Fig. 3A) and did not induce senescence (Supple-
mentary Fig. 4B) induction of apoptosis was assessed as a
potential mode of action. The induction of apoptosis was assessed
by western analysis of full length and cleaved PARP. Across the
panel of PTEN null and PTEN WT prostate cell lines, treatment of
docetaxel-persister cells with 750 and 2000 nM capivasertib,
increased the ratio of cleaved to full length PARP compared to
docetaxel monotherapy in C4-2, LNCaP, PC346Flu1 and DU145
cells and with 2000 nM capivasertib in 22RV1 and VCaP cells
(Fig. 4b) consistent with an induction of apoptosis in the
docetaxel-persister cells.
Kinetics of apoptosis induction were further explored in vitro in

docetaxel-persister cells pre-treated for 24 h with 10 nM docetaxel
(Fig. 4c). In C4-2 cells the steady induction of cleaved PARP over
24 h was rapidly increased on the addition of capivasertib with
robust induction at 2 h post-dose and to higher levels than that
observed with capivasertib monotherapy. Similar trends were
seen in the 22RV1 docetaxel-persister cells, however higher levels
of cleaved PARP were observed in this model already with
docetaxel monotherapy (Fig. 4d). Consistent with the induction of
apoptosis, docetaxel mediated induction of p21, which has
previously been associated with resistance to apoptosis [43], was
reversed by capivasertib treatment in C4-2, LNCaP, PC346Flu1 and
VCaP cells (Supplementary Fig. 4A). In addition, the combination
inreased levels of p-histone H2A.X(S189), indicative of DNA
damage, in PTEN null (LNCaP, C4-2 and PC346Flu1) and PTEN
WT (LAPC4 and VCaP) cells above levels observed with either
monotherapy (Fig. 4e). Consistent with the in vitro observations a
significant increase in levels of cleaved PARP and p-histone
H2A.X(S189) were observed in vivo in PTEN null (HID28) tumours
treated with a single dose of docetaxel on day 1 and with

Fig. 2 Short term docetaxel treatment is associated with increased phosphorylation of PI3K/AKT pathway effectors in preclinical
prostate cancer models. a Schematic of the assay procedure. b Western blot profile of indicated PI3K/AKT pathway markers in lysates from
adherent docetaxel-persister PTEN null and PTEN WT prostate cancer cells treated for 24 h with 0.1, 1, 10, 50, and 100 nM docetaxel or DMSO
control. Loading control: Vinculin (LNCaP, C4-2); GAPDH (PC346 Flu1, PC3, DU145, LAPC4, 22RV1, VCaP). c Pharmacodynamic changes in
phosphorylation levels of p70S6K (T421/S424) and hyperphosphorylated levels of 4EBP1 in PTEN null (HID28 and PAC120) and PTEN WT (CTG-
2428 and VCaP) xenograft models. Tumours were collected from animals on day 4 after one dose of docetaxel on day 1. Data normalised to
the geomean of β-actin and shown as percentage change from control plotted as mean ± SEM (n= 5). Statistical analysis ANOVA test vs
vehicle treated, *p < 0.05; **p < 0.01; ***p < 0.005, ****p < 0.001.
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capivasertib on days 2–4 (Fig. 4f). Taken together these data
suggest that capivasertib treatment increases the level and rate of
apoptosis of docetaxel-persister prostate cancer cells.
The association of AKT pathway inhibition with increased

apoptosis was further investigated. Phosphorylation of GSK3β
(associated with inhibition of GSK3β activity) promotes cell survival
and evasion of apoptosis [44, 45]. Phospho-GSK3β(S9) was
increased by 24 h docetaxel treatment in a dose dependent

manner in LNCaP, C4-2, DU145, 22RV1 and VCaP cells (Fig. 2b).
Therefore, the possibility that reducing GSK3β activity following
docetaxel treatment may contribute to survival by mediating
resistance to docetaxel induced cell death was tested. Reduction
of pGSK3β(S9) in LNCaP and PC346Flu1 docetaxel-persister cells
treated with capivasertib associated with increased cleaved
PARP (Supplementary Fig. 5A, B). To prevent GSK3β mediated
survival a GSK3α/β inhibitor (AZD2858) was used. AZD2858
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treatment resulted in maximum inhibition of the GSK3β substrate
pTau(T205) at 1 µM in 22RV1 cells (Supplementary Fig. 6A, B). PTEN
null (C4-2 and PC346Flu1) and PTEN WT (22RV1) cells pre-treated
with docetaxel were subsequently treated with AZD2858 and
capivasertib as monotherapy or in combination (Fig. 5a, Supple-
mentary Fig. 6A). To varying degrees, capivasertib monotherapy
induced apoptosis in all three cell lines (Fig. 5a, Supplementary
Fig. 6C). As previously observed, addition of capivasertib enhanced
apoptosis in docetaxel-persister cells above that seen with
capivasertib or docetaxel treatment alone. Increased induction of
apoptosis by capivasertib was observed in C4-2 docetaxel-persister
cells pre-treated with <10 nM of docetaxel and in PC346Flu1 and
22RV1 docetaxel-persister cells pre-treated with higher docetaxel
concentrations (Fig. 5a, Supplementary Fig. 6C). AZD2858 mono-
therapy treatment had no effect on apoptosis in these cells.
However, when docetaxel-persister cells were treated with
capivasertib and AZD2585 in combination, the induction of
apoptosis observed with capivasertib was reduced (Fig. 5b,
Supplementary Fig. 6C). In addition, the induction of p-histone
H2A.X(S189) and the reduction in cyclin D1 and p21 levels
observed with capivasertib monotherapy in docetaxel-persister
cells were reversed with the combination of AZD2858 and
capivasertib suggesting that GSK3β activity may contribute to
the cell cycle inhibitory effects of capivasertib on docetaxel-
persister cells (Fig. 5b, Supplementary Fig. 6C). Taken together the
data suggests that capivasertib inhibits proliferation and survival of
persister cells remaining after docetaxel treatment via modulation
of AKT downstream substrates including GSK3β (Fig. 5c).

