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Abstract: This open-label, phase I first-in-human study (NCT01915576) of BAY 1125976, a highly
specific and potent allosteric inhibitor of AKT1/2, aimed to evaluate the safety, pharmacokinetics,
and maximum tolerated dose of BAY 1125976 in patients with advanced solid tumors. Oral dose
escalation was investigated with a continuous once daily (QD) treatment (21 days/cycle) and a twice
daily (BID) schedule. A dose expansion in 28 patients with hormone receptor-positive metastatic
breast cancer, including nine patients harboring the AKT1E17K mutation, was performed at the
recommended phase 2 dose (R2D) of 60 mg BID. Dose-limiting toxicities (Grades 3–4) were increased
in transaminases, γ-glutamyltransferase (γ-GT), and alkaline phosphatase in four patients in both
schedules and stomach pain in one patient. Of the 78 patients enrolled, one patient had a partial
response, 30 had stable disease, and 38 had progressive disease. The clinical benefit rate was 27.9%
among 43 patients treated at the R2D. AKT1E17K mutation status was not associated with tumor
response. Genetic analyses revealed additional mutations that could promote tumor cell growth
despite the inhibition of AKT1/2. BAY 1125976 was well tolerated and inhibited AKT1/2 signaling
but did not lead to radiologic or clinical tumor responses. Thus, the refinement of a selection of
biomarkers for AKT inhibitors is needed to improve their monotherapy activity.
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1. Introduction

Precision medicine aims to identify patients based on distinct molecular profiles to provide optimal
and more effective treatments with reduced side effects. Breast cancer remains the most common
malignant disease in women worldwide [1], and despite improvements in outcome for early stages of
hormone receptor-positive (HR+) and HER2 negative breast cancer, advanced stages of the disease still
represent a high medical burden [2].

Alterations in the signaling pathways that regulate cellular survival and growth are a hallmark
of cancer [3]. Among these pathways, the PI3K/AKT/mTOR signaling cascade has been described as
frequently activated in different solid tumors, including up to 60% in breast cancers according to a
recent The Cancer Genome Atlas (TCGA) analysis [4]. The substitution of glutamic acid to lysine by a
somatic point mutation (E17K) renders the serine/threonine kinase AKT1 independent of upstream
PI3K signaling and leads to constitutive activation [5,6]. Within comprehensive molecular profiling
studies of breast cancer tissue, the AKT1E17K mutation was identified as a probable oncogenic driver
in patients, indicating that the inhibition of AKT1 presents a novel and specific drug target in this
disease [5,6]. However, as the prevalence of the AKT1E17K mutation was considered low (6.3%), a
patient selection strategy was necessary.

Several (pan-)AKT inhibitors have been developed recently [7]. These compounds are either
ATP-competitive (e.g., AZD5363 [8]) or allosteric (e.g., MK-2206 [9]) inhibitors and were investigated
in various indications. BAY 1125976 is an oral, small-molecule allosteric inhibitor of AKT1/2 with
high selectivity. It inhibits the proliferation of cells with PI3K/AKT/mTOR pathway alterations at
submicromolar IC50 values and showed its highest activity in luminal breast cancer cell lines. BAY
1125976 exhibited in vivo antitumor activity in preclinical breast cancer models after oral application [10].
Furthermore, a potent inhibition of the downstream signaling cascade was demonstrated by reduced
levels of p-AKT, p-PRAS40, p-S6RP, or p-70S6K, leading to antitumor efficacy in AKT1E17K-mutated
prostate and anal cancer models [10].

Here, we report the first-in-human phase I study that evaluated the safety, tolerability,
pharmacokinetics, and maximum tolerated dose (MTD) of BAY 1125976 in patients with advanced
solid tumors (NCT01915576). In an expansion phase, an enrichment strategy to identify patients with
AKT1E17K-mutated tumors was implemented. In addition, we will discuss options for further precision
medicine approaches in similar patient populations.

2. Results

2.1. Baseline Patient Demographics

A total of 79 patients were enrolled in this study (Table 1, Table S1). Twenty-nine patients received
the continuous once daily (QD) dose escalation schedule, while 22 patients were part of the twice daily
(BID) dose escalation. The breast cancer expansion cohort using 60 mg BID consisted of 28 patients and
was discontinued after the enrollment of eight patients with AKT1E17K mutation (Figure 1). Overall,
61 patients (77.2%) were female. The mean age of all the patients was 56.7 years (range 31–82 years).
Except for one patient in the 80 mg QD dose escalation and one patient in the 80 mg BID dose escalation,
all patients had a baseline Eastern Cooperative Oncology Group (ECOG) performance status of 0
(59.5%) or 1 (38.0%). Only one patient (40 mg BID cohort) did not receive any prior systemic anticancer
therapy. Sixty patients (75.9%) had prior radiotherapy. The baseline characteristics for patients with
AKT1E17K mutations were comparable to the whole study population.
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Table 1. Baseline patient demographics in the BAY 1125976 phase 1 study. BID: twice daily, ECOG: Eastern Cooperative Oncology Group, LSF: liquid service
formulation, QD: continuous once daily, WT: wild-type.

Parameter
10 mg LSF

QD
20 mg LSF

QD
40 mg

Tablet QD
80 mg

Tablet QD
120 mg

Tablet QD
40 mg

Tablet BID
60 mg

Tablet BID
80 mg

Tablet BID

60 mg Expansion
TotalTablet (BID)

WT AKT1E17K

N 3 3 4 13 6 3 15 4 19 9 79

Mean age, years (range) 53.3 (44–67) 49.7 (37–64) 59.0 (47–75) 61.2 (48–75) 53.5 (37–69) 66.3 (50–82) 55.1 (40–74) 56.3 (38–70) 55.3 (31–76) 57.3 (41–73) 56.7 (31–82)

Females, n (%) 2 (66.7) 2 (66.7) 2 (50.0) 10 (76.9) 4 (66.7) 2 (66.7) 8 (53.3) 3 (75.0) 19 (100.0) 9 (100.0) 61 (77.2)

ECOG performance status,
n (%)

0 0 1 (33.3) 2 (50.0) 7 (53.8) 2 (33.3) 2 (66.7) 10 (66.7) 2 (50.0) 14 (73.7) 7 (77.8) 47 (59.5)
1 3 (100.0) 2 (66.7) 2 (50.0) 5 (38.5) 4 (66.7) 1 (33.3) 5 (33.3) 1 (25.0) 5 (26.3) 2 (22.2) 30 (38.0)
2 0 0 0 1 (7.7) 0 0 0 1 (25.0) 0 0 2 (2.5)

Prior systemic anticancer
therapy, n (%) 3 (100.0) 3 (100.0) 4 (100.0) 13 (100.0) 6 (100.0) 2 (66.7) 15 (100.0) 4 (100.0) 19 (100.0) 9 (100.0) 78 (98.7)

Prior radiotherapy, n (%) 3 (100.0) 3 (100.0) 2 (50.0) 8 (61.5) 5 (83.3) 2 (66.7) 12 (80.0) 1 (25.0) 18 (94.7) 6 (66.7) 60 (75.9)

Patients with AKT1E17K mutation are also part of the 60 mg BID expansion cohort.
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Figure 1. Study outline and patient disposition during dose escalation steps and for the breast cancer 
expansion cohort at 60 mg BID BAY 1125976. 

2.2. Dose Escalation and Maximum Tolerated Dose 

During the initial QD dose escalation, no dose-limiting toxicity was observed until the 120 mg 
QD cohort. Here, two patients experienced Grade 3 or Grade 4 liver enzyme elevation of aspartate 
animotransferase (AST), alanine animotransferase (ALT), γ-glutamyltransferase (γ-GT), and one 
patient experienced Grade 3 elevation of alkaline phosphatase (AP). Based on PK and modeling data, 
a re-escalation using a BID schedule was initiated at 40 mg BID with the intent of maintaining target 
engagement whilst reducing Cmax under the hypothesis that higher Cmax may be linked to observed 
events. Two patients at the 80 mg BID dose level experienced Grade 3 liver enzyme elevation (AST, 
ALT), with one of these patients also showing Grade 3 hyperglycemia. Dose was then de-escalated 
to 60 mg BID and two patients experienced Grade 3 liver enzyme elevation (AST, ALT, γ-GT), too. 
The MTD estimate based on posterior dose-limiting toxicity (DLT) rates of the Bayesian dose 
response analysis was 81.1 mg for the QD schedule (with a coefficient of variation of 25.5%) and 65.1 
mg for the BID schedule (with a coefficient of variation of 38.1%), respectively. Therefore, the MTD 
and recommended dose for the expansion phase was selected as 60 mg BID. 

