
The Phosphoinositide-3-kinase Signaling Pathway in Breast Cancer 

 

The class I phosphoinositide-3K pathway is a complex network of molecular messengers 
with significant implications in the role of oncogenesis. Through phosphorylation and 
dephosphorylation of phosphoinositol rings at the 3’ position, a signaling cascade is propelled 
yielding a genetic response to external stimuli. Over the past 50 years, extensive research has 
been conducted to discern the true role of this molecule in cell signaling. In the past two decades, 
molecular research advances have led to the evolution of this investigative field. The following 
mini-review will discuss past and present research surrounding this pathway by taking a broader 
approach to provide a more expansive overview of the importance of this signal family.                               

 

The Connection to Cancer                                                                   

   At the molecular level, cells are regulated by intercellular molecular signals. These 
signals are received at the plasma membrane and transduced through various pathways. One of 
these pathways, identified by Whitman (with Cornell graduate Cantley) in 1988, is associated 
with the Phosphoinositide-3-kinase (or the phosphatidylinositol-3 kinase).29, 32 This particular 
pathway has been revealed to be pivotal in multiple processes, including the mechanism of 
insulin on glucose uptake in nephritic cells.8,26                             

 The most well studied class of PI3Ks is the class IA kinases, categorized based on the 
specific phosphoinositide substrates and their upstream signals; these are the ones most 
associated with oncogenesis.7,17, 34 The downstream effector molecules in this pathway influence 
key cell cycle processes such as cell growth, proliferation and apoptosis.6 When the levels of 
PI3K proteins within cells are altered, either through mutations in the parent gene PI3KCA or 
some factor which regulates its expression, PI3K’s can malfunction. Numerous cancers have 
already been identified as being influenced by malfunctioning PI3Ks; these include colorectal, 
liver, lung, and thyroid cancers. 21, 22, 25 Specifically in breast cancers, PI3KCA mutations are 
present in about 25% of cases.4         

 PI3K signals, like other molecular messages, influence many other signaling pathways 
and substrates both upstream and downstream. This signaling component is linked to Akt/PKB, 
mTOR, and Ras effector cascades, all of which influence cell proliferation in cancer.  3,10 Each of 
these, in turn, have been individually implicated as major sources of oncogenesis. The PI3K 
signals are just one part of a much larger network. Consequently, the PI3 Kinases are under 
current investigation.                 

 

The Mechanism          

 The structure of class I PI3K structure has been known for over 30 years.6 Their structure 
is broken down into two main domains: the p83 regulatory subunit with the SH2 binding site and 
a catalytic subunit.7, 17 The targets of the kinase is belong to a family of membrane bound 
phosphoinositide molecules.7,26 Specifically, class I kinases preferentially phosphorylate 
PI(4,5)P2 to PI(3,4,5)P3.

7,17,34 These phosphorylated PI’s have elevated affinities for secondary 
messengers and kinases.7 Through binding with this phosphorylated lipid, kinases such as such 
as Atk and mTOR are brought in close proximity to signaling molecules.7 These activate further 



signaling via phosphorylation of the secondary messengers.     

 PI3K kinase activity is regulated by numerous upstream signaling molecules. Small 
molecule signaling via kinase activity is extremely common. Among the signals, G-protein 
coupled receptors (GPCR) and receptor tyrosine kinases (RTK’s), otherwise known as tyrosine 
kinase receptors, are common activators of PI3K kinase activity. These membrane bound protein 
complexes are receptive certain ligands. For class Ia PI3K’s, the RTK’s are the core activator 
molecules. Examples of such RTK’s include receptors in the ErbB-1 pathway.28 Protein 
receptors are critical in oncogenesis due to their use in all growth phases. However, there are 
multiple mechanisms by which these RTK’s can alter the PI3 pathway. For example, in invasive 
lobular breast cancer, EFGR’s are overexpressed in the cancerious cells.12 This overexpression 
consequentially leads to a quicker and more efficient activation of PI3K molecules, which 
activate cell proliferation signals down the cascade.       

 Conversely, inactivation of PI3’s via PTEN proteins is also extremely important in 
regulation of cell processes. Many cellular signals are brief and require deactivation to maintain 
proper function. In order to terminate the phosphorylation signals of PI3K’s, PTEN molecules 
catalyze the reverse reaction. Specifically in cancerous breast cells, PTEN proteins downregulate 
PI3K and suppress tumor growth. 14,2 Their expression in cells is vital for PI3 signal 
functionality; although, the level (or levels) at which expression is regulated is still being 
established.  

