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Dissecting Response and Resistance to CDK4/6 Inhibition in ER+ Breast Cancer 

 

Abstract 

 

Highly specific cyclin-dependent kinase 4 and 6 (CDK4 and CDK6) inhibitors comprise a 

novel and exciting class of targeted therapeutics in oncology.  CDK4/6 inhibitors, such as 

palbociclib, abemaciclib and ribociclib prevent cell cycle progression from the first growth phase 

(G1) to the DNA synthesis (S) phase of the cell cycle.  CDK4/6 inhibition in combination with 

endocrine therapy is the new standard of care for metastatic breast cancers that express the 

estrogen receptor (ER+).  Many preclinical biomarkers of sensitivity to CDK4/6 inhibition, 

however, are not clinically relevant.  Furthermore, some ER+ breast cancer patients present 

with intrinsic resistance to CDK4/6 inhibitors and others are progressing on therapy.  

Consequently, effective treatment of metastatic breast cancer patients necessitates an 

understanding of response and resistance to CDK4/6 inhibition.  To this end, we conducted two 

projects to 1) determine whether breast cancer cells that are dependent on ER signaling require 

CDK4/6 and 2) identify the landscape of resistance to CDK4/6 inhibition. 

Recent sequencing studies have revealed that 20% of metastatic breast cancers harbor 

activating mutations in the gene encoding the ER (ESR1).  Furthermore, ER+ breast cancer 

cells that are resistant to estrogen deprivation therapy exhibit a dependency on CDK4.  We 

found that estrogen-independent growth of ESR1-mutant breast cancer cells require CDK4/6 

and that sensitivity to CDK4/6 inhibition is dependent on an intact retinoblastoma protein (RB, 

the main downstream target of CDK4/6).  Thus, ESR1-mutant breast cancer patients may 

benefit from CDK4/6 inhibition. 
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To systematically identify genes whose upregulation confer resistance to CDK4/6 

inhibition, we conducted five near genome-wide open reading frame (ORF) screens.  While 

most in vitro characterizations of resistance have utilized estrogen-rich media, CDK4/6 inhibitors 

are only approved in combination with endocrine therapy.  Thus, to recapitulate the clinical 

setting more closely, our expression screens utilized two different CDK4/6 inhibitors alone and 

in combination with estrogen deprivation.  Several novel resistance drivers were nominated.  In 

particular, RB phosphorylation emerged as a convergent node of resistance to CDK4/6 

inhibition.  Together with cultured to resistance cell models and clinical sequencing of patient 

tumors, our studies identify several strategies to combat resistance and help pinpoint patient 

populations for CDK4/6 inhibitor treatment.   
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CHAPTER 1 

INTRODUCTION 
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Overview 

 

Breast cancer is one of the leading causes of cancer-related deaths among women. 

Globally, approximately 2.4 million women have breast cancer; in 2015 alone, there were 

523,000 breast cancer deaths (1).  Advances in understanding the etiology of this 

heterogeneous disease has helped decrease the breast cancer mortality rate over the past 

three decades (2,3).   

The majority of breast cancers express the estrogen receptor (ER) and are denoted as 

ER+.  Since the cell cycle is commonly deregulated in advanced ER+ breast cancers, the recent 

development of highly specific cell cycle inhibitors represents an exciting potential breakthrough 

in treatment (4-8).  The molecular determinants governing response and resistance to these 

novel targeted agents, however, are not well-characterized.  Effective treatment of breast 

cancer patients warrants an understanding of these factors.  This dissertation is composed of 

two projects centered on inhibitors of the G1/S cell cycle checkpoint in ER+ breast cancer.  The 

first project uncovers a potential marker of sensitivity, while the second project systematically 

identifies genes that confer resistance to cell cycle inhibition. 

 

Cell cycle regulation in breast cancer 

 

Cyclin-dependent kinases (CDKs) and the cell cycle 

 CDKs are serine/threonine kinases that control cell cycle progression and are activated 

by cognate cyclins.  The mammalian cell cycle consists of four phases: G1 (growth phase 1), S 

(DNA synthesis phase), G2 (growth phase 2) and M (mitosis) (Fig. 1.1A).  At the start of G1, the 

tumor suppressor retinoblastoma protein (RB, hereafter RB) is hypophosphorylated and 

sequesters E2F transcription factors (9) (Fig. 1.1B).  This interaction blocks the transactivation  
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Figure 1.1. CDKs phosphorylate RB to drive cell cycle progression.  (A) Schematic 
overview of the cell cycle.  For each phase of the cell cycle, active cyclin-CDK complexes and 
RB phosphorylation status are indicated.  Based on figure in Sherr et al.’s review (10).  (B) 
Detailed depiction of the canonical G1/S cell cycle checkpoint.   
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domain of E2F family members, such as E2F1, and prevents expression of S phase genes (11).  

The three D-type cyclins (D1, D2, D3) often have overlapping functions but can confer 

differences in CDK substrate specificity (12) and are differentially expressed in cancer (13-15).  

In response to mitogenic signals, cyclin D levels rise (16).  Cyclin D binds to and activates 

CDK4/6 (17-19). Activated cyclin D-CDK4/6 complexes then phosphorylate RB at serine 780, 

807/811 and many other phosphorylation sites (17-19), weakening its interaction with E2F 

transcription factors (20).  CDK4/6-cyclin D complexes can also phosphorylate and inactivate 

other pocket proteins in addition to RB such as p130 and p107 (21-23).   As G1 progresses, 

cyclin E levels begin to rise, activating CDK2; CDK2-cyclin E complexes further phosphorylate 

and inactivate the retinoblastoma protein (24,25).  Once freed from RB, E2F promotes 

expression of S phase genes, such as cyclin E and cyclin A (26-28).  Full RB phosphorylation is 

required to progress through the G1/S restriction point (Fig. 1.1A) (10).  In S phase, cyclin A-

CDK2 complexes maintain RB phosphorylation, while cyclin A/B-CDK1 complexes maintain RB 

phosphorylation in G2.  Cyclin A and B are degraded in mitosis (29), returning RB to the 

hypophosphorylated state and cells enter G1 (30).    

 Non-canonical interactions have also been detected between CDK2 and cyclin D1 in 

breast cancer cells (31).  Chytl et al. generated a cyclin D1-CDK2 fusion protein to study the 

ability of cyclin D1-CDK2 complexes to phosphorylate RB.  The fusion construct expressed a 

cyclin D1 mutant (T286A) together with CDK2.  The T286A mutation stabilizes cyclin D1 by 

preventing its nuclear export and subsequent degradation (32,33).  Characterization of this 

fusion construct revealed that CDK2 and cyclin D1 complexes phosphorylate RB at serine 780 

and 807/811.  Furthermore, functional cyclin D1 is necessary for CDK2 activation in cyclin D1-

CDK2 complexes and for RB phosphorylation (34).  Additional experiments by Chytl et al. 

comparing wild-type cyclin D1 and the T286A mutant suggested that stabilization of cyclin D1 

increases CDK2’s phosphorylation of RB at 249/252 (34).  Thus, non-canonical cyclin D1 and 

CDK2 complexes are functional and can inactivate RB.                
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 In cells, naturally occurring CDK inhibitors include members of the INK4 and CIP/KIP 

families.  INK4 proteins such as p16, p15, p18 and p19 contain ankyrin repeats and exclusively 

bind to and inactivate CDK4/6 (35-39).  In contrast, CIP/KIP proteins, such as p21, p27 and p57 

(40-50) interact with cyclin D-, cyclin E- and cyclin A-CDKs.  The activity of CIP/KIP proteins is 

dependent upon interaction with specific CDKs.  For example, p21 and p27 inhibit the cell cycle 

by binding to cyclin E-CDK2 complexes (16).  As proliferating cells progress through G1, cyclin 

D-CDK4/6 complexes sequester p27 and p21 (47,48,51), allowing for CDK2 activation.  As 

described below, cancers often abrogate the G1/S cell cycle checkpoint.    

 

Cell cycle gene alterations in breast cancer 

Gene expression profiling has enabled prognostic and molecular stratification of breast 

cancers into five intrinsic subtypes: luminal A, luminal B, normal-like, HER2-positive, and basal-

like (52-54).  Luminal breast cancers comprise the largest subtype (~70%) (55).  Since a 

defining characteristic of luminal breast cancers is expression of the hormone receptors 

progesterone receptor and estrogen receptor α, these cancers are estrogen-responsive and are 

amenable to hormonal therapy (56).  There are two different isoforms of the estrogen receptor 

(ERα and ERβ) but estrogen predominantly signals through ERα in the luminal subtype (57,58); 

breast cancers that express ERα will henceforth be denoted as ER+.  Luminal A tumors do not 

express HER2 and have the best prognosis (59).  In contrast, HER2 expression is detected in a 

subset of luminal B tumors and this subtype is generally more aggressive than luminal A (59,60).  

While normal-like breast cancers may express the ER and resemble normal breast epithelial, 

patients with this subtype have an intermediate outcome (54).  The PR-, ER- and HER2-

enriched subtype accounts for another 10% of breast cancers (52,61,62).  Breast cancers that 

are PR-, ER-, and HER2-negative and express basal epithelial markers have the worse 

prognosis (52).     
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Alteration of G1/S cell cycle genes is a key determinant of subtype specificity in breast 

cancer (55,63).  Loss of p16 expression is correlated with ER positivity (64).  Luminal A tumors 

have high RB expression and 29% amplify the cyclin D1 gene (CCND1) (55).  In contrast, 

CCND1 amplification is more prevalent in the luminal B subtype (58% harbor amplification of 

CCND1) (55,63).  Luminal B breast cancers also have a higher proliferative index (as 

determined by Ki67 staining) compared to luminal A cancers; high Ki67 staining is further 

correlated with worse prognosis (59).  CCND1 amplification is detected in 38% of HER2-

enriched breast cancers (55,63).  While luminal and HER2-enriched breast cancers generally 

express wild-type RB, 20% of triple negative breast cancers have mutations or deletions in the 

RB gene (55).  Cyclin E1 overexpression has also been detected in the basal subtype.  

Therefore, cyclin D1 overexpression is present in many subtypes, while RB loss mainly occurs 

in basal breast cancers.  

     

Cyclin D1-CDK4/6 in breast cancer tumorigenesis    

 Numerous mouse studies have implicated the CDK4/6-cyclin D1 axis in breast cancer 

development.  Cyclin D1 is a bona fide breast cancer oncogene as its expression from a 

transgenic mouse mammary tumor virus promoter (MMTV) is sufficient to induce tumor 

formation (65).  Tumorigenesis of HER2- and RAS-driven mammary models of breast cancer is 

also cyclin D1-dependent (66,67).  Yu et al. found that cyclin D1-mediated tumorigenesis 

requires CDK4 activity; HER2 can no longer induce tumors in mice expressing the cyclin D1K112E 

mutant (68).  While the K112E mutant interacts with CDK4/6, it is unable to activate CDK4/6.  

As the authors note, CDK2 is still active in this mouse model, as cyclin D1K112E-CDK4/6 

complexes still sequester p21 and p27.  Thus, CDK4/6 activation is specifically required for 

breast cancer tumorigenesis.  



 

 7 

The ER and transcriptional regulation of cyclin D1 

 Approximately 70% of breast cancers are ER+.  The gene encoding ERα, ESR1, was 

cloned over thirty years ago (69).  In response to the steroid hormone estrogen, the ER 

stimulates expression of genes involved in development and cell growth (70).  Similar to other 

members of the nuclear receptor superfamily, the ER contains a highly conserved DNA binding 

domain, a ligand binding domain (LBD), and two transactivation domains (71,72).  Activation 

function 2 (AF-2) sits in the LBD and enables estrogen-dependent activation of the estrogen 

receptor; estrogen-independent activation of the ER occurs through the N-terminal activation 

function 1 (AF-1) domain.  As discussed in the next chapter, growth factor receptor signaling 

often induces AF-1 phosphorylation and subsequent ligand-independent activation of the ER 

(73).  According to the classical model of nuclear receptor action, estrogen binding induces ER 

dimerization, interaction with estrogen-responsive elements (EREs) and cofactors (coactivators 

or corepressors) to control gene expression (74,75).  The ER can also regulate transcription in 

an ERE-independent manner.  In particular, transcription factors such as AP-1 and SP-1 can 

bind their cognate promoter sequences and recruit the ER as a coactivator (76,77).   

In breast cancer, the ER relies on its interaction with coactivators to drive cyclin D1 

expression and cell cycle progression.  These coactivators are particularly relevant as many 

breast cancers that overexpress cyclin D1 do not harbor CCND1 amplification (78).  

Furthermore, unlike many ER target genes, the cyclin D1 promoter does not contain an ERE 

(79).  Instead, in ER+ MCF7 cells, ATF-2/c-jun (transcription factors) heterodimers bind to the 

cAMP response element in the CCND1 promoter and recruit the ER (80).  In ER+ ZR-75-1  

breast cancer cells, estrogen regulates cyclin D1 through PKA-dependent cAMP response 

elements and GC-rich rich SP-1 binding sites in the cyclin D1 promoter (81).  Stable transfection 

studies have also implicated c-Jun/c-Fos heterodimers (AP-1) in ER recruitment to the cyclin D1 

promoter (82).  Thus, given the lack of an ERE in the CCND1 promoter, the ER must be 

recruited by coactivators to regulate cyclin D1 expression.      
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Ectopic ER expression cannot induce cyclin D1 expression in breast cancers lacking 

endogenous ER (81), suggesting that the ER regulates cyclin D1 in a cell-type-specific manner.  

Using chromatin immunoprecipitation and DNA tile microarrays, Eeckhoute et al. identified an 

enhancer region downstream of the cyclin D1 gene that is required for ER-mediated 

transcription (83).  This downstream enhancer was only activated in ER+ MCF7 cells and not 

triple negative MDA-MB-231 cells.  The authors further found that the ER pioneer factor FOXA1 

and was required for ER recruitment to this downstream cyclin D1 enhancer.  Thus, the ER 

interacts with numerous coactivators to drive cyclin D1 expression.  As discussed in the next 

section, cyclin D1 also plays a key role in endocrine resistance by activating the ER in a 

hormone- and CDK-independent manner (84,85).   

 
 
Resistance to endocrine therapy 

 

Since the ER is a lineage-survival oncogene (86), ER-directed therapies have been a 

successful mainstay of treatment for luminal breast cancers for forty years.  Selective ER 

modulators (SERMs) like tamoxifen compete with estrogen for ER binding and inhibit ER activity 

in breast cancer cells (87).  Although tamoxifen received FDA approval in 1977, it acts as an ER 

agonist in endometrial tissue and induces endometrial hyperplasia and even cancer (88-90).  In 

contrast, aromatase inhibitors (AIs), such as anastrozole, letrozole and exemestane, prevent 

estrogen production.  Anastrozole was first FDA-approved in 1995 for ER+ breast cancer 

patients who have progressed on prior tamoxifen treatment and subsequently shown to be 

superior to tamoxifen even in the first-line setting  (91-93).  While anastrozole and letrozole are 

nonsteroidal reversible inhibitors, exemestane is a steroidal compound that binds irreversibly 

(94).  Letrozole suppresses aromatase activity upwards of 98.9%—the highest among the three 

AIs (95-97).  Similar to anastrozole, exemestane and letrozole are also FDA approved for ER+ 

breast cancer patients in the adjuvant setting to combat tamoxifen resistance.  The final class of 
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hormonal therapy includes selective ER degraders (SERDs) like fulvestrant.  Fulvestrant is a 

pure ER antagonist (98,99) and decreases ER expression (100-102).  

Despite the development of SERDs and AIs, resistance limits the long-term efficacy of 

these drugs (103,104).  For example, while letrozole significantly increased median progression-

free survival (PFS) by 3.4 months compared to tamoxifen in the first-line treatment of ER+ 

advanced breast cancer patients, there was no difference in overall survival after 2 years of 

therapy (105,106).  Furthermore, for patients who have relapsed on prior AI treatment, 

fulvestrant only has a clinical benefit rate (partial response (PR) + complete response (CR) + 

stable disease (SD) >24 weeks) of 35% (107). Cultured to resistance cell models coupled with 

genetic screens and sequencing of metastatic tumors have revealed several convergent 

mechanisms of resistance to endocrine therapy.  Three such mechanisms are highlighted 

below: alterations in the gene encoding ERα (ESR1), receptor tyrosine kinase (RTK) signaling 

through the PI3K/AKT pathway and activation of cell cycle genes.  

 

ESR1 alterations in advanced metastatic breast cancer  

In 1997, Zhang et al. combined single-strand conformation polymorphism analysis with 

DNA sequencing to search for ESR1 mutations in metastatic breast cancer samples (108).  

Only one out of the thirty tumors studied harbored an activating Y537N missense mutation in 

the ER LBD.  Unlike the wild-type ER, the Y537N mutant stimulated transcription from ERE-

containing promoters even in the absence of estrogen.  Subsequent whole genome and whole 

exome sequencing, however, revealed that ESR1 mutations are quite rare in primary breast 

cancer; only 1-3% of treatment-naïve ER+ breast cancers harbor activating ER mutations 

(55,109).   

In contrast, approximately 20% of metastatic ER+ breast cancers are ESR1-mutant 

(110-117).  Numerous ERα point mutants and one ESR1-YAP1 gene fusion have been 

identified (Fig. 1.2A).  ESR1 mutations are localized to the C-terminal LBD of the ER and  
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Figure 1.2. Functional annotation of ESR1 alterations identified in advanced breast 
cancers (110-117).  (A) Alterations that have been shown to stimulate ERE-reporter activity 
(purple), promote estrogen-independent growth in vitro (blue) and in vivo (red) are indicated.  
ER-YAP1 fusion includes the first 365 amino acids of ER and has only been shown to confer 
resistance to estrogen-deprivation in vitro. (B) Frequency distribution of LBD mutations in a 
cohort of 929 tumor biopsies (117).  Total number of samples with detected mutation is 
indicated.  Similar to figures by Segal et al. (114) and Ma et al. (103), but includes data from Toy 
et al. (117). 
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predominantly affect residues 380, 537 and 538 (Fig. 1.2A-B) (110-117).  More recent analysis 

of 929 metastatic breast cancers confirmed that the three most common ER mutations are 

E380Q, Y537S and D538G (Fig. 1.2B) (117). Molecular dynamic simulations in the absence of 

ligand indicate that the Y537S and D538G variants alter the conformation of the ER and mimic 

the active agonist conformation (110).    

Functionally, many of these mutants constitutively activate the ER (Fig. 1.2A); unlike 

wild-type ER, many LBD mutants stimulate expression of reporter genes attached to  

estrogen-responsive elements (EREs) even in the absence of ligand (110,112).  Most 

importantly, variants such as Y537N, Y537S, S463P and D538G promote estrogen-independent  

growth of breast cancer cells in vitro (110-113,117) (Fig. 1.2A).  Y537S and D538G mutations 

also enabled estrogen-independent growth of mouse xenografts (110).  There are some 

differences in activity, however, among the LBD mutants.  Although frequently detected, the 

E380Q mutation only modestly activates the ER (117,118).  While the Y537S variant is a strong 

mediator of hormone-independent proliferation, cells expressing the Y537S mutant were 

reported to have poor basal growth compared to other ER mutants (113).  Potent constitutive 

activation of the ER may cause some lethality in estrogen-replete normal growth media but is 

selected for under estrogen-deprived conditions (113).     

Consistent with the ligand-independent activity of ESR1 mutants observed in preclinical 

models, ESR1 mutations are specifically associated with prior exposure to AI therapy in the 

metastatic setting (119).  Analysis of circulating tumor DNA found no ESR1 mutations in 

patients who only received tamoxifen therapy and there was no correlation between adjuvant AI 

treatment and the emergence of ESR1 mutations (119).  Furthermore, ESR1 mutations predict 

resistance to aromatase inhibitor therapy (119).  In contrast, ESR1-mutant breast cancer 

patients respond similarly to fulvestrant as patients with wild-type ESR1 (118).  Given the 

dependence of ESR1-mutant breast cancer cells on ligand-independent activity of the ER, ER 

degraders like fulvestrant inhibit the growth of mutant cells in vitro; the concentration of 
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fulvestrant needed for half-maximal inhibition of ESR1-mutant cells, however, is often 2-4 times 

higher than for cells with wild-type ER (112).  Moreover, responses to fulvestrant may differ 

between ESR1 mutants in vivo (117).  While fulvestrant completely prevented the growth of 

mouse xenograft tumors that expressed either the E380Q or S463P mutant, fulvestrant only 

slowed the growth of Y537S-expressing tumors (117).  As resistance to fulvestrant invariably 

develops, non-hormonal therapies are also needed to treat ESR1-mutant patients.   

 

RTK signaling and AKT activation  

Cross-talk between RTKs and the ER is another major driver of resistance to endocrine 

therapy (103,104).  Expression and activation of numerous RTKs, such as members of the 

ERBB family (HER2 and EGFR), insulin-like growth factor 1 receptor (IGF1R) and fibroblast 

growth factor receptor 1 (FGFR1) render cells insensitive to anti-estrogens (120-127).  Growth 

factor binding to cell surface RTKs induces dimerization, receptor autophosphorylation and 

activation (128).  Although not well-understood, the ER can also interact with activated RTKs at 

the plasma membrane and promote proliferation in a nongenomic manner (129).  Once 

phosphorylated, RTKs recruit adaptor proteins that activate downstream mitogen-activated 

protein kinase (MAPK) and phosphoinositide-3 kinase (PI3K) pathways to promote cell 

proliferation and survival (Fig. 1.3) (103,128).   

Mechanistically, there are several ways in which MAPK and PI3K/AKT pathway activity 

drive endocrine resistance.  Signaling through the RAF-MEK-ERK (MAPK) pathway promotes 

posttranslational modification and activation of the ER and its coregulators.  For example, ERK 

induces estrogen-independent activation of the ER by phosphorylating serine 118 in the AF-1 

domain (130).  MAPK signaling can further induce transcription of ER-regulated genes by 

directly phosphorylating the ER coactivator AIB1 to recruit secondary coactivators such as p300 

and CREB-binding protein (131).  Several studies have also associated MAPK activity with  
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Figure 1.3. RTK and downstream MAPK and PI3K/AKT pathway signaling in endocrine 
resistance. Indirect signaling events are designated with dotted arrows.  Based on figure from 
Ma et al.’s review (103).  For clarity, only pathways discussed in this dissertation are highlighted.  
RTK signaling activates RAS GTPases and PI3Ks.  RAS-initiated flux through the RAF-MEK-
ERK pathway stimulates ERK’s phosphorylation of ER and its coactivators (CoA), promoting 
expression of ER-target genes.  Although not depicted, ER interacts with corepressors as well.  
PI3Ks are lipid kinases that convert phosphatidylinositide 4,5-bisphosphate (PIP2) to 
phosphatidylinositide (3,4,5)P3 (PIP3) (132).  Phosphatase and tensin homolog (PTEN) 
counteracts PI3K activity by converting PIP3 into PIP2.  PIP3 recruits PDK1 and AKT to the 
plasma membrane, where PDK1 can phosphorylate AKT on threonine 308.  Full AKT activation 
requires mTOR complex 2 (mTORC2) phosphorylation on serine 473.  AKT phosphorylates and 
inactivates the cell cycle inhibitors p21 and p27 and regulates cyclin D1 levels through GSK3β.  
Phosphorylation by AKT inhibits p21 and p27, activating CDK2 (133).  GSK3β inactivation 
promotes cyclin D1 stability (134).  AKT also activates mTORC1 by inhibiting TSC1/2 (135).  
mTORC1 stimulates protein synthesis and elongation by phosphorylating eukaryotic translation 
initiation factor 4E-binding protein 1 (4-EBP1) and p70 S6 kinase (p70S6K) (136).  4-EBP1 is a 
negative regulator of cap-dependent translation that is inactivated by mTORC1, while p70S6K 
promotes translation elongation.  AKT signaling also promotes phosphorylation of the ER and its 
coregulators.  
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downregulation of ER expression and subsequent insensitivity to ER-directed therapy (137-139).  