2.3. Safety 

During the study, 77 (97.5%) patients reported at least one treatment-emergent adverse event 
(TEAE), drug-related TEAEs were reported by 69 (87.3%) patients, and nine (11.4%) patients had 
TEAEs related to procedures required by the protocol. Eighteen (22.8%) patients had TEAEs that were 
Common Terminology Criteria for Adverse Events (CTCAE) Grade 1 or Grade 2, and 52 (65.8%) 
patients had TEAEs that were CTCAE Grade 3 or Grade 4, with overall only one patient in the 120 
mg QD cohort experiencing a Grade 4 increase of γ-GT. Most of the common Grade 3 drug-related 
TEAEs were increased ALT in 17 patients (21.5%), increased AST in 20 patients (25.3%), and increased 
AP in 27 patients (34.2%) (Table 2). Interestingly, only one patient experienced an on-target Grade 3 
hyperglycemia. Six patients died during the treatment period or within the 30 days safety follow-up 
window. All deaths were due to disease progression and considered not related to BAY 1125976. 
Serious adverse events (SAEs) were reported in 33 patients (41.8%). Six SAEs were considered to be 
drug-related. Forty-five (57.0%) patients had TEAEs leading to dose modification, and 22 (27.8%) 
patients had TEAEs leading to permanent discontinuation of the study drug. 
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Figure 1. Study outline and patient disposition during dose escalation steps and for the breast cancer
expansion cohort at 60 mg BID BAY 1125976.

2.2. Dose Escalation and Maximum Tolerated Dose

During the initial QD dose escalation, no dose-limiting toxicity was observed until the 120 mg
QD cohort. Here, two patients experienced Grade 3 or Grade 4 liver enzyme elevation of aspartate
animotransferase (AST), alanine animotransferase (ALT), γ-glutamyltransferase (γ-GT), and one
patient experienced Grade 3 elevation of alkaline phosphatase (AP). Based on PK and modeling data,
a re-escalation using a BID schedule was initiated at 40 mg BID with the intent of maintaining target
engagement whilst reducing Cmax under the hypothesis that higher Cmax may be linked to observed
events. Two patients at the 80 mg BID dose level experienced Grade 3 liver enzyme elevation (AST,
ALT), with one of these patients also showing Grade 3 hyperglycemia. Dose was then de-escalated
to 60 mg BID and two patients experienced Grade 3 liver enzyme elevation (AST, ALT, γ-GT), too.
The MTD estimate based on posterior dose-limiting toxicity (DLT) rates of the Bayesian dose response
analysis was 81.1 mg for the QD schedule (with a coefficient of variation of 25.5%) and 65.1 mg for
the BID schedule (with a coefficient of variation of 38.1%), respectively. Therefore, the MTD and
recommended dose for the expansion phase was selected as 60 mg BID.

2.3. Safety

During the study, 77 (97.5%) patients reported at least one treatment-emergent adverse event
(TEAE), drug-related TEAEs were reported by 69 (87.3%) patients, and nine (11.4%) patients had
TEAEs related to procedures required by the protocol. Eighteen (22.8%) patients had TEAEs that
were Common Terminology Criteria for Adverse Events (CTCAE) Grade 1 or Grade 2, and 52 (65.8%)
patients had TEAEs that were CTCAE Grade 3 or Grade 4, with overall only one patient in the 120 mg
QD cohort experiencing a Grade 4 increase of γ-GT. Most of the common Grade 3 drug-related TEAEs
were increased ALT in 17 patients (21.5%), increased AST in 20 patients (25.3%), and increased AP
in 27 patients (34.2%) (Table 2). Interestingly, only one patient experienced an on-target Grade 3
hyperglycemia. Six patients died during the treatment period or within the 30 days safety follow-up
window. All deaths were due to disease progression and considered not related to BAY 1125976.
Serious adverse events (SAEs) were reported in 33 patients (41.8%). Six SAEs were considered to be
drug-related. Forty-five (57.0%) patients had TEAEs leading to dose modification, and 22 (27.8%)
patients had TEAEs leading to permanent discontinuation of the study drug.
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Table 2. BAY 1125976 related treatment-emergent adverse events occurring in ≥3 patients (Grade 3) or in ≥1 patient (Grade 4).

Adverse Events
10 mg LSF

QD
20 mg LSF

QD
40 mg

Tablet QD
80 mg

Tablet QD
120 mg

Tablet QD
40 mg

Tablet BID
60 mg

Tablet BID
80 mg

Tablet BID
60 mg Expansion Tablet (BID) Total

WT AKT1E17K

N 3 3 4 13 6 3 15 4 19 9 79

All, n (%)
Grade 3 - - 1 (25.0) 5 (38.5) 4 (66.7) 2 (66.7) 6 (40.0) 4 (100.0) 12 (61.1) 8 (88.9) 42 (53.2)
Grade 4 - - - - 1 (16.7) - - - - - 1 (1.3)

ALT increased, n (%)

Grade 3 - - - 2 (15.4) 2 (33.3) 1 (33.3) 2 (13.3) 3 (75.0) 4 (21.0) 3 (33.3) 17 (21.5)
AST increased, n (%)

Grade 3 - - - 2 (15.4) 3 (50.0) - 3 (20.0) 2 (50.0) 7 (36.8) 3 (33.3) 20 (25.3)

AP increased, n (%)
Grade 3 - - 1 (25.0) 3 (23.1) 2 (33.3) - 3 (20.0) 3 (75.0) 11 (57.9) 4 (44.4) 27 (34.2)

γ-GT increased, n (%)
Grade 3 - - - - - - 1 (6.7) - - - 1 (1.3)
Grade 4 - - - - 1 (16.7) - - - - - 1 (1.3)

Patients with AKT1E17K mutation are also part of the 60 mg BID expansion cohort.
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2.4. Pharmacokinetic Evaluation

BAY 1125976 was rapidly absorbed following continuous QD or BID oral administration of the
liquid service formulation (LSF) or the tablet formulation. Median time to reach tmax was in the range
of 0.5 to 3 h. Exposure was observed to increase with dose up to the 80 mg dose level in both schedules
(Figure 2, Table S2). The relative bioavailability assessment of BAY 1125976 (tablet versus LSF) at the
20 mg QD dose level and at the 40 mg QD dose level showed comparable Cmax and area under the
concentration time curve (AUC) values for both formulations (Table S3, Figure S1). The administration
of BAY 1125976 at the 80 mg QD dose level after a high-fat, high-calorie meal resulted in a reduction of
Cmax by 27% and an increase of AUC by 16% compared to administration under fasted conditions
(Table S4, Figure S1). There was a delay in absorption when the tablet was taken with food (median
tmax was 1 h and 4.1 h under fasted and fed conditions, respectively). Due to the small sample size in
the food effect cohort (n = 3), the data should be interpreted with caution.

Cancers 2019, 11, x FOR PEER REVIEW 1 of 16 

Cancers 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/cancers 

2.4. Pharmacokinetic Evaluation 

BAY 1125976 was rapidly absorbed following continuous QD or BID oral administration of the 
liquid service formulation (LSF) or the tablet formulation. Median time to reach tmax was in the range 
of 0.5 to 3 h. Exposure was observed to increase with dose up to the 80 mg dose level in both schedules 
(Figure 2, Table S2). The relative bioavailability assessment of BAY 1125976 (tablet versus LSF) at the 
20 mg QD dose level and at the 40 mg QD dose level showed comparable Cmax and area under the 
concentration time curve (AUC) values for both formulations (Table S3, Figure S1). The 
administration of BAY 1125976 at the 80 mg QD dose level after a high-fat, high-calorie meal resulted 
in a reduction of Cmax by 27% and an increase of AUC by 16% compared to administration under 
fasted conditions (Table S4, Figure S1). There was a delay in absorption when the tablet was taken 
with food (median tmax was 1 h and 4.1 h under fasted and fed conditions, respectively). Due to the 
small sample size in the food effect cohort (n = 3), the data should be interpreted with caution. 

