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ARTICLE INFO ABSTRACT

Keywords: Breast cancer is the most frequently occurring cancer in women. Chemotherapy in combination with immunotherapy
Akt has been used to treat breast cancer. Atezolizumab targeting the protein programmed cell death-ligand (PD-L1) in
Protein kinase B combination with paclitaxel was recently approved by the Food and Drug Administration (FDA) for Triple-Negative
Breast cancer Breast Cancer (TNBC), the most incurable type of breast cancer. However, the use of such drugs is restricted by
Drug resistance genotype and is effective only for those TNBC patients expressing PD-L1. In addition, resistance to chemotherapy
Targeted therapy . . L. i , . . :
Hypoxic conditions with drugs such as lapatinib, geftinib, and tamoxifen can develop. In this review, we address chemoresistance in
breast cancer and discuss Akt as the master regulator of drug resistance and several oncogenic mechanisms in breast
cancer. Akt not only directly interacts with the mitogen-activated protein (MAP) kinase signaling pathway to affect
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PD-L1 expression, but also has crosstalk with Notch and Wnt/B-catenin signaling pathways involved in cell migration
and breast cancer stem cell integrity. In this review, we discuss the effects of tyrosine kinase inhibitors on Akt
activation as well as the mechanism of Akt signaling in drug resistance. Akt also has a crucial role in mitochondrial
metabolism and migrates into mitochondria to remodel breast cancer cell metabolism while also functioning in
responses to hypoxic conditions. The Akt inhibitors ipatasertib, capivasertib, uprosertib, and MK-2206 not only
suppress cancer cell proliferation and metastasis, but may also inhibit cytokine regulation and PD-L1 expression.
Ipatasertib and uprosertib are undergoing clinical investigation to treat TNBC. Inhibition of Akt and its regulators can
be used to control breast cancer progression and also immunosuppression, while discovery of additional compounds
that target Akt and its modulators could provide solutions to resistance to chemotherapy and immunotherapy.

1. Introduction

The incidence of breast cancer has been increasing, particularly in
young women [1]. Breast cancer is the most common cause of cancer-
related mortality in women and is the fifth leading cause of deaths due
to cancer [2]. Despite progress in reducing the mortality rate, many
existing treatments benefit only a subset of breast cancer patients [3].
Breast cancer tumors that do not respond to hormone therapy and Her2-
targeted therapy are termed triple-negative breast cancer (TNBC).
TNBC has the poorest prognosis among breast cancer types and che-
motherapy is still the only available treatment for these patients. In a
cohort of 5903 breast cancer patients from Singapore comprising three
major Asian ethnic groups of Chinese, Malay, and Indian, TNBC subtype
accounted for 13 % of all breast cancers [4].

Akt is a key component of the phosphatidylinositol-3-kinase (PI3K)/
Akt and mammalian target of rapamycin (mTOR) signaling pathway,
which contributes to cellular signaling that regulates fundamental
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cellular processes including survival, proliferation and differentiation
[5]. Akt activation is modulated by numerous upstream signaling pro-
teins that then regulate multiple downstream effectors. Various re-
ceptors such as receptor tyrosine kinases (RTKs), G-protein coupled
receptors (GPCRs), cytokine receptors, and integrin can trigger the
PI3K/Akt pathway by recruiting the phosphatidylinositol-4,5-bispho-
sphate 3-kinase, catalytic subunit a (PIK3CA) to phosphorylate PIP2,
which generates PIP3. PIP3 then activates Akt to initiate a range of
signaling events. Under normal conditions, the level of PIP3 is subject
to tight regulation by phosphatase and tensin homolog (PTEN) that
converts PIP3 back to PIP2 [6].

Chemotherapy including tyrosine kinase inhibitors (TKIs) and
CDK4/6 inhibitors in combination with immune checkpoint inhibitors
are now seen as promising therapies for TNBCs [7]. Recently, atezoli-
zumab, a programmed death-ligand 1 (PD-L1) inhibitor, was approved
for use in combination with paclitaxel to treat PD-L1* TNBC patients
[8]. However, resistance to paclitaxel has been shown to occur in TNBC

Fig. 1. Akt structure and crucial interac-
tions. (A) Akt modifiers. Akt has three domains.
Pleckstrin Homology Domain (PHD) binds PIP3
for recruitment of Akt to the plasma membrane.
Histone acetylases (P300 and CBP) dissociate
Akt from PIP3, while class III Histone
Deacetylases (SIRT1/2) activate Akt for PIP3
binding. Class III Histone Deacetylases require

K377
Sa7

Class IT

NAD™ for activation. K63-linked ubiquitination
is also required for plasma membrane localiza-
tion whereas K48-linked ubiquitination leads to
proteasomal degradation of Akt. E3 ligases,
particularly Skp2 and TRAF4/6, are required
for ubiquitination. BRCA1, a tumor suppressor,
facilitates Akt degradation. Akt Kinase Domain
(KD) is targeted by phosphoinositide-dependent

protein kinase 1 (PDPK1) for phosphorylation at
T308, and by SUMO and HDAC6 for further
modifications. K179 interacts with ATP and Akt
inhibitors. To activate Akt kinase, phosphor-
ylation at T308 and S473 is required. PDPK1
phosphorylates both residues whereas mTORC2
targets S473 located in the Hydrophobic C-
terminal regulatory Motif (HM). Phosphatases
(PP2A and PHLPP) inactivate Akt. Calcium-de-
pendent calmodulin (CaM) and ROS, which
target PHD, are also involved in Akt activation.
Akt is a cellular sensor that can sense oxidative
stress and calcium levels through interactions
with CaM and ROS, which are both necessary
for Akt oncogenic activity. (B) Pleckstrin
Homology Domain (PHD) interacts with the
plasma membrane and is targeted by numerous
protein modifiers. K14 and K20 located in the
modification loop are important for PHD ubi-
quitination and deacetylation. (C) The kinase
domain (KD) includes a DFG motif (residues

292-294) and upon assuming a suitable conformation allows K179 to bind ATP, the key substrate for kinase activity. Competitive Akt inhibitors can bind to this kinase
pocket. Images are from the RCSB PDB (rcsb.org) [17] using PDB IDs 1UNR [18] and 30CB [19] and were created using NGL viewer [20]. * Dotted arrows: Mutations in
Akt: Mutations in E17 and E49 residues (E17 K and E49 K) lead to sustained activation of Akt via increased ubiquitination.
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through overactivation of Akt signaling and hypoxic conditions [9-11].
On the other hand, interaction of PD-L1 and programmed death 1 (PD-
1) causes resistance to chemotherapy through activation of PI3K/Akt
and mitogen-activated protein kinase (MAPK) pathways, both of which
are under regulation by RTKs [12]. Interestingly, a recent study re-
ported that treatment of TNBC cells with lapatinib, a dual epidermal
growth factor (EGF) receptor (EGFR) and Her2 inhibitor overactivated
Akt (compared to untreated cells) and induced resistance to TKI [13].
Accordingly, there are conflicting opinions about the role of Akt, which
makes selection of treatments for TNBC more challenging.

Therefore, there is an urgent need to highlight the challenges in
treating breast cancer, especially TNBC, and to define the character-
istics that contribute to the role of Akt as a master regulator of che-
moresistance and immunotherapy. This review discusses the role of
Akt-targeted therapy in breast cancer initiation and progression, as well
as the mechanisms of resistance to therapy to examine the crucial
therapeutic role of Akt inhibitors in combinatorial therapies for breast
cancer, and the most incurable type of breast cancer, TNBC. We also
extensively discuss how hypoxic conditions and resistance to im-
munotherapy impact Akt signaling.

2. Akt structure and regulators

Akt, or protein kinase B (PKB), is a serine/threonine kinase that
describes three closely related proteins, termed Aktl, Akt2, and Akt3.
Based on Ensembl (www.ensembl.org) assessment, the genes for Aktl,
Akt2, and Akt3 are located at 14q32.33, 19q13.2, and 1q44 respec-
tively. Akt isoforms are involved in gene transcription, protein synth-
esis, cell survival and proliferation, genome stability, glucose metabo-
lism, and cytoskeletal organization [6]. However, the metabolic role of
Akt3, which is restricted to only a few organs such as the brain and
kidney, has not been well-recognized [14]. Although both Aktl and
Akt2 are ubiquitously expressed throughout the human body, Aktl is
particularly well-characterized in breast cancer cells [15]. Akt isoforms
have conserved structure comprising three domains [16]: Pleckstrin
homology domain (PHD), kinase domain (KD), and hydrophobic C-
terminal regulatory motif (HM) (Fig. 1).

PHD is a 100 aa region located at the N terminus of Akt that in-
teracts with PIP3 generated by the upstream kinase PIK3CA. PHD/PIP3
binding recruits Akt to the plasma membrane, which, in ER™ breast
cancer cells, occurs via a mechanism that requires calcium-dependent
calmodulin (CaM). CaM antagonists that inhibit Akt promote apoptosis
of ER™ breast cancer cells [15]. PHD contains seven N-terminal [3-
sheets (B1-37) and one C-terminal helix. Recent studies showed that, in
contrast to our previous understanding of CaM function that involved
interactions with helices of its substrate, the first 42 residues (31-f3) of
PHD in Akt interact with both CaM and PIP3 [16].

PHD also interacts with the KD to facilitate phosphorylation of T308
[18]. Full activation of Akt thus depends on its interaction with plasma
membrane phospholipids after which phosphorylation of T308 (of the
KD) and S473 (of the HM) are mediated by the phosphoinositide-de-
pendent protein kinase 1 (PDPK1) and the mTOR Complex 2 (mTORC2),
respectively [16,21]. In contrast, protein phosphatase 2A (PP2A) and pH
domain leucine-rich repeat protein phosphatase (PHLPP) depho-
sphorylate T308 and S473, which lead to Akt deactivation [22,23].

To activate Akt for binding to substrates including glycogen syn-
thase kinase (GSK)-3p, residues 150-408 of the Akt KD acquire a con-
formation that allows binding of ATP, the main substrate of all kinases.
D292, F293, and G294 (DFG motif) play a role as part of the well-
known DFG gate [24], which consists of a conserved trio of amino acid
residues within most kinases. DFG conformation is important for kinase
activation [25]. In the appropriate conformation, ATP binds to K179.
There are two main categories of Akt inhibitors: ATP-competitive and
allosteric, which target KD and PHD respectively [13,24]. Ipatasertib,
an ATP-competitive inhibitor, is the only Akt inhibitor for TNBC that is
under clinical investigation [26].
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2.1. Akt post-translational modifications

2.1.1. Akt PH domain deacetylation

Some post-translational changes are required for Akt activation.
Residues K14 and K20 within the Akt PHD are acetylated by various
histone acetyl transferases (HATs) such as p300 and cAMP-response-
element-binding protein (CREB) binding protein (CBP) when Akt is
dissociated from membranes [27]. The NAD*-dependent deacetylase
sirtuin family (SIRT) is a group of seven proteins that can deacetylate
both histone and non-histone proteins. To recruit Akt to membranes
including the plasma membrane, deacetylation of K14 and K20 by
SIRT1 and SIRT2 is required, particularly for regulation of Akt activa-
tion in breast cancer cells including TNBC cells [28,29]. Histone dea-
cetylase (HDAC) 6 is also reported to be involved in deacetylation of
Akt in human neural progenitor cells, likely by deacetylating K163 and
K377 [21]. Acetylation of lysine residues in PHD promotes Akt binding
to the plasma membrane, and to respond to PIP3, both PDPK1 and Akt
must undergo SIRT-mediated deacetylation [30,31].

2.1.2. Akt: an oxidative stress-sensing oncoprotein

The association of cysteine oxidation with Akt signaling has also
been shown in adipocytes. Su et al. (2019) identified C60 and C77 in
the Akt PHD as an oxidation site that facilitates localization of Akt to
the plasma membrane via PIP3 binding. Increased amounts of reactive
oxygen species (ROS) promote Akt activation through the formation of
disulfide bonds between C60 and C77 of Akt. They also showed that Akt
T308 phosphorylation could be regulated by C77 oxidation [32]. On the
other hand, as mentioned earlier, Akt activation depends on the NAD *-
dependent and Class III HDACs, SIRT1/2. NAD" is an oxidized by-
product of mitochondria following inhibition of both the tricarboxylic
acid (TCA) cycle and electron transport chain (ETC) [33]. Thus, Akt
activation requires high levels of the reactive molecules ROS and
NAD™". Remarkably, Akt can sense oxidative stress of cancer cells in
which Akt is highly activated and in response Akt may be transferred to
mitochondria to activate anaerobic respiration.

2.1.3. Ubiquitination of the Akt PH domain

Ubiquitin is a protein that has two crucial lysine residues, K48 and
K63. K48 tumor suppressor ubiquitination is associated with protea-
somal degradation of substrate proteins, and K63-linked ubiquitination
is involved in DNA repair, protein trafficking, autophagy, inflamma-
tion, and immunity. K63-linked ubiquitination of Akt K14 and K20 is
also involved in Akt regulation rather than Akt degradation. K63-linked
ubiquitination is associated with insulin-like growth factor 1 (IGF-1)
and interleukin (IL)-1 through activation of tumor necrosis factor (TNF)
receptor associated factor (TRAF) 6 and neural precursor cell expressed
developmentally down-regulated protein 4 (NEDD4), also known as E3
ubiquitin-protein ligase [34]. NEDD4 E3 ligase seems to be involved in
K63-linked ubiquitination of Akt [35] whereas TRAF6 also promotes
Akt activation and phosphorylation [36]. Akt requires the S-phase ki-
nase-associated protein 2 (Skp2) and TRAF4/6 to induce K63-linked
ubiquitination in EGFR-mediated Akt activation.

Moreover, Skp2 inhibitors may sensitize Her2"* breast cancer cells
to Her2-targeted therapy [37]. Ubiquitination may be reversed by
deubiquitinating enzymes or compounds (DUBs) [38]. K63-linked Akt
ubiquitination is essential for T308 phosphorylation [39]. Moreover,
Skp2 phosphorylation mediated by 5'5” AMP-activated protein kinase
(AMPK) has a substantial role in Skp2 activation by which Akt under-
goes K63-linked ubiquitination [40]. E17 K and E49 K mutations in
bladder cancer have been reported to increase the likelihood of K63-
linked ubiquitination on Akt, which, in turn, increases the likelihood of
PIP3 binding by Akt on the plasma membrane [41].

In addition to its role in Akt binding to PIP3, PHD also terminates
Akt activities associated with K48-linked ubiquitination that lead to Akt
degradation. K48-linked ubiquitination is regulated by E3 ubiquitin li-
gases and BRCA1, which facilitates ubiquitin-dependent destruction of
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activated Akt [42-44]. K48-linked ubiquitination of Akt has been ob-
served after S473 phosphorylation that leads to immediate proteasomal
degradation. In fact, K48-linked ubiquitination is a turn-off switch for
Akt activation [45].

2.1.4. Akt SUMOylation and methylation

In addition to acetylation and ubiquitination, Akt residues are re-
ported to be covalently modified mainly at K276 and K301 by Small
Ubiquitin-like Modifier (SUMO) proteins. This process is called
SUMOylation, which, in the context of Akt, is not well understood [46].
Furthermore, Akt K64 methylation performed by the SET Domain Bi-
furcated Histone Lysine Methyltransferase 1 (SETDB1) is required for
transformation and oncogenic behavior of Akt E17 K mutant cancer
cells [47]. It should be noted, however, that Akt activities and corre-
sponding post-translational modifications may be cell-specific [48].

3. Targeting Akt regulation
3.1. mTORC2 and Rictor

Inhibition of mTORC1/2 by mTOR kinase inhibitors effectively
suppresses S473 phosphorylation of Akt. mTOR kinase interacts with
Rictor to form mTORC2, which is not sensitive to rapamycin and ra-
palogs such as everolimus, and instead phosphorylates Akt at S473
(Fig. 2). Therefore, Rictor inhibitors can also suppress Akt. The mTOR
inhibitors PP242 and OSI-027 are known to target mTOR active sites to
suppress S473 phosphorylation of Akt in MCF-7, MDA-MB.231, and
Bcap-37 breast cancer cells [49]. However, as an allosteric mTOR in-
hibitor, rapamycin, which was first considered as a drug that had an-
ticancer activity through targeting of mTOR signaling, inhibits
mTORC1 but not mTORC2, and thus does not have an effect on Akt
[50]. Accordingly, to suppress breast cancer cell migration and pro-
liferation, mTORC2 inhibition is urgently required, either using
mTORC2/Rictor inhibitors or Akt inhibitors in a TNBC model [51]. A
positive feedback loop of mTORC2/Akt has also been observed in Her2
amplified breast cancer cells that are resistant to lapatinib [52].

mTORC2 activators such as Selenoprotein W (SelW) and the Runt-
related transcription factor RunX2 also elevate Akt activity in invasive
MDA-MB-231 (TNBC), SUM-159-PT (TNBC), MCF-7 (invasive ductal
carcinoma) and T47D (invasive ductal carcinoma) breast cell lines that
have ectopic expression of mTORC2 [53,54]. PRICKLE and Rictor are
required for mTORC2 activity, and PRICKLE overexpression is also as-
sociated with metastasis in basal breast cancer [55]. As mTORC2 is still
active and can activate Akt, the first generation of mTOR inhibitors
were not effective against the PI3K/Akt/mTOR pathway, whereas the
mTORC2/Akt feedback loop should be suppressed by mTORC2 in-
hibitors [56]. However, downregulation of mTORC2 expression does
not affect Akt T308 phosphorylation [53]. In addition to Akt, mTORC2
phosphorylates protein kinase C (PKC) 8 to enhance breast cell mor-
phogenesis and migration [57,58]. Rictor phosphorylation together
with Integrin-linked kinase (ILK) is also required for Transforming
Growth Factor (TGF)-p-dependent epithelial to mesenchymal transition
(EMT) in Her2* breast cancer cells [59]. In MDA-MB-231 and T-47D
cells, Rictor interacts with PKC signaling to promote metastasis [60].

3.2. Protein phosphatase 2 A

Protein Phosphatase 2 A (PP2A) is a tumor suppressor with scaffold
(PPP2R1A and PPP2R1B), catalytic (PPP2CA, PPP2CB) and regulatory
(PPP2R2A, PPP2R5A, PPP2R2B, PPP2R5B, PPP2R5C, PPP2R2D,
PPP2R5D,and PPP2R5E) subunits that dephosphorylate several targets
including p-Akt, estrogen receptor (ER), Bad, E2F, and Cdc25 [61]
(Fig. 3). PP2A dysregulation is seen in 60 % of basal breast cancers
[62]. Furthermore, TNBC cells are sensitive to PP2A activators in-
dicating that PP2A inhibition may play a key role in resistance to
therapy that occurs due to Akt overactivation [63]. PP2A, however,
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affects phosphorylation of Akt at T308, not S473 [64] and PP2A dys-
regulation is associated with poor prognosis in both ER™ and ER™
breast cancer [65,66].

