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Introduction

In 2014, an estimated 235,000 new patients will be diagnosed with
breast cancer in the US alone and about 40,000 patients will die from
this disease, making breast cancer one of the leading causes of cancer
death among women [1]. Accordingly, identifying new molecular
targets which are druggable is of critical importance in breast cancer
research and treatment. Breast cancer is commonly classified into
Her2 positive, ER/PR positive and triple negative subtypes in clinic.
While inhibitors of cyclin-dependent kinases 4/6 are promising for the
treatment of all breast cancers where the targeted pathway is
deregulated, we focus on the Her2 positive breast cancer in this article.

Her2, also called erbB2, Neu, is a powerful oncogene in breast
carcinogenesis [2]. Her2 positive subtype accounts for 20-30% of all
breast cancer worldwide [3]. Although both antibody-based and small
molecule-based medicine such as Herceptin and Lapatinib respectively
have been developed in the past decade during the course of finding
cures against Her2 positive breast cancer, there are limitations in the
use of these medicine in clinic. Some patients are not responsive to the
therapy and some other patients develop resistance to the therapy
quickly [4,5]. Therefore new therapies on new targets are needed
either as a single agent or in combination with currently existent
therapies to combat Her2 positive breast cancer. Studies over the years
have provided ample evidence indicating that CDK4/6 could be our
important new therapeutic target in the fight against Her2-positive
breast cancer [6]. CDK4/6 kinases are connected to Her2 signaling
pathway through their interacting partner cyclin D1 (Figure 1).
P16ink4a can bind cyclin D1 and CDK4/6 complexes and inhibit their
kinase activities. Resistance to CDK4/6 inhibition can occur through
Rb deficiency or Rb loss, reduced expression of CDK2 inhibitors p21
and p27 and through events which augment the protein level or
function of the individual component such as cyclin D1 and CDK4/6
in the pathway. Together cyclin D1-CDK4/6-p16 axis mediates Her2
signaling events in normal development and in mammary
tumorigenesis [7] (Figure 1).

Essential Role of Cyclin D1-CDK4/6-P16ink4a Axis in
Her2 Positive Breast Cancer

Studies using transgenic mouse model established the essential role
of cyclin D1 and cdk4/6 in Her2 induced mammary tumor. In one
study, it was demonstrated that ErbB-2 or ras oncogenes failed to
induce mammary tumors in cyclin D1 null mice although cyclin D1-
deficiency did not hinder tumorigenesis by other oncogenes such as c-

myc or Wnt-1 in mice in the same study [8]. Cyclin D1 interacts with
many protein partners including CDK4, CDK6 and estrogen receptor
etc. [9,10]. It can function through both kinase-dependent and kinase-
independent pathways [9]. Since knock-in of cyclin D1-KE mutant
which renders kinase deficient in the cyclin D1KE/KE/ CDK4/6
complex was unable to restore the Her2 induced tumorigenesis in the
wild type cyclin D1 deficient background in mice, requirement of
CDK4/6 kinase activity in Her2 mammary tumorigenesis is indicated
[7]. Among its interacting partners, Cyclin D1 can bind and activate
both CDK4 and CDK6 [11].

Figure 1: Simplified scheme showing the connection of erbB2 with
CDK4/6 through Cyclin D1. Dashed line indicates multiple steps
from one mediator to the mediator downstream. p16INK4A
inhibits the kinase activity of cyclin D1/CDK4/6 complex.

To define which CDK is important in Her2 induced mammary
tumorigenesis, Sicinski’s group carried out a study by crossing
MMTV-Her2 with CDK4 deficient mice [12]. CDK4 deficient mice are
resistant to Her2 tumorigenesis. The results addressed the issue on
which CDK kinase function is required in Her2 induced mammary
tumorigenesis, but interpretation of the results from these studies are
confounded by the disruption of hormonal homeostasis in CDK4-null
mice [13].
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To overcome this problem, we created MMTV-p16ink4a transgenic
mice which express p16ink4a, a natural inhibitor of CDK4/6 kinases,
in mouse mammary gland. We crossed MMTV-p16ink4a with
MMTV-ErbB2 transgenic mice to create bigenic MMTV-ErbB2-p16
mice under the leadership of Dr. Emmett Schmidt [11]. These bigenic
mice do not display any of the developmental defects seen in CDK4-
null mice [13], but expression of p16ink4a blocked erbB2-induced

mammary tumors in mice. It should be pointed out that some tumors
did occur in erbB2-overexpressing mouse mammary gland under the
condition of either cyclin D1-null, or CDK4-null or p16 expressing
after a long latency [11]. The occurrence of tumors after a long delay is
considered a sign of resistance to the inhibitors of cyclins or CDKs.
Taken together, these experiments establish the role of CDK4/6 as
critical mediator of erbB2 initiated tumorigenesis.

Figure 2: Correlation of gene copy number change with mRNA expression. Amp: gene amplification. Homdel: homozygous deletion. Hetloss:
heterozygous loss. Each dot represents values from onepatient case. A. ErbB2 B. CCND1 (cyclin D1) C.CDK4. D.CDKN2A (p16).

Deregulated Expression of Cyclin D1-CDK4/6-
P16INK4a Axis is a Common Event in Breast Cancer.

