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Abstract: Given that 3-Phosphoinositide-dependent kinase 1 (PDK1) 
plays a crucial role in malignant biological behaviors of a wide-range of 
cancers, we further review the influence of PDK1 in breast cancer (BC). 
First, we describe the power of PDK1 in cellular behaviors and 
extensively demonstrate the interacting networks of PDK1 via PI3K-
dependent/ PI3K-independent pathway. Then we enlighten the roles of 
PDK1 in carcinogenesis, growth and survival, metastasis, and 
chemoresistance in BC cells. More important, we sort the current 
preclinical or clinical trials of PDK1 targeted therapy in BC and find that 
even though at present no selective PDK1 inhibitor is available for BC 
therapy, but the combination trials of PDK1 targeted therapy and other 
agents have demonstrated some benefit. Thus, there is increasing 
anticipations that PDK1 targeted therapy will have its space in future 
therapeutic concepts of BC, and we hope to feature PDK1 in BC to the 
clinic and bring the new promising to patients for targeted therapies.  
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Abbreviations 
AMIGO2, adhesion molecule with IgG-like domain 2; BC, 

breast cancer; BLBC,  basal-like breast cancer; CNS, central 
nervous system; CPT, camptothecin; DCP, Des-gamma-carboxyl 
prothrombin; ER, estrogen receptor; HCC, hepatocellular 
carcinoma; HER2, human epidermal receptor 2; HM, 
hydrophobic motif; HMEC, human mammary epithelial cells; 
IBC, invasive breast carcinoma; IDC, invasive ductal carcinoma; 
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ICIs, immune checkpoint inhibitors; MTD, maximum tolerated 
dose; mTORC2, rictor-mTOR complex; NOS, not otherwise 
specified; NES, nuclear export signal; NST, no special type; 
PDK1, 3-phosphoinositide-dependent protein kinase 1; PH, 
Pleckstrin homology; PI3K, phosphatidylinositol 3-kinase; PIF, 
PDK1-interacting fragment; PIP3, PtdIns(3,4,5)P3; PKCα, protein 
kinase C α; PR, progesterone receptor; PRK2, protein kinase C-
related kinase-2; RCC, renal cell carcinoma; SCID, severe 
combined immunodeficient; SE, side effects; TME, tumor 
microenvironment; TM/Z, turn motif or zipper site; TNBC, triple 
negative breast cancer; Tyr, tyrosine; WHO, World Health 
Organization.  
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Introduction 
An estimated 19,292,789 new cancer cases and 9,958,133 

cancer related deaths occurred in 2020 worldwidely with the 
increasing global cancer burden. Apparently, breast cancer 
(11.7% of the total new cases, BC) had taken the place of lung 
cancer (11.4%, LC) for the first time and become the most 
frequently occurring cancer worldwide. Meanwhile, it ranked 
the 5th among causes for human cancer related death worldly in 
2020 (684996 deaths, 6.9%) (World Health Organization. Cancer 
Today. 2020; https://gco.iarc.fr/). In China, BC ranked the 4th 
(416,371 new cases, 9.1%) out of the top 10 most frequently 
occurring cancer and 7th cancer related death (117,174 deaths, 
3.9%) respectively in this globally recognised list in 2020. In the 
2019 World Health Organization (WHO) Classification of Breast 
Tumours, BC constitutes a series of heterogeneous groups of 
tumors with marked variation in clinical presentation, biological 
behavior, and response to therapy, in which invasive breast 
carcinoma (IBC) of no special type (NST) (Related terminology: 
IBC, not otherwise specified (NOS) or invasive ductal carcinoma 
(IDC)) is the largest group [1]. With the development and 
progression of molecular assay, the classification and 
management of BC are not only based primarily on 
clinicopathologic characteristics (morphology, size, grade, nodal 
status, etc.) and immunophenotypic profile (principally, 
estrogen receptor (ER), progesterone receptor (PR) and human 
epidermal receptor 2 (HER2)), but also depended on 
molecular classification (HER2 amplifications or mutations, 
ESR1 mutations, CDH1 somatic mutations, BRCA1 and BRCA2 
mutations, GATA3 somatic mutations, TP53 somatic and 
germline mutations, PIK3CA and MAP3K1 somatic mutations, 
ETV6-NTRK3 and MYB-NFIB gene rearrangements, etc.) [1-2] . 
Cumulative data indicates 3-phosphoinositide-dependent 
protein kinase 1 (PDK1), which is a major kinase of the AGC 
protein kinase family, plays crucial roles in various cellular 
process via PI3K/AKT signaling in BC cells, including 
carcinogenesis, proliferation, survival, metastasis, tumor 
microenvironment (TME) regulation and drug resistance. 
Herein, we review the remarkably short but substantial history 
of PDK1 in BC to improve options of individualized therapy for 
patients with BCs. 

The PDK1 protein and PDK1 signaling pathway 
Since the term “AGC kinase” was coined by Hanks etc. in 

1995 [3] (shown in Figure 1), AGC kinase family has attracted 
great attention to its therapeutic potentials in clinic [4]. The AGC 
kinase family contains at least 60 members among 21 subfamilies 
(AKT, CRIK, DMPK, GRK, LATS, MAST, MRCK, MSK, NDR, 
PDK1, PKA, PKC, PKG, PKN, PRK, ROCK, RSK, S6K, SGK, 
SGK494 and YANK), which share structural similarity and a 
common mechanism of activation concerning phosphorylation of 
two highly conserved motifs: the activation segment (referred to 
as the T- or activation loop) located in the catalytic kinase domain 
and the hydrophobic motif (HM) located in a non-catalytic region 
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[5]. Some AGC kinases also possess a third phosphorylation site 
(the turn motif or zipper site, TM/Z), which promotes their 
integrity both by stabilizing the HM in its kinase-activating 
binding site and by protecting the HM from dephosphorylation 
[6].  