I2PP2A (SET), an oncogenic inhibitor of PP2A, is involved in tumor
progression [67]. A study of 218 patients with ER* breast cancer who
received post-surgery tamoxifen showed that I2PP2A, an oncogenic
inhibitor of PP2A, was an independent prognostic predictor in ER™*
breast cancer with tamoxifen adjuvant therapy. PP2A and Akt are also
associated with poor prognosis in ER™ breast cancer [65]. Tamoxifen
was shown to elevate PP2A activity in ER™ HCC1937, MDA-MB-231,
MDA-MB-468, MDA-MB-453, and SK-BR-3 breast cancer cells. In ad-
dition, ectopic expression of the cancerous inhibitor of PP2A (CIP2A),
another PP2A inhibitor that might be related to tamoxifen resistance,
inhibits PP2A and activates Akt [68]. The use of CIP2A inhibitors such
as arctigenin and bortezomib, a proteasome inhibitor that also targets
CIP2A, is therefore effective for PP2A activation and ultimately Akt
dephosphorylation in TNBC [69,70].

Ectopic overexpression of CIP2A is also associated with resistance to
lapatinib, which reduces Akt activation and expression in SK-BR-3 cells,
in Her2™ breast cancer as downregulation of CIP2A leads to RTK in-
hibition [71]. The effects of CIP2A on TNBC progression were observed
in MDA-MB-231 and BT-549 cell lines [72]. Moreover, downregulation
of CIP2A and I2PP2A expression increased the level of PP2A in different
breast cancer cell lines including MDA-MB-231, MDA-MB-468,
HCC1937, Hs-578-T, and BT-20 TNBC [73]. Upregulation of CIP2A and
[2PP2A expression is also associated with drug resistance in TNBC.
CIP2A inhibition improves resistance to lapatinib in SK-BR-3 cells, al-
though fingolimod (FTY720), a PP2A activator, reduces sensitivity to
lapatinib through Akt dephosphorylation [74]. The addition of FTY720
to doxorubicin and paclitaxel therapy reduces resistance to these two
agents [75].
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Fig. 2. Akt signaling and downstream pathways. Receptor Tyrosine Kinases
(RTK) such as EGFR and Her2 are activated by their ligands to activate PI3K
that in turn converts PIP2 to PIP3 that leads to PDPK1 activation and finally Akt
phosphorylation at T308. Akt is fully activated by mTORC2 through S473
phosphorylation. For membrane recruitment of Akt, K63-linked ubiquitination
(e.g., SKP2) and deacetylation (by HDAGCs, e.g., SIRT1) are also required. Upon
activation, Akt phosphorylates numerous targets in the cytoplasm, nucleus, and
mitochondria. Phosphorylation of FoxOs and GSK-3 leads to K48-linked ubi-
quitination and subsequent proteasomal degradation of these tumor sup-
pressors. On the other hand, Akt participates in crosstalk with other pathways
including Wnt/f-catenin signaling, Notch signaling, MAPK signaling, and NF-
kB signaling. Akt not only promotes tumorigenesis, but also inhibits apoptosis
via NF-kB signaling. In addition, Akt interacts with mitochondrial proteins in-
cluding VDAC, which increases mitochondrial calcium levels.



P. Jabbarzadeh Kaboli, et al.

H000 89 K48-Linked Ubiquitination

t

E3 Ligase

Proteasome

Fig. 3. Akt degradation and activation of GSK-3f3 and Fox03. Akt is de-
phosphorylated and deactivated by PP2A phosphatase. Two crucial targets,
GSK-3p and FoxO3, are converted into an active form by dephosphorylation.
GSK-3f promotes proteasomal degradation of oncogenic proteins such as (-
catenin, Cyclin D, and HIF-1. FoxO3 regulates genes related to detoxification,
apoptosis, and tumor suppression. Deactivated Akt is a target for K48-Linked
ubiquitination that promotes proteasomal degradation. CCN5 and BRCA1 fa-
cilitate Akt dephosphorylation and ubiquitination, respectively.

As mentioned above, activation of PP2A inhibitors may cause re-
sistance to chemotherapy leading to Akt activation. In the case of PP2A
inhibition, the use of Akt inhibitors may have benefits for overcoming
resistance to therapy. PP2A activators such as FTY720 decrease cell
viability and effectively inhibit Akt phosphorylation in MDA-MB-231 and
BT-474 cell lines. Upregulation of CIP2A and I2PP2A expression as well
as downregulation of PP2A due to PP2A hyperphosphorylation occur,
however, at the posttranslational rather than transcriptional level [75].

3.3. Forkhead box O (FoxO) transcription factors

FoxO3 and FoxOl are transcriptional factors that are involved in
regulation of tumor suppressor-mediated (e.g. p21 and p27) apoptosis,
and diminish cancer cell invasiveness and metastasis. These proteins
are suppressed and degraded following Akt phosphorylation such that
Akt activity negatively affects apoptosis and caspase activities via
FoxO3 downregulation [76].

Drugs that activate FoxO3 suppress TNBC cell growth whereas Akt
inhibitors that suppress S473 phosphorylation at Akt promote FoxO3
activation. FoxO3 has been shown to have negative effects on c-Myc,
Kruppel Like Factor 5 (KLF5), and the dopamine receptor DRD2 in TNBC.
These proteins are involved in producing cancer stem cells (CSC) [77].
Recently, Zhao et al. (2018) showed that calcineurin B homologous
protein 2 (CHP2), which is an essential part of the Na*/H" exchanger
(NHE1), is overexpressed in breast cancer, and this overexpression sup-
presses FoxO3 to promote proliferation of breast cancer cells [78]. FoxO3
activation by inhibitors Akt S473 phosphorylation leads to activation of
Bim1, a BH3 domain-containing pro-apoptotic protein [79].

Akt can also phosphorylate FoxO1 to promote its degradation that is
mediated by Skp2 E3 ligase. In contrast, high levels of FoxO1 cause not
only apoptosis, but may also activate Sox2 expression, and eventually may
lead to the development CSCs. Therefore, FoxO1 is a double-edged sword
in breast cancer signaling [80]. Ubiquitin-conjugating enzyme variant 1
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(UEV1A) is also required for regulation of Akt. In MDA-MB-231 and MCF-
7 breast cancer cells, UEV1 activates Akt signaling and leads to FoxO1 and
Bim1 downregulation. Under stress conditions, UEV1 may cause resistance
to therapy in breast cancer cells [81]. FoxO1 downregulation is associated
with adriamycin (ADR) resistance in MCF-7/S and MCF-7/ADR cells, and
treatment with the Akt inhibitor LY294002 sensitized MCF-7/S cells to
ADR [82]. On the other hand, Procaccia et al. (2017) observed that Akt
crosstalk with the MAP kinase pathway promotes degradation of FoxO1.
They showed that Akt has direct interaction with phosphorylated mitogen-
activated protein kinase kinase (MEK) 1 and MEK2, which then induce
FoxO1 phosphorylation. Interactions between Akt and MEK are related to
cell migration and metastasis, and not proliferation, thus showing the role
of FoxOl1 in suppression of metastasis [83].

In addition to promoting apoptosis in breast cancer cells, FoxO3 and
FoxO1 regulate expression of tumor suppressors such as p27 (Kip1) and
p21, respectively [84,85]. FoxO3 circular RNA also forms a ternary
structure with p21 and CDK2 to suppress cell cycle progression [86].
Akt-induced phosphorylation of FoxO3 is targeted by ubiquitin sig-
naling enzymes such as Skp2, UEV1A, and USP18 [87]. In TNBC, FoxO3
phosphorylation at S318, S253, and T32 is blocked by CCN5 (con-
nective tissue growth factor), which can reverse EMT and inhibit cell
proliferation [88]. CCN5 also inhibits Skp2 to promote FoxO3 nuclear
relocalization [85]. Skp2- and Akt-mediated FoxO3 degradation has
also been shown to be associated with p27 (Kip1l) downregulation [89].

Resistance to apoptosis can be caused by inhibition of FoxO tran-
scription factor activity that inhibits Bim1 and PTEN [79]. On the other
hand, Akt re-activation is associated with resistance to PI3K and tyr-
osine kinase inhibitors [90]. Akt activation has recently been shown in
lapatinib-treated MDA-MB-231 TNBC cells [91]. In this regard, HDAC
(e.g. entinostat) or Akt inhibitors in combination with lapatinib have
been shown to suppress Akt phosphorylation at S473 [13,92].

3.4. Glycogen synthase kinase (GSK)-3p3

GSK-3 activation promotes apoptosis in several cancer types in-
cluding breast cancer and can also induce cancer progression in other
cases depending on GSK-3 regulators. GSK-3 has two isoforms, a and f3,
that localize to the nucleus/cytoplasm and cytoplasm, respectively. Akt
inactivates both GSK-3 isoforms by phosphorylating N-terminal serine
residues and this inactivation leads to induction of protein synthesis
[93]. Inhibition of GSK-3 may stabilize B-catenin in the canonical Wnt
pathway to promote cell proliferation. Indeed, GSK-3 inactivation is a
function that connects Akt to Wnt/f3-catenin signaling.

GSK-3p is involved in ubiquitin-dependent degradation of key
proto-oncoproteins such as B-catenin, c-Myc, and cyclin D and is known
as a tumor suppressor [94]. GSK-3 overactivation also induces mTORC1
in MCF-7 breast cancer cells [95]. P-gp associated with drug resistance
is expressed when GSK-3 is inhibited through Wnt/p-catenin signaling
in brain cells of the blood-brain barrier (BBB) whereas the GSK-3 in-
hibitor, 9-ING-41, sensitizes patient-derived xenograft tumor models of
breast cancer cells to the topoisomerase inhibitor irinotecan. However,
GSK-3[3 overexpression has been associated with poor prognosis and
survival of patients with breast cancer [94].

3.5. Akt: oxidative stress and chemoresistance

3.5.1. Nuclear factor erythroid 2-related factor 2 (Nrf2)

DNA damage can occur from oxidative stress and ROS through
epigenetic changes, which can also reduce expression of superoxide
dismutase (SOD) family members, cause genomic instability, activate
nuclear factor-kB (NF-kB) signaling, and promote inflammation that can
eventually lead to cancer. Nrf2 is a transcription factor that protects
cells against various toxic compounds through expression of anti-oxi-
dant enzymes and ATP-binding cassette (ABC) transporters in various
cell types, including breast cancer. Nrf2 has been shown to target serval
genes, including anti-oxidant response elements (AREs) [24] (Fig. 4).
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Thus, cancer cells that have a high level of ARE activity often show
resistance to anti-cancer agents [96] and drug inhibitors of this tran-
scription factor can sensitize cancer cells to chemotherapy [97]. The
Kelch-like ECH-associated protein 1 (Keap1)-Nrf2 system is thought to
be a potential therapeutic target for cancer. Keapl binding to Nrf2
causes Nrf2-polyubiquitination, which targets Nrf2 to the 26S protea-
some for degradation. Therefore, Keapl inhibitors can prevent Nrf2
degradation and increase Nrf2 levels [98].

On the other hand, glycolysis is an aerobic process that provides
sufficient energy for growth and proliferation of breast cancer cells. In
MDA-MB-231 and MCF-7 breast cancer cells, expression of Nrf2 and
Hypoxia-inducible factor (HIF)-1a is increased. The effects of Nrf2 on
glycolysis are not well understood, although Nrf2 downregulation in-
hibits expression of key genes involved in glycolysis. In breast cancer
cells, Nrf2 also co-activates HIF-1la expression [99] that can in turn
regulate expression of glycolytic enzymes such as glycolysis-associated
glucose transporter-1 (GLUT1), hexokinase-2 (HK2), pyruvate dehy-
drogenase kinase-1 (PDK1), and lactate dehydrogenase A [100].

Nrf2 can reduce increases in ROS levels, but in MDA-MB-231 cells
Nrf2 also activates cell growth and may also induce Akt activation [101].
Transcriptional co-activator amplified in breast cancer 1 (AIB1) reduces
ROS via Nrf2 activation, and induces Bcl-2 expression through activation
of the Akt pathway. AIB1 also facilitates expression of ABCC2 and
ABCG2, two targets of Nrf2, leading to resistance to chemotherapy [102].

Estrogen (E2) increases Nrf2 levels in ER* MCF-7 breast cancer cells
via activation of PI3K/GSK-3f signaling. The PI3K inhibitors LY294002
and wortmannin suppress Nrf2 activation. E2 is also reported to play a
role in Nrf2 activation by increasing levels of p-Akt and p-GSK-3(3
[103]. Patients carrying mutations in breast cancer 1 tumor suppressor
gene (BRCA1 ™) have reduced levels of antioxidant signaling that result
in part from lower levels of Nrf2. In contrast, E2 induces ER" breast
cancer cell survival by inducing Nrf2 expression. E2-induced Nrf2 ac-
cumulation is associated with Akt signaling and thus Akt inhibitors may
be beneficial for patients with ER *BRCA ™ breast cancer [104]. Nrf2 is
also reported to be expressed in Her2* ovarian cancer cells, suggesting
that Nrf2 inhibitors could be used to suppress Her2 signaling in patients
that have resistance to TKIs and docetaxel [105].

In addition to Nrf2-dependent expression of ABC transporters and
anti-oxidant enzymes, Akt is involved in biosynthesis of glutathione
(GSH) through a pathway that involves Nrf2 activation [106]. Reactive
aldehydes increase GSH and Nrf2 levels, EMT markers, and accordingly,
elevate resistance to chemotherapy. The frequency of breast CSCs
(BCSC) as the main cause of metastasis and chemoresistance is asso-
ciated with GSH and Nrf2 levels [107].

Moreover, Akt increases the population of BCSCs. The Notch sig-
naling pathway functions in survival of stem-like cells survival and
plays a role in drug-resistance in TNBC patients. Jagged1, the ligand for
multiple Notch receptors, initiates NF-kB-dependent, as well as mi-
tochondrial and nuclear Notchl, signaling that leads to phosphoryla-
tion of Akt at S473 in TNBC cells. Proteins downstream of Notch sig-
naling are responsible for development of BCSC development from
TNBC cells. Meanwhile, the Akt inhibitor, MK-2206, in combination
with the y-secretase inhibitor PF-03084014, which is responsible for
Notch cleavage, prevent secondary mammosphere formation from CSCs
in TNBC cases having Notchl and wild-type PTEN expression [108].

3.5.2. Hypoxia-inducible factor (HIF-1a)

Akt increases translation of HIF-la mRNA under hypoxic condi-
tions. Under normal oxygen concentrations (normoxia), the HIF-1a C-
terminal is hydroxylated and HIF-1a is degraded through proteasomal
degradation [109] (Fig. 5). In contrast, when oxygen concentrations fall
below 5% (hypoxia), HIF-1a is stabilized by phosphorylationm. Such
stabilization is associated with chemoresistance of TNBC xenografts to
docetaxel and doxorubicin [110]. Factor-inhibiting HIF-1 (FIH-1) and
prolyl hydroxylase hydroxylate the C-terminal transactivation domain
of HIF-1a in invasive breast cancer, which leads to HIF-1a removal
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[111]. Hypoxia inhibits HIF-1a hydroxylation by suppressing the ac-
tivity of prolyl hydroxylase [112]. The Von Hippel-Lindau (VHL) tumor
suppressor binds to hydroxylated proline residues P402 and P564 to
facilitate HIF-1a ubiquitination via VHL-dependent HIF-1a degradation
[113] that involves GSK-3B-dependent phosphorylation of HIF-1a at
T498, S502, S505, T506, and S510 [114].

HIF-1a can be modified by two types of phosphorylation. GSK-3-
dependent phosphorylation results in HIF-1a degradation, and extra-
cellular signal-regulated kinase (ERK)1/2-dependent phosphorylation of
HIF-1la at S641 and S643 promotes nuclear accumulation and sub-
sequent increases in HIF-la-mediated transcription by masking the nu-
clear export signal (NES) (1637-L638-1639) [115]. HIF-1a that does not
undergo ERK1/2 phosphorylation can bind to glucose-regulated protein
75 (GRP75) and the HIF-1a/GRP75 complex is exported from the nu-
cleus to the cytoplasm. Under hypoxic conditions, most HIF-1a localizes
to the nucleus and very little is detectable in the cytoplasm [116,117].

Meanwhile, Akt signaling participates in crosstalk with the MAPK
pathway through direct binding to phosphorylated MEK1/2 [83]. In che-
moresistance, PI3K/Akt and MAPK/ERK pathways can be hyperactivated to
facilitate HIF-1 activity by increasing rates of HIF-1a protein synthesis and
HIF-1ae phosphorylation, respectively [118]. ERK1/2-dependent HIF-la
activation also leads to angiogenesis through vascular endothelial growth
factor A (VEGF-A) expression [119]. Akt signaling is also required for both
and HIF-1a mRNA transcription transcriptional and protein synthesis that
occurs through P300 activation and ribosomal protein activation of eu-
karyotic initiation factor-4E (eIF4E) as well as ribosomal protein S6 kinase
(P70S6K) [120]. Taken together, the use of Akt inhibitors might be effective
for inducing HIF-1a downregulation in breast cancer cells [121].

