
HER2 PI3K/Akt/mTOR pathway MAPK/ERK pathway
• The mitogen-activated protein kinase (MAPK) signaling pathways mediate cell growth, 

proliferation, and survival processes.
• Dysregulation of the MAPK/ERK signaling cascade is found in approximately 1/3 of all human 

cancers. This pathway serves as an important target in developing novel anti-cancer therapies.
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• The RAS genes are among the most common oncogenes in human cancer, and are of 

particular interest in targeting the ERK signaling cascade in cancer.

Figure 4: MAPK/ERK signaling cascade

Raf and MEK inhibitors
• When Raf is dysregulated, it can exert oncogenic effects, including metastasis, invasion, and 

uncontrolled cellular proliferation. B-Raf mutations are present in >60% of melanomas.
• B-Raf V600E inhibitors: Inhibitors that target B-Raf V600E have been clinically proven to 

prolong the life of advanced stage melanoma patients. However, patients often relapse due to 
acquired resistance. 
• First- generation inhibitors promote increased Raf membrane localization and B-/C-Raf 

dimerization, leading to upregulation of MEK and ERK.
• Promising next-generation inhibitors have been evidenced to inhibit Raf dimerization by 

targeting both monomeric and dimeric Raf with equal affinity.

• MEK1 & 2 inhibitors: FDA approved MEK1/2 inhibitors trametinib and cobimetinib have proved 
to be effective in blocking ERK/MAPK signaling in B-Raf and K-Ras mutated cancers.
• Several preclinical studies show that the use of a MEK inhibitor alongside a B-Raf inhibitor is 

a promising form of treatment for advanced stage melanomas.
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• K-Ras G12C inhibitors: Lock K-Ras G12C in its inactive GDP state by targeting the switch-II 
pocket. K-Ras G12C is frequently expressed in lung and colon adenocarcinomas. 
• Preclinical studies of K-Ras G12C inhibitors demonstrate the inhibition of ERK signaling, 

which contributes to anti-tumor activity.
• Targeting Ras dimerization: Dimerization of Ras is necessary for the activation of Raf and serves 

as a promising druggable target.
• Current data suggests that disruption of Ras dimerization has the capacity to suppress Ras-

Raf signaling, but more work needs to be done to understand Ras dimerization.
• Farnesyl transferase inhibitors (FTIs): inhibit Ras localization to the plasma membrane which is 

crucial for signaling. 
• Current FTIs are promising for thyroid and bladder cancers with H-Ras mutations, but were 

ineffective for treating cancers with K-Ras mutations.

Figure 5: FTIs inhibit farnesyltransferase to prevent Ras membrane localization 

• Dysregulation of the PI3K/Akt/mTOR pathway is implicated in a wide variety of solid 
tumors and is one of the main causes of cancer cell resistance to antitumor therapies.

• PI3K/Akt/mTOR signaling is involved in growth, proliferation, motility, metabolism, and 
immune response regulation.

• Hyperactivation of this pathway leads to genomic instability and uncontrolled proliferation 
of cancer cells. The PI3K/Akt/mTOR cascade serves as a prominent therapeutic target for 
several types of cancers.
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Figure 2: PI3K/Akt/mTOR pathway

• Signaling through the ERBB family of RTKs is implicated in several human cancers. 
Overexpression leads to upregulation of downstream pathways – PI3K/Akt/mTOR and 
MAPK/ERK.

• HER2 (ERBB2) in particular is noteworthy for its role in oncogenic transformation. 
Overexpression of HER2 signaling has been shown to promote loss of cell adhesion and 
polarity, a defining feature of epithelial cancers.

• HER2 dysregulation is associated with ovarian cancer, gastric cancer, and perhaps most 
notably, breast cancer. 

• 20-30% of all breast cancers are thought to be HER2+. Amplification of HER2 in breast 
cancer is associated with invasiveness, high rates of recurrence, and late clinical stage.
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Figure 1: Overexpression of HER2 promotes oncogenesis

Targeting HER2 in breast cancer
• Trastuzumab (Herceptin)

• Anti-HER2 therapy trastuzumab is shown to be clinically successful in the treatment of 
HER2+ breast cancers. 

• Trastuzumab downregulates HER2 activity by binding its extracellular domain which 
prevents HER2/HER3 dimerization. This contributes to several anti-tumor effects.

• However, patients treated with trastuzumab may develop resistance to treatment and 
often relapse.

• HER2 positive cancer cells develop resistance in several ways, including:
• Drug resistant cells constitutively activate the PI3K/Akt/mTOR pathway which leads to 

aggressive cell growth.
• ~30% of HER2+ breast cancers express the p95HER2 fragment, a truncated form of 

HER2 that is especially oncogenic as it spontaneously homodimerizes into a 
constitutively activated form. Trastuzumab does not bind p95HER2.

• Lapatinib: inhibits p95HER2 and HER2 by binding the ATP active site in both substrates
• This inhibits downstream signaling and has several advantages over trastuzumab.
• Nevertheless, cancer cells develop resistance against lapatinib due to the activation of 

alternative survival mechanisms.
• Neratinib: An irreversible pan-HER inhibitor that has shown to overcome drug resistance.
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Targeting the PI3K/Akt/mTOR pathway
• Dual PI3K/mTOR inhibitors: Several PI3K/mTOR dual inhibitors have been proven to have 

anticancer effects in preclinical studies. However, such inhibitors are not well tolerated by 
patients in Phase I/II clinical trials. Improving the dosage schedule is a main area of focus to 
increase tolerability. 

• Pan-PI3K inhibitors: Pan-PI3K inhibitors are potent and highly selective. Pan-PI3K inhibitor 
buparlisib in combination with trametinib (MEK inhibitor) demonstrates antitumor activity 
in patients with ovarian, breast, and pancreatic cancers.

• Isoform-specific PI3K inhibitors: Previous work shows that there are several isoforms of 
PI3K that play non-reduntant roles in several cancers. Thus, it is important to develop 
isoform-specific inhibitors to improve efficacy and limit undesirable side effects. The 
development of isoform-specific PI3K inhibitor, idelalisib, is FDA approved and has been 
successful in treating non-Hodgkin’s lymphoma.  

Resistance against PI3K inhibitors
• Even though PI3K inhibitors have proved clinically beneficial against cancer, intrinsic and 

acquired resistance limits their effectiveness.
• Through the interaction with other signaling pathways and involvement in feedback loops, 

the PI3K/Akt/mTOR pathway is able to bypass PI3K inhibition.
• As such, it is critical to better understand the mechanisms of PI3K signaling and inhibition 

and to develop novel strategies to overcome resistance.
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