As a member of AGC kinase family, PDK1 was initially 
discovered in rabbit skeletal muscle in 1997 [7], and then 
identified in human 293 cells [8], meanwhile, verified to be 
encoded by human PDK1 (aliases: PDPK1, PDPK2, PDPK2P, 
PRO0461; gene ID: 5170; located at 16p13.3; including 17 exons; 
with a full-length sequence of around 65kDa; 
https://www.ncbi.nlm.nih.gov/gene) in 1997 [8]. Being a 
soluble and globular medium-sized kinase, PDK1 is a cytosolic 
protein of 556 amino acids composed of two well-characterized 
functional domains: the N-terminal catalytic kinase domain (the 
T- or activation loop) and the C-terminal Pleckstrin homology 
(PH) domain. Comparatively, PDK1 doesn’t contain any HM, but 
displays a unique PDK1-interacting fragment (PIF) pocket in 
kinase domain, which is separate from the ATP- and substrate-
binding sites in kinase domain. Hence, PDK1 was 
unambiguously identified to not only be responsible for 
activating AKT by phosphorylating Thr308 T-loop residue, as 
well as being the major T-loop kinase for other AGC kinases, such 
as S6K, RSK, SGK and many PKC isoforms, but also interact with 
the PIF of protein kinase C-related kinase-2 (PRK2) through the 
PIF pocket, which serves as a “docking site” in PDK1 and 
enhances the phosphorylation of its substrates [9-10]. 
Interestingly, a second hydrophobic PIF pocket in kinase domain 
of PDK1 was also observed to mediate the interaction and 
phosphorylation of S6K1 by promoting the binding of S6K1 with 
PDK1 [11]. On the other hand, as the membrane targeting site of 
PDK1, PH domain was verified to not only specifically interact 
with the second messenger PtdIns(3,4,5)P3 (PIP3) and 
PtdIns(3,4)P2, which are the products of PI3K, but also directly 
bind a novel scaffold protein, adhesion molecule with IgG-like 
domain 2 (AMIGO2) at residues 465-474 [12-13]. 

Generally, there are two patterns involving PDK1 activation 
in cellular behaviors [14, 15]. Classically, the increased PIP3 
stimulated by growth factors or hormones switches on the 
catalytic activity of PDK1, which is kept under control by limiting 
its access to substrates in the absence of stimuli, in an inducible 
manner by aforementioned PIP3 binding, and then PDK1 is 
capable of phosphorylating and activating substrates, for 
example, PDK1-mediated AKT activation. Due to the PH domain 
possessed by both PDK1 and AKT, simultaneous PDK1 and AKT 
selectively binding with PIP3 brings double influence on 
fostering the interaction between the two kinases and 
determining a conformational change in AKT and PDK1, making 
AKT more prone to be phosphorylated on Thr308 of the T-loop 
by PDK1, which is regulated by the rictor-mTOR complex 
(mTORC2) via phosphorylating AKT on Ser473 of the HM [16-
18]. This process is referred to as the canonical PIP3/AKT-
dependent manner of PDK1 activation (shown in Figure 2).  
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Alternatively, PDK1 can be activated in various non-
canonical manners. In this setting, the afore-mentioned 
observations have indicated that the PIF pockets of PDK1 are 
mainly responsible for the phosphorylation of substrates (PRK2 
and S6K1), which are lack of PH domain [10, 11]. Intriguingly, 
the facts that PDK1 phosphorylated and activated p70 S6 kinase 
at Thr252 [19], SGK at Ser422 [20] and p90 RSK at Ser227 [21] 
respectively, which were verified to be inactive by disrupting the 
PIF pocket of PDK1 in embryonic stem cells [22] have further 
illustrated that PDK1 activity could be monitored in such a PIP3-
independent manner. Growing evidence indicates PDK1 can also 
be phosphorylated on tyrosine (Tyr) residues including Tyr-
9/373/376 phosphorylation sites, resulting in an increase in 
activity. In fact, PDK1 activity was regulated by peroxovanadate 
through all three Tyr-9/373/376 phosphorylated, or by reversible 
tyrosine phosphorylation on Tyr-373/376 rather than Tyr-9 
phosphorylation sites, or by Pyk2 in response to angiotensin II, 
which yielded to the sequential tyrosine phosphorylation on Tyr-
9 and Tyr-373/376 [23-25]. What is more, AMIGO2 as 
aforementioned directly interacts with PH domain of PDK1 in a 
non-PIP3-dependent fashion to govern cell survival and 
angiogenesis via activating the AKT pathway [13]. When 
extreme, PDK1 was observed to induce self-activation through 
trans-autophosphorylation on Ser241 of the T-loop constitutively 
[26]. 

Potential roles of PDK1 translocation in BC cells  
In view of the ubiquitous expression of PDK1 in cells, even 