Furthermore, HIF-1a controls expression of the stemness-specific
proteins OCT4 and Nanog that contribute to BCSC integrity. Akt in-
hibitors also can inhibit HIF-1 and in turn decrease drug resistance by
decreasing BCSC populations [122]. Brachyury, a T-box family tran-
scription factor, stimulates EMT and HIF-1a expression through Akt
signaling that increases proliferation and metastasis of breast cancer in
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Fig. 4. Nrf2 activity based on oxygen availability. In hypoxia (5% oxygen),
Akt can inhibit aerobic transpiration whereupon ROS released from the mi-
tochondria can activate Nrf2, a transcription factor that regulates expression of
anti-oxidant genes and genes related to drug resistance. Nrf2 is marked for
proteasomal degradation by Keapl under atmospheric oxygen (20 %). Cysteine
residues in Keapl are oxidized by ROS under hypoxic conditions that promote
Nrf2 dissociation. P-gp is a multi-drug resistance protein that exports drugs
from cancer cells. Multi-drug resistance proteins require ATP for activity.
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Fig. 5. Collaborative effects of PI3K/Akt and KRAS/Raf/MAPK pathways
on HIF-1 activity. HIF-1a is expressed and synthesized in hypoxia. Both KRAS/
Raf/MAPK and PI3K/Akt signaling pathways are involved in HIF-1a activation.
ERK1/2 phosphorylates HIF-1a at S641 and S643, while Akt promotes HIF-1a
synthesis by activating ribosomal protein S6. Akt also activates P300, a histone
acetyl transferase (HAT), which, along with CBP, is a co-activator for HIF-1a
binding. Akt binds MEK1/2 to promote crosstalk in MAPK signaling pathways.
Phosphorylation of HIF-1a at S641 and S643 traps HIF-1a in the nucleus and
facilitates interactions with P300, CBP, and HIF-1f. Unmodified HIF-1a inter-
acts with GRP75, VDAC, and HK2 on mitochondrial outer membranes. HIF-1a
drives the expression of genes related to cancer stem cells, glucose metabolism,
and angiogenesis. HIF-1a is phosphorylated by GSK-3p at T498, S502, S505,
T506, and S510 residues, which leads to HIF-1a proteasomal degradation. Akt
suppresses GSK-3f activity under hypoxic conditions, although GSK-3p can
mediate auto-activation in anoxia to induce HIF-1a degradation. Under nor-
moxic conditions, HIF-1a is hydroxylated at P402 and P564 that promotes VHL-
dependent degradation of HIF-1a.

vitro and in tumor xenografts [123]. HIF-1a activity is also associated
with lapatinib resistance in Her2* breast cancer cells, particularly that
which occurs under hypoxic conditions [124].
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3.5.3. Akt and autophagy

Hypoxic conditions promote chemoresistance and cell survival
through activation of HIF-1la and Nrf2. Proteins in the mitochondrial
electron transport chain (ETC) are also affected by hypoxia that can
increase ROS production [125] and in turn inhibit DNA repair and
promote autophagy-related death of cancer cells. For activation of Nrf2,
calcium influx triggers anti-oxidant signaling that reduces ROS levels.
The transient receptor potential subfamilies C1 (TRPC1) and M2
(TRPM2) are cation ion channels that regulate calcium influx required
for antioxidant signaling in breast cancer cells [126]. TRPC1 regulates
HIF-1a activity in PTEN~ MDA-MB-468 and HCC-1569 breast cancer
cell lines by activating Akt [127]. HIF-1a signaling facilitates autop-
hagy through expression of microtubule-associated protein 1A/1B-light
chain 3 (LC3)-BII in MCF-7 breast cancer cells [128].

Induction of autophagy-related death is an anticancer cellular re-
sponse to oxygen starvation and is also associated with increased like-
lihood of resistance to chemotherapy. Autophagy can be inhibited by
Akt activation and corresponding Nrf2 activation that ultimately leads
to decreased ROS levels. Breast cancer patients treated with pharmor-
ubicin often develop resistance related to heme oxygenase-1 (HO-1)
expression in addition to autophagy proteins such as LC3-II, LC3-I, and
Beclin-1. Chemoresistance induced by HO-1 results in Akt-dependent
autophagy [129] (Fig. 6).

Inhibition of Akt signaling sensitizes ER* breast cancer cells to ta-
moxifen and fulvestrant by enhancing autophagy-related death [130],
whereas in MDA-MB-231 TNBC cells, inhibition of autophagy increases
sensitivity to doxorubicin. Akt activation leads to impaired autophagy
via the ELK3 transcription factor, which can enhance progression and
metastasis in breast cancer [131]. Together these findings show that the
effects of Akt signaling on autophagy-associated chemoresistance in
breast cancer cells is dependent upon the type of chemotherapy, mu-
tations, and breast cancer subset.

HIF-1 induces mitophagy and partial autophagy to provide nutrients
required for cancer cell growth. In contrast, mitochondrial Akt induces
HIF-1 activity that suppresses autophagy-related death that can support
cell survival under hypoxic conditions. Akt also suppresses ROS-de-
pendent apoptosis in breast cancer through GSK-3f inhibition [132].

Voltage-dependent anion-selective channel (VDAC) 1 phosphory-
lated by GSK-3f has increased affinity for Bax, a pro-apoptotic protein,
and diminished interactions with HK2. Based on these results, elevated
ROS, calcium overload in mitochondria, and cytochrome c release from
mitochondria collapse the mitochondrial membrane potential leading
to apoptosis [133]. In contrast to the role of HIF-1-dependent

Fig. 6. The relationship between Akt signaling and au-
tophagy. Under hypoxic conditions (0.1-3% O,), the mi-
tochondrial electron transport chain (ETC) produces ROS and
NAD™, instead of NADH and ATP that in turn leads to HIF-1
and Nrf2 activation and subsequent ROS reduction. Akt sig-
naling induces HIF-1 and Nrf2 expression. HIF-1 activity can
provide nutrients and energy (including glucose uptake) from
anaerobic glycolysis and HIF-1-dependent autophagy. Some
organelles, including mitochondria (mitophagy), are digested
to provide nutrients. Thus, HIF-1-dependent autophagy is
critical for cellular survival. Under anoxic conditions (< 0.01
% 0,), HIF-1-independent autophagy occurs to induce au-
tophagy/apoptotic-related death. Akt signaling suppresses
autophagy-related death and apoptosis by GSK-3[ inhibition.
Superoxide dismutase (SOD), heme oxidase-1 (HO-1), and
NAD(P)H-dehydrogenase Quinone 1/2 (NQO1/2) are crucial
enzymes that protect cells against oxidative stress and ROS.
GSK-3p activation under anoxic conditions promotes HIF-1a
degradation and drives VDAC activation and oligomerization,
and finally apoptotic death.
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autophagy that contributes to cell survival under hypoxic conditions,
the role of HIF-1-independent autophagy/apoptosis is to promote cell
death due to anoxia [134]. These results suggest that Akt highjacks
cancer cell metabolism and that Akt inhibitors could reverse cell me-
tabolism from that seen for a hypoxic state to one associated with
normoxic conditions. However, the role of mitochondrial Akt in breast
cancer requires additional investigation.
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3.5.4. Mitochondrial Akt and metabolic remodeling

Under hypoxic conditions, ROS accumulate in cells and pyruvate is
then converted to lactate during anaerobic respiration. HIF-1 increases
glycolysis rates and lactate concentrations under hypoxic conditions. In
cancer cells, however, Akt is the main protein that promotes metabolic
reprogramming from aerobic respiration to anaerobic glycolysis [135].
HIF-1 is also associated with chemoresistance through hypoxia

Fig. 7. Effects of Akt signaling and meta-
bolic remodeling. (A) Akt inhibits GSK-3f
under hypoxic conditions to promote meta-
bolic remodeling. Akt is transferred into mi-
tochondria through TOM and TIM complexes
located in the outer and inner membranes, re-
spectively. Akt phosphorylates PDK1 to inhibit
PDH, which is involved in activating the TCA
cycle by converting pyruvate into acetyl
Coenzyme A (CoA). HK2 is also activated by
Akt and is then recruited by VDAC to the outer
mitochondrial membrane. Monomeric and di-
meric VDACs transfer metabolites in and out of
the mitochondria. VDAC binds IP3R on the
MAM to facilitate Ca®* transfer from the en-
doplasmic reticulum to the mitochondria.
Suppression of PDH and the TCA cycle in turn
block the electron transport chain (ETC). In the
TCA cycle NAD™ is converted into NADH that
promotes ATP synthesis under normoxic con-
ditions. Suppression of TCA cycle by Akt in-
duces anaerobic respiration and oxidized mo-
lecules such as H,O, and ROS are produced.
HIF-1a is also expressed under hypoxic condi-
tions to increase glucose uptake and metabo-
lism. (B) GSK-3f is activated in anoxia that
inhibits HIF-la and HK2. GSK-3f activates
VDAC via VDAC phosphorylation that induces
VDAC oligomerization. VDAC can also oligo-
merize with pro-apoptotic BAX to form a
channel that facilitates cytochrome c release to
induce apoptosis via Caspase 9 activation. At
the same time, higher levels of calcium influx
into mitochondria promote mitochondria de-
gradation.
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Fig. 8. PD-L1 expression and upstream regulation. PD-L1 expression in
cancer cells suppresses anti-cancer immunity. Under hypoxic conditions, PD-L1
production coordinates three signaling pathways: (1) PI3K/Akt/mTOR, (2)
RAS/BRAF/MAPK, and (3) JAK/STAT. PI3K/Akt and RAS/MAPK pathways are
driven by receptor tyrosine kinases (RTKs) such as EGFR and Her2 that lead to
activation of NF-xB and HIF-1. On the other hand, cytokine receptors (CR) are
targeted by IFNy and IL-6, which is secreted by TNBC cells. IL-6 and IFNy se-
cretion activate JAK/STAT signaling to promote DNA binding of IRF1 and
STAT1/3. Eventually, several transcription factors and co-activators are re-
cruited upstream of the PD-L1 promoter to activate PD-L1 expression in breast
cancer cells. These upstream complexes not only activate PD-L1 transcription to
suppress T-cell immunity, but also activate tumorigenesis in breast cancer cells.
PD-L1 expression in breast cancer cells increases resistance to therapy.
Moreover, Akt/mTOR signaling activates ribosomal protein S6 to activate
protein synthesis. CSN is Component of the eukaryotic translation initiation
factor 3 (elF-3) complex, which is involved in protein synthesis. Akt signaling
thus has a crucial role in expression and translation of PD-L1 in breast cancer
cells.

signaling. Treatment with TKIs such as lapatinib induces hypoxia in
breast cancer cells leading to acquired TKI resistance through Akt and
HIF-1a activation [136]. To produce lactate, pyruvate dehydrogenase is
inactivated through phosphorylation mediated by PDK1, which is
regulated by phosphorylation on T346 driven by Akt. Suppression of
the TCA cycle, and the ETC by Akt results in accumulation of pyruvate
and NAD*. Meanwhile, HIF-1a increases expression of PDK1 and lac-
tate dehydrogenase A that then converts pyruvate to lactate [33]. As
such, both Akt and HIF-1a are involved in anaerobic metabolism in
cancer cells [137].

Chae et al. (2016) showed that the effect of Akt on PDK1 is in-
dependent of HIF-1. Although cytoplasmic Akt levels under normoxia
and hypoxic conditions are similar, Akt accumulates in mitochondria to
a greater degree under hypoxic conditions. Akt translocation into mi-
tochondria is mediated by the heat shock protein 90 (HSP90), and in
SH-SY5 neuroblastoma cells, both HSP90 and Akt translocation can be
inhibited by the HSP90 inhibitor geldanamycin [138]. Meanwhile, HIF-
1 silencing did not affect mitochondrial Akt levels, indicating the HIF-1-
independence of Akt activity toward mitochondrial enzymes [33]. Akt
accumulation in mitochondria is also associated with activation of the
stem cell markers OCT4 and Nanog. Under hypoxia, inhibition of
aerobic respiration increases stem cell features in embryonic stem cells;
however, oxidative phosphorylation in the mitochondrial inner mem-
brane leads to stem cell differentiation into specialized cells [139].
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3.5.5. GSK-3p versus HIF-1 in apoptotic death

Mitochondria-associated endoplasmic reticulum membranes (MAM)
are linked to mitochondria via interactions between IP3 receptors
(IP3R) and VDAC-1, which allows calcium ions to flow from the en-
doplasmic reticulum to mitochondria. Calcium required for mitochon-
drial enzymes can also be imported from the cytoplasm. Akt/mTORC2
signaling, which responds to oxygen availability, has been identified at
the MAM and controls glucose metabolism in mitochondria [140]. In
addition to its negative and positive effects on apoptosis and cell sur-
vival, Akt crucially affect glucose metabolism via HIF-1 activation,
GSK-3p inhibition, and pyruvate dehydrogenase inhibition under hy-
poxic conditions. HK2 is an enzyme that triggers glycolysis via glucose
phosphorylation and is also phosphorylated by Akt. Phosphorylated
HK2 can bind VDAC and activate glycolysis. Meanwhile, inhibition of
HK2 activity by GSK-3[3 reduces glycolysis rates in MDA-MB-231 and
MCF-7 cells [141] (Fig. 7).

VDACs (VDAC1, VDAC2, and VDAC3 isoforms) located in the outer
membrane of mitochondria allow passage of ions and metabolites.
VDAC1, which is expressed to higher levels than the other VDAC iso-
forms, self-oligomerizes and interacts with Bax to form VDAC1/Bax
oligomers. This VDAC oligomerization provides a channel for release of
cytochrome c¢ from mitochondria during apoptosis [142]. VDAC1
monomers or dimers recruit HK2 phosphorylated by Akt to the mi-
tochondrial outer membrane and facilitate metabolite transport into or
out of mitochondria and also glucose phosphorylation during glyco-
lysis. GSK-3B-mediated VDAC1 phosphorylation suppresses binding of
HK2 to the mitochondrial membrane. Given that Akt inhibits GSK-3f3,
Akt inhibitors can increase GSK-3f activity that in turn represses HK2
activity while increasing VDAC oligomerization to induce apoptotic cell
death [143].

GRP75 is a stress molecule in the MAM that regulates mitochondrial
calcium influx. Mylonis et al. (2017) showed that unmodified HIF-1
(i.e., without hydroxylation and phosphorylation) is transcriptionally
inactive, but can interact with GRP75 in the nucleus. The HIF-1/GRP75
complex is exported from the nucleus so that it can bind to VDAC1 and
HK2 at the outer mitochondrial membrane. However, association of
VDAC1 with HIF-1 can promote its partial activation under hypoxia
that leads to resistance to apoptosis [144]. Akt suppresses apoptotic
death under hypoxic conditions and activates glycolysis through HK2
phosphorylation and HIF-1-dependent gene expression that eventually
leads to partial autophagy/mitophagy. In contrast, Akt inhibitors
phosphorylate GSK-3p to facilitate HIF-1a degradation in a VHL-in-
dependent manner, and instead trigger apoptosis through VDAC oli-
gomerization.

3.6. Epigenetic regulators of Akt signaling

3.6.1. DNA methyl transferases (DNMTs)

DNA methylation involves epigenetic modification of promoters
that can negatively affect gene expression. In case of resistance to ta-
moxifen, expression of Spalt-like transcription factor 2 (SALL2), which
upregulates genes expression of ERa (ESR1) and PTEN, is down-
regulated by hypermethylation that leads to Akt activation [145]. In
addition, upregulation of DNA-(cytosine-5)-methyltransferase (DNMT)-
1 has been shown in tamoxifen-resistant MCF-7 cells. DNMT1 targets
the PTEN promoter that activates Akt [146]. The combinatorial use of
DNMT inhibitors with tamoxifen sensitizes breast cancer cells to ta-
moxifen [145]; meanwhile, HDAC inhibitors downregulate expression
of DNMTs (DNMT1, DNMT3b, and DNMT3a) as well as Akt signaling in
MDA-MB-231 TNBC cells [147].

3.6.2. Histone deacetylases (HDACs)

HDACs remove acetyl functional groups from the lysine residues of
histone and nonhistone proteins. The human genome has 18 HDACs
that can be categorized in four classes based on the use of zinc- or
NAD *-dependent mechanisms to deacetylate acetyl lysine substrates
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[148]. As mentioned above, mTORC2 and SIRT1/2 deacetylases can
induce Akt activation. Sapanisertib (MLN0128), a pan-mTORC
(mTORC1 and mTORC2) inhibitor, in combination with trichostatin A
(TSA), a pan-HDAC inhibitor, inhibits proliferation of malignant breast
cancer cell lines independent of hormone receptor (HR)- and Her2
status [149]. On the other hand, HDAC inhibitors suppress TNBC stem
cell populations by downregulating B-catenin signaling [150].
Regarding resistance to therapy, entinostat (SNDX-275), a class I
HDAC (HDAC1, HDAC2, HDAC3, and HDACS) inhibitor, sensitizes
her2* breast cancer cells to trastuzumab by downregulating Akt.
Entinostat may interfere with Her2/Her3 interactions required for
PI3K/Akt signaling [151]. Multi-targeting drugs including indole deri-
vatives and berberine, which suppress both Akt signaling and HDACs,
are more suitable options for treatment of breast cancer [132,152]. The
HDAC inhibitor vorinostat was also shown to suppress EGFR-related
pathways including Akt signaling in ER™ breast cancer cells [153].

3.7. Akt and the estrogen receptor

3.7.1. Aromatase inhibitors (Als)

Endocrine therapy is a common treatment for HR™ breast cancer,
although this approach can fail over if resistance develops. Aromatase
inhibitors (Als) are used to treat hormone-dependent breast cancer
through inhibition of the aromatase enzyme that catalyzes E2 bio-
synthesis. Acquired resistance to Als used to treat ER™ breast cancer
can also occur. Treatment of MCF-7 breast cancer cells that overexpress
aromatase with the Al anastrozole led to the development of an Al-
resistant breast cancer cell line Res-Ana that has an ER-independent
reduction in sensitivity to both ERa inhibitors and Als. High levels of
Akt activation and Her2 dysregulation are seen for Al-resistant cells.
Overactivation of Akt signaling was also reported in patients who re-
lapsed under anastrozole adjuvant therapy. The activation of Akt was
recognized as a main factor in anastrozole resistance. Interestingly, the
crucial effect of Akt on anastrozole resistance was shown using the Akt
inhibitor, MK-2206 [154]. Akt inhibition combined with fulvestrant
was reported to decrease resistance to endocrine therapy in ER* Her2™
breast cancer cells and in breast cancer xenografts [155].

3.7.2. The human gonadotropin-releasing hormone (hGnRH)

The human gonadotropin-releasing hormone (hGnRH) regulates the
secretion of follicle stimulating hormone (FSH) and luteinizing hor-
mone (LH) from the anterior pituitary [156]. hGnRH can mitigate side
effects of therapies for hormone-dependent breast cancer. Palbociclib, a
CDK4/6 inhibitor, in combination with exemestane, an aromatase in-
hibitor, in addition to hGnRH analogues, effectively decrease estrogen
levels in ER " breast cancer [157]. To overcome resistance to tamoxifen
in breast cancer cells that have higher levels of Her2 expression and Akt
activation, treatment with hGnRH analogues sensitized tamoxifen-re-
sistant ER™ breast cancer cell lines (MCF-7-TR and T47D-TR) to ta-
moxifen [158].