DISCUSSION
Here, we show that combining the AKT inhibitor capivasertib with
docetaxel increases anti-tumour effects in PTEN null and PTEN WT
prostate tumour models and cell lines. In vivo the combination
increased tumour growth inhibition in all models assessed, with
significant tumour regressions in 3/6 models. In vitro sequential
addition of capivasertib following short-term (24 h) docetaxel
incubation reduced cell growth in PTEN null and WT cells. In vitro,
acute docetaxel treatment killed a substantial number of cells and
induced G2/M arrest. However, in a residual docetaxel-persister
cell fraction that remained adherent to the plastic, a dose-
dependent increase in phosphorylation of p70S6K, 4E-BP1 and in
some cell lines, GSK3β occurred, which was reversed by
capivasertib. These cells had progressed through G2/M arrest
and remained in cycle without cell division. Generally, capivasertib
monotherapy induces a G1/S arrest, and in combination
capivasertib reduced cell cycle in docetaxel-persister cells. More-
over in 5/7 cell lines combination treatment increased apoptosis
and induction of DNA damage. The fact that the increased
apoptosis induced by capivasertib was reversed or reduced by
inhibiting GSK3β suggests a direct role for AKT signalling.
Although the PI3K/AKT inhibitor taxane combination is effective
in preclinical models [1, 46, 47], PI3K-AKT pathway inhibition prior

to taxane reduces efficacy as the PI3K-AKT mediated G1/S arrest
blocks progression through S phase and G2 where taxanes induce
cell death [26]. Inhibiting AKT post-taxane treatment increased
tumour growth inhibition in breast, gastric and prostate cancer
models [1, 25, 27, 29].
It has been suggested that long term resistance to docetaxel is

associated with an increase in AKT phosphorylation [25, 30, 35].
Here in PTEN WT and PTEN null prostate cancer cells, following
acute treatment with docetaxel the increased AKT phosphoryla-
tion in the docetaxel-persister cells was less apparent in the cell
lines tested. Commonly phosphorylation of p70S6K(T421/S424)
and 4E-BP1(T37/46), downstream of AKT, was observed. Induction
of phospho-GSK3β (S9) was also observed with docetaxel
treatment in some cell lines, while in cell lines where increased
phosphorylation of GSK3β was less apparent baseline phospho-
GSK3β levels were high prior to treatment. Interestingly increased
phosphorylation of S6 was not seen in all cell lines, which may
indicate that increased PI3K-AKT pathway activation in docetaxel-
persister cells influences cell cycle or survival rather than general
PI3K-mTOR activation including effects on protein synthesis
[36, 48]. Modulation of 4E-BP1 also suggests a cell cycle or cell
stress response following docetaxel treatment [37, 38]. One other
study has examined the acute response to docetaxel in ER+ breast
cancer MCF7 cells where a transient increase in pAKT was
observed [49]. However, the induction of signalling downstream
of AKT in the absence of increased pAKT signalling has been
observed in other settings. In ER+ breast cancer cell lines that
have become oestrogen independent following long term
oestrogen deprivation, or resistant to the CDK4/6 inhibitor
palbociclib increases in pS6 and other markers downstream of
AKT are observed but little pAKT is detected or minimal to no
change in pAKT [50, 51]. The significance of this warrants further
investigation. While the data show persister cells are impacted by
capivasertib treatment, we have not performed unbiased
phospho-site profiling or reverse phase protein array phospho
analysis to look at all changes following docetaxel and combina-
tion treatment, therefore changes in other proteins or pathways
may be associated with survival of the docetaxel persister cells.
It was clear that across a panel of tumour cells the response to

docetaxel and hence the combination was heterogeneous. In vitro
combination activity was enhanced in cells with monotherapy
sensitivity to capivasertib. However, in vivo additive anti-tumour
combination effects were seen in 5 out of 6 models and appeared
related to the intrinsic response of tumour models to docetaxel. In
models that were more sensitive to docetaxel, capivasertib
addition drove regressions, whereas in less sensitive models the
combination resulted in cytostatic effects.
Inhibition of AKT signalling can contribute to combination

benefit through different mechanisms, and it is possible that
more than one mechanism is important in a specific cell line or
tumour model. AKT-mediated phosphorylation of GSK3β, p70S6K
and 4E-BP1, can enable evasion of apoptosis, cell cycle
progression in the face of a G2/M blocker and absence of cell