 
Figure 2. Single and multiple dose area under the concentration time curve (AUC0-24h) of BAY 1125976 
in the QD (A) and the BID (B) schedule, including patients at the 60 mg BID expansion cohort, 
showing dose linearity for both schedules. C, cycle; D, day; Exp, expansion cohort. 

2.5. Pharmacodynamic Biomarkers 

To determine the degree of inhibition of the AKT signaling pathway by BAY 1125976, inhibition 
of the phosphorylation of AKT and of its downstream target PRAS40 was determined in platelet-
enriched plasma samples after thrombin receptor-activating peptide (TRAP) stimulation (Figure 3). 
A transient maximum inhibition of AKT phosphorylation was observed at 4 h post-treatment in both 
dosing schedules (Figure 3A–B). While a decrease of p-AKT quickly returned to baseline in the QD 
schedule, a sustained inhibition was observed for patients receiving BAY 1125976 in the BID 
schedule. Similar data were obtained for the inhibition of phosphorylation of PRAS40 (Figure 3C–D). 
Overall, a clear dose and exposure dependency of both p-AKT and p-PRAS40 inhibition was seen. 
PK/PD (pharmacokinetic/pharmacodynamic) data demonstrated a suppression of more than 70% of 
p-AKT and more than 30% of p-PRAS40 at the MTD dose level with an IC50 of approximately 5 µg/L 
for p-AKT (Figure 3E–F). Although mandatory for patients in the expansion cohort, due to early 
disease progression, some planned biopsies were not taken, and only 10 treatment biopsies were 
collected on cycle 2, day 1. Of these, eight did not meet the prespecified quality criteria (e.g., relative 
tumor content). Therefore, no further analyses of tissue-specific pharmacodynamic biomarkers were 
performed due to the low number of evaluable cases. 

Dose linearity (QD)

0 20 40 60 80 100 120 140
0

200

400

600

800

1000

BAY 1125976 dose (mg)

AU
C

0-
24

h 
 (μ

g.
h/

L)

C1D1 QD
C2D1 QD

Dose linearity (BID)

0

200

400

600

800

1000

2000

20 40 60 80 100

AU
C

0-
24

h 
 (μ

g.
h/

L)

BAY 1125976 dose (mg)

C1D1 BID
C1D1 BID Exp
C2D1 BID
C2D1 BID Exp

A B

Figure 2. Single and multiple dose area under the concentration time curve (AUC0-24h) of BAY 1125976
in the QD (A) and the BID (B) schedule, including patients at the 60 mg BID expansion cohort, showing
dose linearity for both schedules. C, cycle; D, day; Exp, expansion cohort.

2.5. Pharmacodynamic Biomarkers

To determine the degree of inhibition of the AKT signaling pathway by BAY 1125976, inhibition of
the phosphorylation of AKT and of its downstream target PRAS40 was determined in platelet-enriched
plasma samples after thrombin receptor-activating peptide (TRAP) stimulation (Figure 3). A transient
maximum inhibition of AKT phosphorylation was observed at 4 h post-treatment in both dosing
schedules (Figure 3A,B). While a decrease of p-AKT quickly returned to baseline in the QD schedule,
a sustained inhibition was observed for patients receiving BAY 1125976 in the BID schedule.
Similar data were obtained for the inhibition of phosphorylation of PRAS40 (Figure 3C,D). Overall,
a clear dose and exposure dependency of both p-AKT and p-PRAS40 inhibition was seen. PK/PD
(pharmacokinetic/pharmacodynamic) data demonstrated a suppression of more than 70% of p-AKT
and more than 30% of p-PRAS40 at the MTD dose level with an IC50 of approximately 5 µg/L for
p-AKT (Figure 3E,F). Although mandatory for patients in the expansion cohort, due to early disease
progression, some planned biopsies were not taken, and only 10 treatment biopsies were collected on
cycle 2, day 1. Of these, eight did not meet the prespecified quality criteria (e.g., relative tumor content).
Therefore, no further analyses of tissue-specific pharmacodynamic biomarkers were performed due to
the low number of evaluable cases.
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Figure 3. Inhibition of phosphorylation of AKT (A,B) and PRAS40 (C,D) as pharmacodynamic
biomarkers in platelet-rich plasma (PRP) from patients in the QD (left column) and BID (right column)
dose escalation parts in the BAY 1125976 Phase 1 study. PK/PD analysis on the suppression of p-AKT
(E) and p-PRAS40 (F) from thrombin receptor-activating peptide (TRAP)-stimulated platelets across
dose intervals relative to baseline (screening, C1D1 predose or C1D-3 predose). Values are normalized
to total AKT and total PRAS40, respectively. Vertical dotted line represents IC90 for p-AKT based on
clinical pharmacokinetic/pharmacodynamic (PK/PD) modeling. Arrows indicate when treatments were
started. C, cycle; D, day. PD: progressive disease.

2.6. AKT1E17K Status and Mutational Profiling

All patients with tumor AKT1E17K mutation enrolled in the study were identified based on prior
investigations at the different sites. All mutations were confirmed retrospectively using the Therascreen
assay. The de novo screening of a further 18 patients was not able to identify the AKT1E17K mutation,
which was in line with the expected low prevalence of the mutation.

Next-generation sequencing revealed additional oncogenic mutations in the analyzed samples
from the 60 mg BID breast cancer expansion cohort (n = 28). Only samples from patients with efficacy
evaluation by Response Evaluation Criteria in Solid Tumors (RECIST) were analyzed (n = 23), and
results were obtained for 14 patients. Other samples failed quality control or had too low tumor
content. The AKT1E17K mutation was not mutually exclusive to other known or potential oncogenic
drivers. The alterations identified in our study population also included other PI3K pathway members,
e.g., PIK3CA mutation, PTEN, or RICTOR, as well as e.g., TP53, BRCA1/2, KRAS, MYC, or FGFR1 and
FGFR2. Copy number alterations (CNAs) were observed in e.g., cell cycle control genes (CDKN2A/B,
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CDK6), fibroblast growth factor (FGF) signaling (FGF3, FGF4, FGF19), MDM2, or AURKA (Figure 4,
Figure S2). Overall, an average (min–max) of seven (3–12) mutations or CNAs with known or likely
oncogenic properties was detected per patient. Due to the low number of patients, no statistical
differences could be detected between patients with wild-type (WT) and AKT1E17K-mutated tumors.
Not surprisingly for our target population, alterations were most frequently found in ESR1 (estrogen
receptor α), PIK3CA, and TP53.

Cancers 2019, 11, x FOR PEER REVIEW 3 of 16 

Cancers 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/cancers 

content. The AKT1E17K mutation was not mutually exclusive to other known or potential oncogenic 
drivers. The alterations identified in our study population also included other PI3K pathway 
members, e.g., PIK3CA mutation, PTEN, or RICTOR, as well as e.g., TP53, BRCA1/2, KRAS, MYC, or 
FGFR1 and FGFR2. Copy number alterations (CNAs) were observed in e.g., cell cycle control genes 
(CDKN2A/B, CDK6), fibroblast growth factor (FGF) signaling (FGF3, FGF4, FGF19), MDM2, or 
AURKA (Figure 4, Figure S2). Overall, an average (min–max) of seven (3–12) mutations or CNAs with 
known or likely oncogenic properties was detected per patient. Due to the low number of patients, 
no statistical differences could be detected between patients with wild-type (WT) and AKT1E17K-
mutated tumors. Not surprisingly for our target population, alterations were most frequently found 
in ESR1 (estrogen receptor α), PIK3CA, and TP53. 