in fungi and plants, the uninterrupted presence of this kinase in 
such a large group of living organisms across long-term 
evolution manifests PDK1 is a key player in development and 
function of eukaryotic life. There is increasingly emerging 
evidence demonstrating that PDK1, which contains a 
hydrophobic nuclear output sequence, not only can typically 
translocate from the cytoplasm to plasma membrane (termed as 
membrane localization) with functional activation [13, 27], but 
also can translocate from the cytoplasm to nucleus, or vice versa, 
via a functional nuclear export signal (NES) stimulated by IGF-1 
or PTEN loss. Videlicet, PDK1 is a cytoplasmic-nuclear-shuttling 
protein, and the fact that PDK-1 nuclear retention is blocked by 
the PI3K inhibitors suggests the cytoplasmic-nuclear-shuttling 
process of PDK-1 may be in a PI3K-dependent fashion [28, 29]. 
Moreover, nuclear PDK1 colocalizing with AKT and inhibiting 
FOXO3a transcriptional activity and nuclear localization [29] was 
further proved to increase nuclear pAKT abundance and 
suppress FOXO3a-dependent transcription of the gene encoding 
p27Kip1 via antiapoptotic signaling, as well as exhibit 
excellent potentiation of cell growth and proliferation [30]. 
Combined with these results and another discovery that in 
human prostate tumors, cytoplasm-localized PDK1 was 
associated with early low-risk tumors, while nuclear-localized 
PDK1 was associated with high tumor staging, the presence of 
solid tumor formation in mice induced by cells with nuclear-
localized PDK1 indicated that nuclear translocation of PDK1 
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mediated the oncogenesis and tumor progression [30]. In resting 
human BC MDA-MB-231 cells, the inactive PDK1 and AKT were 
mainly distributed in the cytoplasm. PDK1 was observed to 
translocate from the cytosol region to plasma membrane in 
MDA-MB-231 cells in the presence of EGF, accompanied with the 
translocation and colocalization of AKT and PKCζ in the plasma 
membrane [31]. Furthermore, the number of BC cells, in which 
EGF-induced AKT translocation occurred, significantly reduced 
by knockdown of PDK1. Meanwhile, a decreased and delayed 
PKCζ phosphorylation was detected by knockdown of PDK1 in 
these EGF stimulated BC cells compared with control cells [31]. 
Moreover, knockdown of PDK1 impaired EGF-induced cells 
adhesion and actin polymerization in BC cells, as well as 
tumorigenesis and lung colonization of BC cells in SCID mice. 
These results raised the possibility that PDK1 might mediate the 
migration and experimental metastasis of human BC cells [31]. 
Additionally, recent data showed that prolonged treatment of 
luminal BC cells with AKT inhibitors elicited FOXO3a 
dephosphorylation, nuclear translocation, and impaired its 
association with SirT6, eventually yielded to acetylated FOXO3a, 
which recognized the BD2 domain of BRD4, recruited the 
BRD4/RNAPII complex to the CDK6 gene promoter, and induced 
its transcription. And chemical interference with either 
BRD4/FOXO3a association or CDK6 significantly rescued the 
sensitivity of luminal BC cells to AKT inhibitors in vitro and in 
vivo [32]. Unfortunately, it is as yet unclear if or how nuclear-
localized PDK1 may affect the developmental or treatment 
events of BC cells by regulating AKT and FOXO3a. Therefore, 
more comprehensive study may conduce to exploring the 
potential roles of nuclear-localized PDK1 in BC cells via the 
PI3K/AKT pathway.  

Hyperactive PDK1 potentiates carcinogenesis by mediating 
transformation of mammary epithelial cells 

It is well established that the disruption of the normal 
autoinhibitory constraints on kinase activity involved in 
regulating cell proliferation and survival could lead to the 
malignant transformation of cells [33]. As a mediator of multiple 
signaling pathways coupled to growth factor receptor activation, 
the oncogenic role of PDK1 was evaluated in COMMA-1D mouse 
mammary epithelial cells. PDK1-expressing cells exhibited a high 
degree of transformation that was associated with the activation 
of AKT1 and elevated expression of protein kinase C α (PKCα). 
Cells overexpressing AKT1 did not exhibit anchorage-
independent growth, whereas PKCα overexpression produced 
significant transformation, although to a lesser extent compared 
with PDK1. Coexpression of AKT1 and PKCα led to a more than 
additive effect on transformation activity. Isografts of either 
PDK1- or PKCα -expressing cells but not AKT1-expressing cells 
in syngeneic mice led to formation of poorly differentiated 
mammary carcinomas. PDK1 was highly expressed in a majority 
of human BC cell lines [34]. These results were suggestive of 
PDK1-mediated transformation of mammary epithelial cells via 
PKCα, but not AKT1 downstream. An oncogenic pathway 
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downstream of PDK1 and PKCα that is associated with increased 
c-Myc and cyclin D1 expression through β-catenin activation, as 
well as activation of the PKC promoter and suppression of 
caveolin-1 expression was further confirmed in the follow-up 
research [35]. In fact, although the data that PDK1 expression was 
moderate to strong in BC specimens (213/241, 88%, IHC) 
coincided with the findings in BC cells [34, 36], but PDK1 
overexpression was not correlated with the mutation status of 
PIK3CA in BC specimens, which suggested that PDK1 could be 
independently activated in BC, not just a part of the PIK3CA 
signaling pathway [36]. In agreement with these findings, 
Maurer et al. showed overexpression of total PDK1 protein 
(50/69, 72%, IHC) and mRNA (RT-PCR), as well as PDK1 gene 
copy number increasing (27/129, 21%, FISH) in human BC 
samples [37]. Of note, PDK1 copy number increasing was 
associated with PIK3CA mutation, as well as patient survival [37]. 
More importantly, to determine the biological effects of PDK1 
overexpression on ERBB2-induced transformation in vitro and 
tumor growth in vivo, a set of four human mammary epithelial 
cell lines MCF10A were generated by infected with retroviral 
vectors expressing PDK1 (+PDK1), the gene of the activated 
mutant rat homolog of ERBB2 (+NeuT), both (+PDK1+NeuT), or 
empty vector controls. The results that multiacinar structures 
were distorted and cell foci were linked by interconnecting 
branching tracts in +PDK1+NeuT MCF10A cells, which rapidly 
produced large muscle invasive tumors in all severe combined 
immunodeficient (SCID) mice indicated that increased PDK1 
promoted ERBB2-induced transformation and tumor growth 
[37]. Similarly, the activated PDK1 displayed an especially 
important role either in carcinogenesis of MCF10A cells induced 
by the concurrent mutations in both KRAS and PIK3CA [38], or 
for the process of HRG/ERBB2-induced enhanced transformation 
of BC cells (SKBR3, MCF7 and ZR-75-1 cells) via 
AKT/TSC2/mTOR [39]. Noteworthily, PDK1 was observed to 
promote MYC-driven oncogenic transformation of not only HEK 
cells, but also immortalized human mammary epithelial cells 
(HMEC) and prostate epithelial cells via PDK1/PLK1/MYC 
signaling [40]. Thus, the evidence supporting the conclusion that 
hyperactive PDK1 potentiates mammary carcinogenesis by 
mediating transformation of mammary epithelial cells has been 
sufficient underlying these diverse views. 