Fig. 4 Capivasertib enhances apoptosis in docetaxel-persister cells. a Schematic of the assay procedure. b Western blot analysis of full
length and cleaved PARP in lysates from adherent PTEN null and PTEN WT cells pre-treated with 10 nM docetaxel or DMSO control for 24 h
followed by wash off and subsequent treatment with 750 and 2000 nM capivasertib or DMSO control for 24 h. Cleaved and full-length bands
were quantified using GeneTools (Syngene) and are shown for each sample as fold change relative to DMSO control. Data are representative
of two similar experiments. c Schematic of the assay procedure for apoptosis induction over time. d Western blot analysis of full length and
cleaved PARP in lysates from adherent PTEN null and PTEN WT cells pre-treated with 10 nM docetaxel or DMSO control were washed and
treated with 750 nM (C4-2) or 2000 nM (22RV1) capivasertib for indicated time intervals over 24 h. Data are representative of two identical
experiments. e Western blot analysis of markers of apoptosis and DNA damage in lysates from adherent PTEN null and PTEN WT cells pre-
treated with 10 nM docetaxel or DMSO control for 24 h followed by wash off and subsequent treatment with 750 and 2000 nM capivasertib or
DMSO control for 24 h. f Pharmacodynamic changes in levels of cleaved:full length PARP and p-histone H2A.X in the PTEN null (HID28)
xenograft model. Tumours were collected from animals on day 4 after one dose of docetaxel or vehicle control on day 1 followed by
capivasertib or vehicle control dosed BID on days 2–4. Data are normalised to the geomean of β-actin and shown as percentage change from
control plotted as mean ± SEM (n= 5). Statistical analysis ANOVA test vs vehicle treated, *p < 0.05; **p < 0.01; ***p < 0.005, ****p < 0.001.
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division. These mechanisms may not always be induced by
docetaxel, cells may have higher baseline signalling, contributing
to both intrinsic and induced resistance that is reduced by
capivasertib treatment. For example, high intrinsic GSK3β activity
could render docetaxel less effective independent of other PI3K
pathway functions. While GSK3β may be an important mediator
of persistence following docetaxel treatment, other mechanisms
may also contribute, e.g. changes in translation downstream of
mTORC1, coupling through 4E-BP1 or alternate non-canonical
p70S6K signalling. For example, it is possible that intrinsic activity
of AKT in the context of the cell cycle status of the persister cell
fraction drives the survival effect. Alternatively pAKT increases
may be more transient than the increase seen in GSK3β and
p70S6K, but phosphorylation is still regulated by AKT or finally
that docetaxel induced cell stress dysregulates phosphatases
such as PTEN and PHLPP that control AKT [52, 53]. In addition
TSC1, TSC2 [54], and PP2A [55] that regulate P70S6K could also
be disrupted which may reduce the activation threshold for
signalling molecules down stream of AKT. Indeed, in breast
cancer cells reduction of mTORC1-4EBP1 signalling results in a
reduction in PTEN protein [56]. It will be important to further
evaluate whether other mechanisms that are regulated directly
or indirectly by AKT modulation by capivasertib also make a
contribution to the combination benefit. Variable sensitivity of
prostate cancer cells to taxanes can also be influenced by
differences in drug uptake and consequent intracellular levels of

drug [57]. Therefore, different features may be important in
different cells, and it is likely there is not one single unifying
mechanism driving combination benefit. For example, it is
possible that on long term treatment there may be engagement
of the immune system, changes in the tumour microenviron-
ment (TME) or adaptive responses in the TME, or the
tumour cells.
Here, we have examined the acute interaction between

docetaxel and capivasertib and sought to mimic the Phase II
ProCAID study schedule [23, 24] in vivo and in vitro, but have not
assessed prevention of longer-term resistance. The data presented
here support the ProCAID study observation that the combination
could be broadly effective in prostate cancer. How the pathway is
activated remains an interesting question. It may be as a result of
cells being in a specific phase of the cell cycle when treated with
docetaxel, through inactivation of phosphatase regulation follow-
ing redox stress, or signalling through other pathways such as
activation of DNA damage repair proteins in response to aberrant
mitosis [58].
In summary, combining the AKT inhibitor capivasertib with