4. Akt and the programmed death-ligand 1 (PD-L1)

PD-L1 is expressed on the surface of cancer cells. Interactions be-
tween PD-L1 and PD-1 expressed on the surface of T-cells suppress T
cell-mediated anticancer immunity. PD-L1 inhibitors can block immune
suppressive factors to enhance T cell activity [159]. In addition, PD-L1
and PD-1 interactions not only suppress anticancer T-cell immunity, but
also induce P-gp expression and chemoresistance in breast cancer cells.
Furthermore, PD-L1 expression can activate Akt signaling in breast
cancer that is associated with doxorubicin resistance [12]. PD-L1 is
associated with OCT4A, Nanog, and BMI1 stemness markers through
activation of Akt signaling, whereas self-renewal characteristics of CSC
depend on PD-L1 expression in BCSCs [160]. PD-L1 expression en-
hances chemoresistance in breast cancer and its regulatory activity that
contributes to breast cancer stemness can be ablated by PD-L1
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Table 2
Important compounds discussed in the article and their PubChem
Compound IDs (CIDs).

Inhibitor PubChem CID
MK-2206 24,964,624
Capivasertib (AZD5363) 25,227,436
Uprosertib 51,042,438
GSK2110183 hydrochloride 92,044,396
Ipatasertib 24,788,740
Berberine 2353
Lapatinib 208,908
Paclitaxel 36,314
Fulvestrant 104,741
Wortmannin 312,145

inhibitors in MCF-7 and MDA-MB-231 cells [161].

Wang et al. (2018) showed that p-Akt, p-STAT3 and p-ERK levels
are significantly correlated with PD-L1 expression in non-small cell lung
cancer (NSCLC) [162]. They further showed that association of Akt,
STAT, and ERK proteins does not depend on EGFR mutations, but in-
stead PD-L1 expression is regulated by EGFR/Her2-dependent path-
ways in NSCLC [163]. Several transcription factors including Myc,
STATS3, AP1, NF-kB, and HIF-1a are activated by PI3K/Akt, JAK/STAT
and ERK pathways that regulate PD-L1 expression in TNBC [164]
(Fig. 8). We previously mentioned that epigenetic modifiers such as
DNMT1 upregulate Akt signaling. DNMT1 is also associated with PD-L1
upregulation. As such, the use of DNMT1 inhibitors in addition to PD-L1
antagonists and Akt inhibitors can be effective for downregulating PD-
L1 activity [165]. On the other hand, interferon-y, which activates the
JAK/STAT pathway, decreases the susceptibility of cancer tumors to
Natural Killer (NK) cells through PD-L1 upregulation [166].

Other cytokines including IL-27, IL-17, and TNF-a regulate PD-L1
expression through STAT1/NF-kB, and ERK pathways. Zhang et al.
(2018) showed that the cytokine receptor CXCR3 expressed in gastric
cancer cell lines upregulates PD-L1 expression via activation of STAT
and Akt signaling pathways [167]. Insulin and EGF could also elevate
PD-L1 expression through Akt signaling. Dactolisib, a dual PI3K/mTOR
inhibitor, could reduce levels of PD-L1 on the surface of colon cancer
stem cells. Accordingly, inhibition of insulin and EGFR signaling as well
as inhibition of Akt signaling might be effective in combination with
PD-L1 inhibitors [168]. Sustained expression of PD-L1 results in acti-
vation of Akt signaling in PTEN-impaired cancer cells, although PD-L1
inhibitors decrease Akt phosphorylation [169]. Based on a recent study,
downregulation of PD-L1 using atezolizumab also downregulates ex-
pression of genes related to metastasis, EMT, cell growth, and hypoxia
in MDA-MB-231 cells [8]. MCF-7 and MDA-MB-231 cells strongly
suppress anticancer immunity by virtue of the high levels of PD-L1
expression in these cells [170]. In MDA-MB-231 cells, PD-L1 expression
is inhibited by hesperidin through inhibition of Akt and NF-kB signaling
[171]. The crucial factors involved in PD-L1 expression as well as the
modifications of PD-L1 are not well-understood, although suppression
of PD-L1 expression, which may be directed by Akt signaling, seems to
be an effective strategy to treat chemoresistance in breast cancer [172].

5. Akt-targeted therapy and future directions

Akt can be regulated at different levels to suppress oncogenic ac-
tivity in breast cancer and lies at the intersection of several oncogenic
pathways in breast cancer cells. Akt-mediated signaling is activated by
EGFR, anti-oxidants, ER, the Wnt/B-catenin pathway, and PD-L1. On
the other hand, breast cancer cells treated with anticancer agents such
as tamoxifen and lapatinib can develop resistance, whereas PD-L1/PD-1
immunotherapy may can increase BCSC populations to contribute to
chemotherapy resistance through Akt activation. Akt inhibitors such as
MK-2206 and capivasertib (AZD5363) are a beneficial combination
with EGFR/Her2 inhibitors such as geftinib, lapatinib, AZD8931, and



P. Jabbarzadeh Kaboli, et al.

Pharmacological Research 156 (2020) 104806

Fig. 9. Gene expression analysis of Akt and related pro-
teins in breast cancer patients. Akt and Skp2 expression is
higher in breast cancer (BC) and TNBC patients than in
healthy individuals. EGFR and CD274 (PD-L1 gene) exhibit a
broad range of expression among breast cancer and TNBC
patients depending on the genetic profile. Therefore, use the
effectiveness of EGFR and PD-L1 antagonists used to treat
breast cancer could vary However, both Akt and Skp2 in-
hibitors have potential for successful treatment of breast
cancer and TNBC patients. GNRHR is highly expressed in ER*
breast cancer, but its levels in TNBC are very low. Thus, HDAC

inhibitors could also be effective to treat this type of breast
cancer. Case numbers: Breast cancer: 1094; TNBC: 115;
Normal: 113.
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trastuzumab for treatment of ER™ and ER* breast cancer (Table 1)
(Table 2) [91,173,174].

We compared RNA expression levels of several genes including Akt,
EGFR, PD-L1 (CD274), Skp2, GnRH receptor (GNRHR), and HDAC9 for
breast cancer and TNBC listed in The Cancer Genome Atlas (TCGA)
(Fig. 9). The expression of Akt and Skp2 in cancer patients, including
those with TNBC, is significantly higher than that seen in healthy in-
dividuals. Skp2 is not only involved in Akt activation, but also pro-
teolysis of Akt substrates such as FoxO1/3. GNRHR is a crucial reg-
ulator of E2 signaling in ER™" breast cancer, and is highly expressed in
breast cancer samples relative to TNBC. In contrast, overall, PD-L1, a
suppressor of anticancer immunity, is not strongly expressed in breast
cancer patients, and the range of expression levels for PD-L1 in breast
cancer cases suggested that the efficacy of PD-L1 inhibitors will be
patient-specific. Meanwhile, Akt is a marker of breast cancer and is
highly expressed in almost all breast cancer subsets. EGFR expression
levels exhibit a broader range than that for Akt in breast cancer, al-
though, like PD-L1, EGFR inhibitors will likely not be effective for a
majority of breast cancer cases.

Akt also has a role as a hypoxia-sensing oncoprotein that modulates
signaling based on oxygen availability. When oxygen availability is
lowest, ROS and NAD ™" levels, as well as those of calcium ions, are high
in the cytoplasm of cancer cells. Inhibition of the ETC and TCA cycle in
mitochondria results in release of large amounts of oxidized molecules
such as ROS and NAD *. Akt requires NAD * -dependent deacetylation of
SIRT1/2 and high levels of NAD* could increase the amount of SIRT
activation that in turn promotes increased Akt activation. As such, Akt
regulation is literally a NAD " -dependent process. When oxygen levels
are low, the amount of NAD* and ROS increases. The effects of Akt on
the transcription factor Nrf2 are not well understood, although these
two proteins do affect one another under hypoxic conditions such that
Nrf2 can drive expression of anti-oxidant genes. In addition, both are
highly activated in breast cancer cells that are resistant to che-
motherapy.

In addition to its involvement in breast cancer cell growth and
metastasis, Akt acts in different ways under different conditions. Akt
suppresses autophagy in hypoxia but also activates Ca>* flow into the
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mitochondria by mediating VDAC phosphorylation. Akt itself is trans-
located into mitochondria to suppress TCA cycle. Accordingly, Akt ac-
tivity can promote high concentrations of mitochondrial calcium and
further generation of ROS and NAD*, which, together with GSK-3p,
lead to mitochondrial collapse, cytochrome c release, and apoptosis
under hypoxic conditions. Importantly, Akt can remodel metabolic
profiles from aerobic to anaerobic. According to results from earlier
investigations, Akt can behave not only as an oncoprotein, but also as a
reprogrammer of tumor metabolism.

6. Conclusion

Akt participates in crosstalk with other signaling pathways in-
cluding those involving MAPK, Notch, Snt/pB-catenin, NF-kB and Nrf2.
In addition, Akt reprograms the metabolism of tumor cells and its mi-
tochondrial concentration is increased under hypoxic conditions. The
reprogramming function of Akt suppresses autophagy-related death and
apoptosis that in turn leads to cancer cell growth under hypoxia, while
the detailed effects of Akt in breast cancer cells under anoxic conditions
requires further research. Akt responds to oxygen availability through
reprogramming of cell metabolism under hypoxic conditions and can
respond to anti-oxidant signaling to reduce the sensitivity of breast
cancer cells to therapy. In conclusion, the use of Akt inhibitors in
combination with other types of therapy, including immunotherapy,
can be an effective strategy to control cancer cell metabolism.

Declaration of Competing Interest

The authors declare no conflicts of interest.

Acknowledgement

This work was supported by Southwest Medical University (SWMU)
grants 05/00040129 and 2019ZQNO001 that were awarded to PJK.



P. Jabbarzadeh Kaboli, et al.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.phrs.2020.104806.

References

[1] C.-Y.Li, S. Zhang, X.-B. Zhang, P. Wang, G.-F. Hou, J. Zhang, Clinicopathological
and prognostic characteristics of triple- negative breast cancer (TNBC) in Chinese
patients: a retrospective study, Asian Pacific J. Cancer Prev. 14 (2013) 3779-3784.

[2] F. Bray, J. Ferlay, L. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries, CA Cancer J. Clin. 68 (2018) 394-424,
https://doi.org/10.3322/caac.21492.

[3] A.G. Waks, E.P. Winer, Breast Cancer treatment, JAMA 321 (2019) 316, https://
doi.org/10.1001/jama.2018.20751.

[4] A.A. Thike, P.Y. Cheok, A.R. Jara-Lazaro, B. Tan, P. Tan, P.H. Tan, Triple-negative

breast cancer: clinicopathological characteristics and relationship with basal-like

breast cancer, Mod. Pathol. 23 (2010) 123-133, https://doi.org/10.1038/
modpathol.2009.145.

A.S. Alzahrani, PI3K/Akt/mTOR inhibitors in cancer: At the bench and bedside,

Semin. Cancer Biol. 59 (2019) 125-132, https://doi.org/10.1016/j.semcancer.

2019.07.009.

[6] G.M. Nitulescu, D. Margina, P. Juzenas, Q. Peng, O.T. Olaru, E. Saloustros, et al.,
Akt inhibitors in cancer treatment: the long journey from drug discovery to clinical
use (Review), Int. J. Oncol. 48 (2016) 869-885, https://doi.org/10.3892/ijo.
2015.3306.

[7] R. Costa, A.N. Shah, C.A. Santa-Maria, M.R. Cruz, D. Mahalingam, B.A. Carneiro,

et al., Targeting Epidermal Growth Factor Receptor in triple negative breast

cancer: new discoveries and practical insights for drug development, Cancer Treat.

Rev. 53 (2017) 111-119, https://doi.org/10.1016/j.ctrv.2016.12.010.

R. Saleh, Z.R. Taha, V. Sasidharan Nair, M.N. Alajez, E. Elkord, PD-L1 blockade by

atezolizumab downregulates signaling pathways associated with tumor growth,

metastasis, and hypoxia in human triple negative breast Cancer, Cancers 11

(2019), https://doi.org/10.3390/cancers11081050.

[9] T. Liu, H. Sun, D. Zhu, X. Dong, F. Liu, X. Liang, et al., TRA2A promoted paclitaxel
resistance and tumor progression in triple-negative breast cancers via regulating
alternative splicing, Mol. Cancer Ther. 16 (2017) 1377-1388, https://doi.org/10.
1158/1535-7163.MCT-17-0026.

[10] Z.N.Wee, S.M.J.M. Yatim, V.K. Kohlbauer, M. Feng, J.Y. Goh, Y. Bao, et al., IRAK1
is a therapeutic target that drives breast cancer metastasis and resistance to pa-
clitaxel, Nat. Commun. 6 (2015) 8746, https://doi.org/10.1038/ncomms9746.

[11] D. Samanta, D.M. Gilkes, P. Chaturvedi, L. Xiang, G.L. Semenza, Hypoxia-in-
ducible factors are required for chemotherapy resistance of breast cancer stem
cells, Proc. Natl. Acad. Sci. U.S.A. 111 (2014) E5429-E5438, https://doi.org/10.
1073/pnas.1421438111.

[12] S. Liu, S. Chen, W. Yuan, H. Wang, K. Chen, D. Li, PD-1/PD-L1 interaction up-
regulates MDR1/P-gp expression in breast cancer cells via PI3K/AKT and MAPK/
ERK pathways, Oncotarget 8 (2017) 99901-99912, https://doi.org/10.18632/
oncotarget.21914.

[13] P. Jabbarzadeh Kaboli, M.P.-Y. Leong, P. Ismail, K.-H. Ling, Antitumor effects of
berberine against EGFR, ERK1/2, P38 and AKT in MDA-MB231 and MCF-7 breast
Cancer cells using molecular modelling and in vitro study, Pharmacol. Rep. 71
(2019) 13-23, https://doi.org/10.1016/j.pharep.2018.07.005.

[14] D. Alcantara, A.E. Timms, K. Gripp, L. Baker, K. Park, S. Collins, et al., Mutations
of AKT3 are associated with a wide spectrum of developmental disorders including
extreme megalencephaly, Brain 140 (2017) 2610-2622, https://doi.org/10.1093/
brain/awx203.

[15] C.M. Coticchia, C.M. Revankar, T.B. Deb, R.B. Dickson, M.D. Johnson, Calmodulin
modulates Akt activity in human breast cancer cell lines, Breast Cancer Res. Treat.
115 (2009) 545-560, https://doi.org/10.1007/510549-008-0097-z.

[16] C. Agamasu, R.H. Ghanam, J.S. Saad, Structural and biophysical characterization
of the interactions between Calmodulin and the pleckstrin homology domain of
akt, J. Biol. Chem. 290 (2015) 27403-27413, https://doi.org/10.1074/jbc.M115.
673939.

[17] H. Berman, K. Henrick, H. Nakamura, Announcing the worldwide protein data
bank, Nat. Struct. Biol. 10 (2003) 980, https://doi.org/10.1038/nsb1203-980.

[18] C.C. Milburn, M. Deak, S.M. Kelly, N.C. Price, D.R. Alessi, D.M.F. Van Aalten,
Binding of phosphatidylinositol 3,4,5-trisphosphate to the pleckstrin homology
domain of protein kinase B induces a conformational change, Biochem. J. 375
(2003) 531-538, https://doi.org/10.1042/BJ20031229.

[19] J.F. Blake, N.C. Kallan, D. Xiao, R. Xu, J.R. Bencsik, N.J. Skelton, et al., Discovery
of pyrrolopyrimidine inhibitors of Akt, Bioorg. Med. Chem. Lett. 20 (2010)
5607-5612, https://doi.org/10.1016/j.bmcl.2010.08.053.

[20] A.S. Rose, A.R. Bradley, Y. Valasatava, J.M. Duarte, A. Prlic, P.W. Rose, NGL
viewer: web-based molecular graphics for large complexes, Bioinformatics. 34
(2018) 3755-3758, https://doi.org/10.1093/bioinformatics/bty419.

[21] J. Iaconelli, J. Lalonde, B. Watmuff, B. Liu, R. Mazitschek, et al., Lysine deacety-
lation by HDAC6 regulates the kinase activity of AKT in human neural progenitor
cells, ACS Chem. Biol. 12 (2017) 2139-2148, https://doi.org/10.1021/
acschembio.6b01014.

[22] E. Sierecki, A.C. Newton, Biochemical characterization of the phosphatase domain
of the tumor suppressor PH domain leucine-rich repeat protein phosphatase,
Biochemistry. 53 (2014) 3971-3981, https://doi.org/10.1021/bi500428;.

[5

—

[8

—

13

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Pharmacological Research 156 (2020) 104806

F. Rizvi, S. Shukla, P. Kakkar, Essential role of PH domain and leucine-rich repeat
protein phosphatase 2 in Nrf2 suppression via modulation of Akt/GSK3p/Fyn ki-
nase axis during oxidative hepatocellular toxicity, Cell Death Dis. 5 (2014) 1153,
https://doi.org/10.1038/cddis.2014.118.

P.J. Kaboli, M. Afzalipour Khoshkbejari, M. Mohammadi, A. Abiri, R. Mokhtarian,
R. Vazifemand, et al., Targets and mechanisms of sulforaphane derivatives ob-
tained from cruciferous plants with special focus on breast cancer — contradictory
effects and future perspectives, Biomed. Pharmacother. 121 (2020) 109635, ,
https://doi.org/10.1016/j.biopha.2019.109635.

P. Jabbarzadeh Kaboli, P. Ismail, K.-H. Ling, Molecular modeling, dynamics si-
mulations, and binding efficiency of berberine derivatives: a new group of RAF
inhibitors for cancer treatment, PLoS One 13 (2018) e0193941, , https://doi.org/
10.1371/journal.pone.0193941.

S.-B. Kim, R. Dent, S.-A. Im, M. Espié, S. Blau, A.R. Tan, et al., Ipatasertib plus
paclitaxel versus placebo plus paclitaxel as first-line therapy for metastatic triple-
negative breast cancer (LOTUS): a multicentre, randomised, double-blind, pla-
cebo-controlled, phase 2 trial, Lancet Oncol. 18 (2017) 1360-1372, https://doi.
org/10.1016/51470-2045(17)30450-3.

V.F. Martins, J.R. Dent, K. Svensson, S. Tahvilian, M. Begur, S. Lakkaraju, et al.,
Germline or inducible knockout of p300 or CBP in skeletal muscle does not alter
insulin sensitivity, American Journal of Physiology, Endocrinol. Metab. 316
(2019) E1024-E1035, https://doi.org/10.1152/ajpendo.00497.2018.