Dysfunctional PDK1 signaling promotes cancer growth and 
survival of BC cells 

As the backbone of cancer cells biological events, cancer 
growth and survival have been extensively confirmed to be 
related to dysfunctional PDK1 signaling in various cancers, such 
as renal cell carcinoma (RCC) cells [41], hepatocellular carcinoma 
(HCC) cells [42], human glioblastoma cells [43, 44], melanoma 
and colon cancer cells [45]. The facts that PDK1 silencing reduced 
proliferation in MCF7 and T47D cells harboring PIK3CA 
mutation [37], as well as both genetic and chemical inhibition of 
PDK1 was sufficient to reduce soft agar colony formation of a 
panel of BC cell lines [46] had suggested a role for PDK1 in 
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anchorage-independent cell growth. Furthermore, PDK1 was 
proved to be required for anchorage-independent and xenograft 
growth of BC cells (MDA-MB-231 and T47D cells) harboring 
either PI3KCA or KRAS mutations attributed to the facts that 
PDK1 knockdown led to increased anoikis, reduced soft agar 
growth, and pronounced apoptosis inside tumors, which could 
be reverted by PDK1 wild-type but not kinase-dead mutant, 
whereas could not be rescued by the expression of constitutively 
active forms of AKT in PDK1 silencing cells. Moreover, neither 
genetic nor pharmacological inhibition of AKT could suppress 
the effects of PDK1 overexpression [47]. In addition, enhanced 
PDK1 expression correlated with excessive metabolic activation 
in a spontaneous PyMT-induced BC mice model, and either 
pharmacological or genetic inhibition of PDK1 overwhelmed BC 
cell growth in vitro [48]. Intriguingly, a study reported that light 
at night activated IGF-1R/PDK1 signaling and accelerated tumor 
growth of MCF-7 cells in nude rats, which could be inhibited by 
PDK1 knockdown [49].  

Taken together, these findings suggest that PDK1 
contributes to cancer growth and survival of BC cells, even in the 
absence of PI3K oncogenic mutations, in either AKT-dependent 
or AKT-independent fashion, which makes PDK1 identified as a 
potential therapeutic target for BC. However, the above evidence 
seems to be less convincing than the evidence coming from the 
following investigations of the role of PDK1 in BC metastasis to 
support that PDK1 is a potential therapeutic target in BC owing 
to the evidence that a small portion of PDK1-deficient 
tumorigenic cells eventually established BC lesions, albeit at a 
relatively later phase [48], as well as the evidence that PDK1 
controlled migration and malignant transformation rather than 
cell growth and proliferation in PTEN-loss lymphocytes [50]. 
Further study is warranted to confirm the limited information on 
this topic in BC cells. 

Dysregulated PDK1 signaling facilitates metastasis of BC cells 
Metastasis being the leading cause of BC-related deaths 

worldwide means the multistage process of BC cells propagating 
from a primary site to progressively colonize distant organs 
through blood vessels/lymphatic vessels, including 4 steps: 
detachment, migration, invasion and adhesion [51-53]. 
Evidently, this complex succession of a spectrum of cell-
biological events termed the “invasion-metastasis cascade” is 
closely related to tumor microenvironment (TME, consisting 
of extracellular matrix structure, growth factors, chemokines, 
matrix metalloproteinases, immune cells, etc.) regulation [51]. 
Recent decades have witnessed the molecular understanding of 
the mechanisms of dysregulated PDK1 signaling promoting BC 
metastasis.  

Firstly, elevated phosphorylation and activation of PDK-
1pSer241 were observed not only in BC cell lines (non-invasive 
MCF-7 and invasive MDA-MBB-468 cells, WB), but also in 
invasive BCs (72/89, 80.9%, IHC), particularly in high-grade 
metastatic BCs (18/21, 86%, IHC) [54]. Consistent findings were 
obtained as 90% of all tumor samples exhibited moderate to 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 September 2021                   doi:10.20944/preprints202109.0242.v1