 
Figure 4. Waterfall plot showing the best change (%) from baseline and response evaluation according 
to RECIST v1.1 for patients from the 60 mg BID breast cancer expansion cohort (n = 28) in the 
BAY 1125976 phase 1 study. The AKT1E17K mutation status for each patient was detected from tumor 

0

20

40

60

80
Be

st
 c

ha
ng

e 
fro

m
 b

as
el

in
e 

(%
)

60 mg BID AKT1E17K

60 mg BID AKT1WT

SDPD PD PDPDPDPDPDPDPDPD SD PD PD PD PD PDSD SD SD SD SD

PR

#

AKT1  
AKT3
ARFRP1
ARID1A
ATM
ATR
AURKA
BRCA1
BRCA2
BRD4
BRIP1
CCND1
CDH1
CDKN2A
CDKN2B
CTCF
EMSY
ESR1
FGF19
FGF3
FGF4
FGFR1
FGFR2
FGFR3
FLT4
FOXP1
FRS2
GATA3
GNAS
KDM5A
LRP1B
MAP3K1
MDM2
MDM4
MTOR
MYC
MYST3
NCOR1
NF1
NOTCH1
PALB3
PIK3C2B
PIK3CA
PIK3CG
PRKCI
PTEN
RUNX1
SMARCA4
SPTA1
TERC
TP53
VHL
ZNF217
ZNF703

Mutation CNA Rearrangement No data

Figure 4. Waterfall plot showing the best change (%) from baseline and response evaluation according to
RECIST v1.1 for patients from the 60 mg BID breast cancer expansion cohort (n = 28) in the BAY 1125976
phase 1 study. The AKT1E17K mutation status for each patient was detected from tumor specimen using
the Therascreen assay or based on pre-existing data determined at the investigational site. The table
depicts genetic aberrations with known or likely oncogenic properties in the target population as
found by next-generation sequencing (NGS) in tumor samples. # indicates the patient who had partial
response (−36.5% from baseline). PR, partial response; SD, stable disease; PD, progressive disease.
Color indications: Red, mutation; Green, copy number alteration (CNA); Blue, rearrangement; Gray, no
data available (failed analysis, low/no tumor content in sample or missing sample).
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2.7. Tumor Response Evaluation

Seventy-eight patients were evaluable for tumor response. The average number of prior lines of
therapy was 5.8 (range 0–14). No patient had a complete response, and one patient (1.3%) treated with
60 mg BID in the expansion cohort had a partial response as best response (−36.5% best change in
target lesions from baseline). Of the other overall 77 patients, 30 (38.5%) patients had stable disease, 38
(48.7%) patients had progressive disease, and data were missing for nine patients. At the 60 mg BID
expansion cohort (Figure 4), the above-mentioned one patient (3.6%) had a partial response, seven
patients (25.0%) had stable disease, and 15 patients (53.6%) had progressive disease (no data available
for five (17.9%) patients). Of the nine patients recruited into the study with the AKT1E17K mutation,
three (33.3%) patients had stable disease, three (33.3%) patients had progressive disease, and data were
missing for the other three patients. The overall median (95% confidence interval) time to disease
progression for the 78 evaluable patients was 38 (36, 43) days and 41 (22, 80) days for the nine patients
with the AKT1E17K mutation.

3. Discussion

Alterations of the PI3K/AKT/mTOR pathway belong to the most commonly found molecular
changes in human cancers, including breast cancer [4]. Early studies using inhibitors of PI3K
(phosphoinositide 3-kinase) (e.g., copanlisib [11], buparlisib [12] or alpelisib [13]) or downstream mTOR
(mammalian target of rapamycin) signaling complexes (e.g., temsirolimus [14,15] or everolimus [16,17])
in monotherapy indicate some clinical benefit in patients with advanced breast cancer. Therefore,
targeting the intermediate signaling step via the inhibition of AKT could be an additional way to inhibit
tumor cell growth, especially in cancers unresponsive to PI3K inhibitors. Activating mutations of the
AKT1 gene have been described in various solid tumors, including breast cancer [5]. The AKT1E17K point
mutation leads to the constitutive activation of the kinase in 6.3% of human breast cancer [6]. Although
this prevalence is rather low, novel sequencing and detection technologies, including next-generation
sequencing and respective biobanking approaches at clinical sites, identified a total of nine patients
with the AKT1E17K mutation for this phase 1 study. The further penetration of such technologies into
routine diagnostics will make even more rare alterations (e.g., NTRK gene fusions) attractive targets
for future drug development scenarios [18].

BAY 1125976 is a highly potent and oral specific allosteric inhibitor of AKT1/2 and demonstrated
antitumor activity in several preclinical cancer models, including breast cancer [10]. Therefore, this
phase 1 first-in-human study was initiated to determine the safety, tolerability, pharmacokinetics, and
MTD of BAY 1125976 in patients with advanced cancer.

The study started using a QD dose escalation scheme, and the occurrence of dose-limiting liver
toxicity as evidenced by the Grade 3 and Grade 4 elevation of transaminases, AP, or γ-GT at 120 mg led
to the identification of 80 mg as the MTD in the QD schedule. The observed hepatotoxicity is considered
to be a direct effect of prolonged inhibition of the PI3K/AKT/mTOR pathway in hepatocytes where it
regulates glucose homeostasis and other key metabolic pathways [19,20]. Preclinically, BAY 1125976
strongly reduced levels of p-AKT and p-PRAS40 after a single oral dose in tumor xenografts [10]. We
found a dose-dependent inhibition of both pharmacodynamic biomarkers with maximum inhibition
being detectable at 4 h post-dosing and a rapid return to baseline suggesting a rapid direct effect
link between AKT inhibition and biomarker modulation. This is in line with our preclinical data
that identified the inhibition of p-AKT and p-PRAS40 as pharmacodynamic biomarkers [10]. PK/PD
data demonstrated that the QD administration, even at the MTD, was not able to achieve sustained
coverage above the in vitro IC50 of p-AKT or p-PRAS40. Pharmacokinetic simulations of potential
other schedules predicted continuous IC50 coverage using a BID schedule. Therefore, this schedule
was initiated as an alternative dose escalation cohort starting at 40 mg BID. In this cohort, three
escalation steps up to 80 mg BID were performed, and Grade 3 liver toxicities were again identified as
dose-limiting. In line with the predictions, an assessment of p-AKT and p-PRAS40 confirmed sustained
inhibition with this schedule. The MTD was determined as 60 mg BID. Then, this dose level was used
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for further expansion in the breast cancer cohort. We observed uniform dose-limiting toxicities, i.e.,
liver enzyme elevations and hyperglycemia, which are in line with the expected mode of action of
AKT inhibitors [19,20].

Although ATP-competitive AKT inhibitors such as AZD5363 or GSK690693 have shown
encouraging preclinical results, this compound class shows significant clinical toxicity (hyperglycemia,
rash, liver toxicity) due to limited selectivity on ATP-binding site recognition in AKT proteins versus
other protein kinases [7,10,21]. To overcome these toxicities, allosteric AKT inhibitors such as MK-2206
or our compound BAY 1125976 were developed. Indeed, MK-2206 showed a significantly reduced rate
of Grade 3 hyperglycemia (3.0–9.3%) compared to the ATP-competitive AZD5363 (up to 39.0%) [22].
Compared to MK-2206, BAY 1125976 induced Grade 3 hyperglycemia only in one patient and also had
only one case of Grade 3 rash in a patient from the 60 mg BID dose escalation cohort, indicating a more
favorable tolerability, which might be due to the shorter half-life of BAY 1125976. Despite the strong
pharmacodynamic coverage as evidenced by observed biomarker modulation, BAY 1125976 was able
to induce a partial response in only one patient and stable disease in seven out of 28 patients treated in
the 60 mg BID expansion cohort. The disease control rate was 28.6%. Interestingly, patients harboring
the AKT1E17K mutation did not show signs of improved response over the general study population
with no partial responses and only three out of nine patients harboring the mutation with stable disease,
accounting for a disease control rate of 33.3%. Of the 14 patients with additional sequencing data
available, six patients (all with PD as the best response) had an additional PIK3CA mutation, while
other patients had mutations of FGFR signaling or cell cycle control genes such as CDKN2A (p16INK4)
that could counteract the effects of AKT inhibition by BAY 1125976.