X. Jin, Y. Wei, F. Xu, M. Zhao, K. Dai, R. Shen, et al., SIRT1 promotes formation of
breast cancer through modulating Akt activity, J. Cancer 9 (2018) 2012-2023,
https://doi.org/10.7150/jca.24275.

P. Sarma, I. Bag, M.J. Ramaiah, A. Kamal, U. Bhadra, M. Pal Bhadra, Bisindole-
PBD regulates breast cancer cell proliferation via SIRT-p53 axis, Cancer Biol. Ther.
16 (2015) 1486-1501, https://doi.org/10.1080/15384047.2015.1071731.

V.B. Pillai, N.R. Sundaresan, M.P. Gupta, Regulation of Akt signaling by sirtuins:
its implication in cardiac hypertrophy and aging, Circ. Res. 114 (2014) 368-378,
https://doi.org/10.1161/CIRCRESAHA.113.300536.

N.R. Sundaresan, V.B. Pillai, D. Wolfgeher, S. Samant, P. Vasudevan, V. Parekh,
et al., The deacetylase SIRT1 promotes membrane localization and activation of
Akt and PDK1 during tumorigenesis and cardiac hypertrophy, Sci. Signal. 4 (2011)
ra46, https://doi.org/10.1126/scisignal.2001465.

Z. Su, J.G. Burchfield, P. Yang, S.J. Humphrey, G. Yang, D. Francis, et al., Global
redox proteome and phosphoproteome analysis reveals redox switch in Akt, Nat.
Commun. 10 (2019) 5486, https://doi.org/10.1038/s41467-019-13114-4.

Y.C. Chae, V. Vaira, M.C. Caino, H.-Y. Tang, J.H. Seo, A.V. Kossenkov, et al.,
Mitochondrial akt regulation of hypoxic tumor reprogramming, Cancer Cell 30
(2016) 257-272, https://doi.org/10.1016/j.ccell.2016.07.004.

W.-L. Yang, J. Wang, C.-H. Chan, S.-W. Lee, A.D. Campos, B. Lamothe, et al., The
E3 ligase TRAF6 regulates Akt ubiquitination and activation, Science 325 (2009)
1134-1138, https://doi.org/10.1126/science.1175065.

X. Huang, J. Chen, W. Cao, L. Yang, Q. Chen, J. He, et al., The many substrates and
functions of NEDD4-1, Cell Death Dis. 10 (2019) 904, https://doi.org/10.1038/
5s41419-019-2142-8.

J. Shi, Z. Liu, Q. Xu, Tumor necrosis factor receptor-associated factor 6 contributes
to malignant behavior of human cancers through promoting AKT ubiquitination
and phosphorylation, Cancer Sci. 110 (2019) 1909-1920, https://doi.org/10.
1111/cas.14012.

C.-H. Chan, C.-F. Li, W.-L. Yang, Y. Gao, S.-W. Lee, Z. Feng, et al., The Skp2-SCF E3
ligase regulates Akt ubiquitination, glycolysis, herceptin sensitivity, and tumor-
igenesis, Cell. 149 (2012) 1098-1111, https://doi.org/10.1016/j.cell.2012.02.
065.

W.-L. Yang, G. Jin, C.-F. Li, Y.S. Jeong, A. Moten, D. Xu, et al., Cycles of ubiqui-
tination and deubiquitination critically regulate growth factor-mediated activation
of Akt signaling, Sci. Signal. 6 (2013) ra3, https://doi.org/10.1126/scisignal.
2003197.

G. Wang, Y. Gao, L. Li, G. Jin, Z. Cai, J.-I. Chao, H.-K. Lin, K63-linked ubiquiti-
nation in kinase activation and cancer, Front. Oncol. 2 (2012) 5, https://doi.org/
10.3389/fonc.2012.00005.

F. Han, C.-F. Li, Z. Cai, X. Zhang, G. Jin, W.-N. Zhang, et al., The critical role of
AMPK in driving Akt activation under stress, tumorigenesis and drug resistance,
Nat. Commun. 9 (2018) 4728, https://doi.org/10.1038/541467-018-07188-9.
J.M. Askham, F. Platt, P.A. Chambers, H. Snowden, C.F. Taylor, M.A. Knowles,
AKT1 mutations in bladder cancer: identification of a novel oncogenic mutation
that can co-operate with E17K, Oncogene 29 (2010) 150-155, https://doi.org/10.
1038/0nc.2009.315.

S. Bae, S.-Y. Kim, J.H. Jung, Y. Yoon, H.J. Cha, H. Lee, et al., Akt is negatively
regulated by the MULAN E3 ligase, Cell Res. 22 (2012) 873-885, https://doi.org/
10.1038/¢r.2012.38.

T. Xiang, A. Ohashi, Y. Huang, T.K. Pandita, T. Ludwig, S.N. Powell, Q. Yang,
Negative regulation of AKT activation by BRCA1, Cancer Res. 68 (2008)
10040-10044, https://doi.org/10.1158/0008-5472.CAN-08-3009.

F. Suizu, Y. Hiramuki, F. Okumura, M. Matsuda, A.J. Okumura, N. Hirata, et al.,
The E3 ligase TTC3 facilitates ubiquitination and degradation of phosphorylated
Akt, Dev. Cell 17 (2009) 800-810, https://doi.org/10.1016/j.devcel.2009.09.007.
Y.-T. Wu, W. Ouyang, A.S. Lazorchak, D. Liu, H.-M. Shen, B. Su, mTOR complex 2
targets Akt for proteasomal degradation via phosphorylation at the hydrophobic
motif, J. Biol. Chem. 286 (2011) 14190-14198, https://doi.org/10.1074/jbc.
M111.219923.

G. Risso, F. Pelisch, B. Pozzi, P. Mammi, M. Blaustein, A. Colman-Lerner,

A. Srebrow, Modification of Akt by SUMO conjugation regulates alternative spli-
cing and cell cycle, Cell Cycle 12 (2013) 3165-3174, https://doi.org/10.4161/cc.
26183.


https://doi.org/10.1016/j.phrs.2020.104806
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0005
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0005
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0005
https://doi.org/10.3322/caac.21492
https://doi.org/10.1001/jama.2018.20751
https://doi.org/10.1001/jama.2018.20751
https://doi.org/10.1038/modpathol.2009.145
https://doi.org/10.1038/modpathol.2009.145
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.3892/ijo.2015.3306
https://doi.org/10.3892/ijo.2015.3306
https://doi.org/10.1016/j.ctrv.2016.12.010
https://doi.org/10.3390/cancers11081050
https://doi.org/10.1158/1535-7163.MCT-17-0026
https://doi.org/10.1158/1535-7163.MCT-17-0026
https://doi.org/10.1038/ncomms9746
https://doi.org/10.1073/pnas.1421438111
https://doi.org/10.1073/pnas.1421438111
https://doi.org/10.18632/oncotarget.21914
https://doi.org/10.18632/oncotarget.21914
https://doi.org/10.1016/j.pharep.2018.07.005
https://doi.org/10.1093/brain/awx203
https://doi.org/10.1093/brain/awx203
https://doi.org/10.1007/s10549-008-0097-z
https://doi.org/10.1074/jbc.M115.673939
https://doi.org/10.1074/jbc.M115.673939
https://doi.org/10.1038/nsb1203-980
https://doi.org/10.1042/BJ20031229
https://doi.org/10.1016/j.bmcl.2010.08.053
https://doi.org/10.1093/bioinformatics/bty419
https://doi.org/10.1021/acschembio.6b01014
https://doi.org/10.1021/acschembio.6b01014
https://doi.org/10.1021/bi500428j
https://doi.org/10.1038/cddis.2014.118
https://doi.org/10.1016/j.biopha.2019.109635
https://doi.org/10.1371/journal.pone.0193941
https://doi.org/10.1371/journal.pone.0193941
https://doi.org/10.1016/S1470-2045(17)30450-3
https://doi.org/10.1016/S1470-2045(17)30450-3
https://doi.org/10.1152/ajpendo.00497.2018
https://doi.org/10.7150/jca.24275
https://doi.org/10.1080/15384047.2015.1071731
https://doi.org/10.1161/CIRCRESAHA.113.300536
https://doi.org/10.1126/scisignal.2001465
https://doi.org/10.1038/s41467-019-13114-4
https://doi.org/10.1016/j.ccell.2016.07.004
https://doi.org/10.1126/science.1175065
https://doi.org/10.1038/s41419-019-2142-8
https://doi.org/10.1038/s41419-019-2142-8
https://doi.org/10.1111/cas.14012
https://doi.org/10.1111/cas.14012
https://doi.org/10.1016/j.cell.2012.02.065
https://doi.org/10.1016/j.cell.2012.02.065
https://doi.org/10.1126/scisignal.2003197
https://doi.org/10.1126/scisignal.2003197
https://doi.org/10.3389/fonc.2012.00005
https://doi.org/10.3389/fonc.2012.00005
https://doi.org/10.1038/s41467-018-07188-9
https://doi.org/10.1038/onc.2009.315
https://doi.org/10.1038/onc.2009.315
https://doi.org/10.1038/cr.2012.38
https://doi.org/10.1038/cr.2012.38
https://doi.org/10.1158/0008-5472.CAN-08-3009
https://doi.org/10.1016/j.devcel.2009.09.007
https://doi.org/10.1074/jbc.M111.219923
https://doi.org/10.1074/jbc.M111.219923
https://doi.org/10.4161/cc.26183
https://doi.org/10.4161/cc.26183

P. Jabbarzadeh Kaboli, et al.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

G. Wang, J. Long, Y. Gao, W. Zhang, F. Han, C. Xu, et al., SETDB1-mediated
methylation of Akt promotes its K63-linked ubiquitination and activation leading
to tumorigenesis, Nat. Cell Biol. 21 (2019) 214-225, https://doi.org/10.1038/
s41556-018-0266-1.

D.P. Brazil, J. Park, B.A. Hemmings, PKB binding proteins. Getting in on the Akt,
Cell. 111 (2002) 293-303, https://doi.org/10.1016/s0092-8674(02)01083-8.

H. Li, J. Lin, X. Wang, G. Yao, L. Wang, H. Zheng, et al., Targeting of mTORC2
prevents cell migration and promotes apoptosis in breast cancer, Breast Cancer
Res. Treat. 134 (2012) 1057-1066, https://doi.org/10.1007/s10549-012-2036-2.
J.S. Carew, K.R. Kelly, S.T. Nawrocki, Mechanisms of mTOR inhibitor resistance in
cancer therapy, Target. Oncol. 6 (2011) 17-27, https://doi.org/10.1007/s1152.3-
011-0167-8.

T.A. Werfel, S. Wang, M.A. Jackson, T.E. Kavanaugh, M.M. Joly, L.H. Lee, et al.,
Selective mTORC2 inhibitor therapeutically blocks breast Cancer cell growth and
survival, Cancer Res. 78 (2018) 1845-1858, https://doi.org/10.1158/0008-5472.
CAN-17-2388.

M. Morrison Joly, D.J. Hicks, B. Jones, V. Sanchez, M.V. Estrada, C. Young, et al.,
Rictor/mTORC2 drives progression and therapeutic resistance of HER2-Amplified
breast cancers, Cancer Res. 76 (2016) 4752-4764, https://doi.org/10.1158/0008-
5472.CAN-15-3393.

Y.H. Jeon, Y.H. Park, J.H. Kwon, J.H. Lee, L.Y. Kim, Inhibition of 14-3-3 binding to
Rictor of mTORC2 for Akt phosphorylation at Ser473 is regulated by selenoprotein
W, Biochim. Biophys. Acta 1833 (2013) 2135-2142, https://doi.org/10.1016/j.
bbamecr.2013.05.005.

M. Tandon, Z. Chen, J. Pratap, Runx2 activates PI3K/Akt signaling via mTORC2
regulation in invasive breast cancer cells, Breast Cancer Research: BCR. 16 (2014)
R16, https://doi.org/10.1186/bcr3611.

A.M. Daulat, F. Bertucci, S. Audebert, A. Sergé, P. Finetti, E. Josselin, et al.,
PRICKLE1 contributes to Cancer cell dissemination through its interaction with
mTORC2, Dev. Cell 37 (2016) 311-325, https://doi.org/10.1016/j.devcel.2016.
04.011.

J. Masri, A. Bernath, J. Martin, O.D. Jo, R. Vartanian, A. Funk, J. Gera, mTORC2
activity is elevated in gliomas and promotes growth and cell motility via over-
expression of rictor, Cancer Res. 67 (2007) 11712-11720, https://doi.org/10.
1158/0008-5472.CAN-07-2223.

M.M. Morrison, C.D. Young, S. Wang, T. Sobolik, V.M. Sanchez, D.J. Hicks, et al.,
mTOR directs breast morphogenesis through the PKC-alpha-Rac1 signaling Axis,
PLoS Genet. 11 (2015) 1005291, https://doi.org/10.1371/journal.pgen.
1005291.

X. Gan, J. Wang, C. Wang, E. Sommer, T. Kozasa, S. Srinivasula, et al., PRR5L
degradation promotes mTORC2-mediated PKC-8 phosphorylation and cell migra-
tion downstream of Gal2, Nat. Cell Biol. 14 (2012) 686-696, https://doi.org/10.
1038/ncb2507.

L. Serrano, P.C. McDonald, F.E. Lock, S. Dedhar, Role of the integrin-linked kinase
(ILK)/Rictor complex in TGFp-1-induced epithelial-mesenchymal transition
(EMT), Oncogene. 32 (2013) 50-60, https://doi.org/10.1038/0onc.2012.30.

F. Zhang, X. Zhang, M. Li, P. Chen, B. Zhang, H. Guo, et al., mTOR complex
component Rictor interacts with PKCzeta and regulates cancer cell metastasis,
Cancer Res. 70 (2010) 9360-9370, https://doi.org/10.1158/0008-5472.CAN-10-
0207.

D. Perrotti, P. Neviani, Protein phosphatase 2A: a target for anticancer therapy,
the Lancet, Oncology. 14 (2013) €229, https://doi.org/10.1016/51470-2045(12)
70558-2.

S. Baldacchino, C. Saliba, V. Petroni, A.G. Fenech, N. Borg, G. Grech, Deregulation
of the phosphatase, PP2A is a common event in breast cancer, predicting sensi-
tivity to FTY720, EPMA J. 5 (2014) 3, https://doi.org/10.1186,/1878-5085-5-3.
S. Shu, C.Y. Lin, H.H. He, R.M. Witwicki, D.P. Tabassum, J.M. Roberts, et al.,
Response and resistance to BET bromodomain inhibitors in triple-negative breast
cancer, Nature 529 (2016) 413-417, https://doi.org/10.1038/nature16508.

L. Zhao, R. Li, Y.-H. Gan, Knockdown of Yin Yang 1 enhances anticancer effects of
cisplatin through protein phosphatase 2A-mediated T308 dephosphorylation of
AKT, Cell Death Dis. 9 (2018) 747, https://doi.org/10.1038/s41419-018-0774-8.
Y.-H. Huang, P.-Y. Chu, J.-L. Chen, C.-T. Huang, C.-H. Lee, K.-Y. Lau, et al., SET
Overexpression is Associated with Worse Recurrence-Free Survival in Patients
with Primary Breast Cancer Receiving Adjuvant Tamoxifen Treatment, J. Clin.
Med. 7 (2018) 245, https://doi.org/10.3390/jcm7090245.

P.-M. Chen, P.-Y. Chu, S.-L. Tung, C.-Y. Liu, Y.-F. Tsai, Y.-S. Lin, et al.,
Overexpression of phosphoprotein phosphatase 2A predicts worse prognosis in
patients with breast cancer: a 15-year follow-up, Hum. Pathol. 66 (2017) 93-100,
https://doi.org/10.1016/j.humpath.2017.06.001.

Y. Katayose, M. Li, S.W. Al-Murrani, S. Shenolikar, Z. Damuni, Protein phospha-
tase 2A inhibitors, I(1)(PP2A) and I(2)(PP2A), associate with and modify the
substrate specificity of protein phosphatase 1, J. Biol. Chem. 275 (2000)
9209-9214, https://doi.org/10.1074/jbc.275.13.9209.

C.-Y. Liu, M.-H. Hung, D.-S. Wang, P.-Y. Chu, J.-C. Su, T.-H. Teng, et al.,
Tamoxifen induces apoptosis through cancerous inhibitor of protein phosphatase
2A-dependent phospho-Akt inactivation in estrogen receptor-negative human
breast cancer cells, Breast Cancer Res. 16 (2014) 431, https://doi.org/10.1186/
$13058-014-0431-9.

L.-M. Tseng, C.-Y. Liu, K.-C. Chang, P.-Y. Chu, C.-W. Shiau, K.-F. Chen, CIP2A is a
target of bortezomib in human triple negative breast cancer cells, Breast Cancer
Res. 14 (2012) R68, https://doi.org/10.1186/bcr3175.

Q. Huang, S. Qin, X. Yuan, L. Zhang, J. Ji, X. Liu, et al., Arctigenin inhibits triple-
negative breast cancers by targeting CIP2A to reactivate protein phosphatase 2A,
Oncol. Rep. 38 (2017) 598-606, https://doi.org/10.3892/0r.2017.5667.

M. Zhao, E.W. Howard, A.B. Parris, Z. Guo, Q. Zhao, Z. Ma, et al., Activation of

14

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Pharmacological Research 156 (2020) 104806

cancerous inhibitor of PP2A (CIP2A) contributes to lapatinib resistance through
induction of CIP2A-Akt feedback loop in ErbB2-positive breast cancer cells,
Oncotarget 8 (2017) 58847-58864, https://doi.org/10.18632/oncotarget.19375.
J. Yin, D. Chen, K. Luo, M. Ly, Y. Gu, S. Zeng, et al., Cip2a/miR-301a feedback
loop promotes cell proliferation and invasion of triple-negative breast cancer, J.
Cancer 10 (2019) 5964-5974, https://doi.org/10.7150/jca.35704.

C.-Y. Liu, T.-T. Huang, Y.-T. Chen, J.-L. Chen, P.-Y. Chu, C.-T. Huang, et al.,
Targeting SET to restore PP2A activity disrupts an oncogenic CIP2A-feedforward
loop and impairs triple negative breast cancer progression, EBioMedicine. 40
(2019) 263-275, https://doi.org/10.1016/j.ebiom.2018.12.032.

M.S. McDermott, B.C. Browne, N.T. Conlon, N.A. O’Brien, D.J. Slamon, M. Henry,
et al., PP2A inhibition overcomes acquired resistance to HER2 targeted therapy,
Mol. Cancer 13 (2014) 157, https://doi.org/10.1186/1476-4598-13-157.