https://doi.org/10.20944/preprints202109.0242.v1


strong staining for PDK1pSer241, with 42% of evaluable samples 
exhibiting strong expression (74/177 cores, IHC) in tissue 
microarray analysis of human invasive BC [55]. Moreover, 
enhanced invasion on matrigel in PDK1-expressing Comma-1D 
mouse mammary epithelial cells (Comma/PDK1 cells, which 
produced invasive adenocarcinomas in mammary fat pad 
isografts) was confirmed and accompanied by increased MMP-2 
activity resulting from stabilization against proteasomal 
degradation, as well as accompanied by elevated levels of MT1-
MMP, which in turn generated active MMP-2 and modulated the 
ECM proteins decorin and collagen. As such, PDK1 serves as an 
important effector of cell growth and invasion in the transformed 
cells [55]. The findings that, as described in detail above, PDK1 
overexpression potentiated ERBB2 induced transformation and 
migration of human MCF10A cells [37], as well as that PDK1 
regulated EGF-induced chemotaxis and directional migration 
and invasion of MCF10A cells by binding and activating MRCKα 
in an AKT-independent manner [56] have provided further 
insight into the influence of PDK1 on metastasis of the 
transformed cells. As discussed earlier, PDK1 depletion in BC 
cells inhibited metastasis by reducing EGF-mediated chemotaxis 
and adhesion of tumor cells and aggregation of actin via 
dampening phosphorylation and translocation of AKT and PKCζ 
in a kinase-dependent manner, as well as suppressed 
tumorigenesis and lung colonization in SCID mice [31]. 
Additional evidence that PDK1 regulated invadopodia 
formation of BC cells (MDA-MB-231, BT-549, and Hs578T cells) 
via p110α/PDK1/AKT signaling supports that PDK1 is 
implicated in metastasis of BC cells in a kinase-dependent 
manner [57, 58]. Interestingly, depletion of PDK1 disrupted 
cortical actin organization and cell motility of MTLn3 cells 
(highly metastatic mouse BC cells) in vitro and in vivo by 
regulating ROCK1 in a novel AKT-independent mechanism, in 
which ROCK1 associated with RhoE in the absence of PDK1 [59]. 
In fact, PDK1 regulated EGF-induced PLCγ1 activation of MDA-
MB-231 cells in a different AKT-independent manner, and the 
interaction PDK1–PLCγ1 was proved to be important for cancer 
cell invasion [60]. PDK1/PLCγ1 interaction related to migration 
and invasion of BC cells was further validated to be blocked by a 
small molecule inhibitor 2-O-Bn-InsP5 in the following study 
[61]. Remarkably, the GENEOM study (NCT00959556) included 
blood sample collection from 342 BC patients through 88 SNPs 
analysis of PI3K/AKT/ mTOR pathway genes (including: AKT1 
(17 SNPs), AKT2 (4), FGFR1 (2), mTOR (7), PDK1 (4), PI3KR1 (11), 
PI3KCA (20), PTEN (17) and RPS6KB1 (6)) demonstrated not only 
the association between PI3KR1-rs706716 and central nervous 
system (CNS) metastasis by univariate analysis, but also the 
associations between AKT1-rs3803304, AKT2-rs3730050, PDK1-
rs11686903 and PI3KR1-rs706716 and CNS metastasis by 
multivariate analysis [62]. 

Of course, apart from the effect of PDK1 deletion on T cell 
lineage development [63, 64], PDK1 was further proved to 
overwhelm metastasis of BC by regulating the immune cells of 
TME in PyMT-induced BC mice model by mediating 
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macrophage polarization [48, 65]. Myeloid-specific inactivation 
of PDK1 reprogrammed metabolism of tumor-infiltrating 
macrophages and stimulated M1 macrophage polarization by 
inhibiting mTOR pathway, meanwhile, retarded tumor growth 
and suppressed lung metastasis of BC model [65].  

In summary, PDK1 is unequivocally identified as a 
therapeutic target for the role of PDK1 in BC metastasis. 

Aberrant PDK1 signaling reinforces drug resistance in BC 
Owing to its essential role in metastatic potential, 

transformation induction and cell fate determination, it is not 
surprising that aberrant PDK1 plays a part in drug resistance of 
BC. More and more findings have been documented that 
hyperactive PDK1 signaling reinforces BC chemoresistance in 
various means. Given the fact that the expression and activation-
specific phosphorylation levels of PDK1 and AKT1 varied greatly 
among the BC cell lines, and the fact that the phosphorylation of 
PDK1 or AKT1 was related to the sensitive of BC cells to 
chemotherapy drugs, cells with high levels of Ser241- 
phosphorylated PDK1 (MDA453 and SKBR3 cells) were shown 
to be more resistant to gemcitabine-induced apoptosis than cells 
expressing high levels of Ser473-phosphorylated AKT1 
(MDA468 and MDA231 cells). Furthermore, loss of PDK1 
sensitized MCF7 cells to gemcitabine-induced apoptosis more 
effectively than did AKT1 ablation in the same cells. Thus, much 
attention has focused on PDK1, which might be a superior 
alternative to AKT1 as a target for sensitizing BC cells to 
gemcitabine [66]. Analogously, PDK1 was affirmed to be a key 
modifier of acquired resistance to CDK4/6 inhibitors in ER-
positive BC cells via PI3K/PDK1 pathway in both AKT-
dependent and AKT-independent manners, and the combination 
of CDK4/6 inhibitor ribociclib or palbociclib and PDK1 inhibitor 
GSK2334470 synergistically suppressed proliferation and 
increased apoptosis in several ER+ BC cell lines in vitro and in vivo 
[67]. Additionally, PI3K-PDK1-AKTT308 signaling axis was 
reported to sustain the survival of lapatinib-resistant BC cells 
(rBT474) [68]. 

Since SGK1 was verified to has a role in BC cells resistance 
to AKT inhibitors under PDK1 regulation [69], the PDK1-SGK1 
axis was further revealed to overcome AKT inhibition by 
activating mTORC1 via direct phosphorylation of TSC2 in BC 
cells resistant to PI3Kα inhibitors, while PDK1 deletion re-
sensitized BC cells to PI3Kα inhibitors [70]. Indeed, aside from 
the fact that the PDK1 signaling pathway was confirmed as a 
strong determinant of sensitivity to tamoxifen [71], TCRP1 was 
observed to induce tamoxifen resistance by modulating the 
PDK1/SGK1 signaling pathway in MCF-7 cells [72]. We thereby 
inferred PDK1-SGK1 axis displayed an especially important role 
for an acquired resistance mechanism in BC cells, which make 
them promising candidates in targeted therapeutics of BC. 

As noted, PDK1 not just induced oncogenic transformation, 
but evoked CSC-like phenotype via PDK1–PLK1–MYC signaling 
in MDA-MB-231 cells, which led to resistance to mTOR-targeted 
therapy [40]. 
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Collectively, as emerging data has started to uncover its 
underestimated impacts on drug resistance, there are increasing 
expectations that encouraging results of preclinical or clinical 
studies of targeted PDK1 could be achieved in chemoresistance 
BC cells, or even better. 