Our results are in line with those from other AKT inhibitors used in monotherapy in clinical
trials [7]. The pan AKT inhibitor AZD5363 showed a similar pattern of target modulation with about
60% reduction in p-PRAS40 at 4 h and return to baseline within 24 h post-dosing and only limited
evidence of antitumor activity in a breast cancer expansion cohort as well [23]. The allosteric AKT
inhibitor MK-2206 showed only limited monotherapy activity against nasopharyngeal cancer [24],
biliary tract cancer [25], or gastric cancer [26]. For MK-2206, which has a long half-life of 60–80 h,
different dosing schedules were investigated, too. Both continuous QD and intermittent once weekly
dosing demonstrated a robust inhibition of p-AKT. While the once weekly schedule significantly
reduced treatment related side effects, it was not associated with sufficient clinical responses [27,28].

In our study, we were able to identify nine patients with the activating AKT1E17K point mutation
based on prior investigator knowledge. Although preclinical data indicate a high sensitivity of AKT1E17K

mutated tumor models to BAY 1125976 [10], these patients did not show signs of increased efficacy
compared to patients with AKT1 wild-type cancer. This is in contrast with the results from patients
with AKT1E17K alterations receiving AZD5363, who showed longer progression-free survival [29].
Additional genomic analyses in our study revealed that most patients harbored additional oncogenic
driver mutations. That means that AKT1E17K is not mutually exclusive to other alterations in the PI3K
signaling pathway, which is in line with recent findings on the genomic characterization of metastatic
HR+ breast cancer [23]. Higher sensitivity toward MK-2206 was hypothesized to be linked to additional
alterations in the PI3K pathway, e.g., the loss of PTEN or mutation or amplification of PIK3CA [24,30].
Similar results were also reported for AZD5363 [29], although exclusive PIK3CA mutations did not
correlate with increased response in another study in breast or gynecological cancer patients where
concurrent mutations in KRAS, NRAS, HRAS, or BRAF were excluded [23]. Interestingly, patients
with an allelic imbalance in AKT1E17K showed longer progression-free survival (PFS), while patients
with subclonal mutations showed rapid disease progression in this study [29]. In our study, the best
response was observed in an AKT1 wild-type breast cancer patient who had an upstream PIK3CA
mutation, which is in line with the finding of coincident PI3KCA mutations and improved PFS from
another study [29]. In this study, patients with hotspot mutations in the ligand-binding domain of
estrogen receptor α (ESR1) showed a shorter PFS. Next-generation sequencing (NGS) data from our
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study revealed that eight out of 14 evaluable patients also had mutations in ESR1, which could explain
the overall disappointing efficacy.

Although overall the number of cases is small, data from our study and from the literature
indicate that selecting patients based on AKT1E17K mutation alone is not sufficient to identify potential
responders to such treatment. In a direct comparison, MK-2206 proved to be inferior to everolimus
in renal cell cancer [31]. Combination approaches that include PI3K pathway inhibitors such as
everolimus [32], buparlisib [33], or alpelisib [13,34,35] have shown promising results also in breast
cancer patients, and additional preclinical data also confirm the combination potential for AKT
inhibitors [36]. While a recent phase 2 study using MK-2206 and anastrozole in PIK3CA-mutant
ER-positive breast cancer did not show additive efficacy [37], alpelisib in combination with fulvestrant
received FDA approval for the treatment of patients with PIK3CA-mutated HR+ advanced breast
cancer after previous endocrine therapy (PFS 11.0 versus 5.7 months) and also showed a treatment
benefit in patients without PIK3CA mutation compared to placebo control (overall response rate 26.6%
versus 12.8%) [38].

4. Materials and Methods

The study was approved by the respective independent ethics committees and institutional review
boards for each study site (NCT Heidelberg: AFmu-327/2013; Kantonsspital St. Gallen: EKSG 13/064 /

SG 355/13; Institut Gustave Roussy: 2012-004671-39 CPP 3099; MD Anderson Cancer Center: 2013-0727;
Washington University School of Medicine: 201311119; UCLA: 13-001234), and it was conducted in
accordance with the Declaration of Helsinki and Good Clinical Practice. All patients provided written
informed consent before study participation.

4.1. Study Design

The study was a multi-center, open-label, non-randomized, phase I dose escalation study in
patients with advanced solid tumors (NCT01915576). BAY 1125976 was applied orally in 21-day cycles.
The primary objective was to determine the safety, tolerability, pharmacokinetics, and MTD in either
continuous once daily (QD) or continuous twice daily (BID) dosing. Secondary objectives included
assessment of pharmacokinetics (food effect), pharmacodynamic parameters, and tumor response.
Furthermore, one of the objectives was to explore whether patients with tumor AKT1E17K mutation
show an improved clinical benefit rate (partial response [PR] + stable disease [SD]) compared to
patients without this tumor mutation. The study consisted of five dose escalation cohorts in the QD
schedule and three dose escalation cohorts in the BID schedule. The expansion cohort at the BID MTD
aimed to enrich for at least eight patients with an AKT1E17K mutation in a population of advanced,
metastatic, or refractory solid tumors or HR+ metastatic breast cancer (Figure 1).

4.2. Treatment

BAY 1125976 was administered orally at a starting dose of 10 mg QD as a water-based liquid
service formulation (LSF; 5 mg/mL), then changing to a tablet formulation at a dose of 40 mg QD.
A bridging cohort compared the relative bioavailability of these two formulations. Dose escalation
steps were 10 mg, 20 mg, 40 mg, 80 mg, and 120 mg QD. The BID dose escalation was initiated at 40 mg
BID using the tablet formulation after the completion of the QD schedule and continued with 60 mg
and 80 mg BID. The relative bioavailability of LSF versus the tablet was assessed on cycle 1, day −3
(3 days before the start of cycle 1) in the 20 mg and the 40 mg QD cohort. The effect of a high-fat meal
on the PK of BAY 1125976 was assessed at the QD MTD after the administration of BAY 1125976 tablets
immediately following consumption of a high-fat, high-calorie meal on cycle 1, day −3.

A dose-limiting toxicity (DLT) was defined as the occurrence of any of the following attributed to
BAY 1125976 during cycle 1 of each dose level: absolute neutrophil count <0.5 × 109/L for ≥7 days;
febrile neutropenia with absolute neutrophil count <0.5× 109/L and a single body temperature >38.3 ◦C
or a sustained temperature ≥38.0 ◦C for more than 1 h; platelets <25 × 109/L; persistent hematological
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toxicity ≥ Common Terminology Criteria for Adverse Events (CTCAE) Grade 3 for >7 days; any
CTCAE Grade 3 or Grade 4 non-hematological toxicity related to study drug (excluding alopecia,
nausea, and vomiting, not refractory to anti-emetics).

Dose escalation would not continue if the MTD had been defined with good precision according
to model-based predictions using the continuous reassessment method or if the selected dose level
for the next cohort had already been given in nine patients. Patients were treated until disease
progression, unacceptable toxicity, consent withdrawal, or withdrawal from the study at the discretion
of the investigator.

4.3. Inclusion Criteria

Patient were eligible if they were 18 years or older and had any kind of advanced, metastatic,
or refractory solid tumors not amenable for standard therapy for the dose escalation parts and had
histologically or cytologically proven HR+ metastatic breast cancer that was refractory to standard
therapy and not amenable to curative surgery for the expansion part. At least eight patients with
proven AKT1E17K mutation were planned to be included in the expansion part. Patients had to have
evaluable and measurable disease according to the Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.1 and an Eastern Cooperative Oncology Group (ECOG) performance status of 0
to 2. Adequate bone marrow, liver, and renal functions were assessed by laboratory methods within
7 days before starting study treatment. All patients had to provide a tumor biopsy (either a new
on study biopsy or an archival sample not older than 6 months) before treatment start. A second
(paired) on-treatment biopsy on cycle 2, day 1 was mandatory for patients in the MTD cohort of the
QD schedule for further pharmacodynamic biomarker analyses.