 Despite the range of knowledge about structure and function, the specific binding actions 
and effects of PI3K’s at the molecular level are still on the frontier of research. The functions of 
specific residues within the kinases are still being explored via x-ray crystallography of ligand-
substrate complexes, a common biochemical technique used to deduce exact intermolecular 
interactions.6

 Figure 1: PI3K and PTEN action (11) 



Downstream Effectors 

 The phosphorylated inositol rings embedded in the plasma membrane of cells have the 
ability to interact with multiple downstream molecules. Although they do not have intrinsic 
kinase activity, the PI’s attract certain secondary messengers such as Akt.15 Akt’s can be 
activated by other recruited kinases, the most famous being mTOR (mammalian Target of 
Rapamycin).15,27 Activated Akt’s are significant because of their ability to regulate cell survival 
through various molecules such as specific caspases. (Cantley, Cardone) The significant effects 
of PI3K activity on Akt activation have led many scientists to refer to the entire pathway as the 
PI3K/Akt pathway. 

 The number of downstream effectors continues to expand as more research is conducted. 
Other effectors include Ras proteins from the Ras proto-oncogene and MAPK (Mitogen-
activated protein kinases). The following image is a good representation of the complexity of the 
system. 

 

Molecular Cancer Treatment Research  

 From a molecular standpoint, one source of cancer treatments was seemingly obvious: 
inhibitors of faulty molecules. Genetic mutations have been shown to be the driving force of 
oncogenesis. This leads to malfunctioning proteins or changes in expression. In cancer, these 
changes or malfunctions often 
change cellular stasis and growth 
cycles. Inhibition of these specific 
problematic proteins, either at 
translation post-transcription or 
post-translation would help to 
prevent increased cell 
proliferation. 

 Consequently, many 
techniques have been developed 
which can target such molecules. 
Original chemotherapies are based 
on such drugs and molecular 
agents. In fact, many 
individualized techniques such as 
those describes are still being 
developed. Recently, a molecule 
called 4-phenylquinolin-2-yl has 
been shown to have substantial 
effects on PI3K’s as inhibitory 
molecules.1        

 Enigmatically, many of 
these techniques are not effective 
in the long term. Known as 
chemoresistance, the mechanisms of Figure 2- Overview of Signaling Network (18) 



cancer cell resistance to molecular inhibitors have been research extensively in the past two 
decades. The interconnectivity of signaling molecules and pathways makes compensatory 
mechanisms in response to chemotherapy commonplace. For example, multiple HER RTK’s can 
respond to similar ligands. Coexistence of numerous HER types in a single cell increase the 
likelihood of chemoresistance development, suggesting the existence of many options in signal 
reception.22  Similar results in other studies support interconnectivity and compensatory 
mechanisms in order to maintain consistent activation of PI3K and its corresponding 
downstream signals.35  Perhaps as an evolutionary mechanism against foreign bodies, the 
interconnectivity also hinders the anthropogenic efforts to  targets single molecules in signal 
transduction pathways. This has been recapitulated in an more recent study tracking the activity 
of PI3K during cancer treatment. In response to a chemotherapy known as trastuzumab, an 
inhibitor of the RTK EGFR, PI3K/Akt activity is up-regulated with simultaneous increases in 
expression of certain RTK’s.2                                                     

 Although single molecule inhibition was once a topic of intense research, the focus has 
shifted towards multi-target treatment plans. By targeting more components of the signal 
transduction web, it is possible to reduce the ability for cancers to become resistant to single 
rounds of treatment. Research regarding multi-target therapies either focus on broad effects of 
single chemicals or a collaborative combination of drugs to yield a similar effect.35 In a Uterine 
cancer, combination therapies which target both upregulated HER2 and PI3Ks and show 
efficacy.24

 In fact, recent studies even suggest that in HER2+ breast cancers dual combination 
inhibition of PI3K and HER2 proteins is required for therapy efficacy.38 This is a major area of 
research in PI3K related cancer therapy.          

 

Basic Science Research and its Link to Cancer       

 As previously mentioned, specific molecular mechanisms of various enzymes and 
signaling molecules are poorly understood. For example, under expression of PTEN has been 
implicated in oncogenesis, but it is not known exactly how this occurs. Recently however, 
evidence of promoter methylation suggest that under expression of this gene may be at the 
transcriptional level.37 By understanding the basic science behind cell signaling within this 
extremely common signaling pathway, new therapeutic targets are invariably revealed.  

 One goal for cancer treatment is to discover a specific combination of inhibitions against 
which evolution is extremely unlikely. In other words, mutations or compensatory mechanisms 
are not possible or fatal in another way. Although this is unlikely, it is one way in which a cancer 
may be “cured.”                                                                    

 

Cancer Identity: The Prognosis         

 A broad solution for cancer is likely impossible due to the variety of mechanisms by 
which cancer cells can proliferate. Although certain cancers are caused by PI3K problems and its 
associated pathways, many cancers are not. In gastric cancers, for example, PI3K’s have been 
shown not to be mutated in correlation with cancerous cells in any statistically significant way.19 
This paper explored the research pertaining to a particular pathway within a certain subset of 
cancers within the broader topic of breast cancer. The levels of complexity reached and still 
misunderstood in this one topic alone questions the classification of cancer as one disease. 



Although research in PI3K will aid in understanding certain cancers such as breast cancer, other 
pathways will inevitably need to be researched in order to understand the thousands of types of 
cancer. 
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