Thus, flux through the MAPK signaling pathway modulates ER activity.  

The PI3K pathway also operates downstream of RTKs and its oncogenic activity in 

breast cancer is well-documented (140,141).  Mutations in the PIK3CA gene, which encodes the 

p110α subunit of class I PI3Ks, have been detected in over 30% of breast cancers and are 

associated with ER expression (142).  PIK3CA hotspot mutations are located in the helical  

domain (e.g. E452K, E545K) and the catalytic domain (e.g. H1047R) (55,143).  All three classes 

of PI3Ks (I, II and III) mediate signal transduction by phosphorylating lipids in the plasma 

membrane (144).  Class I PI3Ks are heterodimers consisting of a p85 regulatory subunit and a 

p110 catalytic subunit and convert phosphatidylinositide 4,5-bisphosphate (PIP2) to 

phosphatidylinositide (3,4,5)P3 (PIP3).  Phosphatase and tensin homolog (PTEN) counteracts 

PI3K activity by removing the phosphate from PIP3 to make PIP2.  PIP3 recruits protein kinase 

B (AKT) to the plasma membrane, where PDK1 can phosphorylate AKT at threonine 308 in the 

kinase activation loop (145); mTORC2 phosphorylation at serine 473 fully activates AKT (146).   

There are three isoforms of AKT (AKT1, AKT2 and AKT3).  In breast cancer, high AKT1 

protein expression is detected in 24% of tumors and AKT2 overexpression is present in about 

4% (147).  Approximately 3% of ER+ breast cancers harbor an activating mutation (E17K) 

mutation in the pleckstrin homology domain of AKT1 (148).  Elevated AKT3 expression is more 

prevalent in ER negative tumors (147).  Once phosphorylated, AKT acts on several substrates 

to stimulate cell cycle progression, translation initiation and prevent apoptosis (Fig. 1.3).        

To drive S phase progression, AKT regulates G1/S cell cycle proteins, such as cyclin D1, 

p21 and p27.  AKT stabilizes cyclin D1 by preventing GSK3β-mediated turnover of cyclin D1.  

AKT signaling prevents GSK3β from phosphorylating cyclin D1 at threonine 286, thereby 

inhibiting cyclin D1 degradation (134,149).  Mutation of threonine 286 to alanine in cyclin D1 

sufficiently prevents GSK3β phosphorylation (134).  AKT also activates CDK2 by 
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phosphorylating and inactivating the cell cycle inhibitors p21 and p27 (133,150).  Thus, AKT 

signaling can drive S phase progression by stabilizing cyclin D1 and activating CDK2.  

The mammalian target of rapamycin (mTOR) is another key downstream effector of AKT 

(135).  mTOR is a serine/threonine kinase that forms the catalytic subunit of two different multi-

protein complexes: mTORC1 and mTORC2 (151).  AKT specifically activates mTORC1 by 

inhibiting TSC1/2 (135).  mTORC1 stimulates protein synthesis and elongation by 

phosphorylating eukaryotic translation initiation factor 4E-binding protein 1 (4-EBP1) and p70 S6 

kinase (p70S6K) (136).  4-EBP1 is a negative regulator of cap-dependent translation that is 

inactivated by mTORC1, while p70S6K promotes translation.  mTORC1 activity also regulates S 

phase progression.  Inhibition of mTORC1 activity with the small molecule rapamycin induces a 

G1 cell cycle arrest (152).  Mechanistically, rapamycin treatment decreases cyclin D1 protein 

levels in NIH3T3 cells and ER+ breast cancer cells (153,154).  In HER2-driven mouse 

mammary tumors, mTOR inhibition with everolimus disrupts the formation of cyclin D1 and 

CDK2 complexes (155).  Therefore, AKT signaling can also promote S phase progression 

through mTOR.        

Long-term estrogen-deprived (LTED) cell culture models have been invaluable in 

interrogating the role of AKT in the development of hormone-independent breast cancer.  Miller 

et al. chronically cultured ER+ breast cancer cell lines in estrogen-deprived (charcoal-stripped 

serum, CSS) media until resistant populations emerged (156).  Reverse phase protein array 

analysis indicated that ER+ LTED cells hyperactivate the PI3K/AKT pathway compared to 

parental sensitive cells.   Phosphorylation of AKT (threonine 308 and serine 473) and of the 

mTORC1 target p70S6K was significantly higher in LTED cells.  Furthermore, estrogen-

independent growth of LTED cells required PI3K/AKT signaling.  BEZ235, a small molecule 

inhibitor of both PI3K and mTOR (157), prevented hormone-independent growth of LTED cells.  

Combined fulvestrant and BKM120 (pan-PI3K inhibitor) treatment also induced apoptosis in 

ER+ LTED MCF7 cells (158).  Consistent with these data, PTEN loss also upregulates 
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PI3K/AKT activity and drives resistance to endocrine therapy (159).  Similarly, myristolated-AKT, 

which is rendered constitutively active, also drives resistance to tamoxifen, fulvestrant and 

letrozole in an mTOR-dependent manner; rapamycin, a mTOR inhibitor, reduces AKT-mediated 

resistance (160).  These data suggest that LTED cells are dependent on PI3K/AKT/mTOR 

signaling for estrogen-independent growth.   

 

Clinical targeting of endocrine resistance  

Clinically, many patients who have progressed on prior endocrine therapy derive clinical 

benefit from HER2 or mTOR inhibition (161-165).  Durable responses to trastuzumab (antibody 

against HER2) and letrozole have been observed in patients with ER+ and HER2+ breast 

cancer (162).  In a phase II study, the clinical benefit rate of combined trastuzumab and 

letrozole was 52% with a median duration of response of more than 20.6 months.  Importantly, 

more than 80% of patients in this study received prior tamoxifen treatment, suggesting that anti-

HER2 and estrogen deprivation therapy may be beneficial in the second-line setting.  

Trastuzumab and lapatinib (a small molecule HER2 inhibitor) are both approved for HER2+ 

breast cancers.  In the BOLERO-2 study, the combination of everolimus (rapamycin derivative) 

and exemestane (a steroidal AI) more than doubled the PFS compared to exemestane alone 

(6.9 months vs. 2.8 months respectively) for patients who have progressed on a nonsteroidal AI 

(166).  Similarly, nonsteroidal AI-resistant patients also benefit from co-treatment with 

everolimus and tamoxifen (167).  RTK feedback activation of AKT, however, is a key of bypass 

mechanism to mTOR inhibition (168,169); combination therapy and inhibitors that hit multiple 

nodes of the PI3K/AKT pathway may mitigate resistance.   

Despite the development of additional RTK and PI3K/AKT pathway inhibitors, tumor 

heterogeneity coupled with a lack of reliable biomarkers has limited the utility of these targeted 

agents for endocrine therapy-resistant patients (103,170).  For example, gefitinib (an 

EGFR/HER2 inhibitor) reverses tamoxifen resistance in preclinical models (171) but the addition 
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of gefitinib did not improve PFS for breast cancer patients who have progressed on prior 

endocrine therapy.  The clinical outcome was actually worse for patients given gefitinib and 

tamoxifen compared to tamoxifen alone (172).  Similarly, the IGF-IR inhibitor (AMG 479) failed 

to improve PFS in patients who have progressed on prior endocrine therapy (173).   

Clinical translation of PI3K pathway inhibitors has also been plagued by limited tumor 

regression and resistance.  While PI3K inhibition preferentially suppress growth of PIK3CA-

mutant cells (174,175), early clinical data indicated that only a few patients benefit from single 

agent treatment and responses are not durable (176).  A recent phase Ib clinical trial evaluated 

the PI3K alpha isoform-specific inhibitor, BYL719, in combination with letrozole in patients who 

have progressed on prior endocrine therapy (177).  Partial responses were observed in 19% of 

patients with a clinical benefit rate of 35%; amplification of FGFR1/2 and mutations in KRAS and 

TP53 were found in resistant patients.  Preclinical characterization of the PI3K alpha isoform-

specific inhibitor, BYL719, have also revealed several mechanisms of resistance to BYL719 in 

ER+ breast cancer including: PIM1 overexpression (178), CDK4/6 activation (179), cross-talk 

with the ER (180), signaling through PI3K p110β (181), PTEN loss (182) and mTORC1 

activation (183).  Consistent with canonical PI3K/AKT signaling, downstream AKT activation 

also confers resistance to BYL719 as well as pan-PI3K inhibitors (178).   

The AKT1/2/3 inhibitor MK-2206 has also entered clinical trials (184,185).  In phase I 

studies, 42% of ER+ breast cancer patients benefited from combined MK-2206 and endocrine 

therapy (anastrozole and/or fulvestrant) treatment.  As anticipated, PIK3CA mutation status did 

not correlate with response to MK-2206.  MK-2206 in combination with endocrine therapy 

mainly stabilized tumors rather than inducing apoptosis (185).  Based on the LTED models 

described above, Jansen et al. postulate that MK-2206 may have greater efficacy in the setting 

of endocrine-resistance ER+ breast cancer with PI3K pathway activation (186).  Combination 

therapy and patient stratification will likely be required to improve patient response to PI3K/AKT 

inhibitors.      
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Cell cycle activation  

Functional genetic screens have enabled unbiased characterization of resistance to 

tamoxifen and estrogen deprivation (187-194).  Kinome-wide siRNA screening identified CDK4 

as a key vulnerability in the estrogen-independent growth of LTED cells.  Mechanistically, Miller 

et al. found that LTED MCF7 and HCC-1428 cells retain a functional ER that signals through the 

CDK4/RB/E2F pathway to enable hormone-independent growth.  Under estrogen-deprived 

conditions, fulvestrant-mediated destabilization of ER results in downregulation of two E2F 

family members (E2F1 and E2F2) that bind RB and in reduced expression of many E2F target 

genes.  Similarly, treatment of estrogen-deprived MCF7 breast cancer xenografts with 

fulvestrant lowers E2F1 and E2F2 protein levels.  Since estrogen has previously been shown to 

stimulate E2F1 expression (195), ER likely regulates E2F expression (194).  Notably, these 

LTED cells are also sensitive to the small molecule CDK4/6 inhibitor, PD 0332991.  Thus, in the 

absence of ligand, ER can promote E2F1 and E2F2 expression, potentially explaining the 

dependency of LTED on CDK4.   

Since ER-directed therapies arrest sensitive cells in G1 (196), numerous studies have 

similarly implicated aberrant cell cycle activation in endocrine resistance (193).  Whereas 

antiestrogen treatment downregulates cyclin D1 levels in sensitive cells (197), cyclin D1 

overexpression drives S phase progression and resistance to fulvestrant in vitro (198,199).  

Cyclin D1 can also function as an ER coactivator and drive hormone-independent transcription 

of ER target genes (84,85).  Cyclin D1-CDK4/6 complexes phosphorylate RB, which helps 

activate CDK2 by upregulating cyclin E2 and sequestering negative regulators of CDK2, such 

as p21 (198,200).  Knockdown of p21 and p27 similarly activates CDK2 and renders cells 

insensitive to tamoxifen, fulvestrant or estrogen depletion (201).  Since CDK4/6 and CDK2 

activity ultimately impinges on RB, RB loss also bypasses cell cycle arrest mediated by 

fulvestrant or estrogen deprivation (202).  Furthermore, high Ki67 staining, a marker of 

proliferation, after short-term anastrozole and/or tamoxifen treatment effectively predicts 
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resistance to endocrine therapy (203).  Thus, cell cycle deregulation is a hallmark of endocrine 

resistance.   

 

CDK4/6 inhibitors in ER+ breast cancer  

 

 Given the intricate link between the ER, cell cycle and the dependency of breast cancers 

on CDK4 described above, the recent development of highly specific CDK4/6 inhibitors is a 

breakthrough in treatment for patients with advanced ER+ breast cancer.  Previous generations 

of cell cycle inhibitors promiscuously targeted multiple CDKs and faltered in the clinic due to 

toxicity (204).  Third generation cell cycle inhibitors, such as palbociclib (PD 0332991), 

abemaciclib (LY2835219) and ribociclib (LEE011) are ATP-competitive and highly selective for 

CDK4/6 (5,7,8).  As discussed below, preclinical characterization of CDK4/6 inhibitors has led to 

a new standard of care in ER+ breast cancer.  Palbociclib in combination with endocrine therapy 

has been FDA-approved for metastatic ER+ breast cancer in the first- and second-line settings.   

 

Preclinical data   

 In preclinical models, palbociclib, abemaciclib and ribociclib inhibit CDK4/6 at nanomolar 

concentrations and arrest cells in G1 by decreasing RB phosphorylation at serine 780 and 

807/811 (6-8,205-208).  Structurally, palbociclib is a pyridopyrimidine derivative with selectivity 

for CDK4 and CDK6 (Fig. 1.4 and Table 1.1); among the 36 kinases profiled, CDK4 and CDK6 

were the only kinases that palbociclib inhibited in the nanomolar range (6).  Ribociclib is a 

pyrrolo-pyrimidine derivative and has the highest CDK4/6 selectivity among the three inhibitors 

(8).  In contrast, abemaciclib is the most structurally distinct CDK4/6 inhibitor and was optimized 

from a 2-Anilino-2,4-Pyrimidine-[5-Benzimidazole] scaffold (7).  Notably, abemaciclib has nearly 

seven times higher affinity for CDK4 than CDK6 (209).  Abemaciclib is also uniquely able to  
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Figure 1.4. Chemical structures of CDK4/6 inhibitors.  Figure from VanArsdale et al. (210).  

 
 
 
 
 
 
 
 
Table 1.1. Kinase inhibition by CDK4/6 inhibitors.  The concentration needed for half of the 
maximum inhibition (IC50) of each kinase is indicated.  Modified from O’Leary et al. to include 
non-CDKs (7,208).   

Kinase Palbociclib Ribociclib Abemaciclib 
CDK4 9-11 nM 10nM 2nM 
CDK6 15nM 39nM 5nM 
CDK1 >10 μM >100 μM >1 μM 
CDK2 >10 μM >50 μM >500nM 
CDK5 >10 μM ND ND 
CDK7 ND ND 300nM 
CDK9 ND ND 57nM 
DYRK1A 2 μM ND ND 
PIM1 ND ND 50nM 
PIM2 ND ND 3.4μM 
DYRK2 ND ND 61nM 
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cross the blood-brain-barrier (211). In addition to targeting CDK4 and CDK6, abemaciclib is 

active at micromolar concentrations against CDK2, CDK7, CDK9 and PIM1/2 (Table 1.1).  

CDK7 and CDK9 are transcriptional CDKs that phosphorylate the C-terminal domain of RNA 

polymerase II to enhance processivity (212,213).  In particular, inhibitors that target CDK9, such 

as flavopiridol, may decrease expression of the anti-apoptotic protein myeloid cell leukemia 

sequence-1 (MCL-1) and are clinically active in chronic lymphocytic leukemia (214-216).  We 

have previously shown that PIM kinases can drive resistance to BYL719 by re-activating AKT 

target proteins (178).  As discussed below, abemaciclib’s off-target activity may be clinically 

relevant.   

 RB proficiency and ER positivity are currently the best predictors of sensitivity to CDK4/6 

inhibition in breast cancer (4,217-219).  As RB is the main target of CDK4/6, inhibitor-mediated 

G1 cell cycle arrest requires a functional RB.  Notably, RB is intact in nearly 90% of primary 

ER+ breast cancers (55).  In Finn et al.’s characterization of 47 breast cancer cell lines, ER+ 

luminal cells were the most responsive to palbociclib (4).  Furthermore, microarray analysis of 

breast cancer cell lines correlated sensitivity with high RB and cyclin D1 expression and low 

levels of p16.  Similarly, RB expression and low p16 expression correlates with palbociclib 

sensitivity in glioblastoma (220,221), ovarian (221) and renal carcinoma cells (222).    

 Although CDK4/6 inhibitor monotherapy induced tumor regression in a few in vivo tumor 

models, these inhibitors are generally cytostatic and responses are short-lived.  For example, 

despite an initial decrease in tumor burden in the first 10-20 days of palbociclib treatment, colo-

205 colorectal cell xenografts rapidly progressed on therapy (6).  Primary CDK4-amplified 

liposarcoma xenografts had mixed responses to ribociclib treatment; tumor growth was durably 

reduced in one model, while ribociclib treatment was cytostatic for two other xenografts (207).   

Ribociclib only delayed tumor progression of neuroblastoma cells in vivo (206).  Abemaciclib 
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also suppressed growth of colo-205 colorectal cells and acute myeloid leukemia cells in vivo 

without tumor regression; tumors subsequently relapsed after twenty days of treatment (7).       

 Given the short-lived responses with single agent treatment, numerous groups have 

investigated combinatorial treatments with CDK4/6 inhibitors in breast cancer.  Palbociclib 

synergizes with tamoxifen to reduce growth of ER+ breast cancer cells (4).  Consistent with 

these observations, letrozole and palbociclib durably suppressed the growth of ER+ breast 

cancer patient-derived xenografts better than either single agent (223).  Mechanistically, 

combined estrogen deprivation and CDK4/6 inhibition significantly reduced RB phosphorylation 

and E2F1 expression.  Furthermore,  co-treatment lowered the levels of forkhead box M1 

(FOXM1) transcription factor compared to each treatment alone (223).  FOXM1 is a CDK4/6 

target gene whose activation promotes S phase progression.  Downregulation of FOXM1 

expression with combined letrozole and palbociclib treatment results in senescence (224).  

Abemaciclib also synergized with anti-HER2 to inhibit the proliferation of trastuzumab-resistant 

cells; when combined with HER2 inhibition, abemaciclib enhanced suppression of mTORC1 

targets in HER2+ cells (225).  As previously mentioned, CDK4/6 activity confers resistance to 

PI3K inhibition (179).  Ribociclib re-sensitizes BYL719-refractory breast cancer cells to PI3K 

inhibition (179). 

 Combination therapy with CDK4/6 inhibitors has also been investigated in other tumor 

types.  Dual CDK4/6 and MEK inhibition was required for tumor regression in mouse models of 

NRAS-mutant melanoma (226).  Similarly, combined MEK and CDK4/6 inhibition was superior 

to each single agent in suppressing the growth of patient-derived KRAS-mutant colorectal 

cancer xenografts (227).  Whereas palbociclib alone induced a G1 cell cycle arrest but not 

apoptosis in multiple myeloma cells, co-treatment with either dexamethasone (corticosteroid) 

(228) or bortezomib (proteasomal inhibitor) effectively kills cells (229).  Abemaciclib also 

enhanced the antitumor activity of the chemotherapeutic agent temozolomide in a xenograft 
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model of intracranial glioblastoma (211).  Thus, CDK4/6 inhibitors are most efficacious when 

used in combination.   

 

Clinical trials with CDK4/6 inhibitors in breast cancer   

 Palbociclib is the most clinically advanced CDK4/6 inhibitor in ER+ breast cancer.  As a 

single agent, the clinical benefit rate (complete response (CR) + partial response (PR) + stable 

disease (SD) > 6 months) for palbociclib was 21% in ER+/HER2-/RB+ breast cancer patients 

(230).  This phase II study also found that palbociclib was more efficacious in patients who had 

previously been treated with more than two lines of endocrine therapy.  The PALOMA-1 phase II 

randomized study enrolled ER+, HER2- metastatic breast cancer patients who had no prior 

systemic treatment for advanced disease (231).  Patients received either 2.5mg letrozole daily 

or 2.5mg letrozole continuous daily plus 125mg palbociclib.  Palbociclib was given on a 3-

weeks-on 1-week-off schedule.  PALOMA-1 was originally designed to include two cohorts of 

patients; patients with ER+, HER2- negative breast cancer were admitted in cohort 1, while in 

cohort 2, only ER+, HER2- tumors with cyclin D1 gene (CCND1) amplification and/or p16 gene 

(CDKN2A) loss were enrolled.  When an unplanned interim analysis of cohort 1 revealed that 

these biomarkers were not prognostic, the investigators stopped enrolling patients in cohort 2 

and combined the results from both cohorts in their final analysis.  In PALOMA-1, ER+ breast 

cancer patients with advanced disease had a 20.2 month increase in median progression-free 

survival (PFS) when given palbociclib in combination with letrozole compared to 10.2 months 

with letrozole alone (231).  42% of patients showed a PR to the combination and 1% had a CR 

for a total objective response rate of 43%.  The clinical benefit rate was 81% for the combination 

compared to 58% on letrozole alone.  Neutropenia was the predominant palbociclib-associated 

toxicity; 54% of patients had grade 3-4 neutropenia in the palbociclib group compared to 

letrozole monotherapy.  Based on the significant improvement in PFS, palbociclib was approved 
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in February 2015 for first-line treatment of ER+, HER2- metastatic breast cancer in combination 

with letrozole (232).   

In PALOMA-1, patients receiving fulvestrant and palbociclib had greater instances of 

neutropenia (62% grade 3 or 4 neutropenia on the combination vs. 0.6% for fulvestrant alone).  

Combination treatment was also associated with higher rates of leukopenia (25.2 vs. 0.6%).  For 

patients who progressed on prior endocrine therapy, fulvestrant and palboiclcib significantly 

increased PFS (9.2 months on the combination vs. 3.8 months on fulvestrant alone) in 

PALOMA-3, a phase III clinical trial (233).  In PALOMA-3, patients received 125mg palbociclib 

(for 3 weeks followed by a 1 week holiday) and fulvestrant (500mg biweekly for the first three 

treatments and then every 28 days) or fulvestrant plus placebo.  Retrospective analysis of 

PALOMA-3 indicated that PIK3CA mutations do not stratify patient response to fulvestrant and 

palbociclib (234).  In February 2016, palbociclib in combination with fulvestrant received FDA 

approval for the treatment of patients with advanced ER+/HER2- breast cancer who progressed 

on prior endocrine therapy (235).  Additional clinical trials combining palbociclib with drugs 

targeting HER2, PI3K and mTOR are ongoing in breast cancer (Table 1.2). 

Ribociclib’s clinical activity in breast cancer mirrors that of palbociclib.  A phase I clinical 

trial evaluated ribociclib monotherapy in RB+ cancer patients or patients with a tumor type 

known to have CDK4/6 pathway activation (236).  2.3% (3/132) of patients showed a PR and 

14% of patients had SD for more than 6 months.  In this study, only one of the twenty breast 

cancer patients had a PR; the patient had ER+, CCND1-amplified and PIK3CA-mutant breast 

cancer.  Due to toxicity observed with continuous dosing, the investigators established the 

following dosing schedule: 600mg ribociclib daily for 3-weeks-on and 1-week-off (236).  