R. Rincén, . Crist6bal, S. Zazo, O. Arpi, S. Menéndez, R. Manso, et al., PP2A
inhibition determines poor outcome and doxorubicin resistance in early breast
cancer and its activation shows promising therapeutic effects, Oncotarget. 6
(2015) 4299-4314, https://doi.org/10.18632/oncotarget.3012.

J. Wang, S. Liu, Y. Yin, M. Li, B. Wang, L. Yang, Y. Jiang, FOXO3-mediated up-
regulation of Bim contributes to rhein-induced cancer cell apoptosis, Apoptosis 20
(2015) 399-409, https://doi.org/10.1007/s10495-014-1071-3.

S.-H. Park, Y.M. Chung, J. Ma, Q. Yang, J.S. Berek, M.C.-T. Hu, Pharmacological
activation of FOXO3 suppresses triple-negative breast cancer in vitro and in vivo,
Oncotarget. 7 (2016) 42110-42125, https://doi.org/10.18632/oncotarget.9881.
X. Zhao, T. Xie, T. Dai, W. Zhao, J. Li, R. Xu, et al., CHP2 Promotes cell pro-
liferation in breast Cancer via suppression of FOXO3a, Mol. Cancer Res. 16 (2018)
1512-1522, https://doi.org/10.1158/1541-7786.MCR-18-0157.

Y. Lv, S. Song, K. Zhang, H. Gao, R. Ma, CHIP regulates AKT/FoxO/Bim signaling
in MCF7 and MCF10A cells, PLoS One 8 (2013) e83312, https://doi.org/10.1371/
journal.pone.0083312.

J.-M. Yu, W. Sun, Z.-H. Wang, X. Liang, F. Hua, K. Li, et al., TRIB3 supports breast
cancer stemness by suppressing FOXO1 degradation and enhancing SOX2 tran-
scription, Nat. Commun. 10 (2019) 5720, https://doi.org/10.1038/s41467-019-
13700-6.

Z. Wu, T. Niu, W. Xiao, UevlA promotes breast cancer cell survival and che-
moresistance through the AKT-FOXO1-BIM pathway, Cancer Cell Int. 19 (2019)
331, https://doi.org/10.1186/512935-019-1050-4.

H. Shen, D. Wang, L. Li, S. Yang, X. Chen, S. Zhou, et al., MiR-222 promotes drug-
resistance of breast cancer cells to adriamycin via modulation of PTEN/Akt/
FOXO1 pathway, Gene. 596 (2017) 110-118, https://doi.org/10.1016/j.gene.
2016.10.016.

S. Procaccia, M. Ordan, I. Cohen, S. Bendetz-Nezer, R. Seger, Direct binding of
MEK1 and MEK2 to AKT induces Foxol phosphorylation, cellular migration and
metastasis, Sci. Rep. 7 (2017) 43078, https://doi.org/10.1038/srep43078.

K.L. Tinkum, L.S. White, L. Marpegan, E. Herzog, D. Piwnica-Worms, H. Piwnica-
Worms, Forkhead box O1 (FOXO1) protein, but not p53, contributes to robust
induction of p21 expression in fasted mice, J. Biol. Chem. 288 (2013)
27999-28008, https://doi.org/10.1074/jbc.M113.494328.

1. Haque, S. Banerjee, A. De, G. Maity, S. Sarkar, M. Majumdar, et al., CCN5/WISP-
2 promotes growth arrest of triple-negative breast cancer cells through accumu-
lation and trafficking of p27(Kip1) via Skp2 and FOXO3a regulation, Oncogene. 34
(2015) 3152-3163, https://doi.org/10.1038/0nc.2014.250.

W.W. Du, W. Yang, E. Liu, Z. Yang, P. Dhaliwal, B.B. Yang, Foxo3 circular RNA
retards cell cycle progression via forming ternary complexes with p21 and CDK2,
Nucleic Acids Res. 44 (2016) 2846-2858, https://doi.org/10.1093/nar/gkw027.
Y. Tan, G. Zhou, X. Wang, W. Chen, H. Gao, USP18 promotes breast cancer growth
by upregulating EGFR and activating the AKT/Skp2 pathway, Int. J. Oncol. 53
(2018) 371-383, https://doi.org/10.3892/ijo.2018.4387.

A. Das, K. Dhar, G. Maity, S. Sarkar, A. Ghosh, I. Haque, et al., Deficiency of CCN5/
WISP-2-Driven Program in breast cancer Promotes Cancer Epithelial cells to me-
senchymal stem cells and Breast Cancer growth, Sci. Rep. 7 (2017) 1220, https://
doi.org/10.1038/541598-017-00916-z.

X. Liu, H. Wang, J. Ma, J. Xu, C. Sheng, S. Yang, et al., The expression and
prognosis of Emil and Skp2 in breast carcinoma: associated with PI3K/Akt
pathway and cell proliferation, Med. Oncol. 30 (2013) 735, https://doi.org/10.
1007/512032-013-0735-0.

E. Clement, H. Inuzuka, N.T. Nihira, W. Wei, A. Toker, Skp2-dependent re-
activation of AKT drives resistance to PI3K inhibitors, Sci. Signal. 11 (2018) 3810,
https://doi.org/10.1126/scisignal.aa03810.

P.J. Kaboli, K.-H. Ling, Lapatinib as a dual tyrosine kinase inhibitor unexpectedly
activates akt in MDA-MB-231 triple-negative breast Cancer cells, Lett. Drug Des.
Discov. 17 (2020), https://doi.org/10.2174/1570180817666200212125658.

J. Lee, C. Bartholomeusz, O. Mansour, J. Humphries, G.N. Hortobagyi,

P. Ordentlich, N.T. Ueno, A class I histone deacetylase inhibitor, entinostat, en-
hances lapatinib efficacy in HER2-overexpressing breast cancer cells through
FOXO3-mediated Bim1 expression, Breast Cancer Res. Treat. 146 (2014) 259-272,
https://doi.org/10.1007/510549-014-3014-7.

R. Mancinelli, G. Carpino, S. Petrungaro, C.L. Mammola, L. Tomaipitinca,

A. Filippini, et al., Multifaceted roles of GSK-3 in Cancer and autophagy-related
diseases, Oxid. Med. Cell. Longev. 2017 (2017) 4629495, https://doi.org/10.
1155/2017/4629495.

A. Ugolkov, I. Gaisina, J.-S. Zhang, D.D. Billadeau, K. White, A. Kozikowski, et al.,
GSK-3 inhibition overcomes chemoresistance in human breast cancer, Cancer Lett.
380 (2016) 384-392, https://doi.org/10.1016/j.canlet.2016.07.006.

1. Azoulay-Alfaguter, R. Elya, L. Avrahami, A. Katz, H. Eldar-Finkelman, Combined
regulation of mTORC1 and lysosomal acidification by GSK-3 suppresses autophagy
and contributes to cancer cell growth, Oncogene. 34 (2015) 4613-4623, https://


https://doi.org/10.1038/s41556-018-0266-1
https://doi.org/10.1038/s41556-018-0266-1
https://doi.org/10.1016/s0092-8674(02)01083-8
https://doi.org/10.1007/s10549-012-2036-2
https://doi.org/10.1007/s11523-011-0167-8
https://doi.org/10.1007/s11523-011-0167-8
https://doi.org/10.1158/0008-5472.CAN-17-2388
https://doi.org/10.1158/0008-5472.CAN-17-2388
https://doi.org/10.1158/0008-5472.CAN-15-3393
https://doi.org/10.1158/0008-5472.CAN-15-3393
https://doi.org/10.1016/j.bbamcr.2013.05.005
https://doi.org/10.1016/j.bbamcr.2013.05.005
https://doi.org/10.1186/bcr3611
https://doi.org/10.1016/j.devcel.2016.04.011
https://doi.org/10.1016/j.devcel.2016.04.011
https://doi.org/10.1158/0008-5472.CAN-07-2223
https://doi.org/10.1158/0008-5472.CAN-07-2223
https://doi.org/10.1371/journal.pgen.1005291
https://doi.org/10.1371/journal.pgen.1005291
https://doi.org/10.1038/ncb2507
https://doi.org/10.1038/ncb2507
https://doi.org/10.1038/onc.2012.30
https://doi.org/10.1158/0008-5472.CAN-10-0207
https://doi.org/10.1158/0008-5472.CAN-10-0207
https://doi.org/10.1016/S1470-2045(12)70558-2
https://doi.org/10.1016/S1470-2045(12)70558-2
https://doi.org/10.1186/1878-5085-5-3
https://doi.org/10.1038/nature16508
https://doi.org/10.1038/s41419-018-0774-8
https://doi.org/10.3390/jcm7090245
https://doi.org/10.1016/j.humpath.2017.06.001
https://doi.org/10.1074/jbc.275.13.9209
https://doi.org/10.1186/s13058-014-0431-9
https://doi.org/10.1186/s13058-014-0431-9
https://doi.org/10.1186/bcr3175
https://doi.org/10.3892/or.2017.5667
https://doi.org/10.18632/oncotarget.19375
https://doi.org/10.7150/jca.35704
https://doi.org/10.1016/j.ebiom.2018.12.032
https://doi.org/10.1186/1476-4598-13-157
https://doi.org/10.18632/oncotarget.3012
https://doi.org/10.1007/s10495-014-1071-3
https://doi.org/10.18632/oncotarget.9881
https://doi.org/10.1158/1541-7786.MCR-18-0157
https://doi.org/10.1371/journal.pone.0083312
https://doi.org/10.1371/journal.pone.0083312
https://doi.org/10.1038/s41467-019-13700-6
https://doi.org/10.1038/s41467-019-13700-6
https://doi.org/10.1186/s12935-019-1050-4
https://doi.org/10.1016/j.gene.2016.10.016
https://doi.org/10.1016/j.gene.2016.10.016
https://doi.org/10.1038/srep43078
https://doi.org/10.1074/jbc.M113.494328
https://doi.org/10.1038/onc.2014.250
https://doi.org/10.1093/nar/gkw027
https://doi.org/10.3892/ijo.2018.4387
https://doi.org/10.1038/s41598-017-00916-z
https://doi.org/10.1038/s41598-017-00916-z
https://doi.org/10.1007/s12032-013-0735-0
https://doi.org/10.1007/s12032-013-0735-0
https://doi.org/10.1126/scisignal.aao3810
https://doi.org/10.2174/1570180817666200212125658
https://doi.org/10.1007/s10549-014-3014-7
https://doi.org/10.1155/2017/4629495
https://doi.org/10.1155/2017/4629495
https://doi.org/10.1016/j.canlet.2016.07.006
https://doi.org/10.1038/onc.2014.390

P. Jabbarzadeh Kaboli, et al.

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

doi.org/10.1038/0nc.2014.390.

P. Lin, Y. Ren, X. Yan, Y. Luo, H. Zhang, M. Kesarwani, et al., The high NRF2
expression confers chemotherapy resistance partly through up-regulated DUSP1 in
myelodysplastic syndromes, Haematologica. 104 (2019) 485-496, https://doi.
org/10.3324/haematol.2018.197749.

V. Sompakdee, A. Prawan, L. Senggunprai, U. Kukongviriyapan, P. Samathiwat,
J. Wandee, V. Kukongviriyapan, Suppression of Nrf2 confers chemosensitizing
effect through enhanced oxidant-mediated mitochondrial dysfunction, Biomed.
Pharmacother. 101 (2018) 627-634, https://doi.org/10.1016/j.biopha.2018.02.
112.

P. Deshmukh, S. Unni, G. Krishnappa, B. Padmanabhan, The Keap1-Nrf2 pathway:
promising therapeutic target to counteract ROS-mediated damage in cancers and
neurodegenerative diseases, Biophys. Rev. 9 (2017) 41-56, https://doi.org/10.
1007/512551-016-0244-4.

H.-S. Zhang, G.-Y. Du, Z.-G. Zhang, Z. Zhou, H.-L. Sun, X.-Y. Yu, et al., NRF2
facilitates breast cancer cell growth via HIF1a-mediated metabolic reprogram-
ming, Int. J. Biochem. Cell Biol. 95 (2018) 85-92, https://doi.org/10.1016/j.
biocel.2017.12.016.

S. Lee, S.P. Hallis, K.-A. Jung, D. Ryu, M.-K. Kwak, Impairment of HIF-1a-medi-
ated metabolic adaption by NRF2-silencing in breast cancer cells, Redox Biol. 24
(2019) 101210, https://doi.org/10.1016/j.redox.2019.101210.

A. De Blasio, R. Di Fiore, G. Pratelli, R. Drago-Ferrante, C. Saliba, S. Baldacchino,
et al., A loop involving NRF2, miR-29b-1-5p and AKT, regulates cell fate of MDA-
MB-231 triple-negative breast cancer cells, J. Cell. Physiol. 235 (2019) 1-9,
https://doi.org/10.1002/jcp.29062.

Q. Chen, W. Li, Y. Wan, X. Xia, Q. Wu, Y. Chen, et al., Amplified in breast cancer 1
enhances human cholangiocarcinoma growth and chemoresistance by simulta-
neous activation of Akt and Nrf2 pathways, Hepatology. 55 (2012) 1820-1829,
https://doi.org/10.1002/hep.25549.

J. Wu, D. Williams, G.A. Walter, W.E. Thompson, N. Sidell, Estrogen increases
Nrf2 activity through activation of the PI3K pathway in MCF-7 breast cancer cells,
Exp. Cell Res. 328 (2014) 351-360, https://doi.org/10.1016/j.yexcr.2014.08.030.
C. Gorrini, B.P. Gang, C. Bassi, A. Wakeham, S.P. Baniasadi, Z. Hao, et al., Estrogen
controls the survival of BRCA1-deficient cells via a PI3K-NRF2-regulated pathway,
Proc. Natl. Acad. Sci. U.S.A. 111 (2014) 4472-4477, https://doi.org/10.1073/
pnas.1324136111.

S. Manandhar, B. Choi, K.-A. Jung, L.-G. Ryoo, M. Song, S.J. Kang, et al., NRF2
inhibition represses ErbB2 signaling in ovarian carcinoma cells: implications for
tumor growth retardation and docetaxel sensitivity, Free Radic. Biol. Med. 52
(2012) 1773-1785, https://doi.org/10.1016/j.freeradbiomed.2012.02.031.

E.C. Lien, C.A. Lyssiotis, A. Juvekar, H. Hu, J.M. Asara, L.C. Cantley, A. Toker,
Glutathione biosynthesis is a metabolic vulnerability in PI(3)K/Akt-driven breast
cancer, Nat. Cell Biol. 18 (2016) 572-578, https://doi.org/10.1038/ncb3341.

A. Cipak Ga$parovié, L. Milkovié, N. Dandachi, S. Stanzer, I. Pezdirc, J. Vran¢ié,
et al., Chronic oxidative stress promotes molecular changes associated with epi-
thelial mesenchymal transition, NRF2, and breast Cancer stem cell phenotype,
Antioxidants. 8 (2019) 633, https://doi.org/10.3390/antiox8120633.

F. Hossain, C. Sorrentino, D.A. Ucar, Y. Peng, M. Matossian, D. Wyczechowska,
et al., Notch signaling regulates mitochondrial metabolism and NF-kB activity in
triple-negative breast Cancer cells via IKKa-Dependent non-canonical pathways,
Front. Oncol. 8 (2018) 575, https://doi.org/10.3389/fonc.2018.00575.

G. Ramsay, D. Cantrell, Environmental and metabolic sensors that control T cell
biology, Front. Immunol. 6 (2015) 99, https://doi.org/10.3389/fimmu.2015.
00099.

G. Xiong, R.L. Stewart, J. Chen, T. Gao, T.L. Scott, L.M. Samayoa, et al., Collagen
prolyl 4-hydroxylase 1 is essential for HIF-1a stabilization and TNBC chemore-
sistance, Nat. Commun. 9 (2018) 4456, https://doi.org/10.1038/s41467-018-
06893-9.

A. Hyseni, P. van der Groep, E. van der Wall, P.J. van Diest, Subcellular FIH-1
expression patterns in invasive breast cancer in relation to HIF-1a expression, Cell.
Oncol. 34 (2011) 565-570, https://doi.org/10.1007/s13402-011-0053-5.

M.M. Vleugel, A.E. Greijer, E. van der Wall, P.J. van Diest, Mutation analysis of the
HIF-1a oxygen-dependent degradation domain in invasive breast cancer, Cancer
Genet. Cytogenet. 163 (2005) 168-172, https://doi.org/10.1016/j.cancergencyto.
2005.05.008.

C.E. Snell, H. Turley, A. Mclntyre, D. Li, M. Masiero, C.J. Schofield, et al., Proline-
hydroxylated hypoxia-inducible factor 1a (HIF-1a) upregulation in human tu-
mours, PLoS One 9 (2014) 88955, https://doi.org/10.1371/journal.pone.
0088955.

D. Mennerich, E.Y. Dimova, T. Kietzmann, Direct phosphorylation events involved
in HIF-a regulation: the role of GSK-3f, Hypoxia 2 (2014) 35-45, https://doi.org/
10.2147/HP.S60703.

A. Lin, C. Li, Z. Xing, Q. Hu, K. Liang, L. Han, et al., The LINK-A IncRNA activates
normoxic HIFla signalling in triple-negative breast cancer, Nat. Cell Biol. 18
(2016) 213-224, https://doi.org/10.1038/ncb3295.

I. Mylonis, G. Chachami, E. Paraskeva, G. Simos, Atypical CRM1-dependent nu-
clear export signal mediates regulation of hypoxia-inducible factor-1a by MAPK,
J. Biol. Chem. 283 (2008) 27620-27627, https://doi.org/10.1074/jbc.
M803081200.

1. Mylonis, G. Chachami, M. Samiotaki, G. Panayotou, E. Paraskeva, A. Kalousi,
et al., Identification of MAPK phosphorylation sites and their role in the locali-
zation and activity of hypoxia-inducible factor-1a, J. Biol. Chem. 281 (2006)
33095-33106, https://doi.org/10.1074/jbc.M605058200.

H. Ly, L. Tran, Y. Park, I. Chen, J. Lan, Y. Xie, G.L. Semenza, Reciprocal regulation
of DUSP9 and DUSP16 expression by HIF1 controls ERK and p38 MAP kinase
activity and mediates chemotherapy-induced breast Cancer stem cell enrichment,

15

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

Pharmacological Research 156 (2020) 104806

Cancer Res. 78 (2018) 4191-4202, https://doi.org/10.1158/0008-5472.CAN-18-
0270.