4.4. Safety, Response, and Pharmacokinetics Assessments

Safety evaluations included adverse events (AEs), vital signs, laboratory tests, and 12-lead
electrocardiograms at screening, at planned times during each cycle, during follow-up, and up to
30 days after the last dose. Adverse events were graded using the National Cancer Institute Common
CTCAE version 4.03. All patients receiving at least one dose of BAY 1125976 were included in the
safety analysis set.

Investigators assessed tumor response according to RECIST v1.1 every two cycles. Pharmacokinetic
assessments of single-dose and multiple-dose BAY 1125976 were planned in all patients in the dose
escalation arms (single-dose in QD only), and in at least six patients at the MTD. Data were calculated
using non-compartmental methods to estimate maximum drug concentration (Cmax) and area under
the concentration time curve (AUC). The relative bioavailability of LSF and tablet were compared in
the 20 and 40 mg cohorts of the QD dose escalation. The effect of food on compound exposure was
compared in the 80 mg cohort.

4.5. Biomarker Assessments

A tumor biopsy was mandatory at screening (freshly taken or not older than six months) for all
subjects. A pre-screening biopsy was mandatory for patients enrolled in the MTD expansion part
of the study unless the AKT1E17K mutation status was confirmed previously. Otherwise, AKT1E17K

mutations were investigated from fresh or archival biopsy samples using the Qiagen Therascreen
AKT1 RGQ PCR Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. From
new study biopsies, additional mutational profiling was performed by next-generation sequencing
using FoundationOne® T5a panel (Foundation Medicine, Cambridge, MA, USA).

Blood-based biomarker analyses were measured in platelet-rich plasma (PRP) to assess changes in
the pharmacodynamics of the AKT pathway as phospho-AKT (p-AKT), total AKT, phosphor-PRAS40
(p-PRAS40) and total PRAS40. Briefly, 10 mL blood was collected with a S-Monovette® Citrate
(Sarstedt, Nümbrecht, Germany) using a 21G needle. After inverting the tube 8–10 times, samples were
centrifuged at 400 g at room temperature for 4 min without brake. The upper PRP phase was separated
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into two vials and thrombin receptor-activating peptide (TRAP) or a control solution was added
followed by incubation at 37 ◦C for 10 min in a thermoblock without shaking. After centrifugation of
both samples at 800 g and +4 ◦C for 3 min, supernatant was discarded, and cells were lysed by adding
completed lysis-buffer before cells were frozen at −70 ◦C in a precooled CoolSafe Chamber. Batched
analysis using Mesoscale Discovery multiplex assays was performed (Nuvisan, Ulm, Germany).

4.6. PK/PD analysis

The pharmacokinetic/pharmacodynamic link between BAY 1125976 and the biomarkers p-AKT and
p-PRAS40 was observed to show no evidence of hysteresis, and therefore was examined using nonlinear
regression between plasma concentration and corresponding biomarker response in GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA, USA).

4.7. Statistical Analysis

Descriptive statistics were used to summarize demographic data, other baseline characteristics,
AEs, safety parameters, and tumor assessment data. All subjects who received at least one dose of BAY
1125976 were included in the safety evaluation. All subjects who completed Cycle 1 with at least 80% of
the required BAY 1125976 dose or discontinued during Cycle 1 due to a DLT were included in the MTD
evaluation. All subjects who received at least one dose of BAY 1125976 and who have post-baseline
efficacy data available were included in the efficacy evaluations. All subjects who completed the study
were included in the evaluation of PD/PK. The incidence of subjects with DLTs during Cycle 1 was
summarized by treatment and dose and modeled as a function of BAY 1125976 dose using Bayesian
logistic regression. The incidence of treatment-emergent adverse events and drug-related adverse
events, respectively, was summarized by treatment in frequency tables using the CTCAE grade.

5. Conclusions

In summary, our findings and data from the literature show that deeper genetic analyses and a
thorough understanding of the underlying biological dependencies are necessary to clearly identify
further pathway alterations that may positively or negatively impact on sensitivity toward AKT1
inhibition in monotherapy [7,39]. Taken holistically, these data suggest that AKT1 inhibition may
remain an attractive target; however, an overarching appreciation for the presence of other oncogenic
drivers and rigorous patient selection is likely necessary to markedly increase the probability of AKT1
inhibition becoming associated with robust efficacy.
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1125976 after single and multiple dosing, Table S3. Relative bioavailability, Table S4. Food effect.

Author Contributions: Conceptualization, A.S., M.R., O.B., G.W., E.L. and M.O.; investigation, A.S., D.H., M.J.,
A.V., S.M., A.M.T., C.M., S.A.H., C.R., M.R., S.T., O.B., G.W., E.L.; writing—original draft preparation, A.S., C.R.,
O.B., G.W., M.O.; writing—review and editing, all authors.

Funding: This study was funded by Bayer AG, Berlin, Germany

Acknowledgments: The authors thank all patients and their families for participating and supporting this study.
Ian Krop is acknowledged for his contribution to the clinical study. We thank Lars Lindbom, qPharmetra, Stockholm,
Sweden, for his support in modeling and simulation work. Aurexel Life Sciences Ltd. (www.aurexel.com) is
acknowledged for editorial support funded by Bayer HealthCare. The excellent support of the whole study team
at Bayer AG, Berlin, Germany and Linical Europe, Frankfurt am Main, Germany is gratefully acknowledged.
Parts of this work have been presented at the AACR 2019 annual meeting, Atlanta, GA, USA.

Conflicts of Interest: C.R., M.R., S.T., O.B., G.W., E.L. and M.O. are employees of Bayer AG, Berlin, Germany.
M.O. and G.W. are shareholders of Bayer AG, Berlin, Germany.

http://www.mdpi.com/2072-6694/11/12/1987/s1
www.aurexel.com


Cancers 2019, 11, 1987 14 of 16

References

1. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA 2015,
65, 87–108. [CrossRef] [PubMed]

2. Harbeck, N.; Gnant, M. Breast cancer. Lancet 2017, 389, 1134–1150. [CrossRef]
3. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]

[PubMed]
4. Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, W.K.; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.;

Kantheti, H.S.; Saghafinia, S.; et al. Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell 2018,
173, 321–337. [CrossRef]

5. Bleeker, F.E.; Felicioni, L.; Buttitta, F.; Lamba, S.; Cardone, L.; Rodolfo, M.; Scarpa, A.; Leenstra, S.; Frattini, M.;
Barbareschi, M.; et al. AKT1(E17K) in human solid tumours. Oncogene 2008, 27, 5648–5650. [CrossRef]
[PubMed]

6. Rudolph, M.; Anzeneder, T.; Schulz, A.; Beckmann, G.; Byrne, A.T.; Jeffers, M.; Pena, C.; Politz, O.; Kochert, K.;
Vonk, R.; et al. AKT1 (E17K) mutation profiling in breast cancer: Prevalence, concurrent oncogenic alterations,
and blood-based detection. BMC Cancer 2016, 16, 622. [CrossRef]

7. Song, M.; Bode, A.M.; Dong, Z.; Lee, M.H. AKT as a Therapeutic Target for Cancer. Cancer Res. 2019, 79,
1019–1031. [CrossRef]

8. Davies, B.R.; Greenwood, H.; Dudley, P.; Crafter, C.; Yu, D.H.; Zhang, J.; Li, J.; Gao, B.; Ji, Q.; Maynard, 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, 873–887. [CrossRef]

9. Hirai, H.; Sootome, H.; Nakatsuru, Y.; Miyama, K.; Taguchi, S.; Tsujioka, K.; Ueno, Y.; Hatch, H.;
Majumder, P.K.; Pan, B.S.; et al. MK-2206, an allosteric Akt inhibitor, enhances antitumor efficacy by
standard chemotherapeutic agents or molecular targeted drugs in vitro and in vivo. Mol. Cancer Ther. 2010,
9, 1956–1967. [CrossRef]