Ribociclib in combination with letrozole was also investigated in a phase III clinical trial as first-

line treatment for postmenopausal women with ER+, HER2- breast cancer (237).  Patients 

either received 600mg ribociclib (daily 3-weeks-on, 1-week-off) and 2.5mg letrozole daily or 

continuous letrozole and placebo.  The median PFS at 18 months was 63% for patients treated  
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Table 1.2. Palbociclib clinical trials in breast cancer.   

 

 
ClinicalTrial.gov-

Identifier- Therapy- Setting-and-Biomarker- Phase- Target-

NCT01037790)
Palbociclib) HER2+/7,)ER+/7)Advanced)breast)

cancer) II) CDK4/6)

Palbociclib) any)alteration)in)G1/S)checkpointL)RB)
positive) II) CDK4/6)

NCT01684215) Palbociclib) Advanced)ER+,)HER27)Japanese)
women) I/II) CDK4/6)

NCT02549430) Palbociclib) Advanced)ER+)HER27) II) CDK4/6)

NCT00721409) Palbociclib)+)Letrozole) Advanced)ER+,)HER27) I/II) CDK4/6)+)aromatase)

NCT01684215) Palbociclib)+)Letrozole) Advanced)ER+,)HER27)Japanese)
women) I/II) CDK4/6)+)aromatase)

NCT01709370) Palbociclib)+)Letrozole) Neoadjuvant)ER+,)HER27) II) CDK4/6)+)aromatase)

NCT01723774) Palbociclib)+)Anastrozole)+)
Goserelin) Neoadjuvant)ER+,)HER27)Stage)2/3) II) CDK4/6)+)aromatase)+)ovary)

NCT01740427) Palbociclib)+)Letrozole)
(Paloma72)) Advanced)ER+,)HER27) III) CDK4/6)+)Aromatase)

NCT01864746) Palbociclib)+)endocrine)therapy)
(PENELOPE7B))

ER+,)HER2+)relapsed)on)
chemotherapy)+)surgery) III) CDK4/6)+)hormonal)therapy)

NCT02040857) Palbociclib)+)Tamoxifen)or)AI) Advanced)ER+,)HER27) II) CDK4/6)+)ER/aromatase)

NCT02296801) Palbociclib)+)Letrozole) Primary)ER+,)HER27)neoadjuvant) II) CDK4/6)+)aromatase)

NCT02297438) Palbociclib)+)Letrozole)
(PALOMA74)) Advanced)ER+,)HER27)Asian)women) III) CDK4/6)+)aromatase)

NCT02400567) Palbociclib)+)Letrozole)vs.)
chemotherapy)(NeoPAL))

Neoadjuvant)ER+,)HER27)Stage)II7IIIA)
PAM)50)ROR7defined)Low)or)
Intermediate)Risk)Luminal)

II) CDK4/6)+)aromatase)

NCT02491983) Palbociclib)+)Fulvestrant)or)
Letrozole) Advanced,)ER+,)HER27) II) CDK4/6)+)ER)or)aromatase)

NCT02499146) Palbociclib)+)Letrozole) Advanced)ER+,)HER27)Chinese)
women) I) CDK4/6)+)aromatase)

NCT02549430)
Palbociclib)+)Anastrozole/)
Letrozole/)Exemestane/)
Fulvestrant)(TREnd))

Advanced)ER+,)HER27) II) CDK4/6)+)aromatase/ER)

NCT02592083)

Tamoxifen/aromatase)
inhibitor/aromatase)inhibitor)+)
Goserelin)+)Palbociclib)
(PREDIX)LumA))

Low)ki67)early)stage)ER+,)HER27)after)
endocrine)therapy)

II)
)

ER/aromatase/aromatase)
+ovary)+)CDK4/6)

NCT02592746) Palbociclib,)Lupron)+)
Exemestane) Advanced)ER+,)HER2+) II) CDK4/6,)ovary)+)aromatase)

NCT02668666) Palbociclib)+)Tamoxifen) Advanced)ER+,)HER27) II) CDK4/6)+)ER)

NCT02917005) Palbociclib,)Exemestane)+)
Goserelin)(FATIMA)) Advanced)ER+,)HER2+) II) CDK4/6,)aromatase)+)ovary)

NCT02536742) Palbociclib)+)Fulvestrant) Advanced)ER+,)HER27) II) CDK4/6)+)ER)

NCT02448420) Palbociclib)+)Trastuzumab))
+)/7)Letrozole) Advanced)HER2+) II) CDK4/6)+)HER2)+)/7)aromatase)

NCT02530424) Palbociclib)+)Trastuzumab)+)
Pertuzumab)+)Fulvestrant) Neoadjuvant)ER+,)HER2+) II) CDK4/6)+)HER2)+)HER2)+)ER)

NCT02907918)
Palbociclib,)Letrozole)+)

Trastuzumab)
(PALTAN)+Goserelin)

Neoadjuvant)ER+,)HER27) II) CDK4/6,)aromatase)+)HER2)

NCT02774681) Palbociclib)+)Trastuzumab)if)
HER2+)

Advanced)HER2+)with)brain)
metastasis) II) CDK4/6)+)HER2)

NCT03054363) Palbociclib)+)Tucantinib)+)
Letrozole) Advanced)ER+,)HER2+) I/II) CDK4/6)+)HER2)+)aromatase)

NCT02389842) Palbociclib)+)Taselisib)/)
Pictilisib)(PIPA)) Advanced)ER+,)HER27) I) CDK4/6)+)PI3K)

NCT02389842) Palbociclib,)Fulvestrant)+)
Taselisib)/)Pictilisib)(PIPA))

Advanced)ER+,)HER27)+)PIK3CA)
mutant) I) CDK4/6,)ER)+)PI3K)

NCT02599714) Palbociclib)+)Fulvestrant)+)
AZD2014) Advanced)ER+,)HER27) I/II) CDK4/6)+)ER)+)mTORC1/2)

NCT02626507) Palbociclib)+)Fulvestrant)+)
Gedatolisib)+Zoladex) Neoadjuvant)Advanced)ER+,)HER27) I) CDK4/6)+)ER)+)PI3K/MTOR)+)ovary)

NCT02684032) Palbociclib)+)Gedatolisib)+)
Letrozole/Fulvestrant) Advanced)ER+,)HER27) IB) CDK4/6)+)PI3K/mTOR)+)aromatase/ER)

NCT02603679)

Palbociclib)+)Tamoxifen)
followed)by)Paclitaxel)(Predix)

LumB))
Neoadjuvant)ER+,)HER27) II) CDK4/6)followed)by)chemotherapy)

Palbociclib)+)AI)followed)by)
Paclitaxel) Neoadjuvant)ER+,)HER27) II) CDK4/6)+)aromatase)followed)by)chemotherapy)

Palbociclib)+)Goserelin)+)
aromatase)inhibitor))followed)by)

Paclitaxel)
Neoadjuvant)ER+,)HER27) II) CDK4/6)+)ovary)+)aromatase)followed)by)

chemotherapy)

NCT01320592) Palbociclib)+)Paclitaxel) Advanced)RB7expressing) I) CDK4/6)+)chemotherapy)

NCT02605486) Palbociclib)+)Bicalutamide) Triple)negative)androgen)receptor)
positive)breast)cancer) I/II) CDK4/6)+)androgen)receptor)

NCT02624973)
Palbociclib)+)treatment)
depending)on)sequencing)

(PETREMAC))

Treatment)based)on)ER,)HER2,)p53)
status) II) CDK4/6)+)various)
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Table 1.3. Ribociclib clinical trials in breast cancer. 

 

 

 

  

 
ClinicalTrial.gov-

Identifier- Therapy- Setting-and-Biomarker- Phase- Target-

NCT02187783* Ribociclib*(SIGNATURE)*

Advanced*ER+,*HER2A*pretreatedE*
CDK4*amp/mutation,*CDK6*amp/*

mutation,*CCND1*amp,*CCND3*amp,*
or*CDKN2A*

II* CDK4/6*

NCT02632045* Ribociclib*+*Fulvestrant* Advanced*ER+,*HER2A*relapsed*on*
CDK4/6*+*AI* II* CDK4/6*+*ER*

NCT02422615* Ribociclib*+*Fulvestrant**
(MONALEESAA3)*

Advanced*ER+,*HER2A*men*and*
women* III* CDK4/6*+*ER*

NCT01958021* Ribociclib*+*Letrozole*
(MONALEESAA2)* Advanced*ER+,*HER2A*first*line* III* CDK4/6*+*aromatase*

NCT02941926*
Ribociclib,*Letrozole*
(+*Goserelin*if*needed)*
COMPLEEMENTA1*

Advanced*ER+,*HER2A*women*+*men* III* CDK4/6,*aromatase*(+*ovary)*

NCT02586675* Ribociclib*+*Tamoxifen*+*
Goserelin* Advanced*ER+,*HER2A* I* CDK4/6*+*ER*+*ovary*

NCT02734615* Ribociclib*+*LSZ102* Advanced*ER+,*HER2A* I* CDK4/6*+*ER*

NCT02333370* Ribociclib*+*Hormonal*therapy*
+*Goserelin* Advanced*ER+,*HER2A* I* CDK4/6*+*aromatase/ER*

NCT02712723* Ribociclib*+*Letrozole*
(FELINE)* Neoadjuvant*ER+,*HER2A* II* CDK4/6*+*aromatase*

NCT02278120*
Ribociclib,*Tamoxifen*+*
Goserelin/AI+Goserelin*

MONALEESAA7*
Advanced*ER+,*HER2A* III* CDK4/6,*ER*+*ovary/aromatase+ovary*

NCT02154776* Ribociclib,*Buparlisib*+*
Letrozole**(LeeBLet)* Advanced*ER+,*HER2A* I* CDK4/6,*panAPI3K*+*aromatase*

NCT01872260* Ribociclib,*Letrozole*+*Alpelisib* Advanced*ER+,*HER2A* I* CDK4/6,*aromatase*+*PI3Kα*

NCT02088684* Ribociclib,*Fulvestrant*+*
Alpelisib/Buparlisib* Advanced*ER+,*HER2A* I/II* CDK4/6,*ER*+*PI3Kα/panAPI3K*

NCT01857193* Ribociclib,*Everolimus*+*
Exemestane* Advanced*ER+,*HER2A* I* CDK4/6,*MTOR*+*aromatase*

NCT02732119* Ribociclib,*Everolimus*+*
Exemestane*(TRINITIA1)* Advanced*ER+HER2A* I/II* CDK4/6,*MTOR*+*aromatase*

NCT02657343* Ribociclib*+*TA
DM1/Trastuzumab* Advanced*HER2+* Ib/II* CDK4/6*+*HER2*

NCT02754011* Ribociclib*+*Capecitabine*
(GEP14ALEECAP)*

HER2A*Previously*Treated*With*
Anthracyclines*and*Taxanes* I* CDK4/6*+*chemotherapy*

NCT02599363* Ribociclib*+*Paclitaxel* Advanced*RB+* I* CDK4/6*+*chemotherapy*

NCT03056755*
Alpelisib*+*

Fulvestrant/Letrozole*
(BYLIEVE)*

Advanced*ER+,*HER2A*PIK3CA*mutant*
relapsed*on*CDK4/6i*+*AI/Fulvestrant* II* PI3Kα*+*ER/aromatase*
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Table 1.4. Abemaciclib clinical trials in breast cancer. 

 

 

  

ClinicalTrial.gov-
Identifier- Therapy- Setting-and-Biomarker- Phase- Target-

NCT02831530* Abemaciclib*(ABC5POP)* Early*stage*neoadjuvant*HR+*HER2+/5* II* CDK4/6*

NCT02102490* Abemaciclib*(MONARCH*1)* Advanced*HR+,*HER25*previously*
treated* II* CDK4/6*

NCT02308020* Abemaciclib* Advanced*HR+*breast*cancer*with*brain*
metastasis* II* CDK4/6*

NCT02246621*
Abemaciclib*+*

Letrozole/Anastrozole*
(MONARCH*3)*

Advanced*HR+,*HER25* III* CDK4/6*+*aromatase*

NCT02246621*
Abemaciclib*+*

Letrozole/Anastrozole*
(MONARCH*3)*

Advanced*HR+,*HER25* III* CDK4/6*+*aromatase*

NCT02107703* Abemaciclib*+*Fulvestrant* Advanced*HR+,*HER25* III* CDK4/6*+*ER*

NCT02747004* Abemaciclib*+*Tamoxifen*+*
loperamide*(nextMONARCH*1)*

Advanced*HR+,*HER25*previously*
treated* II* CDK4/6*+*ER*+*diarrhea*

NCT02763566*

Abemaciclib*+*AI*
(Letrozole/Anastrozole)* Advanced*HR+,*HER25* III* CDK4/6*+*aromatase*

Abemaciclib*+*Fulvestrant* Advanced*HR+,*HER25* III* CDK4/6*+*ER*+*diarrhea*

NCT02441946* Abemaciclib*+*Loperamide*+*
Anastrozole* Advanced*HR+,*HER25* II* CDK4/6*+*diarrhea*+*aromatase*

NCT02246621*
Abemaciclib*+*

Letrozole/Anastrozole*
(MONARCH*3)*

Advanced*HR+,*HER25* III* CDK4/6*+*aromatase*

NCT02675231*

Abemaciclib*+*Trastuzumab*+*
Fulvestrant*

Advanced*HR+,*HER2+*previously*
treated*with*two*anti5HER2*therapies* II* CDK4/6*+*HER2*+*ER*

Abemaciclib*+*Trastuzumab* Advanced*HR+,*HER2+*previously*
treated*with*two*anti5HER2*therapies* II* CDK4/6*+*HER2*

NCT02057133* Abemaciclib*+*various*AI/PI3K*
pathway*inhibitors/SERD* Advanced*HR+,*HER25* IB* CDK4/6*+*various*

NCT02779751* Abemaciclib*+*pembrolizumab* Advanced*HR+,*HER25* I* CDK4/6*+*PD51*
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with the combination compared to 42.2% of patients on letrozole alone.  The overall response 

rate (complete response and partial response) was 40.7% for patients treated with ribociclib and 

letrozole compared to 27.5% for patients receiving letrozole and placebo.  As with palbociclib 

treatment, ribociclib-associated toxicity included neutropenia, nausea and fatigue.  On March 13, 

2017, the FDA approved ribociclib for front-line treatment of ER+, HER2- breast cancer patients 

in combination with aromatase inhibition. 

Triple combination therapy with ribociclib, letrozole/fulvestrant and PI3K pathway 

inhibition is also being investigated in ER+, HER2- patients (Table 1.3).  In preclinical models, 

BYL719 (alpelisib, alpha-specific PI3K inhibitor) or BKM120 (buparlisib, pan-PI3K inhibitor) 

enhanced the sensitivity of ER+ breast cancer mouse xenografts to ribociclib and hormonal 

therapy (238).  No toxicity was observed with the triplet.  There is also a phase Ib/II clinical trial 

evaluating ribociclib, exemestane and everolimus in a cohort of heavily pre-treated ER+, HER2- 

metastatic breast cancer patients (239).  Many of the patients had progressed on CDK4/6 

inhibitors or PI3K/AKT/mTOR inhibitors prior to joining the study.  At the interim analysis in 

March 2015, 1 of the 55 evaluated patients had a CR, 2 with a confirmed PR and 26 with stable 

disease.  While not statistically significant, the investigators noted that patients with CCND1-

amplified tumors tended to stay on treatment longer.  These findings suggest that ribociclib triple 

combination therapy with anti-estrogen and PI3K/mTOR inhibitors is tolerated and clinically 

active in ER+, HER2- patients who have progressed on other therapies.   

 Unlike palbociclib and ribociclib, abemaciclib has potent single agent activity against 

ER+/HER2- metastatic breast cancers (240-244).  Phase I abemaciclib dose escalation studies 

revealed that the predominant dose-limiting toxicity was fatigue and continuous dosing was well-

tolerated.  Abemaciclib also has high blood-brain barrier permeability (244).  Furthermore, ER 

positivity was associated with breast cancer response to abemaciclib, while p53 DNA-binding 

domain mutations were more prevalent in resistant patients (244).   In a phase II clinical trial 

(MONARCH-1), abemaciclib was assessed in 132 ER+/HER2- patients given 200mg 
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abemaciclib twice daily and continuously with no drug holiday (241).  Patients enrolled in the 

study were heavily pretreated with a median of 3 lines of prior treatment including endocrine 

therapy and chemotherapy.  Interim analysis at 8 months of treatment revealed that 17% of 

patients had a CR or PR on abemaciclib and the clinical benefit rate was 42.4% with 5.7 months 

PFS (241).  Hematologic toxicity was less prevalent with abemaciclib treatment (26.9% Grade 

3-4) compared to palbociclib monotherapy (51% Grade 3-4) (230).  The main abemaciclib 

treatment-associated toxicities were diarrhea (19.7%) and fatigue (12.0%).  Differences in the 

toxicity profile of abemaciclib compared to other CDK4/6 inhibitors may be attributed to its 

higher affinity for CDK4 over CDK6 and/or its off-target activity for other kinases (10).  Knockout 

of CDK6 in mice specifically results in impaired thymic development and prevents Notch/AKT-

mediated lymphomagenesis (245).  Thus, abemaciclib’s lower affinity for CDK6 may result in 

fewer instances of neutropenia.  Abemaciclib is also being explored in combination with HER2-

directed therapies and with immunotherapy in breast cancer (Table 1.4).       

 

Resistance to CDK4/6 inhibition   

 

Numerous studies suggest that cells can proliferate in the absence of CDK4/6.  Although 

embryonic knockout of CDK4 and CDK6 causes severe anemia and is ultimately lethal, 

CDK4/CDK6 double knockout mouse embryonic fibroblasts become immortalized when cultured 

in vitro (246).  Serum stimulation initiated S phase in CDK4/6-null cells, suggesting that cells 

can compensate for CDK4/6 loss.  Furthermore, triple-negative RB-null breast cancer cells are 

intrinsically resistant to palbociclib treatment (4).  As described below, various groups have also 

chronically cultured RB+ ER+ breast cancer cells in the presence of CDK4/6 inhibitors to 

generate models of acquired resistance (247-249).   

 Studies of resistance to CDK4/6 inhibitors have mainly focused on cell cycle genes.  

Intrinsic resistance is associated with loss of RB expression (4,218).  RB loss has also been 
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observed in ER+ T47D cells with acquired resistance to palbociclib (248).  Consistent with RB’s 

mechanism of action, overexpression of E2F prevents palbociclib-induced cell cycle arrest in 

Hs578t cells (219).  CDK6 amplification maintains RB phosphorylation and bypasses 

abemaciclib inhibition in ER+ breast cancer cells (249).  CDK2 activation has also emerged as a 

key bypass mechanism for CDK4/6 inhibition.  Exogenous expression of CDK2’s cognate 

cyclins (E1 or E2) renders ER+ breast cancer cells insensitive to palbociclib treatment (250).  

Cyclin E1 amplification was detected in palbociclib-cultured to resistance ER+ MCF7 cells and 

CDK2 knockdown re-sensitizes resistant cells to CDK4/6 inhibition (248).  Cyclin E1-CDK2 

complexes phosphorylate RB on several residues (251) and CDK2 can interact with cyclin D1 to 

phosphorylate RB (34,248).  Thus, RB inactivation, either by genetic loss or phosphorylation 

enables escape from CDK4/6 inhibition.   

 Given the prevalence of PIK3CA mutations (142) and PI3K pathway activation in 

endocrine resistance (156,159), CDK4/6 and PI3K combination therapy has also been 

investigated in ER+ breast cancer (179,247,248).  Dual inhibition of CDK4/6 and PI3K is 

synergistic and prevents the development of resistance in ER+ breast cancer cells (247,248).  

Whereas single agent ribociclib only delayed tumor progression in an ER+ patient-derived 

breast cancer xenograft, co-treatment with BYL719 durably suppressed tumor growth (248).  

ER+ breast cancer cells that have acquired resistance to palbociclib, however, are less 

amenable to dual CDK4/6 and PI3K blockade; unlike parental cells, resistant cells continued to 

enter S phase despite combined GDC-0941 (pan-PI3K inhibitor) and palbociclib treatment (248).  

Thus, PI3K inhibition may not be efficacious in the setting of acquired resistance to CDK4/6 

inhibition.            

 

Precision medicine for metastatic ER+ breast cancer       
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 Molecular subtyping of primary breast cancers has dramatically improved patient 

outcomes and fostered the development of targeted therapies.  Since combined CDK4/6 

inhibition and endocrine therapy is the new standard of care in metastatic ER+ breast cancer, 

we similarly must understand the underlying determinants of response and resistance.  As 

summarized below, current use of CDK4/6 inhibitors is limited by a lack of clinical biomarkers 

and by a need to understand resistance to combination treatment.      

Despite strong preclinical studies, clinical biomarkers of response are scarce.  For 

example, loss of p16 expression or CCND1 expression predicts sensitivity to palbociclib in vitro 

(4), but these genes were not prognostic in patients (230,252).  Similarly, PIK3CA mutations 

have no prognostic value in determining patient outcomes with palbociclib or abemaciclib 

treatment (234,244).  ER positivity is currently the best predictor of sensitivity to CDK4/6 

inhibition, but many patients present with intrinsic resistance or relapse on therapy.   

One potential limitation of current preclinical CDK4/6 inhibitor studies is the presence of 

estrogen in normal growth media.  While many in vitro characterizations of resistance were 

conducted with estrogen-replete media, CDK4/6 inhibitors are only approved for use in 

combination with endocrine therapy (237,252,253).  Thus, clinically relevant mechanisms must 

confer resistance to combination treatment. Furthermore, it is unclear whether resistance 

mechanisms may differ between CDK4/6 inhibitors.   

To uncover markers of response and resistance to CDK4/6 inhibition, we leveraged 

sequencing data, large-scale screens and cultured to resistance cell models.  The first project in 

this dissertation investigated whether ESR1-mutant breast cancer cells that are dependent on 

ER signaling require CDK4/6.  Next, near genome-wide screens were conducted to identify 

mechanisms of resistance to CDK4/6 inhibition alone and in combination with estrogen 

deprivation.  By coupling in vitro studies with clinical sequencing information, we seek to 

improve the efficacy and durability of CDK4/6 inhibitors in the treatment of metastatic ER+ 

breast cancer.



      

 
 

 

 

 

 

 

 

 

 

CHAPTER 2 

ER-MUTANT BREAST CANCER CELLS ARE SENSITIVE TO CDK4/6 INHIBITION 
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Abstract 

 

Highly specific cyclin-dependent kinase 4/6 (CDK4/6) inhibitors are a recent 

breakthrough in treatment for metastatic breast cancers that express the estrogen receptor (ER).  

CDK4/6 inhibitors, such as palbociclib, decrease phosphorylation of the retinoblastoma protein 

(RB1, hereafter RB) and prevent cell cycle progression from growth phase 1 (G1) to the DNA 

synthesis (S) phase of the cell cycle.  Palbociclib, however, is only approved in combination with 

hormonal therapy, such as estrogen deprivation.  Approximately 20% of metastatic breast 

cancer patients harbor an activating mutation in the ligand-binding domain (LBD) of the gene 

encoding the ER, ESR1, which confers resistance to estrogen deprivation.  It is unclear whether 

tumors harboring endocrine treatment-associated ESR1 mutations will also respond to CDK4/6 

inhibition under estrogen-deprived conditions. Therefore, we sought to determine whether 

ligand-independent growth of ER-mutant breast cancer cells requires CDK4/6.  We observed 

that cells expressing ER mutants are sensitive to CDK4/6 inhibition.  Mechanistically, ER LBD 

mutants upregulate key mediators of the G1/S cell cycle transition, such as cyclin D1.  