H. Liu, L. Tang, X. Li, H. Li, Triptolide inhibits vascular endothelial growth factor-
mediated angiogenesis in human breast cancer cells, Exp. Ther. Med. 16 (2018)
830-836, https://doi.org/10.3892/etm.2018.6200.

J.-Y. Park, H.-J. Jung, I. Seo, B.K. Jha, S.-I. Suh, M.-H. Suh, W.-K. Baek,
Translational suppression of HIF-1a by miconazole through the mTOR signaling
pathway, Cell. Oncol. 37 (2014) 269-279, https://doi.org/10.1007/s13402-014-
0182-8.

E.H. Gort, A.J. Groot, T.L.P. Derks van de Ven, P. van der Groep, I. Verlaan, T. van
Laar, et al., Hypoxia-inducible factor-1a expression requires PI 3-kinase activity
and correlates with Aktl phosphorylation in invasive breast carcinomas,
Oncogene. 25 (2006) 6123-6127, https://doi.org/10.1038/sj.0onc.1209643.

J.P. Schoning, M. Monteiro, W. Gu, Drug resistance and cancer stem cells: the
shared but distinct roles of hypoxia-inducible factors HIF1a and HIF2a, Clin. Exp.
Pharmacol. Physiol. 44 (2017) 153-161, https://doi.org/10.1111/1440-1681.
12693.

C. Shao, J. Zhang, J. Fu, F. Ling, The potential role of Brachyury in inducing
epithelial-to-mesenchymal transition (EMT) and HIF-1a expression in breast
cancer cells, Biochem. Biophys. Res. Commun. 467 (2015) 1083-1089, https://
doi.org/10.1016/j.bbrc.2015.09.076.

S.V. Karakashev, M.J. Reginato, Hypoxia/HIFla induces lapatinib resistance in
ERBB2-positive breast cancer cells via regulation of DUSP2, Oncotarget. 6 (2015)
1967-1980, https://doi.org/10.18632/oncotarget.2806.

M. Tafani, L. Sansone, F. Limana, T. Arcangeli, E. De Santis, M. Polese, et al., The
interplay of reactive oxygen species, hypoxia, inflammation, and sirtuins in Cancer
initiation and progression, Oxid. Med. Cell. Longev. 2016 (2016) 3907147,
https://doi.org/10.1155/2016/3907147.

B.A. Miller, TRPM2 in Cancer, Cell Calcium 80 (2019) 8-17, https://doi.org/10.
1016/j.ceca.2019.03.002.

1. Azimi, M.J.G. Milevskiy, E. Kaemmerer, D. Turner, K.T.D.S. Yapa, M.A. Brown,
et al., TRPC1 is a differential regulator of hypoxia-mediated events and Akt sig-
nalling in PTEN-deficient breast cancer cells, J. Cell. Sci. 130 (2017) 2292-2305,
https://doi.org/10.1242/jcs.196659.

G. Epstein Shochet, L. Drucker, M. Pasmanik-Chor, M. Pomeranz, A. Fishman,

S. Tartakover Matalon, M. Lishner, First trimester human placental factors induce
breast cancer cell autophagy, Breast Cancer Res. Treat. 149 (2015) 645-654,
https://doi.org/10.1007/510549-015-3266-x.

L. Pei, Y. Kong, C. Shao, X. Yue, Z. Wang, N. Zhang, Heme oxygenase-1 induction
mediates chemoresistance of breast cancer cells to pharmorubicin by promoting
autophagy via PI3K/Akt pathway, J. Cell. Mol. Med. 22 (2018) 5311-5321,
https://doi.org/10.1111/jemm.13800.

X. Yu, R. Li, W. Shi, T. Jiang, Y. Wang, C. Li, X. Qu, Silencing of MicroRNA-21
confers the sensitivity to tamoxifen and fulvestrant by enhancing autophagic cell
death through inhibition of the PI3K-AKT-mTOR pathway in breast cancer cells,
Biomed. Pharmacother. 77 (2016) 37-44, https://doi.org/10.1016/j.biopha.2015.
11.005.

K.-S. Kim, J.-I. Park, N. Oh, H.-J. Cho, J.-H. Park, K.-S. Park, ELK3 expressed in
lymphatic endothelial cells promotes breast cancer progression and metastasis
through exosomal miRNAs, Sci. Rep. 9 (2019) 8418, https://doi.org/10.1038/
541598-019-44828-6.

P. Jabbarzadeh Kaboli, A. Rahmat, P. Ismail, K.-H. Ling, Targets and mechanisms
of berberine, a natural drug with potential to treat cancer with special focus on
breast cancer, Eur. J. Pharmacol. 740 (2014) 584-595, https://doi.org/10.1016/j.
ejphar.2014.06.025.

M.A. Zaouali, A. Panisello, A. Lopez, C. Castro, E. Folch, T. Carbonell, et al., GSK3f
and VDAC involvement in ER stress and apoptosis modulation during orthotopic
liver transplantation, Int. J. Mol. Sci. 18 (2017) 591, https://doi.org/10.3390/
ijms18030591.

C.-A. Wu, D.-Y. Huang, W.-W. Lin, Beclin-1-independent autophagy positively
regulates internal ribosomal entry site-dependent translation of hypoxia-inducible
factor 1o under nutrient deprivation, Oncotarget. 5 (2014) 7525-7539, https://
doi.org/10.18632/oncotarget.2265.

L. Yang, Y. Hou, J. Yuan, S. Tang, H. Zhang, Q. Zhu, et al., Twist promotes re-
programming of glucose metabolism in breast cancer cells through PI3K/AKT and
p53 signaling pathways, Oncotarget. 6 (2015) 25755-25769, https://doi.org/10.
18632/oncotarget.4697.

P. Navarro, M.J. Bueno, I. Zagorac, T. Mondejar, J. Sanchez, S. Mourén, et al.,
Targeting tumor mitochondrial metabolism overcomes resistance to anti-
angiogenics, Cell Rep. 15 (2016) 2705-2718, https://doi.org/10.1016/j.celrep.
2016.05.052.

J. Kim, L. Tchernyshyov, G.L. Semenza, C.V. Dang, HIF-1-mediated expression of
pyruvate dehydrogenase kinase: a metabolic switch required for cellular adapta-
tion to hypoxia, Cell Metab. 3 (2006) 177-185, https://doi.org/10.1016/j.cmet.
2006.02.002.

K.A. Barksdale, G.N. Bijur, The basal flux of Akt in the mitochondria is mediated
by heat shock protein 90, J. Neurochem. 108 (2009) 1289-1299, https://doi.org/
10.1111/§.1471-4159.2009.05878.x.

Y.-H. Chen, C.-C. Su, W. Deng, L.F. Lock, P.J. Donovan, M.A. Kayala, et al.,
Mitochondrial akt signaling modulated reprogramming of somatic cells, Sci. Rep.
9 (2019) 9919, https://doi.org/10.1038/541598-019-46359-6.

C. Betz, D. Stracka, C. Prescianotto-Baschong, M. Frieden, N. Demaurex, M.N. Hall,
mTOR complex 2-Akt signaling at mitochondria-associated endoplasmic reticulum
membranes (MAM) regulates mitochondrial physiology, Proc. Natl. Acad. Sci.
U.S.A. 110 (2013) 12526-12534, https://doi.org/10.1073/pnas.1302455110.

Y. Guo, L. Wei, Y. Zhou, N. Lu, X. Tang, Z. Li, X. Wang, Flavonoid GL-V9 induces


https://doi.org/10.1038/onc.2014.390
https://doi.org/10.3324/haematol.2018.197749
https://doi.org/10.3324/haematol.2018.197749
https://doi.org/10.1016/j.biopha.2018.02.112
https://doi.org/10.1016/j.biopha.2018.02.112
https://doi.org/10.1007/s12551-016-0244-4
https://doi.org/10.1007/s12551-016-0244-4
https://doi.org/10.1016/j.biocel.2017.12.016
https://doi.org/10.1016/j.biocel.2017.12.016
https://doi.org/10.1016/j.redox.2019.101210
https://doi.org/10.1002/jcp.29062
https://doi.org/10.1002/hep.25549
https://doi.org/10.1016/j.yexcr.2014.08.030
https://doi.org/10.1073/pnas.1324136111
https://doi.org/10.1073/pnas.1324136111
https://doi.org/10.1016/j.freeradbiomed.2012.02.031
https://doi.org/10.1038/ncb3341
https://doi.org/10.3390/antiox8120633
https://doi.org/10.3389/fonc.2018.00575
https://doi.org/10.3389/fimmu.2015.00099
https://doi.org/10.3389/fimmu.2015.00099
https://doi.org/10.1038/s41467-018-06893-9
https://doi.org/10.1038/s41467-018-06893-9
https://doi.org/10.1007/s13402-011-0053-5
https://doi.org/10.1016/j.cancergencyto.2005.05.008
https://doi.org/10.1016/j.cancergencyto.2005.05.008
https://doi.org/10.1371/journal.pone.0088955
https://doi.org/10.1371/journal.pone.0088955
https://doi.org/10.2147/HP.S60703
https://doi.org/10.2147/HP.S60703
https://doi.org/10.1038/ncb3295
https://doi.org/10.1074/jbc.M803081200
https://doi.org/10.1074/jbc.M803081200
https://doi.org/10.1074/jbc.M605058200
https://doi.org/10.1158/0008-5472.CAN-18-0270
https://doi.org/10.1158/0008-5472.CAN-18-0270
https://doi.org/10.3892/etm.2018.6200
https://doi.org/10.1007/s13402-014-0182-8
https://doi.org/10.1007/s13402-014-0182-8
https://doi.org/10.1038/sj.onc.1209643
https://doi.org/10.1111/1440-1681.12693
https://doi.org/10.1111/1440-1681.12693
https://doi.org/10.1016/j.bbrc.2015.09.076
https://doi.org/10.1016/j.bbrc.2015.09.076
https://doi.org/10.18632/oncotarget.2806
https://doi.org/10.1155/2016/3907147
https://doi.org/10.1016/j.ceca.2019.03.002
https://doi.org/10.1016/j.ceca.2019.03.002
https://doi.org/10.1242/jcs.196659
https://doi.org/10.1007/s10549-015-3266-x
https://doi.org/10.1111/jcmm.13800
https://doi.org/10.1016/j.biopha.2015.11.005
https://doi.org/10.1016/j.biopha.2015.11.005
https://doi.org/10.1038/s41598-019-44828-6
https://doi.org/10.1038/s41598-019-44828-6
https://doi.org/10.1016/j.ejphar.2014.06.025
https://doi.org/10.1016/j.ejphar.2014.06.025
https://doi.org/10.3390/ijms18030591
https://doi.org/10.3390/ijms18030591
https://doi.org/10.18632/oncotarget.2265
https://doi.org/10.18632/oncotarget.2265
https://doi.org/10.18632/oncotarget.4697
https://doi.org/10.18632/oncotarget.4697
https://doi.org/10.1016/j.celrep.2016.05.052
https://doi.org/10.1016/j.celrep.2016.05.052
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.1111/j.1471-4159.2009.05878.x
https://doi.org/10.1111/j.1471-4159.2009.05878.x
https://doi.org/10.1038/s41598-019-46359-6
https://doi.org/10.1073/pnas.1302455110

P. Jabbarzadeh Kaboli, et al.

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

apoptosis and inhibits glycolysis of breast cancer via disrupting GSK-3B-modulated
mitochondrial binding of HKII, Free Radic. Biol. Med. 146 (2020) 119-129,
https://doi.org/10.1016/j.freeradbiomed.2019.10.413.

G.C. Shore, Apoptosis: it’s BAK to VDAC, EMBO Rep. 10 (2009) 1311-1313,
https://doi.org/10.1038/embor.2009.249.

Y.-N. Xue, B.-B. Yu, J.-L. Li, R. Guo, L.-C. Zhang, L.-K. Sun, et al., Zinc and p53
disrupt mitochondrial binding of HK2 by phosphorylating VDAC1, Exp. Cell Res.
374 (2019) 249-258, https://doi.org/10.1016/j.yexcr.2018.12.002.

1. Mylonis, M. Kourti, M. Samiotaki, G. Panayotou, G. Simos, Mortalin-mediated
and ERK-controlled targeting of HIF-1a to mitochondria confers resistance to
apoptosis under hypoxia, J. Cell. Sci. 130 (2017) 466-479, https://doi.org/10.
1242/jcs.195339.

L. Ye, C. Lin, X. Wang, Q. Li, Y. Li, M. Wang, et al., Epigenetic silencing of SALL2
confers tamoxifen resistance in breast cancer, EMBO Mol. Med. 11 (2019) 10638,
https://doi.org/10.15252/emmm.201910638.

N.T.T. Phuong, S.K. Kim, S.C. Lim, H.S. Kim, T.H. Kim, K.Y. Lee, et al., Role of
PTEN promoter methylation in tamoxifen-resistant breast cancer cells, Breast
Cancer Res. Treat. 130 (2011) 73-83, https://doi.org/10.1007/510549-010-
1304-2.

M. Librizzi, R. Chiarelli, L. Bosco, S. Sansook, J.M. Gascon, J. Spencer, et al., The
histone deacetylase inhibitor JAHA down-regulates pERK and global DNA me-
thylation in MDA-MB231 breast Cancer cells, Materials 8 (2015) 7041-7047,
https://doi.org/10.3390/ma8105358.

E. Seto, M. Yoshida, Erasers of histone acetylation: the histone deacetylase en-
zymes, Cold Spring Harb. Perspect. Biol. 6 (2014) 018713, https://doi.org/10.
1101/cshperspect.a018713.

K.A. Wilson-Edell, M.A. Yevtushenko, D.E. Rothschild, A.N. Rogers, C.C. Benz,
mTORC1/C2 and pan-HDAC inhibitors synergistically impair breast cancer growth
by convergent AKT and polysome inhibiting mechanisms, Breast Cancer Res.
Treat. 144 (2014) 287-298, https://doi.org/10.1007/s10549-014-2877-y.

H.-Y. Hsieh, H.-C. Chuang, F.-H. Shen, K. Detroja, L.-W. Hsin, C.-S. Chen,
Targeting breast cancer stem cells by novel HDAC3-selective inhibitors, Eur. J.
Med. Chem. 140 (2017) 42-51, https://doi.org/10.1016/j.ejmech.2017.08.069.
X. Huang, S. Wang, C.-K. Lee, X. Yang, B. Liu, HDAC inhibitor SNDX-275 enhances
efficacy of trastuzumab in erbB2-overexpressing breast cancer cells and exhibits
potential to overcome trastuzumab resistance, Cancer Lett. 307 (2011) 72-79,
https://doi.org/10.1016/j.canlet.2011.03.019.

K. Kaur, V. Jaitak, Recent development in indole derivatives as anticancer agents
for breast Cancer, Anticancer Agents Med. Chem. 19 (2019) 962-983, https://doi.
0rg/10.2174/1871520619666190312125602.

Q. Zhou, P.G. Shaw, N.E. Davidson, Inhibition of histone deacetylase suppresses
EGF signaling pathways by destabilizing EGFR mRNA in ER-negative human
breast cancer cells, Breast Cancer Res. Treat. 117 (2009) 443-451, https://doi.
0rg/10.1007/s10549-008-0148-5.

P. Vilquin, M. Villedieu, E. Grisard, S. Ben Larbi, S.E. Ghayad, P.-E. Heudel, et al.,
Molecular characterization of anastrozole resistance in breast cancer: pivotal role
of the Akt/mTOR pathway in the emergence of de novo or acquired resistance and
importance of combining the allosteric Akt inhibitor MK-2206 with an aromatase
inhibitor, Int. J. Cancer 133 (2013) 1589-1602, https://doi.org/10.1002/ijc.
28182.

X. Fu, C.J. Creighton, N.C. Biswal, V. Kumar, M. Shea, S. Herrera, et al.,
Overcoming endocrine resistance due to reduced PTEN levels in estrogen receptor-
positive breast cancer by co-targeting mammalian target of rapamycin, protein
kinase B, or mitogen-activated protein kinase kinase, Breast Cancer Res. 16 (2014)
430, https://doi.org/10.1186/s13058-014-0430-x.

C.L. Newton, C. Riekert, R.P. Millar, Gonadotropin-releasing hormone analog
therapeutics, Minerva Ginecol. 70 (2018) 497-515, https://doi.org/10.23736/
S0026-4784.18.04316-2.

Y.H. Park, T.-Y. Kim, G.M. Kim, S.Y. Kang, [.H. Park, J.H. Kim, et al., Palbociclib
plus exemestane with gonadotropin-releasing hormone agonist versus capecita-
bine in premenopausal women with hormone receptor-positive, HER2-negative
metastatic breast cancer (KCSG-BR15-10): a multicentre, open-label, randomised,
phase 2 trial, Lancet Oncol. 20 (2019) 1750-1759, https://doi.org/10.1016/
$1470-2045(19)30565-0.

M. Block, C. Griindker, S. Fister, J. Kubin, L. Wilkens, M.D. Mueller, et al.,
Inhibition of the AKT/mTOR and erbB pathways by gefitinib, perifosine and
analogs of gonadotropin-releasing hormone I and II to overcome tamoxifen re-
sistance in breast cancer cells, Int. J. Oncol. 41 (2012) 1845-1854, https://doi.
org/10.3892/ij0.2012.1591.

P.J. Kaboli, L. Zhang, S. Xiang, J. Shen, M. Li, Y. Zhao, et al., Molecular markers of
regulatory t cells in Cancer immunotherapy with special focus on acute myeloid
leukemia (AML) - a systematic review, Curr. Med. Chem. (2019), https://doi.org/
10.2174/0929867326666191004164041.

S. Almozyan, D. Colak, F. Mansour, A. Alaiya, O. Al-Harazi, A. Qattan, et al., PD-L1
promotes OCT4 and Nanog expression in breast cancer stem cells by sustaining
PI3K/AKT pathway activation, Int. J. Cancer 141 (2017) 1402-1412, https://doi.
org/10.1002/ijc.30834.

L. Gao, Q. Guo, X. Li, X. Yang, H. Ni, T. Wang, et al., MiR-873/PD-L1 axis regulates
the stemness of breast cancer cells, EBioMedicine. 41 (2019) 395-407, https://doi.
0rg/10.1016/j.ebiom.2019.02.034.

S. Wang, L. Xu, X. Che, C. Li, L. Xu, K. Hou, et al., E3 ubiquitin ligases Cbl-b and c-
Cbl downregulate PD-L1 in EGFR wild-type non-small cell lung cancer, FEBS Lett.
592 (2018) 621-630, https://doi.org/10.1002/1873-3468.12985.