docetaxel in prostate cancer improves anti-tumour effects by
targeting the residual surviving cells following docetaxel treat-
ment. The benefit can be driven through different mechanisms
downstream of AKT, by reducing AKT mediated cell cycle
progression and enhancing induction of apoptosis or DNA
damage in cells that persist after docetaxel treatment.
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METHODS AND MATERIALS
Cell lines, cell culture and compound reagents
All AstraZeneca cell lines were authenticated by short-tandem repeat
analysis (STR). VCaP (CRL-2876), 22RV1 (CRL-2505), LNCaP (CRL-1740) and
PC3 (CRL-1435) cells were obtained from ATCC. DU145 (ACC-298) cells
were obtained from DSMZ. C4-2 cells were from Professor George N.
Thalmann, University of Bern; LAPC4 cells were from Dr. Beth, Indiana
University and PC346 Flu1 cells were from Dr. van Weerden, Erasmus
University Medical Center, Netherlands. C4-2, LAPC4, LNCaP, PC3, VCaP and
22RV1 cells were cultured in RPMI (phenol red free) (ThermoFisher
Scientific) containing 10% FBS (ThermoFisher Scientific) with 2mmol/L
GlutaMAX Supplement (ThermoFisher Scientific). PC346Flu1 cells were
cultured in DMEM/F12 media (ThermoFisher Scientific), 2% Hyclone FBS
charcoal stripped (Sigma) plus supplements as previously described [59].
All assays were carried out on cell cultures with 70–80% confluency.
Capivasertib, docetaxel, hydroxyflutamide and AZD2858 were synthesised
according to published methods.

In vivo studies
Full methods are detailed in Supplementary information. All animal work
was conducted according to AstraZeneca’s Global Bioethics Policy (https://
www.astrazeneca.com/content/dam/az/Sustainability/Bioethics_Policy.pdf),
in accordance with the PREPARE and ARRIVE guidelines. For efficacy studies
(n= 10 animals per arm, dosing for up to 4 weeks) animals were dosed
with; 100mg/kg (PAC120, HID28, VCaP, CTG2428 and C4-2) or 130mg/kg
(22RV1) BID capivasertib (4 days on 3 days off, starting the day after
docetaxel dosing, in 10% DMSO/25% Kleptose, pH5, 10ml/kg); 5 mg/kg
Docetaxel (up to once weekly, starting the day before capivasertib (PAC120
and HID28 dosed weeks 1-4; 22RV1 and VCaP dosed weeks 1-3; CTG-2428
and C4-2 dosed weeks 1 and week 3), in Physiological Saline, 10ml/kg); a
combination of capivasertib and Docetaxel (as above); or treated with
equivalent vehicle controls. Dosing schedules for each model are
highlighted in Fig. 1. For docetaxel monotherapy pharmacodynamic
studies (n= 5 animals per arm) animals received (PAC120, HID28, VCaP
andCTG2428) 5 mg/kg IV Docetaxel once, starting on day 1. On Day 4, mice
were humanely euthanised and tumour tissue collected and immediately
snap frozen in liquid nitrogen before storage at −80 °C. For HID28
combination pharmacodynamic studies (n= 5 animals per arm) animals
were dosed over a 4 day period, with sampling+ 4 h relative to the
morning dose on day 4. Animals received 100mg/kg PO capivasertib
(2 days BID with an additional AM dose on the 3rd day, starting the day
after docetaxel dosing, in 10% DMSO/25% Kleptose, pH5, 10ml/kg);
5 mg/kg IV Docetaxel (once, starting on day 1, the day before capivasertib.
Docetaxel dosed in Physiological Saline, 10ml/kg); a combination of
capivasertib and Docetaxel (as above); or treated with equivalent vehicle
controls. On Day 4 mice were humanely euthanised and tumour tissue
collected and immediately snap frozen in liquid nitrogen before storage at
−80 °C. For all samples snap frozen tumour fragments underwent protein
extraction by adding 900 μL of Extraction buffer (20mM Tris (pH 7.5)
#Sigma T2319, 137mM NaCl #Sigma S5150, 10% Glycerol #Sigma G5516,
50mM NaF #Sigma S6776, 1mM Na3VO4 #Sigma S6508, 1% SDS, 1%
NP40 substitute Roche #11754599001) with complete protease inhibitor
cocktail (Roche #11836145001; 1 tablet per 50mL) and phosphatase
inhibitor cocktail #3 (Sigma #P0044) with benzonase nuclease (Sigma
E1014). Samples were homogenised for 30 s three times at 6.5m/s in fast-
prep machine with an incubation at 4 °C for 5 min between runs. Lysates
were then sonicated in chilled diagenode bioruptor in chilled water bath for
five cycles of 30 s on high/30 s off. Lysates were then centrifuged for 10min
at 13,000 rpm at 4 °C for two times, with a change of tube between runs to
discard debris. Lysates were transferred into a new tube, and protein in the
supernatant measured (Thermofisher #23227). Lysates were analysed by
western blot as outlined in the immunoblotting methods.