Furthermore, the sensitivity of ER-mutant breast cancer cells to CDK4/6 inhibition requires RB.  

While cells expressing RB respond to CDK4/6 inhibition, knockout of RB via CRISPRs renders 

ER-mutant breast cancer cells resistant to combined estrogen deprivation and CDK4/6 inhibition.  
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Our studies suggest that tumors harboring ESR1 LBD mutations and an intact RB will respond 

to CDK4/6 inhibition and hormonal therapy.   

 

Introduction 

 

Estrogen receptor α (ER) is expressed in about 70% breast cancers.  Since ER+ breast 

cancers are highly dependent on estrogen, aromatase inhibitors that prevent estrogen 

production are a mainstay of treatment for postmenopausal women (91-93). About 20-30% of 

breast cancers, however, are intrinsically resistant to aromatase inhibition and acquired 

resistance often develops (254,255).  Many advanced breast cancers that acquire resistance to 

aromatase inhibitors are ER+ and ER-dependent; treatment with the ER destabilizer, fulvestrant, 

has a clinical benefit rate of 35% (255).  Thus, ER remains active in many advanced hormone-

independent breast cancers.  As resistance to fulvestrant invariably develops, novel treatment 

strategies are needed for ER+ breast cancer patients who have relapsed on prior endocrine 

therapy.    

 Chronic culturing of ER+ breast cancer cells under estrogen-deprived conditions 

(charcoal-stripped serum media, CSS) has enabled in vitro characterization of hormone-

resistant clones.  Long term estrogen deprived cells (LTED) not only retain a functional ER but 

also are dependent on the ER for growth in CSS (194).  Furthermore, LTED are dependent on 

cyclin dependent kinase 4 (CDK4) and are sensitive to a CDK4/6 inhibitor (194).  While cyclin 

D1 activates CDK4/6, CDK4/6 inhibitors such as p16 prevent phosphorylation of the 

retinoblastoma protein RB and induce a G1 cell cycle arrest.  Palbociclib is currently the most 

clinically advanced small molecule CDK4/6 inhibitor.  While palbociclib in combination with 

hormonal therapy has been FDA-approved for patients who have relapsed on prior endocrine 

therapy (256), markers of sensitivity have been scarce.   
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 In recent years, sequencing of metastatic ER+ breast cancers revealed activating ligand-

binding domain (LBD) mutations in the gene encoding the ER, ESR1 (110,112-114).  

Functionally, the mutants constitutively activate the ER and promote ligand-independent 

expression of ER target genes (110,112).  These variants also promote estrogen-independent 

growth of breast cancer cells either in vivo (110) or in vitro (110,112,113).  ER destabilizers like 

fulvestrant inhibit the activity of the ER mutants and impair cell growth of mutant cells, but the 

concentration of fulvestrant needed to inhibit ER activity by 50% (IC50) is two to fourfold higher 

for the mutants compared to wild-type ER (112).  Acquired resistance also limits the efficacy of 

fulvestrant.  Non-hormonal therapies are needed to treat ESR1-mutant patients.  Since LTED 

ER+ breast cancer cells are dependent on CDK4 for survival (194), we reasoned that cells 

expressing a constitutively active ER mutant would also respond to the CDK4/6 inhibition.   

 

Results 

 

ER LBD mutants upregulate cyclin D1. 

 Using site-directed mutagenesis, we generated six ER LBD point mutants (Y537C/N/S, 

D538G, S463P and L536Q) that were identified in advanced metastatic breast cancer samples 

(110,112-114).  To determine whether these constructs are constitutively active, we infected 

T47D breast cancer cells with lentivirus encoding wild-type (WT) or mutant ER.  We then 

cultured cells in estrogen-rich fetal bovine serum media (FBS) or in charcoal-stripped serum 

media (CSS) to mimic estrogen-deprivation.   Although T47D cells are ER+, they have low 

viability under estrogen-deprived conditions (GFP CSS, Fig. 2.1A)  Overexpression of ERWT 

increased estrogen-independent growth by 15% compared to control GFP (Fig. 2.1A), 

consistent with ESR1 amplification in long-term estrogen-deprived breast cancer cultures (113).  

Cells expressing each of the six LBD mutants had significantly higher viability in CSS media  
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Figure 2.1. ER LBD mutants are constitutively active.  (A) T47D cells were infected with 
lentivirus encoding indicated constructs in 96-well format and grown in either FBS or CSS media.  
The % viability (determined by the MTS assay) relative to GFP FBS for 3 replicates is shown +/- 
STDEV after 6-day treatment.  (B) Western blot analysis of T47D cells infected with indicated 
constructs and grown in estrogen-deprived CSS media for four days. 
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compared to ERWT control (p<0.01 for all mutants except S463P, p <0.05).  Similarly, LBD 

mutant cells had 3-4 fold higher viability in CSS media compared to GFP controls (Fig. 2.1A).  

Thus, as previously reported, ER LBD mutants confer resistance to estrogen deprivation (110-

114).   

Mechanistically, estrogen upregulates cyclin D1 expression to drive cell cycle 

progression (257-259).  Since the LBD mutations constitutively activate the ER (110,112-114), 

we also assessed whether the LBD mutants induce cyclin D1 expression under estrogen-

deprived conditions.  Despite the slight increase in viability induced by exogenous ER, ERWT is 

unable to promote robust expression of downstream target genes like cyclin D1 and/or trefoil 

factor 1 (TFF1) in CSS media (Fig. 2.1B).  In comparison, all mutant ERs upregulate cyclin D1 

and to varying degrees TFF1 under estrogen deprivation (Fig. 2.1B).  Given that cyclin D1 

stimulates CDK4/6 activity, these results suggest that CDK4/6 is active in cells with mutant ER.    

 

Breast cancer cells expressing ER mutants are sensitive to CDK4/6 inhibition.   

 Next, we investigated whether cells expressing ER LBD mutants respond to CDK4/6 

inhibition.  ER+ T47D cells were infected in a 96-well format with lentivirus encoding control 

GFP, ERWT or one of the six LBD mutants.  Cells were subsequently treated with palbociclib in 

estrogen-replete media containing fetal bovine serum (FBS) or in estrogen-deprived CSS media.  

Cell viability via MTS assay was determined after 6 days.  Under normal cell culture conditions 

in FBS media, parental T47D cells are sensitive to CDK4/6 inhibition (4).  Similarly, all cells 

regardless of mutation status were sensitive to CDK4/6 inhibition in estrogen-replete media (Fig. 

2.2).  However, under estrogen-deprived conditions, both parental and ERWT cells were not 

further sensitized to palbociclib, while palbociclib reduced the viability of mutant cells in a dose-

dependent manner (Fig. 2.2).   

 To assess whether palbociclib induces cell cycle arrest in cells with mutant ER under 

estrogen-deprived conditions, we also analyzed treated cells by western blot and cell cycle 
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Figure 2.2. Estrogen-independent growth of ER-mutant breast cancer cells is dependent 
on CDK4/6.  T47D cells were infected with virus encoding indicated ER mutant and treated with 
palbociclib in FBS or CSS media for six days.  Average viability relative to FBS (accessed by 
MTS assay) for 3 replicates +/- SD is shown.  For clarity, the results for each mutant are 
graphed separately; GFP and ESR1WT dose response curves are the same across all panels.  
analysis.  When control (GFP and ERWT) cells are grown without estrogen, the ER is inactive.  
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Therefore, in estrogen-depleted CSS media, control GFP and ERWT cells downregulate ER 

target genes such as cyclin D1 and E2F1 (Fig. 2.3A).  CSS treatment also reduces RB 

phosphorylation in control GFP-expressing cells compared to parental cells growing in FBS 

media.  These biochemical changes result in a G1 cell cycle arrest as measured by propidium 

iodide staining (Fig. 2.3B); only 5% of parental cells are actively replicating (in S phase) in CSS 

media compared to 29% in FBS media.  In contrast, ERY537N, ERY537S and ERD538G  upregulate 

cyclin D1 and E2F1 (Fig. 2.3A) and promote RB phosphorylation (Fig. 2.3A).  RB inactivation 

leads to S phase progression under estrogen-deprived conditions (11% of ERY537N and 13% of 

ERY537S cells are in S phase compared to 8% of ERWT cells and 3% of GFP cells) (Fig. 2.3B).  

These results suggest that ER LBD mutants drive S phase progression under estrogen-deprived 

conditions.   

Treatment with the CDK4/6 inhibitor palbociclib, however, reduces RB phosphorylation 

and E2F1 expression in ERY537N and ERY537S cells, which results in a G1 cell cycle arrest (Fig. 

2.3A and 2.3B).  These results suggest that ER mutants upregulate modulators of the cell cycle 

under estrogen-deprived conditions, conferring resistance to estrogen deprivation, but also 

sensitivity to inhibitors of the cell cycle, such as the CDK4/6 inhibitor palbociclib.   

 

CDK6 activation confers resistance to CDK4/6 inhibitors.   

 Since amplification or mutation of the drug target often confers resistance to small 

molecule inhibitors (260,261), we assessed whether constitutive expression of CDK6 and its 

binding partner cyclin D1 drives resistance to palbociclib. CDK6 and cyclin D1 increased the 

dose of palbociclib at which 50% viability was achieved (GI50) by nearly 10-fold compared to 

GFP controls (Fig. 2.4A).  Whereas CSS and palbociclib reduce RB phosphorylation in control 

GFP cells, co-expression of CDK6 and cyclin D1 maintains RB phosphorylation under 

combination treatment (Fig. 2.4B).  To determine whether CDK6 inactivation is required to  
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Figure 2.3. Palbociclib induces a G1 cell cycle arrest in hormone-independent ER-mutant 
cells.  (A) Western blot analysis of cells in grown in FBS or CSS media for at least four days.  
Cells were then treated with +/-0.1μM palbociclib (PD) for 24 hours.  (B) Cell cycle analysis of 
T47D cells treated as in (A).  Cells were grown in CSS media unless otherwise noted.  Cells 
were stained with propidium iodide and indicated cell cycle phases were analyzed by flow 
cytometry.   
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Figure 2.4. Overexpression of CDK6 and cyclin D1 drives resistance to CDK4/6 inhibitors. 
(A) T47D were infected at in 96-well format and subsequently treated with indicated palbociclib 
concentrations in FBS media.  % viability +/- SD as measured by MTS relative to vehicle control 
for five replicates is shown.  (B) Immunoblot analysis of ORF-expressing T47D cells following 
overnight treatment with palbociclib in FBS or CSS media.  (C-F) T47D or MCF7 cells were 
treated as in (A).  Results for 3-5 replicates +/-SD shown.   
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sensitize cells with mutant ER to palbociclib, we co-expressed CDK6 and cyclin D1 in ERY537S 

cells.  Exogenous CDK6 and cyclin D1 expression significantly shifted the palbociclib GI50 of 

ERY537S cells by 10-fold (Fig. 2.4C).  This effect was neither drug-specific nor cell-line specific as 

similar results were observed with another CDK4/6 inhibitor (abemaciclib, Fig. 2.4D) and in 

MCF7 cells (Fig. 2.4E-2.4F).  Since upregulation of active CDK6-cyclin D1 complexes bypasses 

CDK4/6 inhibition, these data suggest that ER LBD mutants act upstream of CDK6 to drive 

proliferation.  

 

RB is required for cells with mutant ER to respond to CDK4/6 inhibition.   

 To investigate whether RB is the only pocket protein required for the response of ER-

mutant breast cancer cells to CDK4/6 inhibition, we generated RB knockout cells via CRISPR 

technology (Fig. 2.5A).  Cells were subsequently infected with lentivirus encoding GFP, ERWT or 

mutant ER (Fig. 2.5B).  In both estrogen-replete and estrogen-deprived media (FBS and CSS 

respectively), ERY537N and ERY537S cells with intact RB are sensitive to CDK4/6 inhibition (Fig. 

2.5C-2.5D).  In GFP control cells, RB loss confers a small but reproducible viability advantage in 

CSS media compared to cells expressing RB (increase of 10-20% in viability for GFP RB null 

cells compared to GFP cells expressing RB, Fig. 2.5D).  Furthermore, palbociclib has little effect 

on the viability of cells that have lost RB, regardless of ER mutation status (Fig. 2.5D).  Even at 

3µM palbociclib in CSS, the viability of ERY537N RB-null cells is twice that of mutant cells with 

intact RB.  Similarly, RB loss increased the viability of ERY537S cells by 1.8-2.2 times in 3µM 

palbociclib.  Thus, CDK4/6 inhibitors are only effective against ER-mutant cells when RB is 

intact.  
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Figure 2.5. Knockout (KO) of RB confers resistance to CDK4/6 inhibition in cells with a 
ligand-independent ER.  (A) Western blot analysis of T47D cells expressing control or RB 
CRISPRs.  Cells were grown in full serum (FBS containing media). (B) Western blot analysis of 
T47D+/-RB cells infected with indicated constructs and grown in estrogen-deprived CSS media 
for five days.  Cells grown in FBS media are shown as controls.  Lysates for parental T47D cells 
are same as in Fig, 1B and shown for reference. (C) T47D cells +/-RB were infected with 
indicated constructs in 96 well format with virus and treated with increasing concentrations of 
palbociclib in FBS media for 6 days.  The average viability (by MTS) relative to vehicle control is 
shown for 6 replicates +/- SD.  (D) Same as in (C) except cells were grown in CSS media.  
Average viability relative to FBS vehicle control for six replicates is shown.   
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Discussion 

 

Our results indicate that ER LBD mutations enable estrogen-independent growth by 

driving cell cycle progression into S phase. These results are consistent with ER’s known effects  

on the cell cycle (257-259).  Under estrogen-deprived conditions, we found that ER-mutant 

breast cancer cells upregulate cyclin D1 expression and have high RB phoshorylation (Fig. 

2.3A).   Since RB is a direct target of CDK4/6, these results suggest that CDK4/6 may be active, 

which may render these cells sensitive to CDK4/6 inhibition.  Indeed, in estrogen-deprived CSS 

media, palbociclib reduced the viability of ER-mutant cells (Fig. 2.2).  This decrease in viability 

corresponded to a G1 cell cycle arrest and decrease in RB  phosphorylation phoshorylation (Fig. 

2.3B).  Interestingly, we found that wild-type and mutant ER potentially further sensitizes cells to 

CDK4/6 inhibition.  For example, when we expressed ERWT or mutant ER, there was a small but 

reproducible decrease in GI50 compared to cells expressing control GFP (Fig. 2.2 and Fig. 2.4A).  

These results are consistent with in vitro (4) and clinical findings (252) in which ER positivity is 

currently the best predictor of sensitivity to CDK4/6 inhibition.   

Dr. Rinath Jeselsohn and Wardell et al. similarly found that ER-mutant breast cancer 

cells are sensitive to dual ER and CDK4/6 inhibition; ER-mutant cells were sensitive to the 

combination of an ER degrader (like fulvestrant or bazedoxifene) and palbociclib (262).  In 

phase 3 clinical trials, fulvestrant and palbociclib increased progression-free survival of ESR1-

mutant patients from 3.6 months on fulvestrant alone to 9.4 months (263).  Thus, ESR1-mutant 

patients will likely benefit from CDK4/6 inhibition combined with hormonal therapy.     

ESR1 mutations are predominantly found in endocrine-resistant tumors and are largely 

absent from treatment-naïve samples (257-259,263).  Since heavily pre-treated metastatic 

tumors may harbor additional mutations that cause cross-resistance to CDK4/6 inhibition, we 

also investigated resistance in the setting of ER-mutant breast cancer.  Overexpression of 

CDK6 and cyclin D1 increased the GI50 of cells expressing ERY537S (Fig. 2.4C-F).  RB loss has 
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been associated with clinical resistance to the ER modulator tamoxifen (264).  Similarly, RB loss 

increases the viability of ER+ breast cancer cells in estrogen-deprived CSS media and renders 

cells with mutant ER cross-resistant to palbociclib (Fig. 2.5D).  

Since RB is intact in 90% of treatment naïve ER+ breast cancer patients, patients in 

PALOMA-1 were not screened for RB loss (252).  Data is emerging that genetic alterations in 

RB may be more prevalent in the metastatic setting (265).  Our findings suggest that RB 

inactivation through increased in CDK6 activity or by genetic RB loss may render ER-mutant 

cells insensitive to CDK4/6 inhibition.  Therefore, an RB inactivation signature may be helpful in 

stratifying patient response to CDK4/6 inhibition.   

 

Materials and Methods 

 

Cell lines and inhibitors 

 T47D and MCF7 breast cancer cells were obtained from lab stocks purchased from 

ATCC.  Cells were passaged no more than 10 times after each thaw to prevent genetic drift.  

Cells were maintained in RPMI-1640 media + 10% heat-inactivated FBS (Gemini bioproducts).  

Compounds include: palbociclib and abemaciclib (Selleck).  For experiments with CSS, cells 

were grown in phenol-red free RPMI-1640 media with 10% charcoal-stripped serum (Life 

Technologies).   

 

Plasmids, cloning and site-directed mutagenesis of ESR1 

 Wild-type ESR1 in both pDONR223 and pLX_304 vectors were obtained from the Broad 

Institute’s Genetic Perturbation Platform (GPP).  The pLX_304 vector is V5 tagged, confers 

blasticidin resistance and drives expression from a CMV promoter.  Mutations were generated 

in the pDNOR223 vector with the Quikchange Lightning mutagenesis kit (Agilent) according to 

manufacturer’s instructions.   
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 The following primers were used for mutagenesis:  

 Y537N: Forward: 5’-cgtggtgcccctcaatgacctgctgct-3’ 

Reverse: 5’-agcagcaggtcattgaggggcaccacg-3’ 

 Y537S: Forward: 5’-acgtggtgcccctcagtgacctgctgctgg-3’ 

   Reverse: 5’-ccagcagcaggtcactgaggggcaccacgt-3’ 

 Y537C: Forward: 5’- aagaacgtggtgcccctctgtgacctgctg-3’ 

Reverse: 5’-cagcaggtcacagaggggcaccacgttctt-3’ 

S463P: Forward: 5’-gagtgtacacatttctgcccagcaccctgaagtc-3’ 

 Reverse: 5’- gacttcagggtgctgggcagaaatgtgtacactc-3' 

L536Q: Forward: 5’- agaacgtggtgccccagtatgacctgctgctg-3’ 

Reverse: 5'-cagcagcaggtcatactggggcaccacgttct-3' 

Sanger sequencing was used to confirm mutations.  Open reading frames were then 

cloned into the pLX_304 vector with the Gateway LR clonase II system (Invitrogen). GFP 

(pDNOR223, gift from Dr. Chengyin Min), CDK6 (pDNOR223, Broad Institute GPP) and cyclin 

D1 (pDNOR221, Harvard PlasmID) were similarly cloned into the pLX_304 vector.  All 

expression constructs are V5-tagged.  Infected cells were selected with 35μg/ml blasticidin.     

 

Cell viability assays 

 1.3-2x103 cells were plated in 96 well plates.  The next day, cells were infected with 1:4-

1:10 dilution of lentivirus encoding ORF of interest and 4 μg or 8μg polybrene. Mock transfected 

cells were only incubated with polybrene.  Lentivirus was produced in 293T cells as previously 

described (266).  For infection, plates were spun for 30 minutes at 2250rpm and 30oC and the 

media was replaced the next day.  The media was changed again and cells were treated with 

compounds in either FBS or CSS media.  In parallel, cells were infected on a separate 96-well 

plate to assess infection efficiency (with 35 µg/ml blasticidin).  After 6 days of treatment, media 
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was changed to DMEM (with phenol red) + 10% FBS and cell viability was assessed with the 

CellTiter96 Aqueous MTS assay (Promega) assay according to manufacturer’s instructions.   

 

Cell Cycle Analysis  

Treated cells were trypsinized, resuspended in 70% ethanol in PBS and fixed for at least 24 

hours.  Pellets were washed in PBS and stained with 200µl propidium iodide (PI)/tritonX-100 

solution (PBS with 0.1% TritonX-100, 0.2mg/ml RNase A and 20µg/ml PI) for 30 minutes at 

room temperature in the dark.  300 µl was added after the incubation and flow cytometry was 

performed with BD LSRFortessa at 605nm wavelength.  ModFit software was used to analyze 

the percentage of cells in S phase from FCS files.      

 

Western blot  

After indicated treatment, cells were washed with PBS and lysed with RIPA buffer 

(SIGMA) containing a protease inhibitor cocktail (cOmplete, EDTA-free, SIGMA Aldrich) and 

phosphatase inhibitors (PhosSTOP, SIGMA). After protein concentrations were determined with 

the Bio-Rad protein assay and normalized, lysates were resolved with SDS-PAGE protein gels 

and transferred onto PVDF membranes. All antibodies were from Cell Signaling Technologies, 

except CDK6 (C-21, sc-177) and cyclin A (sc-596).   

 

CRISPR constructs 

 Detailed protcol for cloning of CRISPR guides may be found here: 

https://www.addgene.org/static/data/plasmids/52/52961/52961-attachment_B3xTwla0bkYD.pdf 

The following guides were cloned into the LentiCRISPRv2 vector (Feng Zhang lab, Addgene):  

hDummy (HGLibA_14098, control): ATCGTTTCCGCTTAACGGCG 

RB (HGLibB_41361): AACATCTAATGGACTTCCAG 

RB (HGLibB_41363): AGTCCAAGAGAATTCATAAA 



      

 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 3 

SYSTEMATIC FUNCTIONAL MAPPING OF RESISTANCE  

TO CDK4/6 INHIBITION IN ER+ BREAST CANCER
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Abstract 

 

Cyclin-dependent kinase 4/6 (CDK4/6) inhibitors in combination with hormonal therapy is 

the new standard of care for advanced ER+ breast cancer patients.  Despite this advancement, 

some patients present with intrinsic resistance, while others progress after a variable period of 

clinical benefit.  We utilized large-scale pooled expression screens to identify genes whose 

upregulation drive resistance to CDK4/6 inhibition alone and combined with estrogen 

deprivation.  Activation of the serine/threonine kinase AKT emerged as a key node of resistance 



 

 50 

across all treatment conditions.  Mechanistically, AKT stabilized expression of the CDK activator 

cyclin D1 and maintained RB phosphorylation, which was abrogated by either AKT or mTOR 

inhibition.  Targeting of AKT or its downstream effector mTOR suppressed AKT-mediated 

resistance.  Activating mutations in AKT1 were also associated with resistance in patient 

biopsies.  Our study offers new insights into the landscape of resistance to CDK4/6 inhibition 

and nominates novel combination therapies.   

 

Introduction  

 

The recent clinical development of highly specific cyclin dependent kinase 4/6 (CDK4/6) 

inhibitors (253,267,268) is an exciting breakthrough for ER+ breast cancer patients.  CDK4/6 

inhibitors, such as palbociclib, abemaciclib and ribociclib, prevent phosphorylation of the 

retinoblastoma protein RB and block G1-S cell cycle transition (4,7).  Although palbociclib in 

combination with the aromatase inhibitor letrozole is approved as first-line therapy for patients 

with metastatic ER+ breast cancer, about 15% of patients derive no clinical benefit (253).  For 

patients who have relapsed on prior hormonal therapy, the clinical benefit rate of palbociclib in 

combination with the ER degrader fulvestrant was only 34% (256).  Furthermore, acquired 

resistance is also a common issue for targeted therapies.   