R. Okita, A. Maeda, K. Shimizu, Y. Nojima, S. Saisho, M. Nakata, PD-L1 over-
expression is partially regulated by EGFR/HER2 signaling and associated with
poor prognosis in patients with non-small-cell lung cancer, Cancer Immunology,

16

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

Pharmacological Research 156 (2020) 104806

Immunotherapy. 66 (2017) 865-876, https://doi.org/10.1007/s00262-017-
1986-y.

1. Zerdes, A. Matikas, J. Bergh, G.Z. Rassidakis, T. Foukakis, Genetic, transcrip-
tional and post-translational regulation of the programmed death protein ligand 1
in cancer: biology and clinical correlations, Oncogene. 37 (2018) 4639-4661,
https://doi.org/10.1038/541388-018-0303-3.

S. Kumar, S.K. Sharawat, Epigenetic regulators of programmed death-ligand 1
expression in human cancers, Transl. Res. 202 (2018) 129-145, https://doi.org/
10.1016/j.trs1.2018.05.011.

R. Bellucci, A. Martin, D. Bommarito, K. Wang, S.H. Hansen, G.J. Freeman, J. Ritz,
Interferon-y-induced activation of JAK1 and JAK2 suppresses tumor cell suscept-
ibility to NK cells through upregulation of PD-L1 expression, Oncoimmunology. 4
(2015) 1008824, https://doi.org/10.1080/2162402X.2015.1008824.

C. Zhang, Z. Li, L. Xu, X. Che, T. Wen, Y. Fan, et al., CXCL9/10/11, a regulator of
PD-L1 expression in gastric cancer, BMC Cancer 18 (2018) 462, https://doi.org/
10.1186/512885-018-4384-8.

M. Chen, A. Sharma, Y. Lin, Y. Wu, Q. He, Y. Gu, et al., Insluin and epithelial
growth factor (EGF) promote programmed death ligand 1(PD-L1) production and
transport in colon cancer stem cells, BMC Cancer 19 (2019) 153, https://doi.org/
10.1186/512885-019-5364-3.

A.L. Shergold, R. Millar, R.J.B. Nibbs, Understanding and overcoming the re-
sistance of cancer to PD-1/PD-L1 blockade, Pharmacol. Res. 145 (2019) 104258, ,
https://doi.org/10.1016/j.phrs.2019.104258.

Y. Zheng, Y.-C. Fang, J. Li, PD-L1 expression levels on tumor cells affect their
immunosuppressive activity, Oncol. Lett. 18 (2019) 5399-5407, https://doi.org/
10.3892/01.2019.10903.

P. Kongtawelert, B. Wudtiwai, T.H. Shwe, P. Pothacharoen, T. Phitak, Inhibitory
effect of Hesperidin on the expression of programmed death ligand (PD-L1) in
breast Cancer, Molecules. 25 (2020) E252, https://doi.org/10.3390/
molecules25020252.

Y. Park, J.M. Park, D.H. Kim, J. Kwon, L.A. Kim, Inhibition of PI4K Illa radio-
sensitizes in human tumor xenograft and immune-competent syngeneic murine
tumor model, Oncotarget. 8 (2017) 110392-110405, https://doi.org/10.18632/
oncotarget.22778.

C. Crafter, J.P. Vincent, E. Tang, P. Dudley, N.H. James, T. Klinowska, B.R. Davies,
Combining AZD8931, a novel EGFR/HER2/HERS3 signalling inhibitor, with
AZD5363 limits AKT inhibitor induced feedback and enhances antitumour efficacy
in HER2-amplified breast cancer models, Int. J. Oncol. 47 (2015) 446-454,
https://doi.org/10.3892/ij0.2015.3062.

B.R. Davies, N. Guan, A. Logie, C. Crafter, L. Hanson, V. Jacobs, et al., Tumors with
AKT1E17K mutations are rational targets for single agent or combination therapy
with AKT inhibitors, Mol. Cancer Ther. 14 (2015) 2441-2451, https://doi.org/10.
1158/1535-7163.MCT-15-0230.

J. Shi, G. Lei, J. Zhang, Y. Wei, Y.P. Li, Z. Sun, Y. Zhang, A unit-cell model for
thermal regulation of degradation of organics in solid waste, Waste Manag. Res.
(2020), https://doi.org/10.1177/0734242X19893006 734242X19893006.

C. Stottrup, T. Tsang, Y.R. Chin, Upregulation of AKT3 confers resistance to the
AKT inhibitor MK2206 in breast Cancer, Mol. Cancer Ther. 15 (2016) 1964-1974,
https://doi.org/10.1158/1535-7163.MCT-15-0748.

W. Song, Z. Wang, X. Gu, A. Wang, X. Chen, H. Miao, et al., TRIM11 promotes
proliferation and glycolysis of breast cancer cells via targeting AKT/GLUT1
pathway, Onco. Ther. 12 (2019) 4975-4984, https://doi.org/10.2147/0TT.
S207723.

H. Nan, L. Han, J. Ma, C. Yang, R. Su, J. He, STX3 represses the stability of the
tumor suppressor PTEN to activate the PI3K-Akt-mTOR signaling and promotes
the growth of breast cancer cells, Biochimica et Biophysica Acta, Molecular Basis
of Disease. 1864 (2018) 1684-1692, https://doi.org/10.1016/j.bbadis.2018.01.
031.

Y. Xing, N.U. Lin, M.A. Maurer, H. Chen, A. Mahvash, A. Sahin, et al., Phase II trial
of AKT inhibitor MK-2206 in patients with advanced breast cancer who have tu-
mors with PIK3CA or AKT mutations, and/or PTEN loss/PTEN mutation, Breast
Cancer Res. 21 (2019) 78, https://doi.org/10.1186/s13058-019-1154-8.

J.S. O’Donnell, D. Massi, M.W.L. Teng, M. Mandala, PI3K-AKT-mTOR inhibition in
cancer immunotherapy, redux, Semin. Cancer Biol. 48 (2018) 91-103, https://doi.
org/10.1016/j.semcancer.2017.04.015.

R. Ribas, S. Pancholi, S.K. Guest, E. Marangoni, Q. Gao, A. Thuleau, et al., AKT
antagonist AZD5363 influences estrogen receptor function in endocrine-resistant
breast Cancer and synergizes with fulvestrant (ICI182780) in vivo, Mol. Cancer
Ther. 14 (2015) 2035-2048, https://doi.org/10.1158/1535-7163.MCT-15-0143.
N.C. Turner, E. Alarcén, A.C. Armstrong, M. Philco, Y.A. Lépez Chuken, M.-

P. Sablin, et al., BEECH: a dose-finding run-in followed by a randomised phase II
study assessing the efficacy of AKT inhibitor capivasertib (AZD5363) combined
with paclitaxel in patients with estrogen receptor-positive advanced or metastatic
breast cancer, and in a PIK3CA, Ann. Oncol. 30 (2019) 774-780, https://doi.org/
10.1093/annonc/mdz086.

J.F.R. Robertson, R.E. Coleman, K.-L. Cheung, A. Evans, C. Holcombe, A. Skene,
et al., Proliferation and AKT activity biomarker analyses after capivasertib
(AZD5363) treatment of patients with ER* invasive breast Cancer (STAKT), Clin.
Cancer Res. 26 (2019) 1574-1585, https://doi.org/10.1158/1078-0432.CCR-19-
3053.

N. Bougen-Zhukov, Y. Nouri, T. Godwin, M. Taylor, C. Hakkaart, A. Single, et al.,
Allosteric AKT inhibitors target synthetic lethal vulnerabilities in E-Cadherin-
Deficient cells, Cancers. 11 (2019) 1359, https://doi.org/10.3390/
cancers11091359.

J.E. Korkola, E.A. Collisson, L. Heiser, C. Oates, N. Bayani, S. Itani, et al.,
Decoupling of the PI3K pathway via mutation necessitates combinatorial


https://doi.org/10.1016/j.freeradbiomed.2019.10.413
https://doi.org/10.1038/embor.2009.249
https://doi.org/10.1016/j.yexcr.2018.12.002
https://doi.org/10.1242/jcs.195339
https://doi.org/10.1242/jcs.195339
https://doi.org/10.15252/emmm.201910638
https://doi.org/10.1007/s10549-010-1304-2
https://doi.org/10.1007/s10549-010-1304-2
https://doi.org/10.3390/ma8105358
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1007/s10549-014-2877-y
https://doi.org/10.1016/j.ejmech.2017.08.069
https://doi.org/10.1016/j.canlet.2011.03.019
https://doi.org/10.2174/1871520619666190312125602
https://doi.org/10.2174/1871520619666190312125602
https://doi.org/10.1007/s10549-008-0148-5
https://doi.org/10.1007/s10549-008-0148-5
https://doi.org/10.1002/ijc.28182
https://doi.org/10.1002/ijc.28182
https://doi.org/10.1186/s13058-014-0430-x
https://doi.org/10.23736/S0026-4784.18.04316-2
https://doi.org/10.23736/S0026-4784.18.04316-2
https://doi.org/10.1016/S1470-2045(19)30565-0
https://doi.org/10.1016/S1470-2045(19)30565-0
https://doi.org/10.3892/ijo.2012.1591
https://doi.org/10.3892/ijo.2012.1591
https://doi.org/10.2174/0929867326666191004164041
https://doi.org/10.2174/0929867326666191004164041
https://doi.org/10.1002/ijc.30834
https://doi.org/10.1002/ijc.30834
https://doi.org/10.1016/j.ebiom.2019.02.034
https://doi.org/10.1016/j.ebiom.2019.02.034
https://doi.org/10.1002/1873-3468.12985
https://doi.org/10.1007/s00262-017-1986-y
https://doi.org/10.1007/s00262-017-1986-y
https://doi.org/10.1038/s41388-018-0303-3
https://doi.org/10.1016/j.trsl.2018.05.011
https://doi.org/10.1016/j.trsl.2018.05.011
https://doi.org/10.1080/2162402X.2015.1008824
https://doi.org/10.1186/s12885-018-4384-8
https://doi.org/10.1186/s12885-018-4384-8
https://doi.org/10.1186/s12885-019-5364-3
https://doi.org/10.1186/s12885-019-5364-3
https://doi.org/10.1016/j.phrs.2019.104258
https://doi.org/10.3892/ol.2019.10903
https://doi.org/10.3892/ol.2019.10903
https://doi.org/10.3390/molecules25020252
https://doi.org/10.3390/molecules25020252
https://doi.org/10.18632/oncotarget.22778
https://doi.org/10.18632/oncotarget.22778
https://doi.org/10.3892/ijo.2015.3062
https://doi.org/10.1158/1535-7163.MCT-15-0230
https://doi.org/10.1158/1535-7163.MCT-15-0230
https://doi.org/10.1177/0734242X19893006
https://doi.org/10.1158/1535-7163.MCT-15-0748
https://doi.org/10.2147/OTT.S207723
https://doi.org/10.2147/OTT.S207723
https://doi.org/10.1016/j.bbadis.2018.01.031
https://doi.org/10.1016/j.bbadis.2018.01.031
https://doi.org/10.1186/s13058-019-1154-8
https://doi.org/10.1016/j.semcancer.2017.04.015
https://doi.org/10.1016/j.semcancer.2017.04.015
https://doi.org/10.1158/1535-7163.MCT-15-0143
https://doi.org/10.1093/annonc/mdz086
https://doi.org/10.1093/annonc/mdz086
https://doi.org/10.1158/1078-0432.CCR-19-3053
https://doi.org/10.1158/1078-0432.CCR-19-3053
https://doi.org/10.3390/cancers11091359
https://doi.org/10.3390/cancers11091359

P. Jabbarzadeh Kaboli, et al.

[186]

[187]

[188]

[189]

[190]

[191]

treatment in HER2 + breast Cancer, PLoS One 10 (2015) 0133219, https://doi.
org/10.1371/journal.pone.0133219.

A. Machl, E.W. Wilker, H. Tian, X. Liu, P. Schroeder, A. Clark, B.R. Huck, M2698 is
a potent dual-inhibitor of p70S6K and Akt that affects tumor growth in mouse
models of cancer and crosses the blood-brain barrier, Am. J. Cancer Res. 6 (2016)
806-818.

X.-Y. Hu, H. Lou, M.J. Hageman, Preparation of lapatinib ditosylate solid disper-
sions using solvent rotary evaporation and hot melt extrusion for solubility and
dissolution enhancement, Int. J. Pharm. 552 (2018) 154-163, https://doi.org/10.
1016/j.ijpharm.2018.09.062.

L. Liu, T. Meng, X. Zheng, Y. Liu, R. Hao, Y. Yan, et al., Transgelin 2 promotes
paclitaxel resistance, migration, and invasion of breast Cancer by directly inter-
acting with PTEN and activating PI3K/Akt/GSK-3f pathway, Mol. Cancer Ther. 18
(2019) 2457-2468, https://doi.org/10.1158/1535-7163.MCT-19-0261.

R.L. Carpenter, S. Sirkisoon, D. Zhu, T. Rimkus, A. Harrison, A. Anderson, et al.,
Combined inhibition of AKT and HSF1 suppresses breast cancer stem cells and
tumor growth, Oncotarget. 8 (2017) 73947-73963, https://doi.org/10.18632/
oncotarget.18166.

C.X. Ma, V. Suman, M.P. Goetz, D. Northfelt, M.E. Burkard, F. Ademuyiwa, 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. 23 (2017) 6823-6832, https://doi.org/10.1158/1078-
0432.CCR-17-1260.

E.C. de Bruin, J.L. Whiteley, C. Corcoran, P.M. Kirk, J.C. Fox, J. Armisen, et al.,
Accurate detection of low prevalence AKT1 E17K mutation in tissue or plasma
from advanced cancer patients, PLoS One 12 (2017) 0175779, https://doi.org/10.

17

[192]

[193]

[194]

[195]

[196]

[197]

Pharmacological Research 156 (2020) 104806

1371/journal.pone.0175779.

R.H. Jones, A. Casbard, M. Carucci, C. Cox, R. Butler, F. Alchami, et al.,
Fulvestrant plus capivasertib versus placebo after relapse or progression on an
aromatase inhibitor in metastatic, oestrogen receptor-positive breast cancer
(FAKTION): a multicentre, randomised, controlled, phase 2 trial, Lancet Oncol.
1470-2045 (19) (2020) 30817, https://doi.org/10.1016,/51470-2045(19)30817-4.
G. Rinnerthaler, S.P. Gampenrieder, R. Greil, ASCO, Highlights: metastatic breast
cancer, Memo. 11 (2018) (2018) 276-279, https://doi.org/10.1007/s12254-018-
0450-9.

A. Avivar-Valderas, R. McEwen, A. Taheri-Ghahfarokhi, L.S. Carnevalli,

E.L. Hardaker, M. Maresca, et al., Functional significance of co-occurring muta-
tions in PIK3CA and MAP3K1 in breast cancer, Oncotarget 9 (2018) 21444-21458,
https://doi.org/10.18632/oncotarget.25118.

A.-R. Choi, J.-H. Kim, Y.H. Woo, J.H. Cheon, H.S. Kim, S. Yoon, Co-treatment of
LY294002 or MK-2206 with AZD5363 attenuates AZD5363-induced increase in
the level of phosphorylated AKT, Anticancer Res. 36 (2016) 5849-5858, https://
doi.org/10.21873/anticanres.11170.

A.-R. Choi, M.-J. Jung, J.-H. Kim, S. Yoon, Co-treatment of salinomycin sensitizes
AZD5363-treated Cancer cells through increased apoptosis, Anticancer Res. 35
(2015) 4741-4747.

A.W. Tolcher, R. Kurzrock, V. Valero, R. Gonzalez, R.S. Heist, A.R. Tan, et al.,
Phase I dose-escalation trial of the oral AKT inhibitor uprosertib in combination
with the oral MEK1/MEK2 inhibitor trametinib in patients with solid tumors,
Cancer Chemother. Pharmacol. 85 (2020) 673-683, https://doi.org/10.1007/
500280-020-04038-8.


https://doi.org/10.1371/journal.pone.0133219
https://doi.org/10.1371/journal.pone.0133219
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0930
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0930
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0930
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0930
https://doi.org/10.1016/j.ijpharm.2018.09.062
https://doi.org/10.1016/j.ijpharm.2018.09.062
https://doi.org/10.1158/1535-7163.MCT-19-0261
https://doi.org/10.18632/oncotarget.18166
https://doi.org/10.18632/oncotarget.18166
https://doi.org/10.1158/1078-0432.CCR-17-1260
https://doi.org/10.1158/1078-0432.CCR-17-1260
https://doi.org/10.1371/journal.pone.0175779
https://doi.org/10.1371/journal.pone.0175779
https://doi.org/10.1016/S1470-2045(19)30817-4
https://doi.org/10.1007/s12254-018-0450-9
https://doi.org/10.1007/s12254-018-0450-9
https://doi.org/10.18632/oncotarget.25118
https://doi.org/10.21873/anticanres.11170
https://doi.org/10.21873/anticanres.11170
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0980
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0980
http://refhub.elsevier.com/S1043-6618(20)31114-2/sbref0980
https://doi.org/10.1007/s00280-020-04038-8
https://doi.org/10.1007/s00280-020-04038-8

	Akt-targeted therapy as a promising strategy to overcome drug resistance in breast cancer – A comprehensive review from chemotherapy to immunotherapy
	Introduction
	Akt structure and regulators
	Akt post-translational modifications
	Akt PH domain deacetylation
	Akt: an oxidative stress-sensing oncoprotein
	Ubiquitination of the Akt PH domain
	Akt SUMOylation and methylation


	Targeting Akt regulation
	mTORC2 and Rictor
	Protein phosphatase 2 A
	Forkhead box O (FoxO) transcription factors
	Glycogen synthase kinase (GSK)-3β
	Akt: oxidative stress and chemoresistance
	Nuclear factor erythroid 2-related factor 2 (Nrf2)
	Hypoxia-inducible factor (HIF-1α)
	Akt and autophagy
	Mitochondrial Akt and metabolic remodeling
	GSK-3β versus HIF-1 in apoptotic death

	Epigenetic regulators of Akt signaling
	DNA methyl transferases (DNMTs)
	Histone deacetylases (HDACs)

	Akt and the estrogen receptor
	Aromatase inhibitors (AIs)
	The human gonadotropin-releasing hormone (hGnRH)


	Akt and the programmed death-ligand 1 (PD-L1)
	Akt-targeted therapy and future directions
	Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Supplementary data
	References