Targeted therapies of PDK1 signaling in BC 
Over the past three decades, numerous studies for the role 

of PDK1 in cancers have yielded important results that paved the 
way for the development of anti-PDK1 monoclonal antibodies 
and specific or nonspecific PDK1 inhibitors. But so far, no 
selective PDK1 inhibitor has been available for BC therapy. We 
listed the preclinical or clinical trials of PDK1 targeted therapy in 
BCs according to the groups in Table 1 [40, 46, 47, 57, 60, 61, 67, 
70, 73-81] and extracted the important findings. 

UCN-01, the first identified Chk1 inhibitor, was hereafter 
recognized as a nonselective inhibitor of PDK1, which was 
proved to have a potential hydrogen-bonding residue at the 
position equivalent to Thr222 T-loop in PDK1 [82-84]. UCN-01 
was initially observed to inhibit the growth of 5 BC cell lines 
(MCF-7, MDA-MB453, SK-BR-3, H85787 and MDA-MB468) and 
induce cell cycle arrest in 1993 [75], and then the maximum 
tolerated dose (MTD) of UCN-01 was estimated in patients with 
refractory BCs from 1995 to 2002 (NCT00001444). Furthermore, 
the MTD and side effects (SE) of UCN-01 and irinotecan 
hydrochloride in patients with metastatic, unresectable or 
resistant BCs had been evaluated since 2001 (NCT00031681). 
Interestingly, UCN-01 was affirmed to potentiate camptothecin 
(CPT)-induced cytotoxicity in two human BC cell lines with 
mutated p53 gene via modulating CPT-activated S and G2 
checkpoints, which indicated the potential usefulness of 
combining UCN-01 in topoisomerase I inhibitor-based drug 
therapy for the treatment of BC with a dysfunctional p53 gene 
[76]. Additionally, based on the beneficial combination therapy 
of UCN-01 and irinotecan in p53-deficient triple negative breast 
cancer (TNBC) in vivo with human-in-mouse tumor models [77], 
Ma etc. further executed a phase II clinical trial of combination 
therapy of UCN-01 and irinotecan in 25 patients with metastatic 
TNBC, and found that effective UCN-01 could enhance 
irinotecan induced apoptosis in TP53 mutant BCs (69 % tumors 
were basal-like BCs, BLBCs), as well as demonstrated that TNBC 
was molecularly heterogeneous and TP53 mutant TNBC was 
associated with a particularly poor survival, indicating a need to 
stratify patient populations in clinical trials [78]. Surprisedly, a 
recent study disclosed that pre-treatment of both non-tumour-
bearing and MDA-MB-468 tumour-bearing mice with UCN-01 
prior to bolus 5-FU yielded enhanced therapeutic efficacy with 
significantly decreased tumor volumes and increased survival 
[79]. In short, these results provided a foundation for future 
clinical trials of UCN-01 in TNBC. 

In a patent published in 2010, GSK2334470 was originally 
described as a highly specific inhibitor of PDK1 [85], and then 
characterized as more specific than UCN-01 or BX-795 with 
details in 2011, in which GSK2334470 not only inhibited PDK1 
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from activating full-length AKT1 in the presence of 
PtdIns(3,4,5)P3-containing lipid vesicles or a mutant of AKT1 
lacking the PH domain, but also inhibited PDK1 from 
phosphorylating the PDKtide peptide substrate [86]. As 
mentioned above, PDK1 regulated EGF-induced PLCγ1 
activation of MDA-MB-231 cells, and treatment with 
GSK2334470 resulted in total abrogation of the EGF-induced 
intracellular calcium increase and inositol phosphates 
accumulation, as well as inhibition of PLCγ1 Tyr783 
phosphorylation and cell invasion in MDA-MB-231 cells [60]. 
What's more, the evidence that PDK1 deletion with GSK2334470 
re-sensitized BC cells to PI3Kα inhibitor BYL719 [70] and CDK4/6 
inhibitors respectively [67] had been encouraging enough to 
merit further clinical trials of GSK2334470 in patients with 
metastatic or acquired resistant BCs. 

Notwithstanding that a new antibody targeting extracellular 
PDK1 was patented in 2016 [87], the treatment with anti-PDK1 
monoclonal antibodies in BC cells or patients has not been 
reported till now. However, the combination therapy trials of 
PDK1 targeted therapy and other agents have demonstrated 
some benefit. With emerging creations and synthesis of PDK1 
inhibitors [88], current and future efforts are underway to 
explore more options of PDK1 targeted therapy in BCs. 

Discussion 
Evidently, as a key protein kinase at the crossroad of AGC 

signaling pathways, PDK1 is inevitably a promising target with 
multiple roles in BC, particularly for those tumors with 
aggressiveness, metastasization and chemoresistance. Despite 
numerous attempts have been made in BC therapy with 
candidate PDK1 tool compounds, it is still lacking definitive 
evidence whether specific inhibitors of PDK1 as monotherapy 
could achieve favorable results, which urges us to take actions to 
determine the vulnerabilities of therapeutic potential in specific-
PDK1 inhibitors. Fortunately, besides the promotion of PDK1 
inhibitors invention and development, several studies also 
enlightened the therapeutic potential of PDK1 inhibitors in 
combination with other agents in BCs. However, the clinical 
benefit of PDK1 inhibitors in BCs is not impressive enough as the 
other PI3K/AKT signaling inhibitors at present. It is imperative 
to develop more innovative options of targeted PDK1 treatment 
strategy in BCs. As noted above, the involvement of PDK1 in T 
cell lineage development [63, 64] makes it possible that PDK1 
targeted therapy is combined with immunotherapy in BCs, such 
as immune checkpoint inhibitors (ICIs) anti-PD1/PDL1 therapy. 
Clinical feasibility, safety and potential effectiveness of 
combining PDK1 inhibitors in anti-PD1/PDL1-based drug 
therapy in BCs deserve to be further verified, which might lead 
to breakthroughs in BC treatment. Accordingly, the view that 
drug combination therapies of PDK1 inhibitors demonstrates 
some clinical efficacy in BCs will likely be accepted gradually in 
the upcoming years. 