Preclinical investigations have identified several mechanisms of resistance to CDK4/6 

inhibition in ER+ breast cancer.  Cultured to resistance models and other in vitro studies 

suggest that RB loss (219,248), cyclin E1/2 expression (248,250), FOXM1 stabilization (224), 

PDK1 activity (247) or CDK6 amplification (249) can bypass CDK4/6 inhibition.  Many of these 

mechanisms converge on RB either by genetic loss or inactivation by phosphorylation.  Cells 

overexpressing CDK6 maintain RB phosphorylation despite CDK4/6 inhibition (249).  Cyclin E1 

activates CDK2, which can phosphorylate RB on several residues (251).  Since CDK2 can also 

interact with cyclin D1, CDK2 activation has emerged as a potential node of resistance to 
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CDK4/6 inhibition (248).  The current standard of care, however, is combined CDK4/6 inhibition 

with hormonal therapy.  Since most in vitro studies with CDK4/6 inhibitors were conducted in 

estrogen-rich media with fetal bovine serum (FBS), the spectrum of resistance to combination 

therapy remains unclear.        

Clinical biomarkers of response and resistance to CDK4/6 inhibition have also been 

scarce.  While elevated expression of the CDK4/6 activator cyclin D1 and low expression of the 

CDK4/6 inhibitor p16 predicted sensitivity of ER+ breast cancers in vitro (4), these biomarkers 

were not clinically useful (252).  The PIK3CA oncogene, which encodes PI3K, is mutated in 

~30% of breast cancers.  PI3K’s main downstream effector protein kinase B (AKT) drives the 

cell cycle by promoting cyclin D1 stability and inactivating the CDK2 inhibitors p21/p27 (269). 

AKT activation is also a major node of endocrine resistance (193).  PIK3CA mutations, however, 

do not predict resistance to palbociclib and fulvestrant (234).  The use of systematic functional 

screens allows for unbiased characterization of resistance to targeted therapies.  Therefore, we 

conducted expression screens to identify the landscape of resistance to CDK4/6 inhibition alone 

and in combination with estrogen deprivation.      

 

Results 

 
Near genome-wide open reading frame (ORF) screens identify mechanisms of resistance to 

estrogen deprivation, CDK4/6 inhibition and the combination. 

To determine the landscape of resistance to CDK4/6 inhibition, we conducted five large-

scale genome-wide open reading frame (ORF) screens with palbociclib and abemaciclib.  ER+ 

T47D breast cancer cells were infected with the Broad Institute’s 17,255 barcoded ORF library, 

which encodes ~14,000 genes.  Cells were subsequently selected with puromycin and a sample 

was collected to determine ORF representation at this “early time point”.  Then, cells were  
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cultivated in the presence of 1) 10% full serum media (FBS) + 1μM palbociclib, 2) FBS+ 0.3μM 

abemaciclib, 3) 10% charcoal-stripped serum media (CSS) to mimic estrogen-deprivation 4) 

CSS+0.1μM palbociclib or 5) CSS+ 0.03μM abemaciclib (Fig. 3.1A).  “Late time point” genomic 

DNA was isolated on day 28 for all FBS arms or day 31 for all CSS treatment arms (Fig. 3.2A-

B) and massively parallel sequencing was performed on three replicates per treatment.  There 

were at least 20 million sequencing reads per replicate, corresponding to at least 1000 reads 

per ORF (Fig. 3.2C).  

To determine relative ORF abundance at each time point and for each replicate, a log 

normalized score was generated. Most ORFs in the library were well-represented at the early 

time point; the log normalized score for 95% of ORFs were within two standard deviations of the 

mean (Fig. 3.2D).  R squared value analysis shows high correlation between replicates (Fig. 

3.2E) with the lowest R-squared value being 0.78.  To determine whether a given ORF was 

enriched during drug treatment, we calculated the log fold change (LFC) of normalized reads at 

the late time point versus the early time point.  ORFs with a median LFC greater than 2 

(corresponding to a z-score of greater than 3) were nominated as candidate resistance hits (Fig. 

3.1B; Tables 3.1-3.5 ).  Some genes in the library were encoded by multiple ORFs; for example, 

EGFR ORFs encoding different oncogenic alterations were included in the collection.  Gene 

ontology-guided annotation of our candidate resistance genes indicates that a variety of protein 

classes may confer resistance to CDK4/6 inhibition. The highest scoring resistance ORFs 

across multiple treatment arms encoded receptor tyrosine kinases, serine/threonine kinases, 

GTPases, non-receptor kinases and cyclin-dependent kinases (Fig. 3.3). 

Our screens nominated known resistance pathways to hormonal therapy.   For example, 

the receptor tyrosine kinase EGFR is a known mediator of resistance to endocrine therapy 

(270,271).  Multiple constitutively active EGFR ORFs conferred resistance to estrogen 

deprivation (CSS) (Fig. 3.1B and Table 3.3).  Previously, MCF7 mouse xenografts resistant to  
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Figure 3.1. Large-scale resistance screens implicate novel mediators of resistance to 
CDK4/6 inhibition.  (A) Overview of screens.  (B) ORFs at the end of the screen with median 
log fold change (LFC) greater than 2 were nominated as candidate resistance hits (red).  
Results for CSS treatment shown.  (C-D) Comparison of ORF median LFC in indicated 
treatments.  CCNE2 ORF encodes a N-terminally truncated lower molecular weight (LMW) 
isoform of cyclin E2.
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Figure 3.2. Population doubling and quality metrics for primary screen. (A) Growth of 
control parental and ORF-infected cells cultured in FBS media +/- palbociclib (palbo) or 
abemaciclib (abema).  Data represent 3 replicates per ORF-infected screening arm.  Parental 
cells were passaged as controls.  Early time point = day 0 and late time point = day cells were 
harvested (day 28).  Y-axis split to show population doublings for ORF-infected cells.  (B) As in 
(A) except in CSS media.  Late time point = day 31.  (C) Number of sequencing reads per 
million for each treatment replicate in the screen.  A sequencing depth of 20 million reads 
ensures 1000 reads/ORF.  (D) Distribution of log normalized score (relative sequencing reads) 
for ORFs at early time point (ETP).  (E) R squared correlation analysis of ORF representation at 
the end of the screen (late time point) between the replicates in each condition.    
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Table 3.1. The top genes from FBS palbociclib primary screen with LFC >2. 

Rank Construct ID ORF Median LFC Z score 
1 TRCN0000489868 MYR-AKT2 7.486 17.997 
2 TRCN0000489962 MYR-AKT1 7.055 16.973 
3 TRCN0000488903 AKT2 5.895 14.221 
4 TRCN0000488923 MYR-AKT1 5.559 13.425 
5 TRCN0000491814 AKT1 5.404 13.057 
6 TRCN0000487677 AKT3 4.953 11.986 
7 TRCN0000478789 PDGFRB 4.647 11.261 
8 TRCN0000488553 MYR-AKT2 4.497 10.906 
9 TRCN0000465580 EIF4B 4.285 10.401 
10 TRCN0000489669 AKT3 3.970 9.654 
11 TRCN0000488053 ERBB2 3.650 8.895 
12 TRCN0000470972 FBXO5 3.164 7.743 
13 TRCN0000488391 EGFR (del746-750) 3.076 7.534 
14 TRCN0000488331 CDK6 3.022 7.406 
15 TRCN0000488644 PRKCZ 3.004 7.363 
16 TRCN0000489180 KRAS (G13D) 2.990 7.329 
17 TRCN0000474343 CCNE2 (truncated) 2.957 7.252 
18 TRCN0000491946 LASP1 2.933 7.194 
19 TRCN0000476130 IRX2 2.881 7.071 
20 TRCN0000488169 KRAS (G13D) 2.832 6.954 
21 TRCN0000466700 KIAA0922 2.831 6.952 
22 TRCN0000471795 LMAN2L 2.827 6.942 
23 TRCN0000479090 CYP19A1 2.702 6.647 
24 TRCN0000488513 ERBB2 2.595 6.392 
25 TRCN0000491390 EGFR (L858R) 2.586 6.372 
26 TRCN0000478714 MAG 2.572 6.337 
27 TRCN0000469110 PDGFRB 2.553 6.292 
28 TRCN0000468173 RRN3 2.522 6.219 
29 TRCN0000467027 PDIA3 2.503 6.174 
30 TRCN0000470693 Pid1 2.464 6.082 
31 TRCN0000489684 MED20 2.462 6.076 
32 TRCN0000478339 ZNF677 2.416 5.967 
33 TRCN0000477690 PCDHGB2 2.333 5.770 
34 TRCN0000469616 CDK5RAP1 2.326 5.755 
35 TRCN0000489702 HRAS 2.313 5.724 
36 TRCN0000491754 C22orf23 2.312 5.720 
37 TRCN0000467007 CSF1R 2.302 5.697 
38 TRCN0000481566 AGPAT2 2.294 5.677 
39 TRCN0000489003 PRKCZ 2.235 5.539 
40 TRCN0000481318 SIGLEC10 2.214 5.487 
41 TRCN0000468162 FGFR1OP 2.195 5.443 
42 TRCN0000477926 SEMG2 2.182 5.414 
43 TRCN0000465329 KLHDC3 2.151 5.340 
44 TRCN0000471519 SGK223 2.146 5.326 
45 TRCN0000470716 ZBTB48 2.143 5.320 
46 TRCN0000491535 NTRK3 2.126 5.279 
47 TRCN0000472750 SSX3 2.071 5.148 
48 TRCN0000473787 INSRR 2.054 5.108 
49 TRCN0000471836 KCNAB3 2.049 5.097 
50 TRCN0000472712 DLX5 2.036 5.067 
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Table 3.2. The top genes from FBS abemaciclib primary screen with LFC >2. 

Rank Construct ID ORF Median LFC Z score 
1 TRCN0000488331 CDK6 8.474 17.686 
2 TRCN0000489868 MYR-AKT2 7.313 15.313 
3 TRCN0000488053 ERBB2 7.259 15.202 
4 TRCN0000489962 MYR-AKT1 6.986 14.644 
5 TRCN0000478845 SLC27A6 6.074 12.777 
6 TRCN0000467546 CDK6 5.703 12.019 
7 TRCN0000488923 MYR-AKT1 5.530 11.665 
8 TRCN0000488060 CSF1R 5.383 11.364 
9 TRCN0000481165 CDK6 5.344 11.284 
10 TRCN0000488860 P2RY8 4.758 10.085 
11 TRCN0000488903 AKT2 4.227 9.000 
12 TRCN0000488553 MYR-AKT2 4.089 8.717 
13 TRCN0000487698 MAP2K2 4.044 8.625 
14 TRCN0000488109 CDK2 3.633 7.784 
15 TRCN0000487677 AKT3 3.566 7.648 
16 TRCN0000466529 SURF1 3.545 7.603 
17 TRCN0000478920 METTL10 3.387 7.282 
18 TRCN0000473629 SLC25A35 3.360 7.225 
19 TRCN0000470056 CRHBP 3.356 7.217 
20 TRCN0000479914 LMNA 3.343 7.191 
21 TRCN0000491535 NTRK3 3.269 7.040 
22 TRCN0000489478 NTRK3 3.269 7.040 
23 TRCN0000476037 PRIMPOL 3.265 7.031 
24 TRCN0000491814 AKT1 3.258 7.017 
25 TRCN0000473786 FGFR3 3.110 6.713 
26 TRCN0000489669 AKT3 3.066 6.624 
27 TRCN0000488483 FGFR4 3.062 6.616 
28 TRCN0000467572 OSGIN1 2.998 6.485 
29 TRCN0000477178 RNASE13 2.996 6.481 
30 TRCN0000477570 SPAG11B 2.944 6.375 
31 TRCN0000474343 CCNE2 (truncated) 2.894 6.273 
32 TRCN0000480935 TMEM151A 2.842 6.165 
33 TRCN0000481444 ALPL 2.828 6.137 
34 TRCN0000466624 SMARCAL1 2.805 6.090 
35 TRCN0000473256 NXNL1 2.775 6.030 
36 TRCN0000491475 PDGFRA 2.660 5.794 
37 TRCN0000476560 NAP1L2 2.658 5.790 
38 TRCN0000489508 CHRM5 2.650 5.774 
39 TRCN0000489947 GHRHR 2.635 5.743 
40 TRCN0000478789 PDGFRB 2.504 5.475 
41 TRCN0000465390 SHC1 2.498 5.462 
42 TRCN0000469110 PDGFRB 2.468 5.402 
43 TRCN0000469209 SERPINB4 2.459 5.382 
44 TRCN0000469646 EIF2S2 2.441 5.346 
45 TRCN0000480014 AXL 2.413 5.288 
46 TRCN0000474290 PHKB 2.409 5.279 
47 TRCN0000468273 BBS4 2.375 5.211 
48 TRCN0000478241 LOC105375356 2.366 5.192 
49 TRCN0000478978 KARS 2.358 5.176 
50 TRCN0000488545 STRADB 2.358 5.175 
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Table 3.2 (Continued). 
 

51 TRCN0000468622 FGF10 2.357 5.173 
52 TRCN0000468173 RRN3 2.314 5.086 
53 TRCN0000469894 C6orf118 2.296 5.048 
54 TRCN0000489180 KRAS (G13D) 2.267 4.990 
55 TRCN0000466716 NLK 2.261 4.977 
56 TRCN0000477967 TSPAN15 2.244 4.943 
57 TRCN0000465556 NO_MATCH_72 2.231 4.915 
58 TRCN0000478604 NLK 2.228 4.910 
59 TRCN0000465244 NCOA4 2.214 4.882 
60 TRCN0000470972 FBXO5 2.209 4.872 
61 TRCN0000477770 FGF3 2.201 4.855 
62 TRCN0000477932 CHRNA7 2.194 4.840 
63 TRCN0000467886 CCDC40 2.189 4.831 
64 TRCN0000478714 MAG 2.181 4.813 
65 TRCN0000488513 ERBB2 2.118 4.685 
66 TRCN0000467170 CDK5R1 2.104 4.657 
67 TRCN0000489667 EPHB1 2.071 4.588 
68 TRCN0000470492 ZNF85 2.064 4.574 
69 TRCN0000488169 KRAS (G13D) 2.053 4.552 
70 TRCN0000466845 MMD 2.050 4.546 
71 TRCN0000468084 PAPOLB 2.028 4.501 
72 TRCN0000469396 LGALS3BP 2.021 4.487 
73 TRCN0000491390 EGFR (L858R) 2.019 4.482 
74 TRCN0000477556 FAM98A 2.015 4.473 
75 TRCN0000479136 SMCO3 2.003 4.449 
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Table 3.3. The top genes from CSS primary screen ranked with LFC >2. 

 
Rank Construct ID ORF Median LFC Z score 
1 TRCN0000489180 KRAS (G13D) 7.770 16.091 
2 TRCN0000488169 KRAS (G13D) 7.465 15.476 
3 TRCN0000491390 EGFR (L858R) 5.030 10.558 
4 TRCN0000488391 EGFR (del746-750) 4.953 10.402 
5 TRCN0000489868 MYR-AKT2 4.886 10.266 
6 TRCN0000491814 AKT1 4.842 10.178 
7 TRCN0000471040 BRMS1L 4.526 9.541 
8 TRCN0000489962 MYR-AKT1 4.452 9.391 
9 TRCN0000488903 AKT2 4.410 9.306 
10 TRCN0000488838 SRC 4.195 8.872 
11 TRCN0000489511 EGFR (T790M, L858R) 4.100 8.680 
12 TRCN0000488923 MYR-AKT1 3.873 8.222 
13 TRCN0000488053 ERBB2 3.779 8.032 
14 TRCN0000487677 AKT3 3.764 8.002 
15 TRCN0000489590 EGFR (L858R) 3.687 7.846 
16 TRCN0000489478 NTRK3 3.566 7.601 
17 TRCN0000479562 FGF8 3.514 7.497 
18 TRCN0000476238 SOHLH1 3.369 7.203 
19 TRCN0000489649 AXL 3.328 7.121 
20 TRCN0000480014 AXL 3.300 7.065 
21 TRCN0000474663 FGF6 3.228 6.920 
22 TRCN0000489889 EGFR (T790M, L858R) 3.217 6.896 
23 TRCN0000467429 FGF17 3.215 6.893 
24 TRCN0000478834 GNE 3.176 6.815 
25 TRCN0000488060 CSF1R 3.074 6.607 
26 TRCN0000489095 EGFR (del747-748, A750P) 3.040 6.540 
27 TRCN0000491535 NTRK3 3.011 6.481 
28 TRCN0000489702 HRAS 3.005 6.468 
29 TRCN0000491583 BRAF 2.995 6.448 
30 TRCN0000478339 ZNF677 2.893 6.243 
31 TRCN0000488513 ERBB2 2.889 6.235 
32 TRCN0000471939 ZNF816-ZNF321P 2.885 6.225 
33 TRCN0000491431 FGFR2 2.873 6.203 
34 TRCN0000479278 FBXL4 2.799 6.053 
35 TRCN0000469241 PRKAG1 2.764 5.981 
36 TRCN0000489909 PIM1 2.753 5.961 
37 TRCN0000465566 HLA-G 2.735 5.923 
38 TRCN0000469184 TSPAN8 2.686 5.825 
39 TRCN0000470818 PRRC1 2.612 5.675 
40 TRCN0000491764 EGFR (del752-759) 2.548 5.546 
41 TRCN0000488247 MAPK9 2.526 5.501 
42 TRCN0000489669 AKT3 2.521 5.491 
43 TRCN0000470181 CCND3 2.509 5.467 
44 TRCN0000469110 PDGFRB 2.469 5.385 
45 TRCN0000470220 INS 2.448 5.345 
46 TRCN0000489098 ESR1 2.445 5.338 
47 TRCN0000466535 IQCH 2.432 5.312 
48 TRCN0000487888 SPPL3 2.397 5.241 
49 TRCN0000488331 CDK6 2.376 5.199 
50 TRCN0000475133 TBK1 2.372 5.190 
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Table 3.3 (Continued). 
 

51 TRCN0000487994 HAS1 2.357 5.160 
52 TRCN0000472315 PACSIN1 2.293 5.030 
53 TRCN0000488816 MSX1 2.259 4.963 
54 TRCN0000489661 PLCB2 2.208 4.860 
55 TRCN0000488553 MYR-AKT2 2.207 4.857 
56 TRCN0000466139 CLCN6 2.207 4.856 
57 TRCN0000488483 FGFR4 2.191 4.825 
58 TRCN0000487903 EGFR (T790M) 2.186 4.814 
59 TRCN0000478789 PDGFRB 2.167 4.777 
60 TRCN0000471615 RASAL3 2.107 4.656 
61 TRCN0000471114 ABL2 2.104 4.649 
62 TRCN0000469346 FASTKD3 2.087 4.615 
63 TRCN0000465402 FGFR2 2.085 4.611 
64 TRCN0000473799 ZNF132 2.065 4.571 
65 TRCN0000466060 IRF9 2.011 4.462 
66 TRCN0000471675 C12orf60 2.003 4.445 
67 TRCN0000492076 FGFR2 2.002 4.444 
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Table 3.4.  The top genes from CSS palbociclib primary screen with LFC >2. 

Rank Construct ID ORF Median LFC Z score 
1 TRCN0000489180 KRAS (G13D) 7.994 16.232 
2 TRCN0000488169 KRAS (G13D) 7.932 16.109 
3 TRCN0000491390 EGFR (L858R) 7.059 14.399 
4 TRCN0000488391 EGFR (del746-750) 6.073 12.465 
5 TRCN0000489962 MYR-AKT1 5.501 11.345 
6 TRCN0000489095 EGFR (del747-748, A750P) 5.381 11.109 
7 TRCN0000489868 MYR-AKT2 5.286 10.923 
8 TRCN0000488923 MYR-AKT1 4.758 9.889 
9 TRCN0000489590 EGFR (L858R) 4.752 9.877 
10 TRCN0000489718 FGFR2 4.646 9.669 
11 TRCN0000489889 EGFR (T790M, L858R) 4.589 9.557 
12 TRCN0000488838 SRC (Y530F) 4.420 9.227 
13 TRCN0000489511 EGFR (T790M, L858R) 4.013 8.427 
14 TRCN0000492150 HSP90AB1 3.949 8.303 
15 TRCN0000465780 RPS27 3.696 7.808 
16 TRCN0000474959 TLE2 3.612 7.642 
17 TRCN0000491764 EGFR (del752-759) 3.523 7.468 
18 TRCN0000479295 NEK5 3.448 7.320 
19 TRCN0000473088 42249 3.384 7.195 
20 TRCN0000471533 AMPD2 3.111 6.661 
21 TRCN0000467580 DENND5A 3.101 6.640 
22 TRCN0000491744 ERN1 3.025 6.492 
23 TRCN0000468708 ABI3BP 2.968 6.381 
24 TRCN0000491814 AKT1 2.922 6.290 
25 TRCN0000471040 BRMS1L 2.843 6.135 
26 TRCN0000488247 MAPK9 2.824 6.098 
27 TRCN0000488904 GRK5 2.811 6.073 
28 TRCN0000470562 CBR4 2.719 5.892 
29 TRCN0000480149 DCAF12L1 2.674 5.805 
30 TRCN0000468821 TRPV5 2.668 5.793 
31 TRCN0000488903 AKT2 2.651 5.759 
32 TRCN0000481233 NECAB3 2.639 5.735 
33 TRCN0000467429 FGF17 2.633 5.724 
34 TRCN0000481145 STAU2 2.564 5.588 
35 TRCN0000476741 TXNDC16 2.553 5.567 
36 TRCN0000479562 FGF8 2.533 5.527 
37 TRCN0000487677 AKT3 2.488 5.439 
38 TRCN0000477999 ZNF326 2.478 5.420 
39 TRCN0000469243 CASC4 2.380 5.227 
40 TRCN0000468135 FADS1 2.371 5.210 
41 TRCN0000467183 PSTPIP1 2.357 5.182 
42 TRCN0000466730 C14orf39 2.357 5.182 
43 TRCN0000472441 PALM2 2.354 5.177 
44 TRCN0000474191 TLK2 2.350 5.168 
45 TRCN0000489656 P2RY4 2.347 5.163 
46 TRCN0000479687 UBE2G1 2.278 5.027 
47 TRCN0000472583 MCMDC2 2.264 5.001 
48 TRCN0000466279 TFIP11 2.263 4.998 
49 TRCN0000474774 OR2J2 2.208 4.891 
50 TRCN0000487996 NUP37 2.194 4.864 
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Table 3.4 (Continued). 
 

51 TRCN0000471177 TUBGCP4 2.185 4.846 
52 TRCN0000481487 SLC47A1 2.152 4.782 
53 TRCN0000476045 DRD3 2.151 4.779 
54 TRCN0000469506 POLD4 2.096 4.670 
55 TRCN0000471268 KERA 2.074 4.628 
56 TRCN0000465344 HN1 2.049 4.579 
57 TRCN0000488553 MYR-AKT2 2.028 4.537 
58 TRCN0000475762 SCIMP 2.019 4.519 
59 TRCN0000472957 ARSI 2.006 4.495 
60 TRCN0000470871 ICAM1 2.001 4.485 
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Table 3.5. The top genes from CSS abemaciclib primary screen with LFC>2. 