In vitro 13-day proliferation assay using short-term-docetaxel-
persister cells
LNCaP, C4-2, 22RV1 and VCaP prostate cells were treated with 10 nM
docetaxel for 24 h. Suspension cells were removed and remaining
docetaxel-persister cells washed twice with PBS, trypsinised and harvested
and the number of viable cells determined using Trypan Blue reagent. The
docetaxel-persister cells were replated in a 384 well plate at 2000 live cells
per well for LNCaP, C4-2 and 22RV1 and 5000 live cells per well for VCaP
cells across at least eight replicate wells. The plate was placed in an
Incucyte S3 Live-Cell Analysis Instrument (Sartorius) and imaged every 4 h.

The following day the cells were dosed with DMSO control or capivasertib
across four replicate wells per treatment. Imaging was monitored for
13 days. Every 3–4 days half of the media from each well was removed and
fresh treatment added. Data was measured as confluency and plotted
using the Incucyte software.

Immunoblotting
Treated cells were washed with PBS and protein extracted at room
temperature with RIPA lysis buffer supplemented with HALT protease and
phosphatase inhibitors and EDTA (ThermoFisher Scientific). Total cellular
protein was separated on precast 4–12% Bis-Tris polyacrylamide gels
(Invitrogen) and transferred to membranes. Membranes were blocked in
5% (w/v) non-fat milk in Tris-buffered saline containing 0.05% Tween-20,
and then probed with primary antibodies diluted in the same buffer
overnight at 4 °C. After washing and incubation with secondary antibodies,
blots were incubated with horseradish peroxidase Western Lightning
substrate (Perkin Elmer) or SuperSignal West Femto Maximum Sensitivity
Substrate (Thermofisher Scientific) according to the manufacturer’s
instructions, followed by visualisation of immunoreactivity. Antibody and
dilution details are shown in Supplementary Table 2.

REFERENCES
1. Davies BR, Greenwood H, Dudley P, Crafter C, Yu DH, Zhang J, et al. Preclinical

pharmacology of AZD5363, an inhibitor of AKT: pharmacodynamics, antitumor
activity, and correlation of monotherapy activity with genetic background. Mol
Cancer Ther. 2012;11:873–87.

2. Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell. 2017;169:
381–405.

3. Thorpe LM, Yuzugullu H, Zhao JJ. PI3K in cancer: divergent roles of isoforms,
modes of activation and therapeutic targeting. Nat Rev Cancer. 2015;15:7–24.

4. Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S, et al. High frequency of
mutations of the PIK3CA gene in human cancers. Science. 2004;304:554.

5. Kang S, Bader AG, Vogt PK. Phosphatidylinositol 3-kinase mutations identified in
human cancer are oncogenic. Proc Natl Acad Sci USA. 2005;102:802–7.

6. Hyman DM, Smyth LM, Donoghue MTA, Westin SN, Bedard PL, Dean EJ, et al.
AKT inhibition in solid tumors with AKT1 mutations. J Clin Oncol. 2017;35:
2251–9.

7. Lin J, Sampath D, Nannini MA, Lee BB, Degtyarev M, Oeh J, et al. Targeting
activated Akt with GDC-0068, a novel selective Akt inhibitor that is efficacious in
multiple tumor models. Clin Cancer Res. 2013;19:1760–72.

8. Fritsch C, Huang A, Chatenay-Rivauday C, Schnell C, Reddy A, Liu M, et al.
Characterization of the novel and specific PI3Kalpha inhibitor NVP-BYL719 and
development of the patient stratification strategy for clinical trials. Mol Cancer
Ther. 2014;13:1117–29.

9. Davies BR, Guan N, Logie A, Crafter C, Hanson L, Jacobs V, et al. Tumors with
AKT1E17K mutations are rational targets for single agent or combination therapy
with AKT inhibitors. Mol Cancer Ther. 2015;14:2441–51.

10. Vasan N, Razavi P, Johnson JL, Shao H, Shah H, Antoine A, et al. Double PIK3CA
mutations in cis increase oncogenicity and sensitivity to PI3Kalpha inhibitors.
Science. 2019;366:714–23.

11. Ni J, Liu Q, Xie S, Carlson C, Von T, Vogel K, et al. Functional characterization of an
isoform-selective inhibitor of PI3K-p110beta as a potential anticancer agent.
Cancer Discov. 2012;2:425–33.

12. Jia S, Gao X, Lee SH, Maira SM, Wu X, Stack EC, et al. Opposing effects of
androgen deprivation and targeted therapy on prostate cancer prevention.
Cancer Discov. 2013;3:44–51.

13. Hancox U, Cosulich S, Hanson L, Trigwell C, Lenaghan C, Ellston R, et al. Inhibition
of PI3Kbeta signaling with AZD8186 inhibits growth of PTEN-deficient breast and
prostate tumors alone and in combination with docetaxel. Mol Cancer Ther.
2015;14:48–58.