It’s generally accepted that most cancers metastasize to 
specific organs, a process defined as “organotropism” [89]. To 
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help develop effective treatments for metastatic BC, it is vital to 
gain a deeper understanding of the mechanisms by which BC 
metastasizes, particularly, those underlying organotropism 
towards brain, bone, lungs and liver [90]. Especially luminal BCs 
tend to metastasize to bone while BLBCs display organotropism 
metastasis of lung. Great amounts of data have demonstrated 
that exosomal microRNAs mediate BC metastasis to preferential 
premetastatic niches: brain, lungs, and bone. For instance, miR-
181c, miR-19a, miR-503 and miR-105 are involved in the brain 
metastasis of BC [91-96], miR23b, miR940, miR20a-5p and 
miR127 are associated with the bone metastasis [97,98], while 
miR105, miR202, miR-200a-c and miR210 mediate BC metastasis 
to lung [97]. Regarding the fact that PDK1 promoted tumor cell 
migration and metastatic spread into the lungs through 
regulating EMT [48], a study revealed that miR-155 harnessed 
tumor growth of BC cells in vivo via PIK3R1-PDK1/AKT-FOXO3a 
pathway [99], which evoked us to hypothesize that PDK1 might 
take part in organotropism metastasis of BC. We believe it would 
develop a novel perspective for the molecular mechanism 
research as to PDK1 in BC metastasis. 

Overall, PDK1, which was underestimated, nowadays is 
uncovered to possess the compelling influence on the biological 
behavior of BC cells, particularly in carcinogenesis, proliferation 
and survival, metastasis, and drug resistance. Targeted PDK1 
therapy has achieved some benefit in BCs, and we hope to feature 
PDK1 in BC to the clinic and bring the new promising to patients 
for targeted therapies. 
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Figure 1 Timeline of the hallmarks in PDK1 pathway research in breast cancer. 
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Figure 2 Overview of PDK1 signaling in breast cancer. The illustration of the 

molecule mechanism of PDK1 downstream signaling pathways and the crosstalk 

between PDK1 and other cell signal transduction pathways in BC. Classically, the 

increased PIP3 stimulated by growth factors or hormones switches on the catalytic 

activity of PDK1, then PDK1 is capable of phosphorylating and activating AKT. The 

simultaneous PDK1 and AKT selectively binding with PIP3 brings double influence 

on fostering the interaction between the two kinases and determining a 

conformational change in AKT and PDK1, making AKT more prone to be 

phosphorylated on Thr308 of the T-loop by PDK1, which is regulated by the rictor-

mTOR complex (mTORC2) via phosphorylating AKT on Ser473 of the HM. This 

process is referred to as the canonical PIP3/AKT manner of PDK1 activation. 

Alternatively, PDK1 can be activated in various non-canonical manners. First, 

AMIGO2 interacted with PDK1 by directly binding with PH domain to govern cell 

survival and angiogenesis via activating the AKT pathway. PDK1 was proved to 

translocate from the cytoplasm to nucleus, or vice versa, via a functional nuclear 

export signal (NES) stimulated by IGF-1 or PTEN loss in the form of mPDK1Δ382-391. 

Moreover, nuclear PDK1 colocalizing with AKT and inhibiting FOXO3a 

transcriptional activity and nuclear localization was further proved to increase nuclear 

pAKT abundance and suppress FOXO3a-dependent transcription of the gene 

encoding p27Kip1 via antiapoptotic signaling, as well as exhibit excellent potentiation 

of cell growth and proliferation. Intriguingly, a study reported that light at night 

activated IGF-1R/PDK1 signaling and accelerated tumor growth of MCF-7 cells in 

nude rats, which could be inhibited by PDK1 knockdown. In addition, depletion of 

PDK1 disrupted cortical actin organization and cell motility of MTLn3 cells in vitro 

and in vivo by regulating ROCK1 in a novel AKT-independent mechanism, in which 

ROCK1 associated with RhoE in the absence of PDK1. Similarly, the activated PDK1 

displayed an especially important role either in carcinogenesis of MCF10A cells 

induced by the concurrent mutations in both KRAS and PIK3CA, or for the process of 

HRG/ERBB2-induced enhanced transformation of BC cells via AKT/TSC2/mTOR. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 September 2021                   doi:10.20944/preprints202109.0242.v1

https://doi.org/10.20944/preprints202109.0242.v1


Noteworthily, PDK1 was observed to promote MYC-driven oncogenic transformation 

of not only HEK cells, but also immortalized human mammary epithelial cells and 

prostate epithelial cells via PDK1/PLK1/MYC signaling. In fact, PDK1 regulated 

EGF-induced PLCγ1 activation of MDA-MB-231 cells in a different AKT-

independent manner, and the interaction PDK1–PLCγ1 was proved to be important 

for cancer cell invasion. Finally, TCRP1 could induce tamoxifen resistance by 

regulating the PDK1/SGK1 signaling pathway. 
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Table 1 Preclinical and clinical trials of PDK1 targeted therapies in breast cancers (as 
of September 2021) 

(http://clinicaltrials.gov) 
  Inhibitor Characteristic Inhibition 

mode 

Clinical 

trials 

Phase 

Patent 

/Publication 

/Start data 

gov 

Identifier/patent 

application 

number/ 

References 

Heterocyclic 

compounds 

Selective 

inhibitor 

Compound 7 Compound 7 impaired anchorage-independent growth, invasion, and cancer cell 

migration of BC cell lines. 