Rank Construct ID ORF Median LFC Z score 
1 TRCN0000489180 KRAS (G13D) 8.514 16.593 
2 TRCN0000488169 KRAS (G13D) 8.145 15.903 
3 TRCN0000488391 EGFR (del746-750) 7.436 14.577 
4 TRCN0000491390 EGFR (L858R) 6.749 13.294 
5 TRCN0000491764 EGFR (del752-759) 5.899 11.706 
6 TRCN0000489590 EGFR (L858R) 5.427 10.824 
7 TRCN0000489868 MYR-AKT2 5.351 10.682 
8 TRCN0000489962 MYR-AKT1 5.346 10.671 
9 TRCN0000489095 EGFR (del747-748, A750P) 5.261 10.514 
10 TRCN0000471427 GPR39 5.170 10.343 
11 TRCN0000472567 UPP2 4.829 9.707 
12 TRCN0000488923 MYR-AKT1 4.644 9.361 
13 TRCN0000488094 MAP3K5 4.455 9.007 
14 TRCN0000471114 ABL2 4.399 8.903 
15 TRCN0000488838 SRC (Y530F) 4.389 8.885 
16 TRCN0000489770 HDAC6 4.304 8.726 
17 TRCN0000489511 EGFR (T790M, L858R) 4.098 8.340 
18 TRCN0000465231 CDK17 3.644 7.492 
19 TRCN0000481279 TEKT1 3.632 7.470 
20 TRCN0000488087 PNLIP 3.604 7.417 
21 TRCN0000477168 FKTN 3.597 7.404 
22 TRCN0000488903 AKT2 3.451 7.131 
23 TRCN0000479562 FGF8 3.411 7.056 
24 TRCN0000487996 NUP37 3.400 7.037 
25 TRCN0000470048 METTL13 3.294 6.837 
26 TRCN0000489889 EGFR (T790M, L858R) 3.286 6.824 
27 TRCN0000479976 LOC440570 3.247 6.749 
28 TRCN0000476985 CCNA2 3.230 6.717 
29 TRCN0000467429 FGF17 3.111 6.496 
30 TRCN0000488553 MYR-AKT2 3.061 6.401 
31 TRCN0000480037 ROCK2 3.018 6.323 
32 TRCN0000491451 RIPPLY1 2.998 6.285 
33 TRCN0000491814 AKT1 2.909 6.118 
34 TRCN0000469243 CASC4 2.846 6.001 
35 TRCN0000474663 FGF6 2.825 5.961 
36 TRCN0000466060 IRF9 2.769 5.857 
37 TRCN0000487677 AKT3 2.622 5.583 
38 TRCN0000488060 CSF1R 2.612 5.563 
39 TRCN0000480539 CFHR3 2.607 5.554 
40 TRCN0000474337 NR1D2 2.607 5.553 
41 TRCN0000471268 KERA 2.569 5.482 
42 TRCN0000475501 APOF 2.549 5.446 
43 TRCN0000476122 RHPN1 2.544 5.436 
44 TRCN0000480581 SARS2 2.543 5.434 
45 TRCN0000475289 STK3 2.454 5.269 
46 TRCN0000468878 GALNS 2.419 5.202 
47 TRCN0000471564 DHRS7B 2.403 5.173 
48 TRCN0000473795 DGKB 2.396 5.159 
49 TRCN0000488307 GPR37 2.378 5.125 
50 TRCN0000470349 IL2RB 2.325 5.027 
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Table 3.5 (Continued). 
 

51 TRCN0000489702 HRAS 2.285 4.952 
52 TRCN0000476328 CATSPERB 2.268 4.920 
53 TRCN0000473969 POLA2 2.260 4.906 
54 TRCN0000467277 LRRC8B 2.223 4.837 
55 TRCN0000491725 PTPN18 2.192 4.778 
56 TRCN0000489909 PIM1 2.177 4.751 
57 TRCN0000488331 CDK6 2.106 4.618 
58 TRCN0000489478 NTRK3 2.070 4.551 
59 TRCN0000488486 CAMK2B 2.068 4.547 
60 TRCN0000474662 GABRQ 2.062 4.536 
61 TRCN0000487903 EGFR (T790M) 2.056 4.525 
62 TRCN0000473419 MPC2 2.036 4.486 
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tamoxifen (a canonical selective ER modulator) responded to the receptor tyrosine kinase 

inhibitor gefinitib (171).  Gefinitib targets the EGFR growth factor receptors. These results have 

prompted clinical investigation of combining EGFR pathway inhibitors with endocrine therapy 

Previously characterized cell cycle genes such as CDK6 (249) and CCNE2 (250) also 

scored in the FBS CDK inhibitor arms of the screen (Fig. 3.1C).  CDK6 was the top resistance 

driver under FBS abemaciclib treatment and validated in short-term dose response studies (Fig. 

3.4A-B). While largely absent from normal breast tissue, lower molecular weight (LMW) 

isoforms of cyclin E1 are specifically generated in breast cancer cells and are associated with 

poor prognosis (272-275).  LMW cyclin E1 proteins have previously been shown to constitutively 

activate CDK2 and drive S phase progression (276).  In our screen and validation studies, 

expression of an N-terminally truncated cyclin E2 ORF confers resistance to palbociclib and 

abemaciclib in FBS media (Table 3.1-3.2 and Fig. 3.4 C-D). These findings are consistent with 

CDK2 activation driving resistance to palbociclib in full serum (219,277).   

 

AKT confers resistance to CDK4/6 inhibition.  

To identify nodes of resistance to CDK4/6 inhibition, we compared resistance profiles for 

palbociclib and abemaciclib as single agents in FBS and in combination with estrogen 

deprivation (CSS).  Members of the protein kinase b (AKT) family (AKT1, AKT2 and AKT3) were 

consistently nominated as resistance genes across all treatments in our screen (Fig. 3.1C and 

Fig. 3.1D).  In many instances, both constitutively active (myristolated) and wild-type ORFs 

encoding the same AKT family member also score.  AKT is a serine/threonine kinase that acts 

downstream of receptor tyrosine kinases to promote cell cycle progression and survival (278).  

KRAS and EGFR mutants, which have previously been shown to upregulate AKT activity 

(279,280) also conferred resistance to combined estrogen deprivation and CDK4/6 inhibition.  

Secondary screens were conducted in T47D cells with FBS, FBS+1 µM palbociclib, CSS and  
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Figure 3.4. Validation of cell cycle genes. (A-D) T47D Cells were plated in 96-well format, 
infected with lentivirus encoding indicated ORFs and grown in FBS with increasing 
concentrations of CDK4/6 inhibitor.  Viability was measured with the WST-1 assay 6 days after 
treatment.  Mean viability +/- SD for 3 (A, B, and D) or 6 (C) replicates is shown.  CCNE2 lower 
molecular weight (LMW) ORF encodes N-terminally truncated CCNE2 protein.  GFP used in 
CCNE2 LMW studies is in pLX307 vector (same as pLX317 except no barcode).     
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CSS + 1 µM palbociclib and lasted two weeks.  ORFs encoding all three AKT isoforms, 

activated EGFR and activated KRAS did not confer a growth advantage in FBS media but were 

once again enriched (with a z-score greater than 3) under palbociclib treatment (Fig. 3.5A-3.5D).  

AKT activation (indicated by phosphorylation at serine 473 and threonine 308 has been 

associated with hormone refractory ER+ breast cancer (156,159) and 3-5% of breast cancers 

harbor the activating E17K mutation in AKT1 (281).  Therefore, we investigated AKT activation 

as a node of resistance to CDK4/6 inhibition. 

To determine the generalizability of our findings, we generated dose response curves for 

cells expressing AKT1, AKT2 and activated EGFR (EGFRL858R) with palbociclib and abemaciclib.  

In estrogen-rich FBS media, AKT1 and AKT2 consistently shifted the GI50 of three ER+ breast 

cancer cell lines (T47D, MCF7 and ZR-75-1) by 10-fold relative to controls (Fig. 3.6A-3.6B).  As 

in the primary screen, EGFRL858R cells were comparatively less resistant to CDK4/6 inhibition in 

FBS media (Fig. 3.6A-3.6B).  Addition of a src myristolation sequence to AKT targets AKT to 

the plasma membrane and renders AKT constitutively active (282).  Myristolated AKT1 (myr-

AKT) also conferred resistance to CDK4/6 inhibition in FBS media (Fig. 3.6C).  Thus, 

expression of wild-type AKT1/2 or myr-AKT sufficiently drives resistance to CDK4/6 inhibitor 

monotherapy.Since CDK4/6 inhibitors are only FDA-approved in combination with endocrine 

therapy (232,252,256), clinically relevant genes must confer resistance to combination therapy.  

While myr-AKT has a viability disadvantage in FBS media, the construct drives resistance to 

estrogen deprivation (CSS) (Fig. 3.6D).  Similar results were observed in the secondary screens 

in which myr-AKT ORFs were relatively depleted in FBS media but enriched in CSS media (Fig. 

3.5A and 3.5C).  Constitutive AKT signaling may be lethal in the absence of a selection 

pressure.   Myr-AKT increased the viability of T47D and MCF7 cells 2-3 fold in CSS media 

relative to controls (Fig. 3.6D).  To determine whether constitutive activation of AKT renders 

cells insensitive to combination therapy, we also treated myr-AKT cells with palbociclib in CSS 

media.  Myr-AKT conferred resistance to CDK4/6 inhibition even in CSS (Fig. 3.6E).  Similarly,  
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Figure 3.5. Secondary screens. (A-D) Z score distribution of median LFC for ORFs in each 
screening arm of secondary screens.  ORFs corresponding to candidate resistance genes from 
primary screen are highlighted.  Dotted line indicates z=3.  In CSS treatment, AKT1 ORF had a 
z score of 2.89 and noted with * (just under the cut-off).  
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Figure 3.6. AKT mediates resistance to CDK4/6 inhibition. (A-C) Cells were seeded in 96-
well plates, infected with ORF-encoding lentivirus and treated with CDK4/6 inhibitor in FBS 
media for 6 days.  Mean viability relative to vehicle treatment +/- SD, n = 3. (D-E) Cells were 
similarly infected, switched to CSS media to remove residual estrogen and treated for six days 
in FBS or CSS media +/- palbociclib. Uninf. = uninfected cells. ***P<0.001.  In (D), viability is 
relative to uninf. FBS, n = 6.  In (E), values are relative to each ORF’s viability in FBS, n = 3.        
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AKT1, AKT2 and EGFRL858R drive estrogen- and CDK4/6-independent growth (Fig. 3.7A-3.7B).  

Thus, activated AKT sufficiently bypasses dual CDK4/6 inhibition and estrogen deprivation.   

 

AKT activation maintains RB phosphorylation to prevent CDK4/6 inhibitor-mediated G1 cell 

cycle arrest.      

Resistance to targeted agents often involves re-engagement of the targeted pathway.  

For example, PIM1 mediates resistance to PI3K inhibition by phosphorylating downstream 

targets of AKT (178).  Furthermore, re-activation of the MAPK pathway confers resistance to 

RAF or MEK inhibitors in BRAF-mutant melanoma (283,284).  Since palbociclib and 

abemaciclib induce a G1/S cell cycle arrest by preventing RB phosphorylation (4,6,7,285), we 

next assessed whether AKT-mediated resistance modulated RB phosphorylation.  T47D cells 

expressing AKT1, AKT2, or activated EGFR were first grown in CSS media to remove residual 

estrogen and subsequently co-treated with 100nM palbociclib or 30nM abemaciclib for 48 hours. 

Treatment with either CDK4/6 inhibitor significantly decreased RB phosphorylation in control 

GFP-expressing cells.  In contrast, AKT1-, AKT2- and EGFRL858R-expression sustained RB 

phosphorylation despite CDK4/6 inhibitor treatment (Fig. 3.7C-3.7D).  These data suggest that 

cells with activated AKT can inactivate RB to bypass CDK4/6 inhibition.   

Mechanistically, AKT can induce S phase by promoting cyclin D1 stability (134,286,287).   

Expression of AKT1, AKT2, or EGFRL858R maintained AKT phosphorylation at serine 473 in cells 

cultured in CSS and palbociclib or abemaciclib.  We also observed GSK3β phosphorylation at 

serine 9, a downstream target of AKT.  Phosphorylation of GSK3β by AKT inactivates GSK3β, 

so GSK3β can no longer target cyclin D1 for degradation, resulting in stabilized cyclin D1 levels 

(Fig. 3.7C-3.7D).  These biochemical changes are accompanied by S phase progression.  

Under CSS and palbociclib treatment, only 1.8% of parental and 3% of GFP-expressing cells 

are in S phase (Fig. 3.7E).  In contrast, 9.2%, 5.4% and 7.1% of AKT1-, AKT2- or EGFR L858R – 

expressing cells parental cells respectively are in S phase under CSS and palbociclib treatment.   
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Figure 3.7. AKT drives S phase despite CDK4/6 inhibition and estrogen deprivation.  (A-B) 
Cells were spin-infected with virus, switched to CSS media and then treated with inhibitor for 6 
days.  Mean viability +/- SD relative to each ORF’s growth in FBS media, n=3.  (C-D) ORF-
infected T47D cells were plated and grown in CSS media for two days followed by treatment 
with 100nM palbociclib or 30nM abemaciclib in CSS media for 48 hours.  Cell lysates were 
analyzed by western blot.  (E) Cells were treated as in (C-D), fixed and stained with propidium 
iodide for cell cycle analysis. Mean +/- SD.  Representative of N=2.  See also Figure 3.8D.  
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Notably, the extent of AKT phosphorylation at serine 473 correlated with RB 

phosphorylation at serine 807/811 under CDK4/6 inhibitor treatment and with the extent of the 

rescue.  AKT1 expression induced the highest pathway activation (AKT phosphorylation, cyclin 

D1 expression and RB phosphorylation) (Fig. 3.7C-3.7D) and produced the greatest resistance 

to CDK4/6 inhibition in CSS (Fig. 3.7A-3.7B). These results raise the possibility that AKT-

mediated resistance to CDK4/6 may be due in part to stabilization of cyclin D1.      

 

AKT pathway inhibition sensitizes cells with activated AKT to CDK4/6 inhibition. 

To determine whether the observed effects were on target, we also treated cells with 

MK-2206, an AKT inhibitor (288).  Triple combination treatment (with CSS, CDK4/6 inhibitor and 

MK-2206) reduced AKT-mediated resistance.  MK-2206 sensitized cells with activated AKT to 

palbociclib treatment (Fig. 3.8A).  When used with palbociclib or abemaciclib under estrogen-

deprived conditions, MK-2206 decreased RB phosphorylation and counteracted cyclin D1 

stabilization in cells expressing AKT1, AKT2 and to a lesser extent EGFRL858R (Fig. 3.8B).  AKT 

can also promote cell cycle progression by phosphorylating the cell cycle inhibitor p21 (289,290).  

Phosphorylation by AKT at threonine 145, has also been reported to sequester p21 in the 

cytoplasm (289) and disrupt its interaction with CDK2 (150).  We also observed AKT-dependent 

phosphorylation of p21 at threonine 145; in cells with activated AKT, p21 phosphorylation is 

diminished with MK-2206 treatment (Fig. 3.8B).  Thus, AKT likely activates CDK2 to promote 

RB phosphorylation and bypass of CDK4/6 inhibition.  Cells with activated AKT also maintained 

CDK2 phosphorylation at threonine 160 under CDK4/6 inhibitor treatment, which is required for 

CDK2’s kinase activity (Fig. 3.8B) (291).  With triple combination therapy, however, CDK2 

phosphorylation was reduced in AKT1- and AKT2-expressing cells (Fig. 3.8B), which 

corresponded to a greater suppression of S phase in AKT1- and AKT2-expressing cells 

compared to CDK4/6 inhibition (Fig. 3.8C).  Consistent with the residual RB phosphorylation 

detected in EGFRL858R cells after treatment with CDK4/6, MK-2206 and CSS, there was a 
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reduction in S phase with triple combination therapy compared to dual inhibition, but this was 

not statistically significant in EGFRL858R cells (Fig. 3.8C).  Our results indicate that co-treatment  

with MK-2206 allows for palbociclib and abemaciclib to induce cell cycle arrest in AKT-activated 

cells under estrogen-deprived conditions.  

Since mTOR is another key downstream effector of AKT signaling (292-294), we next 

investigated whether mTOR inhibition would counteract AKT-mediated resistance to palbociclib 

and abemaciclib.  mTOR promotes cell growth through two distinct complexes, mTORC1 and 

mTORC2.  AKT upregulates mTOR activity by phosphorylating and inactivating negative 

regulators of the mTORC1 complex (TSC1, TSC2 and PRAS40) (292-294).  In contrast, 

rapamycin is a compound that interacts with FKBP12 to inhibit mTORC1 activity (295).  As with 

MK-2206, rapamycin in combination with CDK4/6 inhibition reduced the percentage of AKT1- 

and AKT2-expressing cells in S phase compared to CDK4/6 inhibitor alone (Fig. 3.8C).  

Rapamycin co-treatment similarly decreased the percentage of EGFRL858R cells in S phase but 

the change was not significant.  Suppression of S phase was reflected in a decrease in RB 

phosphorylation in all cells (Fig. 3.8D).  Furthermore, rapamycin treatment also partially reduced 

cyclin D1 levels in resistant cells (Fig. 3.8D).  These results suggest that AKT-mediated RB 

inactivation and subsequent S phase progression is mTOR-dependent.    

To account for cell line-specific effects, we also overexpressed AKT1, AKT2 and 

activated EGFR in MCF7 cells.  As observed with T47D cells, all three ORFs conferred 

resistance to combination treatment with CSS and palbociclib or abemaciclib (Fig. 3.9A-3.9B).  

AKT1 also maintained RB phosphorylation and stabilized cyclin D1 levels in MCF7 cells 

compared to GFP-expressing cells when treated with palbociclib in CSS (Fig. 3.9C).  Co-

treatment with MK-2206 reduced RB phosphorylation in resistant cells (Fig. 3.9C).   AKT1 

expression also increased levels of phospho-S6, a mTOR downstream effector.  As previously 

observed, co-treatment with CSS, palbociclib and rapamycin decreased RB phosphorylation  
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Figure 3.9. Validation in MCF7 cells.  (A-B) MCF7 cells were infected in 96-well format, grown 
in CSS media and treated with increasing concentrations of CDK4/6 inhibitor.  Viability was 
assessed with the WST-1 assay 6 days later.  Mean viability is relative to each ORF’s viability in 
FBS +/- SD, n=3.  (C) ORF-infected cells were grown in CSS media for two days to remove 
residual estrogen and then treated with 100nM palbociclib (PD), 250nM MK-2206 (MK) and/or 
100nM rapamycin (rap) in CSS media for 48 hours. Western blot analysis shown.  (D) Cells 
were treated as in (C) and stained with propidium iodide for cell cycle analysis.  (E) As in (D) 
except with 30nM abemaciclib (LY), 500nM MK and 100nM everolimus (E).  Mean +/- SD is 
shown. n=2 or 4 with *p<0.05 and **p<0.01 by unpaired two tail student t-test.   
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Figure 3.9 (Continued). 
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relative to CSS and palbociclib (Fig. 3.9C).  Cell cycle analysis further confirmed that resistance 

to CDK4/6 inhibition in AKT1-expressing cells is AKT- and mTOR-dependent (Fig. 3.9D-3.9E).  

We also tested another mTOR inhibitor (everolimus) and observed a similar reduction in S 

phase when combined with CDK4/6 inhibitor treatment in cells overexpressing AKT1 (Fig. 3.9E).  

Thus, AKT activation maintains RB phosphorylation to bypass CDK4/6 inhibition in a mTOR-

dependent manner. 

 

Palbociclib- and abemaciclib-resistant cells respond to AKT inhibition. 

To complement our screens, we have generated in vitro models of acquired resistance 

to palbociclib and abemaciclib.  T47D cells were chronically cultured in the presence of 1μM or 

0.3μM abemaciclib in FBS media until resistant populations emerged.  Palbociclib-resistant 

(PalboR) cells were cross-resistant to abemaciclib (Fig. 3.10A).  Similarly, abemaciclib-resistant 

(AbemaR) cells were insensitive to palbociclib (Fig. 3.10B).  Whereas palbociclib and 

abemaciclib treatment decreased RB phosphorylation in parental cells, resistant cells  

maintained RB phosphorylation (Fig. 3.10C).   

While resistant cells did not have higher AKT phosphorylation at serine 473 compared to 

parental cells, there was a small but reproducible decrease in AKT phosphorylation when 

cultured to resistance cells were grown in the absence of CDK4/6 inhibitor (vehicle only) (Fig. 

3.10C).  This reduction in AKT phosphorylation upon drug withdrawal is generally more 

pronounced when cells were plated in the absence of CDK4/6 inhibitor overnight prior to re-

treatment.  We also noticed that PalboR and AbemaR cells did not attach well at low density 

compared to parental cells when plated in the absence of CDK4/6 inhibitor.  These results 

suggest that there is feedback regulation whereby cells with acquired resistance may be 

dependent on CDK4/6 inhibitor treatment to upregulate AKT phosphorylation.  A recent 

publication showed that CDK4/6 inhibition induces AKT activation in ER-negative breast cancer  
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Figure 3.10. Cultured to resistance cells are sensitive to AKT inhibition. (A-B) Parental, 
palbociclib-resistant (PalboR) and abemaciclib-resistant (AbemaR) T47D cells were treated with 
CDK4/6 inhibitors for 6 days.  Mean viability relative to vehicle control +/- SD with n= 3 or 6.  (C) 
Immunoblot analysis of cells plated in the absence of CDK4/6 inhibitor and subsequently treated 
the next day with 1μM palbociclib (PD) or 0.3μM abemaciclib (LY) for 48 hours.  (D) Cells were 
plated in native growing condition (with CDK4/6 inhibitor for resistant cells) overnight prior to 
drug treatment with 1μM PD, 0.3μM LY and/or 0.5μM MK-2206 (MK) for two weeks.  Colonies 
were stained with crystal violet.  Image representative of triple wells.  All experiments in figure 
were conducted in FBS media.  (E) Immunoblot analysis of cells treated as in (D) but lysates 
were taken 48 hours after drug treatment.         
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cells with intact RB (296).  In these cells, palbociclib treatment relieves negative feedback 

regulation of hyperphosphorylated RB on mTORC2, which promotes AKT phosphorylation at 

serine 473 (296).  To determine whether AKT inhibition may sensitize cells to CDK4/6 inhibition, 

we treated cultured to resistance cells with MK-2206 and palbociclib.  PalboR and AbemaR cells 

were sensitive to MK-2206 monotherapy in colony formation assays (Fig. 3.10D), but combined 

MK-2206 and CDK4/6 inhibition induced the greatest suppression of RB phosphorylation and 

prevented growth of resistant cells (Fig. 3.10D and 3.10E).  Ribociclib cultured to resistance 

cells are similarly sensitive to AKT inhibition (247).  Thus, breast cancer cells with acquired 

resistance to CDK4/6 inhibition respond to AKT inhibition.  

 

Activating mutations in AKT1 but not PIK3CA are associated with acquired resistance to 

CDK4/6 inhibition in breast tumor biopsies. 