10. Politz, O.; Siegel, F.; Barfacker, L.; Bomer, U.; Hagebarth, A.; Scott, W.J.; Michels, M.; Ince, S.; Neuhaus, R.;
Meyer, K.; et al. BAY 1125976, a selective allosteric AKT1/2 inhibitor, exhibits high efficacy on AKT
signaling-dependent tumor growth in mouse models. Int. J. Cancer 2017, 140, 449–459. [CrossRef]

11. Patnaik, A.; Appleman, L.J.; Tolcher, A.W.; Papadopoulos, K.P.; Beeram, M.; Rasco, D.W.; Weiss, G.J.;
Sachdev, J.C.; Chadha, M.; Fulk, M.; et al. First-in-human phase I study of copanlisib (BAY 80-6946), an
intravenous pan-class I phosphatidylinositol 3-kinase inhibitor, in patients with advanced solid tumors and
non-Hodgkin’s lymphomas. Ann. Oncol. 2016, 27, 1928–1940. [CrossRef] [PubMed]

12. Bendell, J.C.; Rodon, J.; Burris, H.A.; de Jonge, M.; Verweij, J.; Birle, D.; Demanse, D.; De Buck, S.S.; Ru, Q.C.;
Peters, M.; et al. Phase I, dose-escalation study of BKM120, an oral pan-Class I PI3K inhibitor, in patients
with advanced solid tumors. J. Clin. Oncol. 2012, 30, 282–290. [CrossRef] [PubMed]

13. Juric, D.; Rodon, J.; Tabernero, J.; Janku, F.; Burris, H.A.; Schellens, J.H.M.; Middleton, M.R.; Berlin, J.;
Schuler, M.; Gil-Martin, M.; et al. Phosphatidylinositol 3-Kinase alpha-Selective Inhibition With Alpelisib
(BYL719) in PIK3CA-Altered Solid Tumors: Results From the First-in-Human Study. J. Clin. Oncol. 2018, 36,
1291–1299. [CrossRef] [PubMed]

14. Chan, S.; Scheulen, M.E.; Johnston, S.; Mross, K.; Cardoso, F.; Dittrich, C.; Eiermann, W.; Hess, D.; Morant, R.;
Semiglazov, V.; et al. Phase II study of temsirolimus (CCI-779), a novel inhibitor of mTOR, in heavily
pretreated patients with locally advanced or metastatic breast cancer. J. Clin. Oncol. 2005, 23, 5314–5322.
[CrossRef]

15. Fleming, G.F.; Ma, C.X.; Huo, D.; Sattar, H.; Tretiakova, M.; Lin, L.; Hahn, O.M.; Olopade, F.O.; Nanda, R.;
Hoffman, P.C.; et al. Phase II trial of temsirolimus in patients with metastatic breast cancer. Breast Cancer Res.
Treat. 2012, 136, 355–363. [CrossRef]

16. Ellard, S.L.; Clemons, M.; Gelmon, K.A.; Norris, B.; Kennecke, H.; Chia, S.; Pritchard, K.; Eisen, A.;
Vandenberg, T.; Taylor, M.; et al. Randomized phase II study comparing two schedules of everolimus in
patients with recurrent/metastatic breast cancer: NCIC Clinical Trials Group IND.163. J. Clin. Oncol. 2009,
27, 4536–4541. [CrossRef]

17. Maass, N.; Harbeck, N.; Mundhenke, C.; Lerchenmuller, C.; Barinoff, J.; Luck, H.J.; Ettl, J.; Aktas, B.;
Kummel, S.; Rosel, S.; et al. Everolimus as treatment for breast cancer patients with bone metastases only:
Results of the phase II RADAR study. J. Cancer Res. Clin. Oncol. 2013, 139, 2047–2056. [CrossRef]

http://dx.doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
http://dx.doi.org/10.1016/S0140-6736(16)31891-8
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1016/j.cell.2018.03.035
http://dx.doi.org/10.1038/onc.2008.170
http://www.ncbi.nlm.nih.gov/pubmed/18504432
http://dx.doi.org/10.1186/s12885-016-2626-1
http://dx.doi.org/10.1158/0008-5472.CAN-18-2738
http://dx.doi.org/10.1158/1535-7163.MCT-11-0824-T
http://dx.doi.org/10.1158/1535-7163.MCT-09-1012
http://dx.doi.org/10.1002/ijc.30457
http://dx.doi.org/10.1093/annonc/mdw282
http://www.ncbi.nlm.nih.gov/pubmed/27672108
http://dx.doi.org/10.1200/JCO.2011.36.1360
http://www.ncbi.nlm.nih.gov/pubmed/22162589
http://dx.doi.org/10.1200/JCO.2017.72.7107
http://www.ncbi.nlm.nih.gov/pubmed/29401002
http://dx.doi.org/10.1200/JCO.2005.66.130
http://dx.doi.org/10.1007/s10549-011-1910-7
http://dx.doi.org/10.1200/JCO.2008.21.3033
http://dx.doi.org/10.1007/s00432-013-1518-x


Cancers 2019, 11, 1987 15 of 16

18. Drilon, A.; Laetsch, T.W.; Kummar, S.; DuBois, S.G.; Lassen, U.N.; Demetri, G.D.; Nathenson, M.; Doebele, R.C.;
Farago, A.F.; Pappo, A.S.; et al. Efficacy of Larotrectinib in TRK Fusion-Positive Cancers in Adults and
Children. N. Engl. J. Med. 2018, 378, 731–739. [CrossRef]

19. Zeng, T.; Zhang, C.L.; Zhao, N.; Guan, M.J.; Xiao, M.; Yang, R.; Zhao, X.L.; Yu, L.H.; Zhu, Z.P.; Xie, K.Q.
Impairment of Akt activity by CYP2E1 mediated oxidative stress is involved in chronic ethanol-induced
fatty liver. Redox Biol. 2018, 14, 295–304. [CrossRef]

20. Manning, B.D.; Toker, A. AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381–405. [CrossRef]
21. Nitulescu, G.M.; Van De Venter, M.; Nitulescu, G.; Ungurianu, A.; Juzenas, P.; Peng, Q.; Olaru, O.T.;

Gradinaru, D.; Tsatsakis, A.; Tsoukalas, D.; et al. The Akt pathway in oncology therapy and beyond (Review).
Int. J. Oncol. 2018, 53, 2319–2331. [CrossRef] [PubMed]

22. Zhang, Y.; Yan, H.; Xu, Z.; Yang, B.; Luo, P.; He, Q. Molecular basis for class side effects associated with
PI3K/AKT/mTOR pathway inhibitors. Expert Opin. Drug Metab. Toxicol. 2019, 15, 767–774. [CrossRef]
[PubMed]

23. Bertucci, F.; Ng, C.K.Y.; Patsouris, A.; Droin, N.; Piscuoglio, S.; Carbuccia, N.; Soria, J.C.; Dien, A.T.; Adnani, Y.;
Kamal, M.; et al. Genomic characterization of metastatic breast cancers. Nature 2019, 569, 560–564. [CrossRef]
[PubMed]

24. Ma, B.B.; Goh, B.C.; Lim, W.T.; Hui, E.P.; Tan, E.H.; Lopes Gde, L.; Lo, K.W.; Li, L.; Loong, H.; Foster, N.R.;
et al. Multicenter phase II study of the AKT inhibitor MK-2206 in recurrent or metastatic nasopharyngeal
carcinoma from patients in the mayo phase II consortium and the cancer therapeutics research group
(MC1079). Investig. New Drugs 2015, 33, 985–991. [CrossRef] [PubMed]

25. Ahn, D.H.; Li, J.; Wei, L.; Doyle, A.; Marshall, J.L.; Schaaf, L.J.; Phelps, M.A.; Villalona-Calero, M.A.;
Bekaii-Saab, T. Results of an abbreviated phase-II study with the Akt Inhibitor MK-2206 in Patients with
Advanced Biliary Cancer. Sci. Rep. 2015, 5, 12122. [CrossRef]