Deregulated expression of cyclin D1, CDK4/6, p16ink4a in human
breast cancer has been reported by different research groups
independently over the years [11,14]. With the easy public access to
more and more clinically relevant data sets and the rapid development
of data-mining tools, individual analysis of various components in a
specific molecular pathway can be done conveniently on a data set.
Using cBio Cancer Genomics Portal (http://cbioportal.org) created by
scientists at Memorial Sloan-Kettering Cancer Center[15,16], we
examined a data set containing 825 patient cases who were diagnosed
with breast invasive carcinoma (TCGA, Nature 2012), of which 482
cases had sequencing and copy number alteration (CNA) data
available. Among the cyclin D1/CDK4/6/p16ink4a axis, CCND1 gene
is frequently amplified in breast cancer, followed by cdk4 gene
(Figures 2B and 2C). Out of 482 cases analyzed, 79 cases or 16.4% had
CCND1 gene amplification and 10 cases or 2.1% had CDK4 gene

amplification. On the other hand, the CDK4/6 inhibitor gene p16ink4a
suffered frequent loss either as a result of homozygous deletion or
heterozygous loss of one allele (Figure 2D). As predicted, erbB2,
CCND1, CDK4/6 gene amplification is positively correlated with the
increased mRNA expression (Figures 2A, 2B and 2C) whereas
p16ink4a gene loss has markedly decreased mRNA expression (Figure
2D). Co-amplification of erbB2 and CCND1 are not uncommon. In
this database analyzed, out of 482 cases, 12 cases have co-amplification
of both erbB2 and CCND1 gene. Representative cases are plotted in
figures 3A and 3B. mRNA values for case #TCGA-AQ-A04H are
ERBB2=3.85 and CCND1=2.087. mRNA values for case #TCGA-A1-
A0SM are erbB2=5.516 and CCND1=2.667. On the other hand, p16
loss is relatively frequent. Out of 482 cases, 19 cases have p16
homozygous deletion and 3 cases have both erbB2 amplification and
p16 homozygous deletion. Representative cases are plotted in figure
3C and 3D. mRNA values for case #TCGA-AR-A0TQ are erbB2=4.94
and CDKN2A (p16)=-2.475. mRNA values for case #TCGA-E2-A14P
are erbB2=5.354 and CDKN2A (p16)=-3.15. Overall, 132 cases among
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482 analyzed or 27.4% had deregulation of the cyclin D1/CDK4/6/
p16ink4a axis either in the form of single gene alteration in the axis or
multiple gene alteration in combination.

Figure 3: Cyclin D1 (CCND1) (A and B) or p16INK4A (CDKN2A)
(C and D) expression (Y-axis) Plotted against erbB2 mRNA
expression (X-axis) for all tumors (cases). Each arrow points to a
Representative case where there is either co-amplification of both
erbB2 and cyclin D1 gene (A and B) Or ERBB2 gene amplification
accompanied by p16 homozygous deletion(C and D).

Cyclin D1-Cdk4/6-P16ink4a Axis as Therapeutic
Targets in Breast Cancer Treatment

Over the last 20 years, attempts have been made to develop CDK
inhibitors for clinical use. Flavopiridol (Alvocidib) was the first CDK
inhibitor to enter clinical trials [17]. Reports from several phase II
studies damped the enthusiasm of some investigators [18,19]. Another
CDK inhibitor AT7519 developed by Astex Therapeutics Ltd [20] did
not meet the expectations of the research community as well. This first
generation of CDK inhibitors are considered broad in spectrum of
CDK targets, not selective for specific CDK(s). Lessons learned from
earlier experiments with CDK inhibitors have led to the development
of newer generations of CDK inhibitors targeting CDK4/6 activities in
breast cancer [9].

Palbociclib (PD0332991). Developed by Pfizer, Palbociclib inhibits
cell proliferation in some breast cancer cell lines tested such as MCF7,
T47D, ZR75-1 and some other non-breast cancer cell lines such as
Colo-205 (Colon), H1299(Lung) etc [21]. Finn RS et al. later
broadened the cell line spectrum to include some Her2 positive breast
cancer lines. Palbociclib inhibited cell growth of Her2 positive breast
cancer cell lines such as BT474, SKBR3, MDA-MB-361 etc. with
concentrations in the nanomolar range [22].The potent selective
inhibitory activity of Palbociclib on CDK4/6 kinases is demonstrated
in vivo in an erbB2 overexpressing transgenic mouse model in which
Its inhibitory effects on erbB2-induced murine mammary tumors
phenocopied the effect of conditional cyclin D1 knockout , namely it
inhibited tumor progression and induced senescence of cancer cells
[23]. A phase II study combining Palbociclib and letrozole in the
treatment of ER+/Her2- breast cancer yielded impressive results (2014
AACR abstract #CT101). A phase III trial using the same combination
for ER+/Her2- breast cancer is underway. If the drug is eventually
approved by FDA for the treatment of breast cancer, clinical trials

using Palbociclib as a single agent or in combination with other
approved drugs such as Herceptin for the treatment of Her2 positive
breast cancer could be predicted in the near future.

There are some other CDK4/6 inhibitors in development such as
LEE011, Developed by Novartis, and LY2835219, Developed by Eli
Lilly [9]. Both compounds are orally bioavailable and both have the
potential to be used in breast cancer treatment [24,25]. Phase 1b/2
trials of LEE011 (NCT 01857193) and LY2835219 (NCT02057133,
NCT02102490) are currently recruiting patients (http://
clinicaltrials.org). Which CDK4/6 inhibitor will eventually enter the
market depending on the results of later clinical trials. The good news
is that we are making progress in the field.
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