 Consistent with findings from the PALOMA-3 clinical trial (234), ORFs encoding 

oncogenic PIK3CA point mutants generally showed low enrichment and did not drive resistance 

to CDK4/6 inhibition in the primary screen (Fig. 3.11).  The highest median LFC enrichment for 

all PIK3CA ORFs was 2.07 under CSS abemaciclib treatment (H1047Y mutant, Fig. 3.11), 

whereas ORFs encoding wild-type or myristolated AKT consistently scored with a median LFC 

enrichment between 2.9 and 7.  T47D and MCF7 cells also harbor PIK3CA mutations, but are 

sensitive to CDK4/6 inhibition.  Preliminary analysis of breast cancer biopsies from the Center 

for Cancer Precision Medicine further indicates that PIK3CA mutations do not stratify patient 

response to palbociclib and aromatase inhibitor therapy.  Both sensitive and resistant samples 

harbor PIK3CA mutations (Seth Wander and Nikhil Wagle, unpublished data).  In contrast to 

PIK3CA, ORFs encoding AKT1 and AKT2 were highly enriched under palbociclib and 

abemaciclib treatment (Fig. 3.11).  Furthermore, only wild-type AKT1 and AKT2 constructs that 

did not express a V5 tag were nominated as resistance drivers.  The V5 tag likely disrupts  
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Figure 3.11. Enrichment of PIK3CA- and AKT-encoding ORFs from the primary screen. 
Heat map of median LFC enrichment for each ORF in the primary screen.  Red color indicates 
median LFC > 4.  Figure generated with Morpheus software from the Broad Institute.         
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protein function.  Therefore, our screening data and follow-up studies indicate that AKT 

activation not oncogenic PIK3CA mutations sufficiently drives resistance to CDK4/6 inhibition.   

Next, we assessed the clinical relevance of AKT activation in biopsies from metastatic 

breast cancer patients.  Targeted genomic sequencing (OncoPanel) and whole exome 

sequencing (WES) were performed on more than 150 patients with metastatic breast cancer at  

the Dana-Farber Cancer Institute (297,298).  Samples were filtered to identify AKT-mutant 

breast cancer patients, who received CDK4/6 inhibitor therapy (see also Materials and Methods).  

Pleckstrin homology (PH) domain mutations in AKT1 were identified in three ER+ breast cancer 

patients following clinical progression on various CDK4/6 inhibitors (Figs. 3.12-3.14).  The three 

AKT1 mutations were: W80R (patient 1, Fig. 3.12), a canonical E17K activating mutation 

(patient 2, Fig. 3.13), and L52H (patient 3, Fig. 3.14).  While the exact W80R and L52H variants 

have not been previously characterized, mutation of each of the three residues is predicted to 

disrupt the interaction between the PH and kinase domain of AKT and have been shown to 

activate AKT (299).  Furthermore, these mutations are predicted to be deleterious via COSMIC 

database.  A full list of all mutations detected by OncoPanel for each of the three patients is 

provided (Table 3.6).  Immunohistochemistry staining is currently available only for biopsies 

following progression on CDK4/6 inhibitor but pre-treatment stains are underway.  

Patient 1 was originally diagnosed with a locally advanced ER+/HER2- breast cancer at 

the age of 41 years old (Fig. 3.12A).  Targeted sequencing of a biopsy obtained at the time of 

her diagnosis revealed a rare but oncogenic N345K mutation in PIK3CA (300) but no mutations 

in AKT1.  The patient received two lines of adjuvant treatment and subsequently progressed 

with metastatic disease.  In the third-line metastatic setting, the patient received fulvestrant and 

ribociclib and responded for one year before acquiring resistance.  Another biopsy was taken 

approximately 6-12 months after ribociclib therapy.  Sequencing of this post-treatment biopsy 

revealed both the initial PIK3CA mutation and a missense W80R mutation in AKT1 (Fig. 3.12A).  
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Figure 3.12. Clinical summary for patient 1. (A) Each of the patient’s treatments are indicated 
by a multi-colored arrow with the associated regimen listed below. The length of each arrow is 
proportional to the duration on therapy. Biopsies are indicated by perpendicular arrows with 
associated targeted sequencing results for cancer-associated mutations by OncoPanel. (B) 
Representative photomicrographs are included for the IHC stain of post CDK4/6 inhibitor 
treatment biopsy specimens included for p-AKT (S473), p-S6 (235/236), stathmin and p-RB 
(S807/811). (All 200x magnification). (C) IHC quantification for p-AKT and related signaling 
molecules from (B).  IHC score for total RB also shown.  The IHC score is derived by multiplying 
the percent of tumor cells staining positive in a clinical specimen by the average intensity of the 
stain (graded 1-3; dynamic range 0-300).  
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Figure 3.13. Clinical summary for patient 2. (A) Each of the patient’s treatments are indicated 
by a multi-colored arrow with the associated regimen listed below. The length of each arrow is 
proportional to the duration on therapy. Biopsies are indicated by perpendicular arrows with 
associated targeted sequencing results for cancer-associated mutations by OncoPanel. (B) 
Representative photomicrographs are included for the IHC stain of post CDK4/6 inhibitor 
treatment biopsy specimens for p-AKT (S473), p-S6 (235/236), stathmin and p-RB (S807/811). 
(All 200x magnification).  (C) IHC quantification for p-AKT and related signaling molecules from 
(B).  IHC score for total RB also shown.  The IHC score is derived by multiplying the percent of 
tumor cells staining positive in a clinical specimen by the average intensity of the stain (graded 
1-3; dynamic range 0-300).  
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Figure 3.14. Clinical summary for patient 3. (A) Each of the patient’s treatments are indicated 
by a multi-colored arrow with the associated regimen listed below. The length of each arrow is 
proportional to the duration on therapy. Biopsies are indicated by perpendicular arrows with 
associated targeted sequencing results for cancer-associated mutations by OncoPanel. (B) 
Representative photomicrographs are included for the IHC stain of post CDK4/6 inhibitor 
treatment biopsy specimens for p-AKT (S473), p-S6 (235/236), stathmin and p-RB (S807/811). 
(All 200x magnification). (C) IHC quantification for p-AKT and related signaling molecules from 
(B).  IHC score for total RB also shown.  The IHC score is derived by multiplying the percent of 
tumor cells staining positive in a clinical specimen by the average intensity of the stain (graded 
1-3; dynamic range 0-300).  
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Table 3.6. Mutations detected by OncoPanel.  
 
Patient # Gene Mutation Type Mutation Variant Allele Fraction Coverage 

1 AKT1 Missense c.238T>C (p.W80R), exon 4 24.4604 139 
1 ALOX12B Missense c.1148C>T (p.T383M), exon 9 25 168 
1 ARID1B Inframe_Ins c.189_190insCAGCAG (p.Q62_Q63dup), exon 1 33.649289 211 
1 CDKN1B Frameshift c.279_280insC (p.K96Qfs*29), exon 1 43.3006535 612 
1 SYK Missense c.1897G>A (p.V633M), exon 14 48.954 239 
1 MAP3K1 Frameshift c.3369_3382delTGTCAATACAGAGC (p.V1124Qfs*5), exon 14 16.2376237 505 
1 BUB1B Missense c.1826G>T (p.C609F), exon 15 48.125 480 
1 PIK3CA Missense c.1035T>A (p.N345K), exon 5 37.3802 313 
1 AKT3 LA       
1 ARID1A 1DEL       
1 ARID2 LA       
1 BAP1 1DEL       
1 BRCA2 1DEL       
1 CADM2 1DEL       
1 CARD11 LA       
1 CD58 1DEL       
1 CDC73 LA       
1 CDH1 1DEL       
1 CDK2 LA       
1 CDK4 LA       
1 CDK6 LA       
1 CDKN1B LA       
1 CDKN2C 1DEL       
1 CHEK2 1DEL       
1 CIITA LA       
1 CREBBP LA       
1 CRKL 1DEL       
1 CRTC2 LA       
1 CSF3R 1DEL       
1 CUX1 LA       
1 CYLD 1DEL       
1 DDR2 LA       
1 DEPDC5 1DEL       
1 DIS3 1DEL       
1 EGFR LA       
1 EP300 1DEL       
1 ERBB3 LA       
1 ERCC4 LA       
1 ERCC5 1DEL       
1 ETV1 LA       
1 ETV6 LA       
1 EWSR1 1DEL       
1 EXT1 LA       
1 FAM46C 1DEL       
1 FANCA 1DEL       
1 FGFR1 LA       
1 FH LA       
1 FKBP9 LA       
1 FLT1 1DEL       
1 FLT3 1DEL       
1 FUS LA       
1 GATA4 LA       
1 GLI1 LA       
1 GLI3 LA       
1 GSTM5 1DEL       
1 H3F3A LA       
1 ID3 1DEL       
1 IKZF1 LA       
1 KMT2D LA       
1 KRAS LA       
1 LMO3 LA       
1 MAPK1 1DEL       
1 MCL1 LA       
1 MDM2 LA       
1 MDM4 LA       
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Table 3.6 (Continued). 

1 MITF 1DEL       
1 MPL 1DEL       
1 MTOR 1DEL       
1 MUTYH 1DEL       
1 MYBL1 LA       
1 MYC LA       
1 MYCL 1DEL       
1 MYCL1 1DEL       
1 NBN LA       
1 NEGR1 1DEL       
1 NF2 1DEL       
1 NOTCH2 1DEL       
1 NPRL2 1DEL       
1 NPRL3 LA       
1 NRAS 1DEL       
1 NTRK1 LA       
1 PALB2 LA       
1 PBRM1 1DEL       
1 PIK3C2B LA       
1 PMS2 LA       
1 PRAME 1DEL       
1 PRKCZ 1DEL       
1 PRKDC LA       
1 PRPF40B LA       
1 PTK2 LA       
1 PTPN11 LA       
1 RAD21 LA       
1 RB1 1DEL       
1 RBL2 1DEL       
1 RECQL4 LA       
1 RFWD2 LA       
1 SBDS LA       
1 SDHB 1DEL       
1 SDHC LA       
1 SMARCB1 1DEL       
1 SOCS1 LA       
1 STAT6 LA       
1 TSC2 LA       
1 WRN LA       

1 Archival PIK3CA Missense c.1035T>A (p.N345K), exon 5     
1 Archival MET Missense c.3029C>T (p.Thr1010Ile), exon 13     

2 ARID1A Inframe_Ins c.246_247insGGCGGC (p.G81_G82dup), exon 1 63.63636 11 
2 DDB2 Splice_Region c.1235-8C>G () 41.2371 97 
2 FANCC Missense c.1213G>A (p.E405K), exon 13 36.1233 227 
2 MLH3 Frameshift c.1267_1270delCAGA (p.Q423Vfs*30), exon 2 44.26229 305 
2 RAD50 Missense c.1644A>T (p.K548N), exon 11 4.2945 163 
2 RASA1 Splice_Region c.3061-4C>G () 5.9259 135 
2 IKZF1 Missense c.1554G>A (p.M518I), exon 8 31.3559 118 
2 EGFR Missense c.347C>T (p.S116F), exon 3 35.443 237 
2 AR Inframe_Ins c.170_171insGCA (p.L57_Q58insQ), exon 1 9.345795 107 
2 ARID1A Frameshift c.1543_1544insA (p.P516Afs*107), exon 3 53.76884 199 
2 SOS1 Missense c.1084G>A (p.E362K), exon 10 7.563 119 
2 TSHR Missense c.584A>C (p.Y195S), exon 8 7.1006 169 
2 ESR1 Missense c.1613A>G (p.D538G), exon 10 40.9574 188 
2 JAK1 Frameshift c.591delC (p.S198Hfs*5), exon 6 7.804878 205 
2 RHBDF2 Splice_Acceptor c.556-1G>T () 40.9836 122 
2 PIK3C2B Nonsense c.3511G>T (p.E1171*), exon 24 8.2192 365 
2 FAN1 Missense c.598G>C (p.E200Q), exon 2 14.5 200 
2 SMAD4 Nonsense c.865C>T (p.Q289*), exon 7 63.5071 211 
2 ESR1 Nonsense c.1123C>T (p.Q375*), exon 7 17.0492 305 
2 BRCA1 Missense c.5485G>A (p.E1829K), exon 23 26.9036 197 
2 PIK3CA Missense c.3129G>T (p.M1043I), exon 21 31.1881 202 
2 GNAS Missense c.394G>A (p.E132K), exon 1 13.1637 904 
2 MAP2K4 Missense c.415G>A (p.E139K), exon 4 12.3377 154 
2 MUS81 Missense c.1355C>T (p.S452L), exon 13 37.6712 292 
2 RET Missense c.2650G>A (p.E884K), exon 15 27.3684 190 
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Table 3.6 (Continued). 

2 RHBDF2 Missense c.896T>A (p.M299K), exon 8 29.5082 183 
2 RIF1 Missense c.1208C>T (p.P403L), exon 12 48.3471 242 
2 ARID1B Missense c.635C>T (p.S212F), exon 1 40.3846 52 
2 AKT1 Missense c.49G>A (p.E17K), exon 3 33.7838 148 
2 CBFA2T3 Missense c.488A>G (p.Q163R), exon 4 39.4737 190 
2 XPO1 Missense c.1528G>A (p.E510K), exon 14 7.1895 306 
2 EPCAM Missense c.-349G>T (), exon 1 38.3333 60 
2 RHBDF2 Missense c.953G>A (p.R318Q), exon 8 29.8429 191 
2 RHBDF2 Nonsense c.892G>T (p.E298*), exon 8 29.1892 185 
2 KMT2D Missense c.16343G>A (p.R5448Q), exon 52 38.7097 186 
2 CDC73 Missense c.1241C>T (p.P414L), exon 14 26.4925 268 
2 CDKN2A Missense c.355G>A (p.E119K), exon 2 37.6471 170 
2 AKT3 LA    
2 ARHGEF12 1DEL    
2 ARID1A 1DEL    
2 ATM 1DEL    
2 AURKA LA    
2 B2M 1DEL    
2 BCL2 1DEL    
2 BLM 1DEL    
2 BUB1B 1DEL    
2 C1orf86 1DEL    
2 CBL 1DEL    
2 CCND1 HA    
2 CDC73 LA    
2 CDH4 LA    
2 CDKN2C 1DEL    
2 CHEK1 1DEL    
2 CREBBP LA    
2 CSF3R 1DEL    
2 DDR2 LA    
2 EGLN1 LA    
2 EP300 1DEL    
2 EXO1 LA    
2 FAH 1DEL    
2 FAM46C 1DEL    
2 FAN1 1DEL    
2 FANCI 1DEL    
2 FGFR1 HA    
2 FH LA    
2 FUS LA    
2 GATA4 1DEL    
2 GATA6 1DEL    
2 GBA LA    
2 GNAS LA    
2 GREM1 1DEL    
2 H3F3A LA    
2 HMBS 1DEL    
2 HRAS LA    
2 ID3 1DEL    
2 IDH2 1DEL    
2 IGF1R 1DEL    
2 JAK1 1DEL    
2 KAT6A LA    
2 KIF1B 1DEL    
2 KMT2A 1DEL    
2 MAFB 1DEL    
2 MAP2K1 1DEL    
2 MCL1 LA    
2 MDM4 LA    
2 MGA 1DEL    
2 MPL 1DEL    
2 MRE11A 1DEL    
2 MTOR 1DEL    
2 MUTYH 1DEL    
2 MYBL1 1DEL    
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Table 3.6 (Continued). 

2 MYCL 1DEL       
2 NEIL1 1DEL       
2 NEIL2 1DEL       
2 NKX3-1 1DEL       
2 NOTCH2 1DEL       
2 NRAS 1DEL       
2 NRG1 1DEL       
2 NTHL1 LA       
2 NTRK1 LA       
2 NTRK3 1DEL       
2 PIK3C2B LA       
2 PML 1DEL       
2 PRKDC 1DEL       
2 PTK2B 1DEL       
2 PTPN14 LA       
2 PVRL4 LA       
2 RAD51 1DEL       
2 RBBP8 1DEL       
2 RIT1 LA       
2 SDHB 1DEL       
2 SDHC LA       
2 SDHD 1DEL       
2 SETBP1 1DEL       
2 SLX4 LA       
2 SMAD2 1DEL       
2 SMAD4 1DEL       
2 SS18 1DEL       
2 TAL1 1DEL       
2 TP53BP1 1DEL       
2 TRAF7 LA       
2 TSC2 LA       
2 UBE2T LA       
2 UROD 1DEL       
2 USP28 1DEL       
2 USP8 1DEL       
2 WHSC1L1 HA       
2 WRN 1DEL       
2 XRCC6 1DEL       
2 YAP1 1DEL       
2 ZNF217 HA       
3 NTRK2 Missense c.1279G>A (p.G427S), exon 13 44.8052 308 
3 CDK5 Missense c.650G>A (p.R217Q), exon 9 15.5251 219 
3 CDH1 Frameshift c.2188_2191delTTTC (p.L731Gfs*38), exon 14 15 380 
3 TP53 Missense c.844C>T (p.R282W), exon 4 14.3813 299 
3 DEPDC5 Splice_Region c.3129-3C>T (), exon 0 14.2857 147 
3 GLI2 Missense c.2498G>A (p.R833H), exon 13 26.8293 82 
3 AKT1 Missense c.155T>A (p.L52H), exon 3 64.5514 457 
3 RBL2 Missense c.1015G>A (p.E339K), exon 8 13.1868 364 
3 AKT1 LA       
3 ALOX12B 1DEL       
3 APC 1DEL       
3 ATM 1DEL       
3 AURKB 1DEL       
3 CADM2 LA       
3 CBL 1DEL       
3 CCND1 HA       
3 CIITA 1DEL       
3 CREBBP 1DEL       
3 DDB2 LA       
3 DIS3 1DEL       
3 EED 1DEL       
3 EPHA5 1DEL       
3 ERCC5 1DEL       
3 EXT2 LA       
3 FBXW7 1DEL       
3 KDM6B 1DEL       
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Table 3.6 (Continued). 

3 KDR 1DEL       
3 KIT 1DEL       
3 KMT2A 1DEL       
3 LMO2 LA       
3 MAP3K1 1DEL       
3 MEN1 1DEL       
3 MITF LA       
3 NFKBIA HA       
3 NPRL3 1DEL       
3 PDGFRA 1DEL       
3 PIK3R1 1DEL       
3 PRDM1 LA       
3 RB1 1DEL       
3 RBL2 1DEL       
3 RPL26 1DEL       
3 SDHA LA       
3 SDHAF2 1DEL       
3 SDHD 1DEL       
3 SF1 1DEL       
3 SLITRK6 1DEL       
3 TERT LA       
3 TET2 1DEL       
3 TP53 1DEL       
3 TSC2 1DEL       
3 WT1 LA       
3 XPC LA       
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Consistent with our in vitro findings, an activating PIK3CA mutation was not sufficient to confer 

resistance to CDK4/6 inhibition.   

Immunohistochemistry (IHC) staining was performed on the acquired resistance biopsy 

from patient 1 to assess the extent of AKT pathway activation (Fig. 3.12B-C).  Samples were 

stained for AKT phosphorylation at serine 473.  Since IHC staining for AKT phosphorylation in  

archival tissue can be unreliable and it is unclear whether mutations in AKT1 may affect 

antibody binding, we also analyzed samples for activation of the AKT/mTOR downstream target, 

S6 ribosomal protein (S6) at serine 235/236.  Stathmin was also used as a readout of PI3K 

pathway activation (301).  For the various immunostains, each tumor specimen was reviewed 

and scored for both the proportion of tumor cells positive for the target protein (percent, 0-100) 

as well as the average staining intensity across all positive tumor cells (1-3+). These two scores 

were multiplied to create a dynamic “IHC score” (0-300). The post-treatment biopsy from patient 

1 showed high levels of phosphorylated S6, elevated stathmin and some AKT phosphorylation 

(IHC scores of 180, 50 and 20 respectively) (Fig. 3.12B-C).  Thus, AKT is likely active in this 

acquired resistance biopsy.   

Our in vitro data suggests that AKT1 confers resistance to CDK4/6 inhibition by 

promoting RB phosphorylation.  To determine whether RB was inactivated, samples were also 

stained for RB phosphorylation at serine 807/811.  Notably, RB was expressed in sample 1 and 

was hyperphosphorylated (Fig. 3.12B-C).  Thus, we detected an acquired AKT1W80R mutation in 

a patient after progression on ribociclib and fulvestrant therapy; consistent with AKT-mediated 

resistance, the biopsy had high S6 and RB phosphorylation.  

To assess the generalizability of our findings, we conducted similar sequencing and IHC 

analyses for the other AKT1-mutant patients in our cohort.  Patient 2 was diagnosed with early 

stage ER+/HER2- breast cancer at the age of 39 (Fig. 3.13A).  Following adjuvant tamoxifen 

and triptorelin therapy, the patient developed metastatic ER+/HER2- breast cancer five years 

later.  The patient first received letrozole treatment for metastatic disease.  Upon relapse, the 
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patient was treated with a triple combination of fulvestrant, BKM120 (PI3K inhibitor) and 

ribociclib for two years before progressing.  Sequencing of a post-ribociclib biopsy revealed a 

canonical E17K mutation in AKT1 as well as amplification of CCND1 and FGFR1 (Fig. 3.13A).  

Since AKT is downstream of PI3K, members of our lab have previously found that AKT 

activation confers resistance to PI3K inhibition (178).  Stathmin was detected in the biopsy from 

patient 2 but at low levels.  While the significance of the CCND1 and FGFR1 amplifications are 

unclear, IHC staining revealed high S6 and RB phosphorylation in the sample from patient 2 

(Fig. 3.13B-C).  These data are consistent with AKT pathway activation and bypass of CDK4/6 

inhibition.  

Patient 3 was diagnosed with local lobular ER+/HER2- breast cancer at the age of 81.  

Following two years of adjuvant aromatase inhibitor therapy, the patient developed metastatic 

ER+ breast cancer.  She was treated with fulvestrant and palbociclib in the first-line metastatic 

setting, with clinical benefit extending approximately 9 months (Fig. 3.14A).  Immediately prior 

to overt disease progression, the patient had a skin punch biopsy from a metastatic lesion.  

Targeted sequencing of the patient’s skin punch biopsy revealed an AKT L52H missense mutation 

as well as a mutation in TP53 and a CCND1 amplification (Fig. 3.14A).  As with the second 

patient discussed above, analysis of a pre-CDK4/6 inhibitor treatment biopsy from patient 3 is 

required to determine if the AKT L52H mutation was acquired during CDK4/6 inhibitor treatment.  

Nevertheless, S6 phosphorylation, stathmin levels and phosphorylated RB levels were high in 

patient 3 following palbociclib treatment (IHC scores: 150-180) (Fig. 3.14B-C).  Thus, AKT1 

mutations have been detected in 3 patients following progression on CDK4/6 inhibitor treatment.   

 

Preliminary cohort analysis to identify patients with AKT pathway activation.    

As we retrospectively identified several patients with mutant AKT, upregulated AKT 

signaling, and clinical resistance to CDK4/6 inhibitor therapy, we are working on determining 

whether the extent of AKT upregulation identified via immunohistochemistry might stratify 
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individuals across a larger cohort of ER+ metastatic patients.  As a pilot effort, we selected 38 

patients from our Dana Farber Cancer Institute-Cancer Center for Precision Medicine research 

cohort and obtained IHC for phosphorylated AKT, S6 and RB as well as total stathmin (Fig. 