14. Schwartz S, Wongvipat J, Trigwell CB, Hancox U, Carver BS, Rodrik-Outmezguine
V, et al. Feedback suppression of PI3Kalpha signaling in PTEN-mutated tumors is
relieved by selective inhibition of PI3Kbeta. Cancer Cell. 2015;27:109–22.

15. Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, et al. Integrative
genomic profiling of human prostate cancer. Cancer Cell. 2010;18:11–22.

16. Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro RJ, Mosquera JM, et al.
Integrative clinical genomics of advanced prostate cancer. Cell. 2015;161:1215–28.

17. Reid AH, Attard G, Ambroisine L, Fisher G, Kovacs G, Brewer D, et al. Molecular
characterisation of ERG, ETV1 and PTEN gene loci identifies patients at low and
high risk of death from prostate cancer. Br J Cancer. 2010;102:678–84.

18. Lotan TL, Gurel B, Sutcliffe S, Esopi D, Liu W, Xu J, et al. PTEN protein loss by
immunostaining: analytic validation and prognostic indicator for a high risk
surgical cohort of prostate cancer patients. Clin Cancer Res. 2011;17:6563–73.

C. Eberlein et al.

9

British Journal of Cancer

https://www.astrazeneca.com/content/dam/az/Sustainability/Bioethics_Policy.pdf
https://www.astrazeneca.com/content/dam/az/Sustainability/Bioethics_Policy.pdf


19. Thomas C, Lamoureux F, Crafter C, Davies BR, Beraldi E, Fazli L, et al. Synergistic
targeting of PI3K/AKT pathway and androgen receptor axis significantly delays
castration-resistant prostate cancer progression in vivo. Mol Cancer Ther.
2013;12:2342–55.

20. Marques RB, Aghai A, de Ridder CMA, Stuurman D, Hoeben S, Boer A, et al. High
efficacy of combination therapy using PI3K/AKT inhibitors with androgen
deprivation in prostate cancer preclinical models. Eur Urol. 2015;67:1177–85.

21. Sweeney C, Bracarda S, Sternberg CN, Chi KN, Olmos D, Sandhu S, et al. Ipata-
sertib plus abiraterone and prednisolone in metastatic castration-resistant pros-
tate cancer (IPATential150): a multicentre, randomised, double-blind, phase 3
trial. Lancet. 2021;398:131–42.

22. Crabb SJ, Birtle AJ, Martin K, Downs N, Ratcliffe I, Maishman T, et al. ProCAID: a
phase I clinical trial to combine the AKT inhibitor AZD5363 with docetaxel and
prednisolone chemotherapy for metastatic castration-resistant prostate cancer.
Invest N. Drugs. 2017;35:599–607.

23. Crabb SJ, Griffiths G, Marwood E, Dunkley D, Downs N, Martin K, et al. Pan-AKT
inhibitor capivasertib with docetaxel and prednisolone in metastatic castration-
resistant prostate cancer: a randomized, placebo-controlled phase II trial (Pro-
CAID). J Clin Oncol. 2021;39:190–201.

24. Crabb SJ, Griffiths G, Dunkley D, Downs N, Ellis M, Radford M, et al. Overall
survival update for patients with metastatic castration-resistant prostate cancer
treated with capivasertib and docetaxel in the phase 2 ProCAID clinical trial. Eur
Urol. 2022;82:512–5.

25. Li J, Davies BR, Han S, Zhou M, Bai Y, Zhang J, et al. The AKT inhibitor AZD5363 is
selectively active in PI3KCA mutant gastric cancer, and sensitizes a patient-
derived gastric cancer xenograft model with PTEN loss to Taxotere. J Transl Med.
2013;11:241.

26. Yates JW, Dudley P, Cheng J, D’Cruz C, Davies BR. Validation of a predictive
modeling approach to demonstrate the relative efficacy of three different sche-
dules of the AKT inhibitor AZD5363. Cancer Chemother Pharm. 2015;76:343–56.

27. Gris-Oliver A, Palafox M, Monserrat L, Braso-Maristany F, Odena A, Sanchez-Guixe
M, et al. Genetic alterations in the PI3K/AKT pathway and baseline AKT activity
define AKT inhibitor sensitivity in breast cancer patient-derived xenografts. Clin
Cancer Res. 2020;26:3720–31.

28. Schmid P, Abraham J, Chan S, Wheatley D, Brunt AM, Nemsadze G, et al. Capi-
vasertib plus paclitaxel versus placebo plus paclitaxel as first-line therapy for
metastatic triple-negative breast cancer: the PAKT trial. J Clin Oncol.
2020;38:423–33.