T-loop phosphorylation  Feb 25, 2011 46 

  GSK2334470 Treatment with GSK2334470 resulted in total abrogation of the EGF-induced intracellular calcium 

increase and inositol phosphates accumulation, as well as inhibition of PLCγ1 Tyr783 

phosphorylation and cell invasion in MDA-MB-231 cells. 

T-loop phosphorylation  Jul 01, 2012 60 

   PDK1 deletion with GSK2334470 re-sensitized BC cells to PI3Kα inhibitor BYL719.   Aug 08, 2016 70 

   Inhibition of PDK1 with GSK2334470 resensitized ribociclib-resistant cells to CDK4/6 inhibitors. 

And the combination of CDK4/6 inhibitor ribociclib or palbociclib and GSK2334470 synergistically 

suppressed proliferation and increased apoptosis in several ER+ BC cell lines in vitro and in vivo. 

 May 01, 2017 67 

  PHT-427 Combination studies showed that PHT-427 has greater than additive antitumor activity with 

paclitaxel in MCF-7 BC xenografts. 

PH domain  Mar, 2010 73 

  2-O-Bn-InsP5 2-O-Bn-InsP5 interacted specifically with the PH domain of PDK1 and impaired formation of a 

PDK1/PLCγ1 complex, ultimately blocked BC cell invasion. 

PH domain  May 20, 2016 61 

  Compound I-IX The compounds with 443 molecules were classified in 9 substructures, which was indicated 

applications in BC. 

PIF pocket  Sep 20, 2018 AU2018222943, 

74 

 Nonselectiv

e inhibitor 

UCN-01 UCN-01 was first observed to inhibit the growth of 5 breast carcinoma cell lines and induce cell 

cycle arrest. 

T-loop phosphorylation  May 1, 1993 75 

 To estimate the MTD of UCN-01 in patients with refractory BCs. I Aug 1995 NCT00001444 

  Determine the MTD and side effects of UCN-01 and irinotecan hydrochloride in patients with 

metastatic, unresectable or resistant BCs. 

I Dec, 2001 NCT00031681 

   The study investigated the ability of UCN-01 to potentiate CPT-induced cytotoxicity in two human 

BC cell lines with mutated p53 gene via modulating CPT-activated S and G2 checkpoints and found 

the potential usefulness of combining UCN-01 in topoisomerase I inhibitor-based drug therapy for 

the treatment of BC with a dysfunctional p53 gene. 

  Feb, 2000 76 

   The study reported the combination therapy of UCN-01 and irinotecan induced checkpoint bypass 

and apoptosis, as well as inhibited tumor growth and prolonged survival in p53-deficient TNBC 

tumor models. 

  Apr 2, 2012 77 

   The study showed that effective UCN-01 could enhance irinotecan induced apoptosis in TP53 

mutant BCs and demonstrated that TNBC was molecularly heterogeneous and TP53 mutant TNBC 

was associated with a particularly poor survival, indicating a need to stratify patient populations in 

clinical trials. These results provided a foundation for future trials of UCN-01 in metastatic TNBC. 

 II Jan 2013 78 

   Pre-treatment of both non-tumor-bearing and MDA-MB-468 tumor-bearing mice with UCN-01 

prior to bolus 5-FU yielded enhanced therapeutic efficacy with significantly decreased tumor 

volumes and increased survival. 

  Mar, 2020 79 

  OSU-03012 OSU-03012 potentiated trastuzumab’s antiproliferative effect in HER2-positive cells, especially in 

SKBR3/IGF-IR cells, via down-regulating PDK-1/AKT signaling. 

COX-2 activity  Nov, 2006 80 
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   OSU-03012 blocked invadopodia formation of MDA-MB-231 cells.   Jun 27, 2011 57 

   OSU-03012 blocked anchorage-independent growth of MDA-MB-231 cells and promoted anoikis.   Aug, 2012 47 

  BX-795 BX-795 inhibited soft agar growth of BC cells very effectively. T-loop phosphorylation  Aug, 2012 47 

   BX-795 treatment resulted in similar MYC depletion in all these cells but preferentially reduced the 

cell viability of MYC-dependent breast cancer cell lines (MDA-MB-231, Hs578T, and SUM159PT) 

as compared with the MYC-independent breast cancer cell lines (T47D and BT474). Moreover, 

BX795 treatment resulted in marked inhibition of tumorsphere formation in MDA-MB-231 cells. 

 Oct, 2013 40 

  BX-912 BX-912 treatment resulted in similar MYC depletion in all these cells but preferentially reduced the 

cell viability of MYC-dependent breast cancer cell lines (MDA-MB-231, Hs578T, and SUM159PT) 

as compared with the MYC-independent breast cancer cell lines (T47D and BT474). Moreover, 

BX912 treatment resulted in marked inhibition of tumorsphere formation in MDA-MB-231 cells. 

T-loop phosphorylation  Oct, 2013 40 

Pyridonyl 

derivatives 

Nonselectiv

e inhibitor 

Pyridons Pyridons was found to be effective against MDA-MB-468 cells, where the PI3K/AKT/PDK1 

signaling pathway is up-regulated. 

  Nov, 2011 US0269958, 81 

  Pyridons Pyridons were tested for cell growth/death in several human BC cell lines (BT474, HCC1954, T-

47D). There were no reports on in vivo data or selectivity, despite their potent in vitro activity. 

  2010 WO019637 

BC, breast cancer; CPT, camptothecin; MTD, maximum tolerated dose; TNBC, triple negative breast cancer. 
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