26. Ramanathan, R.K.; McDonough, S.L.; Kennecke, H.F.; Iqbal, S.; Baranda, J.C.; Seery, T.E.; Lim, H.J.; Hezel, A.F.;
Vaccaro, G.M.; Blanke, C.D. Phase 2 study of MK-2206, an allosteric inhibitor of AKT, as second-line therapy
for advanced gastric and gastroesophageal junction cancer: A SWOG cooperative group trial (S1005). Cancer
2015, 121, 2193–2197. [CrossRef]

27. Yap, T.A.; Yan, L.; Patnaik, A.; Fearen, I.; Olmos, D.; Papadopoulos, K.; Baird, R.D.; Delgado, L.; Taylor, A.;
Lupinacci, L.; et al. First-in-man clinical trial of the oral pan-AKT inhibitor MK-2206 in patients with
advanced solid tumors. J. Clin. Oncol. 2011, 29, 4688–4695. [CrossRef]

28. Yap, T.A.; Yan, L.; Patnaik, A.; Tunariu, N.; Biondo, A.; Fearen, I.; Papadopoulos, K.P.; Olmos, D.; Baird, R.;
Delgado, L.; et al. Interrogating two schedules of the AKT inhibitor MK-2206 in patients with advanced
solid tumors incorporating novel pharmacodynamic and functional imaging biomarkers. Clin. Cancer Res.
2014, 20, 5672–5685. [CrossRef]

29. Hyman, D.M.; Smyth, L.M.; Donoghue, M.T.A.; Westin, S.N.; Bedard, P.L.; Dean, E.J.; Bando, H.;
El-Khoueiry, A.B.; Perez-Fidalgo, J.A.; Mita, A.; et al. AKT Inhibition in Solid Tumors with AKT1 Mutations.
J. Clin. Oncol. 2017, 35, 2251–2259. [CrossRef]

30. Sangai, T.; Akcakanat, A.; Chen, H.; Tarco, E.; Wu, Y.; Do, K.A.; Miller, T.W.; Arteaga, C.L.; Mills, G.B.;
Gonzalez-Angulo, A.M.; et al. Biomarkers of response to Akt inhibitor MK-2206 in breast cancer. Clin. Cancer
Res. 2012, 18, 5816–5828. [CrossRef]

31. Jonasch, E.; Hasanov, E.; Corn, P.G.; Moss, T.; Shaw, K.R.; Stovall, S.; Marcott, V.; Gan, B.; Bird, S.; Wang, X.;
et al. A randomized phase 2 study of MK-2206 versus everolimus in refractory renal cell carcinoma. Ann
Oncol 2017, 28, 804–808. [CrossRef] [PubMed]

32. Beck, J.T.; Hortobagyi, G.N.; Campone, M.; Lebrun, F.; Deleu, I.; Rugo, H.S.; Pistilli, B.; Masuda, N.; Hart, L.;
Melichar, B.; et al. Everolimus plus exemestane as first-line therapy in HR(+), HER2(-) advanced breast
cancer in BOLERO-2. Breast Cancer Res. Treat. 2014, 143, 459–467. [CrossRef] [PubMed]

33. Baselga, J.; Im, S.A.; Iwata, H.; Cortes, J.; De Laurentiis, M.; Jiang, Z.; Arteaga, C.L.; Jonat, W.; Clemons, M.;
Ito, Y.; et al. Buparlisib plus fulvestrant versus placebo plus fulvestrant in postmenopausal, hormone
receptor-positive, HER2-negative, advanced breast cancer (BELLE-2): A randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet Oncol. 2017, 18, 904–916. [CrossRef]

34. Mayer, I.A.; Abramson, V.G.; Formisano, L.; Balko, J.M.; Estrada, M.V.; Sanders, M.E.; Juric, D.; Solit, D.;
Berger, M.F.; Won, H.H.; et al. A Phase Ib Study of Alpelisib (BYL719), a PI3Kalpha-Specific Inhibitor, with
Letrozole in ER+/HER2- Metastatic Breast Cancer. Clin. Cancer Res. 2017, 23, 26–34. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1714448
http://dx.doi.org/10.1016/j.redox.2017.09.018
http://dx.doi.org/10.1016/j.cell.2017.04.001
http://dx.doi.org/10.3892/ijo.2018.4597
http://www.ncbi.nlm.nih.gov/pubmed/30334567
http://dx.doi.org/10.1080/17425255.2019.1663169
http://www.ncbi.nlm.nih.gov/pubmed/31478386
http://dx.doi.org/10.1038/s41586-019-1056-z
http://www.ncbi.nlm.nih.gov/pubmed/31118521
http://dx.doi.org/10.1007/s10637-015-0264-0
http://www.ncbi.nlm.nih.gov/pubmed/26084990
http://dx.doi.org/10.1038/srep12122
http://dx.doi.org/10.1002/cncr.29363
http://dx.doi.org/10.1200/JCO.2011.35.5263
http://dx.doi.org/10.1158/1078-0432.CCR-14-0868
http://dx.doi.org/10.1200/JCO.2017.73.0143
http://dx.doi.org/10.1158/1078-0432.CCR-12-1141
http://dx.doi.org/10.1093/annonc/mdw676
http://www.ncbi.nlm.nih.gov/pubmed/28049139
http://dx.doi.org/10.1007/s10549-013-2814-5
http://www.ncbi.nlm.nih.gov/pubmed/24362951
http://dx.doi.org/10.1016/S1470-2045(17)30376-5
http://dx.doi.org/10.1158/1078-0432.CCR-16-0134


Cancers 2019, 11, 1987 16 of 16

35. Jain, S.; Shah, A.N.; Santa-Maria, C.A.; Siziopikou, K.; Rademaker, A.; Helenowski, I.; Cristofanilli, M.;
Gradishar, W.J. Phase I study of alpelisib (BYL-719) and trastuzumab emtansine (T-DM1) in HER2-positive
metastatic breast cancer (MBC) after trastuzumab and taxane therapy. Breast Cancer Res. Treat. 2018, 171,
371–381. [CrossRef]

36. Davies, B.R.; Guan, N.; Logie, A.; Crafter, C.; Hanson, L.; Jacobs, V.; James, N.; Dudley, P.; Jacques, K.;
Ladd, B.; et al. Tumors with AKT1E17K Mutations Are Rational Targets for Single Agent or Combination
Therapy with AKT Inhibitors. Mol. Cancer Ther. 2015, 14, 2441–2451. [CrossRef]

37. Ma, C.X.; Suman, V.; Goetz, M.P.; Northfelt, D.; Burkard, M.E.; Ademuyiwa, F.; Naughton, M.; Margenthaler, J.;
Aft, R.; Gray, R.; et al. A Phase II Trial of Neoadjuvant MK-2206, an AKT Inhibitor, with Anastrozole in
Clinical Stage II or III PIK3CA-Mutant ER-Positive and HER2-Negative Breast Cancer. Clin. Cancer Res. 2017,
23, 6823–6832. [CrossRef]

38. Andre, F.; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, I.A.;
Kaufman, B.; et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor-Positive Advanced Breast Cancer.
N. Engl. J. Med. 2019, 380, 1929–1940. [CrossRef]

39. Costa, C.; Bosch, A. The Strategy of PIKing a Target: What Is AKTually Most Effective? Clin. Cancer Res.
2018, 24, 2029–2031. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10549-018-4792-0
http://dx.doi.org/10.1158/1535-7163.MCT-15-0230
http://dx.doi.org/10.1158/1078-0432.CCR-17-1260
http://dx.doi.org/10.1056/NEJMoa1813904
http://dx.doi.org/10.1158/1078-0432.CCR-17-3440
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Baseline Patient Demographics 
	Dose Escalation and Maximum Tolerated Dose 
	Safety 
	Pharmacokinetic Evaluation 
	Pharmacodynamic Biomarkers 
	AKT1E17K Status and Mutational Profiling 
	Tumor Response Evaluation 

	Discussion 
	Materials and Methods 
	Study Design 
	Treatment 
	Inclusion Criteria 
	Safety, Response, and Pharmacokinetics Assessments 
	Biomarker Assessments 
	PK/PD analysis 
	Statistical Analysis 

	Conclusions 
	References