29. Hirai H, Sootome H, Nakatsuru Y, Miyama K, Taguchi S, Tsujioka K, et al. MK-2206,
an allosteric Akt inhibitor, enhances antitumor efficacy by standard chemother-
apeutic agents or molecular-targeted drugs in vitro and in vivo. Mol Cancer Ther.
2010;9:1956–67.

30. Liu Z, Zhu G, Getzenberg RH, Veltri RW. The upregulation of PI3K/Akt and MAP
kinase pathways is associated with resistance of microtubule-targeting drugs in
prostate cancer. J Cell Biochem. 2015;116:1341–9.

31. Yang J, Yu Y, Liu W, Li Z, Wei Z, Jiang R. Microtubule-associated protein tau is
associated with the resistance to docetaxel in prostate cancer cell lines. Res Rep
Urol. 2017;9:71–77.

32. Kenmotsu H, Tanigawara Y. Pharmacokinetics, dynamics and toxicity of docetaxel:
why the Japanese dose differs from the Western dose. Cancer Sci. 2015;106:497–504.

33. Liston DR, Davis M. Clinically relevant concentrations of anticancer drugs: a guide
for nonclinical studies. Clin Cancer Res. 2017;23:3489–98.

34. Fabbri F, Amadori D, Carloni S, Brigliadori G, Tesei A, Ulivi P, et al. Mitotic cata-
strophe and apoptosis induced by docetaxel in hormone-refractory prostate
cancer cells. J Cell Physiol. 2008;217:494–501.

35. Kosaka T, Miyajima A, Shirotake S, Suzuki E, Kikuchi E, Oya M. Long-term
androgen ablation and docetaxel up-regulate phosphorylated Akt in castration-
resistant prostate cancer. J Urol. 2011;185:2376–81.

36. Ma D, Yu H, Lin D, Sun Y, Liu L, Liu Y, et al. S6K1 is involved in polyploidization
through its phosphorylation at Thr421/Ser424. J Cell Physiol. 2009;219:31–44.

37. Velasquez C, Cheng E, Shuda M, Lee-Oesterreich PJ, Pogge von Strandmann L,
Gritsenko MA, et al. Mitotic protein kinase CDK1 phosphorylation of mRNA
translation regulator 4E-BP1 Ser83 may contribute to cell transformation. Proc
Natl Acad Sci USA. 2016;113:8466–71.

38. Sun R, Cheng E, Velasquez C, Chang Y, Moore PS. Mitosis-related phosphorylation
of the eukaryotic translation suppressor 4E-BP1 and its interaction with eukar-
yotic translation initiation factor 4E (eIF4E). J Biol Chem. 2019;294:11840–52.

39. Rassidakis GZ, Feretzaki M, Atwell C, Grammatikakis I, Lin Q, Lai R, et al. Inhibition
of Akt increases p27Kip1 levels and induces cell cycle arrest in anaplastic large
cell lymphoma. Blood. 2005;105:827–9.

40. Chen R, He F, He H, York JP, Liu W, Xia X. Phosphorylation of P27 by AKT is
required for inhibition of cell cycle progression in cholangiocarcinoma. Dig Liver
Dis. 2018;50:501–6.

41. Collado M, Medema RH, Garcia-Cao I, Dubuisson ML, Barradas M, Glassford J, et al.
Inhibition of the phosphoinositide 3-kinase pathway induces a senescence-like
arrest mediated by p27Kip1. J Biol Chem. 2000;275:21960–8.

42. Gonzalez-Gualda E, Baker AG, Fruk L, Munoz-Espin D. A guide to assessing cellular
senescence in vitro and in vivo. FEBS J. 2021;288:56–80.

43. Gan L, Wang J, Xu H, Yang X. Resistance to docetaxel-induced apoptosis in
prostate cancer cells by p38/p53/p21 signaling. Prostate. 2011;71:1158–66.

44. Domoto T, Uehara M, Bolidong D, Minamoto T. Glycogen synthase kinase 3beta
in cancer biology and treatment. Cells. 2020;9:1388.

45. He R, Du S, Lei T, Xie X, Wang Y. Glycogen synthase kinase 3beta in tumorigenesis
and oncotherapy (Review). Oncol Rep. 2020;44:2373–85.

46. Wallin JJ, Guan J, Prior WW, Lee LB, Berry L, Belmont LD, et al. GDC-0941, a novel
class I selective PI3K inhibitor, enhances the efficacy of docetaxel in human
breast cancer models by increasing cell death in vitro and in vivo. Clin Cancer
Res. 2012;18:3901–11.

47. Morgillo F, Della Corte CM, Diana A, Mauro CD, Ciaramella V, Barra G, et al.
Phosphatidylinositol 3-kinase (PI3Kalpha)/AKT axis blockade with taselisib or
ipatasertib enhances the efficacy of anti-microtubule drugs in human breast
cancer cells. Oncotarget. 2017;8:76479–91.

48. Le XF, Hittelman WN, Liu J, McWatters A, Li C, Mills GB, et al. Paclitaxel induces
inactivation of p70 S6 kinase and phosphorylation of Thr421 and Ser424 via
multiple signaling pathways in mitosis. Oncogene. 2003;22:484–97.

49. Maddika S, Ande SR, Wiechec E, Hansen LL, Wesselborg S, Los M. Akt-mediated
phosphorylation of CDK2 regulates its dual role in cell cycle progression and
apoptosis. J Cell Sci. 2008;121:979–88.

50. Hopcroft L, Wigmore EM, Williamson SC, Ros S, Eberlein C, Moss JI, et al. Com-
bining the AKT inhibitor capivasertib and SERD fulvestrant is effective in
palbociclib-resistant ER+ breast cancer preclinical models. NPJ Breast Cancer.
2023;9:64.

51. Ribas R, Pancholi S, Guest SK, Marangoni E, Gao Q, Thuleau A, et al. AKT
antagonist AZD5363 influences estrogen receptor function in endocrine-resistant
breast cancer and synergizes with fulvestrant (ICI182780) in vivo. Mol Cancer
Ther. 2015;14:2035–48.

52. Gao T, Furnari F, Newton AC. PHLPP: a phosphatase that directly depho-
sphorylates Akt, promotes apoptosis, and suppresses tumor growth. Mol Cell.
2005;18:13–24.

53. Stambolic V, Suzuki A, de la Pompa JL, Brothers GM, Mirtsos C, Sasaki T, et al.
Negative regulation of PKB/Akt-dependent cell survival by the tumor suppressor
PTEN. Cell. 1998;95:29–39.

54. Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S, Rebholz H, et al. The
TSC1-2 tumor suppressor controls insulin-PI3K signaling via regulation of IRS
proteins. J Cell Biol. 2004;166:213–23.

55. Matsumoto N, Miyamoto Y, Hattori K, Ito A, Harada H, Oizumi H, et al. PP1C and
PP2A are p70S6K phosphatases whose inhibition ameliorates HLD12-associated
inhibition of oligodendroglial cell morphological differentiation. Biomedicines.
2020;8:89.

56. Mukherjee R, Vanaja KG, Boyer JA, Gadal S, Solomon H, Chandarlapaty S, et al.
Regulation of PTEN translation by PI3K signaling maintains pathway homeostasis.
Mol Cell. 2021;81:708–723 e5.

57. de Morree ES, Bottcher R, van Soest RJ, Aghai A, de Ridder CM, Gibson AA, et al.
Loss of SLCO1B3 drives taxane resistance in prostate cancer. Br J Cancer.
2016;115:674–81.

58. Singh SK, Apata T, Gordetsky JB, Singh R. Docetaxel combined with thymoqui-
none induces apoptosis in prostate cancer cells via inhibition of the PI3K/AKT
signaling pathway. Cancers. 2019;11:1390.

59. Marques RB, van Weerden WM, Erkens-Schulze S, de Ridder CM, Bangma CH,
Trapman J, et al. The human PC346 xenograft and cell line panel: a model system
for prostate cancer progression. Eur Urol. 2006;49:245–57.

ACKNOWLEDGEMENTS
Capivasertib was discovered by AstraZeneca subsequent to a collaboration with
Astex Therapeutics (and its collaboration with the Institute of Cancer Research and
Cancer Research Technology Limited).

AUTHOR CONTRIBUTIONS
Study design and writing manuscript: SB, CE. Data generation or interpretation: SB,
CE, SW, LH, SR, JM, JK, EdB, SD, BW, SR, CR, WvW. Reagent provision: WvW. All authors
revised and reviewed the manuscript.

C. Eberlein et al.

10

British Journal of Cancer



COMPETING INTERESTS
CE, SW, LH, SR, JM, EdB, SD, BW, SR, JK, CR, and SB are current AstraZeneca employees
and shareholders.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-024-02614-w.

Correspondence and requests for materials should be addressed to Simon T. Barry.

Reprints and permission information is available at http://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 anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted 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 licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

C. Eberlein et al.

11

British Journal of Cancer

https://doi.org/10.1038/s41416-024-02614-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Capivasertib combines with docetaxel to enhance anti-tumour activity through inhibition of AKT-mediated survival mechanisms in prostate�cancer
	Introduction
	Results
	Capivasertib combines with docetaxel to enhance anti-tumour activity of preclinical prostate cancer models independent of PTEN�status
	Short term docetaxel treatment is associated with increased phosphorylation of PI3K/AKT pathway effectors in preclinical prostate cancer�models
	Capivasertib reverses PI3K/AKT pathway activation and alters cell cycle progression in short-term-docetaxel-persister�cells
	Capivasertib enhances apoptosis in docetaxel-persister cells in a GSK3β dependent�manner

	Discussion
	Methods and materials
	Cell lines, cell culture and compound reagents
	In vivo studies
	In vitro 13-day proliferation assay using short-term-docetaxel-persister�cells
	Immunoblotting

	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