3.15).  Patients were then categorized by response to CDK4/6 inhibitor therapy into sensitive, 

resistant or unknown (see Materials and Methods).  Although stathmin levels were variable, 

biopsies from all three samples have high S6 phosphorylation, which is indicative of AKT 

pathway activity (Fig. 3.15).  Consistent with AKT activation, these three biopsies also show 

high RB phosphorylation (Fig. 3.15).  Our preliminary patient data are consistent with the 

hypothesis that AKT activation drives resistance to CDK4/6 inhibition by inactivating RB.   

 
 
Discussion 

 
 CDK4/6 inhibition in combination with hormonal therapy is the new standard of care for 

patients with metastatic ER+ breast cancer in both the first-line and second-line metastatic 

setting.  Unfortunately, very few clinically relevant biomarkers have been identified for response 

to CDK4/6 inhibitors and patients are inevitably progressing on treatment.  Furthermore, 

metastatic disease is quite heterogeneous and patients with advanced breast cancer often have 

a long treatment history.  Therefore, effective treatment of patients with advanced breast cancer 

necessitates an understanding of drivers of resistance to CDK4/6 inhibition alone and in 

combination with endocrine therapy.   

 Large-scale expression screens enable unbiased mapping of the landscape of 

resistance to targeted therapies.  Near genome-wide ORF screens have been employed in our 

lab to uncover PIM1 as a key mediator of resistance to PI3K inhibition (178) and to identify 

drivers of resistance to MAPK pathway inhibitors (302).  In this study, we conducted five gain-of-

function screens in pooled format to interrogate resistance to palbociclib and abemaciclib.  Use  
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Figure 3.15. Assessment of AKT pathway signaling in clinical tumor specimens from ER+ 
metastatic breast cancer patients.  (A-D) 38 pilot specimens were analyzed by IHC analysis.  
These results are demonstrated across the pilot cohort for each protein of interest.  Each 
individual data point represents a single patient and stains are categorized by response to CDK 
4/6 inhibitor therapy (sensitive, resistant or unknown).  Samples with acquired resistance and 
known AKT mutation (patients 1-3) are highlighted in red. 
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of both FBS and CSS media in our screens was crucial to understanding resistance to CDK4/6 

inhibitor monotherapy and in combination with estrogen deprivation.  

Encouragingly, our screens identified known mechanisms of resistance to single agent 

CDK4/6 inhibition.  For example, CDK6 amplification has been detected in models of acquired 

resistance to abemaciclib (249).  Correspondingly, in our primary screens, CDK6 was the top 

resistance driver under abemaciclib treatment in FBS media and conferred resistance to 

palbociclib.  Notably, ORFs encoding CDK4 were not enriched under any treatment condition in 

both primary and secondary screens.  All three CDK4 constructs in the library, however, were 

well-represented at the early time point (with log normalized scores between 4.4-4.7) and at 

least one of the CDK4 constructs should be functional (one of the three ORFs encodes wild-

type CDK4 without a V5 tag).  Moreover, CDK4-amplified liposarcomas are sensitive to 

ribociclib (207).  Therefore, our findings suggest that overexpression of CDK4 is not sufficient to 

drive resistance to palbociclib, abemaciclib or ribociclib.  At least for abemaciclib, the differences 

in resistance phenotypes between CDK4 and CDK6 may be attributable to the compound’s 

greater selectivity for CDK4 (7).  These findings support CDK6 as a key driver of resistance and 

provide motivation for the development of more potent CDK6 inhibitors.      

AKT emerged as a major node of resistance to CDK4/6 inhibition alone and in 

combination with estrogen deprivation.  We found that upstream PI3K activation, however, 

cannot bypass the antiproliferative effects of CDK4/6 inhibition.  Several lines of evidence 

support this finding.  ORFs encoding constitutively active PIK3CA mutants were not highly 

enriched in our primary screens.  Both T47D and MCF7 cells harbor activating PIK3CA 

mutations and respond to CDK4/6 inhibition.  PI3K inhibition also failed to re-sensitize cells with 

acquired resistance to palbociclib (248).  Furthermore, oncogenic PIK3CA mutations are not 

predictive of resistance to CDK4/6 inhibition and hormonal therapy (234).  Since AKT validates 

as a strong mediator of resistance to palbociclib and abemaciclib in our studies, there is likely a 

disconnect between PI3K activation and AKT signaling.  Our lab has previously found that many 
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PIK3CA-mutant cells have low AKT activation; in these cells, activated PI3K signals in an AKT-

independent manner by activating PDK1 and its downstream target SGK3 (303).  Despite 

harboring oncogenic mutations in PIK3CA, both T47D and MCF7 cells have low AKT 

phosphorylation.  Thus, PI3K activation is not sufficient to upregulate AKT signaling and 

promote resistance to CDK4/6 inhibition in the ER+ breast cancer cell lines described here.  

Collectively, our data suggest that AKT activation and not PI3K is required to bypass CDK4/6 

inhibition.   

Our studies support an emerging hypothesis that CDK2 activity can phosphorylate and 

inactivate RB to bypass CDK4/6 inhibition (219,247,248).  Mechanistically, we found that cells 

with activated AKT phosphorylate p21 at T145, which relieves CDK2 inhibition (150).  Cells with 

activated AKT also maintained CDK2 phosphorylation at T160, which is required for CDK2 

activity (291) and upregulated cyclin D1 levels.  While some studies suggest that noncanonical 

interactions between cyclin D1 and CDK2 promote RB phosphorylation and bypass of CDK4/6 

inhibition (247,248), other studies found that cyclin D1 is a marker of sensitivity to CDK4/6 

inhibition in ER+ breast cancer (4).  One possible explanation for the discrepancy is that there 

may be a difference between stabilization of cyclin D1 and simple overexpression.  Notably, 

amplification of the gene encoding cyclin D1, CCND1, co-occurred with an AKT1 mutation in 

two out of the three CDK4/6 inhibitor-resistant tumor biopsies in our study.  An ORF encoding 

CCND1-V5 also did not score confer resistance to CDK4/6 inhibition in our screens.  Thus, the 

level of cyclin D1 induced by CCND1 gene expression may be sufficient to drive S phase 

progression, but render cells sensitive to CDK4/6 inhibitor.  In contrast, a cyclin D1 T286A 

mutant, which cannot be phosphorylated by GSK3β and is not targeted for degradation, 

promotes CDK2 activation and enables RB phosphorylation at serine 807/811 (34).  Thus, 

stabilization of cyclin D1 levels by AKT may activate CDK2 and confer resistance to CDK4/6 

inhibition.      



 

 96 

Correspondingly, we found that cyclin D1 protein levels were highly elevated in cells 

expressing the constitutively active EGFRL858R mutant compared to GFP.  EGFRL858R expression 

also upregulated AKT phosphorylation as anticipated and conferred resistance to CDK4/6 

inhibition.  Triple combination therapy (MK-2206, CDK4/6 inhibitor and CSS) decreased the 

viability of EGFRL858R and there was a trend towards significance in decreasing cell cycle 

progression relative to CDK4/6 and CSS doublet therapy.  This reduction in S phase, however, 

was not statistically significant, suggesting that activated EGFR can drive resistance to CDK4/6 

inhibition in an AKT-independent manner.  Notably, EGFRL858R-expressing cells maintained 

higher levels of cyclin D1 relative to AKT1- or AKT2-expressing cells under triple combination 

therapy.  One potential explanation for this difference is that EGFR signaling activates the RAF-

MEK-ERK MAPK pathway in addition to AKT (128); ERK2 activation in turn can phosphorylate 

and prevent cyclin D1 degradation (304).  Our studies suggest that cyclin D1 stability modulates 

response to CDK4/6 inhibition.  Additional studies are necessary to test this hypothesis.              

The present study identified activating AKT1 mutations in breast cancer patients with 

acquired resistance to CDK4/6 inhibition that are likely clinically relevant.  Since CDK4/6 

inhibitors have only recently received FDA approval (232,235), few clinical samples of acquired 

resistance have been reported.  Previous publications have detected RB loss in patient-derived 

xenograft models of resistance to CDK4/6 inhibition (248,262).  In contrast, RB remained intact 

in all three patient samples examined in this study.  Since AKT1 mutations co-occur with other 

alterations in the patient samples, a larger cohort of matched pre-treatment and post-relapse 

biopsies is needed to completely assess the significance of AKT1 mutations.  The three patient 

samples described in this study, however, support in vitro findings that AKT activation promotes 

RB phosphorylation to drive resistance to CDK4/6 inhibition.  In this regard, all resistance genes 

characterized in this study also promote RB phosphorylation. Thus, as an alternative to RB loss, 

we find that a subset of ER+ breast cancer cells hyperphosphorylate RB in the setting of 

acquired resistance to CDK4/6 inhibitors.   
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Multiple markers will likely be necessary to assess AKT pathway activation by IHC.  

Staining for phosphorylated AKT was generally depressed throughout the entire cohort when 

compared to results with phosphorylated S6.  Several features may account for this discrepancy, 

including the nature of the antibody itself (with inferior performance characteristics and limited 

binding overall) or the tissue conditions, as archival specimens can experience tissue 

degradation that leads to false negative staining.  Furthermore, the variability in staining 

observed with stathmin in AKT1-mutant samples may be because stathmin is a better 

measurement of PI3K signaling rather than AKT activity (301).  Despite these caveats, the three 

AKT1-mutant samples generally demonstrated relatively high levels of S6 and RB 

phosphorylation, suggesting that the AKT1 mutations are activating and that the cells have 

bypassed the G1-S cell cycle checkpoint.       

In our studies, co-treatment with MK-2206 abrogated AKT-mediated resistance and re-

sensitized cells to CDK4/6 inhibition.  However, only modest responses were observed in a 

phase I study of ER+ breast cancer patients treated with MK-2206 and endocrine therapy (185). 

Selection for patients with activating AKT1 mutations may enrich for sensitivity to MK-2206.  

AKT inhibitors such as MK-2206 and AZD5363 significantly reduced proliferation of breast 

cancer explant models with homozygous AKTE17K mutations (305).  A partial response to 

AZD5363 monotherapy was also observed in ER+/HER2- patient harboring an AKTE17K 

mutation.  Therefore, patients who have progressed on a CDK4/6 inhibitor and have an 

activating AKT1 mutation may derive clinical benefit from AKT inhibitor therapy.  

We have found that AKT-mediated resistance to CDK4/6 inhibition is also mTOR-

dependent.  The mTOR inhibitor everolimus in combination with the aromatase inhibitor 

exemestane is currently FDA approved in the second-line metastatic setting for patients who 

have progressed on nonsteroidal aromatase inhibitors (166).  Early data from a phase II clinical 

trial suggests that triple combination therapy with a everolimus, a CDK4/6 inhibitor (ribociclib) 

and exemestane is tolerated in patients with metastatic ER+ breast cancer (239). Our follow-up 
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studies suggest that breast cancers with activated AKT1 and AKT2 may respond to triple 

combination therapy.  

In summary, systematic functional studies coupled with clinical sequencing information 

greatly enhance our understanding of resistance to targeted therapies, and can aid in guiding 

patient stratification.  This approach identified AKT as a key mediator of resistance to CDK4/6 

inhibition and nominated several strategies to re-sensitize cells with activated AKT1 to 

palbociclib and abemaciclib.  Further clinical investigation is necessary to validate PH domain 

mutations in AKT1 as a biomarker of resistance to CDK4/6 inhibition.      

 

Materials and Methods  

 
Cell Culture and Reagents  

T47D, MCF7 and ZR-75-1 cells were purchased from ATCC between 2012-2016 and 

cultured in RPMI-1640 (no phenol red, Life Technologies #11835055) + 10% fetal bovine serum 

(FBS, Gemini Bio-products).  Cells were grown for less than 10 passages after thawing.  T47D 

cells were authenticated with STR profiling prior to beginning the screens. Charcoal-stripped 

serum (CSS) was obtained from Life Technologies. Palbociclib, abemaciclib, everolimus 

(RAD001) and MK-2206 were purchased from Selleckchem, while rapamycin was purchased 

from LC Laboratories.  Palbociclib was dissolved in water.  All other drugs were dissolved in 

DMSO. 

 

Virus Production and Lentiviral Vectors 

To generate virus, we transfected HEK 293T cells with lentiviral constructs, and the 

packaging plasmids delta 8.9 and pVSVG.  Fugene 6 (Roche) was used for transfections.  Virus 

was harvested 72 hours after transfection, aliquoted and frozen at -80oC.  Cells were spin-

infected with lentivirus in FBS media in 6 well plates with 4μg/ml polybrene.  Plates were 
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centrifuged at 2250rpm for 30min at 30oC.  Fresh FBS media was replaced the next day and 

cells were selected with 1μg/ml puromycin or 35μg/ml blasticidin in FBS media for four days.    

Lentiviral vectors encoding candidate resistance open reading frames (ORFs) in the 

pLX_TRC317 backbone were obtained from the Broad Institute.  The pLX_TRC317 vector is a 

gateway-compatible vector, drives gene expression from EF1a promoter and confers puromycin 

resistance.  The vector also encodes a V5 tag but all constructs in validation studies contain a 

stop codon prior to V5 tag unless otherwise noted.  The following pLX_317 constructs were 

obtained from the Genetic Perturbation Platform at the Broad Institute: TRCN0000491814 

(AKT1), TRCN0000488903 (AKT2), TRCN0000489669 (AKT3), TRCN0000488331 (CDK6), 

TRCN0000474343 (CCNE2 LMW-V5) and TRCN0000489590 (EGFRL858R).  CMV-gateway-

GFP-V5-puromycin lentiviral vector was also obtained from the Broad Institute and is used as 

an expression control unless otherwise noted.  Myr-AKT is in the pLX304, a CMV-gateway-V5-

blasticidin vector, as previously described (178).  Corresponding GFP vector in pLX304 was 

used for myr-AKT experiments.         

 

Pooled Lentiviral ORF Screens 

For the primary screen, 3x10^6 T47D cells were seeded into 12-well plates and infected 

at MOI of 0.3 with pooled virus encoding a 17,255 ORF pooled library (encoding 12,732 human 

genes) with 4µg/ml polybrene.  A total of 2.83x10^8 cells were infected.  Plates were centrifuged 

at 2000rpm at 30oC for 2 hours followed by an immediate media change.  24 hours later, cells 

were split into T225 flasks and selected with 1.5µg/ml puromycin for 6 days (fresh media with 

puromycin was replaced at day 4).  Then, 2x10^7 cells were collected and frozen at -80oC to 

determine ORF representation at this early time point.   There were 3 replicates (2x10^7 cells 

treated per replicate) per treatment condition. ORF-infected cells for all CSS-containing arms of 

the screen were washed 3 times in CSS media to remove residual estrogen. Cells were grown 

in T225 or T162 flasks with the following media and drug conditions: FBS + 1µM palbociclib, 
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FBS + 300nM abemaciclib, CSS alone, CSS+100nM palbociclib and CSS+30nM abemaciclib.  

Control uninfected T47D cells were grown and treated in parallel.  Media and drug was changed 

every 2-6 days for all replicates of a given treatment.  When cells became confluent, they were 

split and at least 20 million cells were replated.  For replicates with less than 20 million cells, all 

cells in the replicate were replated.  TrypLE express enzyme (1x) from Gibco was used for 

trypsinization during the screen as it has no phenol red.  Uninfected cells were passaged in 

parallel to monitor spontaneous resistance; none was observed during the screen.  Cells were 

collected for the “late time point” at day 28 for all FBS conditions or day 31 for all CSS treatment 

arms and pellets were frozen at -80oC.  

In secondary screens conducted by the Genetic Perturbation Platform, there were two 

replicates for the early time point.  Secondary screens were similarly infected as in primary 

screen but cells were split every 3-4 days for two weeks and cultured in the presence of FBS 

media, FBS + 1µM palbociclib and CSS+1µM palbociclib.  FBS treatment was done in duplicate, 

while all other screening arms were done in quadruplicate.  

Genomic DNA from ORF-infected cells was isolated with the QIAamp blood midi kit.  

ORFs were PCR-amplified and then sequenced (Illumina).  Detailed protocols for lentiviral 

production, PCR amplification and sequencing of screens may be found at the Broad Institute’s 

Genetic Perturbation platform portal at (www.broadinstitute.org/rnai/public).   

 

Screen Analysis   

For each replicate, ORF representation was determined by calculating the log 

normalized score: log2(# sequencing reads/total number of reads *10^6+1).  Enrichment of each 

ORF was determined by calculating the log fold change (LFC): the log normalized score for 

each ORF at the end of the screen (late time point) minus the log normalized score for each 

ORF at the beginning of the screen (early time point).  ORFs with a median LFC of >2 were 

considered candidate resistance hits in the primary screen.  Any ORF with a z score >3 in the 
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secondary screen was also considered a hit.  Deconvolution data did not include mutation 

status for each ORF.  Mutation status for select ORFs (KRAS, EGFR, AKT1/2/3, CDK6, CCNE2 

and SRC) were identified manually and are indicated.  

 

Cell Viability Assays 

0.5-3x103 cells were plated in 96 well plates.  The next day, cells were infected at 1:10-

1:20 with dilution of lentivirus encoding ORF of interest and 4μg/ml polybrene. Mock transfected 

cells were only incubated with polybrene.  Lentivirus was produced in 293T cells as previously 

described (266).  Plates were spun for 30 minutes at 2250rpm and 30oC and the media was 

replaced the next day (with 10% FBS or 10% CSS depending on final treatment conditions).  

48-72 hours after infection, the media was changed again and cells were treated with 

compounds.  After 6 days of drug treatment, 100μl DMEM (with phenol red) + 10% FBS was 

added to each well followed by 10μl WST-1 reagent (Abcam and SIGMA/ROCHE) to assess cell 

viability according to manufacturers’ instructions unless otherwise indicated.  Viability at a given 

dose of inhibitor was calculated as a percentage of viability in FBS vehicle-treated cells after 

background subtraction.  Dose response curves were generated with Prism software.     

 

Colony Formation Assays 

3x10^3 cells were plated in 12 well plates in native growing condition (FBS+/- CDK4/6 

inhibitor).  The next day, cells were treated with 1µM palbociclib, 300nM abemaciclib and/or 

500nM MK-2206. Cells were cultured for two weeks with media and drug refreshed every 3-5 

days.  Cells were fixed with 100% methanol and stained with 0.5% crystal violet.  Plates were 

washed with distilled water and subsequently imaged.  

 

Western Blot Analysis 
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1.5-3x10^5 ORF-infected or cultured to resistance cells were plated in 6 wells.  The next 

day, ORF-infected cells were grown for at least two days in CSS media to remove residual 

estrogen and subsequently treated for another 48 hours with compounds in CSS media.  

Cultured to resistance cells were plated in FBS media containing relevant dose of palbociclib or 

abemaciclib overnight and subsequently treated with compounds for 48 hours in FBS media.  

Cells were washed with PBS and lysed with RIPA buffer (SIGMA) containing a protease 

inhibitor cocktail (cOmplete, EDTA-free, SIGMA Aldrich) and phosphatase inhibitors 

(PhosSTOP, SIGMA). After protein concentrations were determined with the Bio-Rad protein 

assay and normalized, lysates were resolved with SDS-PAGE protein gels and transferred onto 

PVDF membranes. All antibodies were from Cell Signaling Technologies except vinculin (EMD 

Millipore), P-AKT (S473, Cell Signaling and Santa Cruz) and cyclin D1 (Neomarkers).   

 

Cell Cycle Analysis  

Cells were treated as described for western blots.  Cells were subsequently trypsinized, 

resuspended in 70% ethanol in PBS and fixed for at least 24 hours.  Pellets were washed in 

PBS and stained with 200µl propidium iodide (PI)/tritonX-100 solution (PBS with 0.1% TritonX-

100, 0.2mg/ml RNase A and 20µg/ml PI) for 30 minutes at room temperature in the dark.  300 µl 

PBS was added after the incubation and flow cytometry was performed with BD LSRFortessa at 

605nm wavelength.  ModFit software was used to analyze the percentage of cells in S phase 

from FCS files.      

 
Clinical Sequencing and Annotation  

We performed targeted genomic sequencing on a panel of more than 300 cancer-related 

genes (OncoPanel), whole exome sequencing (WES) and transcriptome sequencing (RNA-seq) 

on metastatic tumor biopsies from more than 150 patients with metastatic breast cancer who 

were treated at the Dana-Farber Cancer Institute/Harvard Cancer Center (297,298).  Patient 
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consent and participation was obtained in accordance with the cancer center’s Institutional 

Review Board (IRB) and the Declaration of Helsinki.   Tumors were analyzed for point mutations, 

insertions/deletions, copy number alterations, and gene expression.   For all patients enrolled in 

the research cohort, detailed clinicopathologic data was collected from our institution’s 

electronic medical record.  For pathology samples, the patient’s biopsy result, tumor yield within 

the biopsy sample, receptor status (estrogen receptor, progesterone receptor), and HER2 status 

(including immunohistochemistry and FISH results) were collected.  A detailed clinical database 

was established for this research cohort – all patient charts were reviewed systemically and all 

treatment regimens were identified and collated.  These include therapies deployed in the 

neoadjuvant, adjuvant, and metastatic settings, along with start/stop date, best overall response, 

and reason for stopping therapy.  If the patient was on a clinical trial, this information was 

included as well.   

The genomic OncoPanel and WES data described above was then retrospectively 

searched for all variants of interest (e.g. AKT1, AKT2, AKT3 mutations).  All patients harboring 

mutational events in the gene of interest (which include point mutations, splice variants, and 

copy number changes) were then queried as to their exposure to anti-estrogen and CDK4/6 

inhibitor therapy.  Patients harboring a mutation in AKT1/2/3 with exposure to hormonal therapy 

and CDK4/6 inhibition were collected for additional review.  Representative cases were outlined 

in a chronological fashion, incorporating the patient’s initial diagnosis date, age at the time of 

diagnosis, receptor/HER2 status, timing of biopsy events, and sequence of clinical therapies.  

The acquisition of mutational variants of interest, identified via OncoPanel sequencing, were 

highlighted along this chronology.  OncoPanel data for all AKT1-mutant patients is provided in  

(Table 3.6). LA indicates low amplification.      

These patients were further filtered via timing of tumor biopsy relative to CDK4/6 therapy 

and assigned as follows: sensitive (patient with clinical response or stable disease clearly 

documented via at least one interval radiographic study and biopsy obtained prior to treatment; 
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typical duration between imaging studies 8-12 weeks, variable by attending physician and 

clinical status); intrinsic resistant (patient with clinical disease progression prior to first imaging 

study and/or progression on first radiographic study; biopsy obtained either immediately prior to 

or subsequent to CDK 4/6 therapy); or acquired resistant (patient with initial sensitivity to 

therapy with subsequent tumor progression; biopsy obtained shortly before or after radiographic 

progression).   

In the cohort analysis, resistant patients include both intrinsic and acquired resistance.  

The unknown group includes patients who have not had exposure to CDK4/6 therapy, patients 

who clinical data has not be fully annotated, and patients who have recently started CDK4/6 

inhibitor therapy but have not yet had their first interval radiographic assessment.  

 

Immunohistochemistry (IHC) Staining   

Archival tissue specimens fixed in formalin and paraffin-embedded (FFPE) were 

collected for additional pathology and immunohistochemical assessment.  All IHC staining was 

performed on the Leica Bond automated staining platform with Citrate antigen retrieval for 

30min.  The Leica Refine DAB Detection kit was used with the included hematoxylin.  The 

antibody vendors, catalogue numbers and dilutions are as follows: Total Rb- BD Biosciences- 

554136 clone G3-245 (mouse) 1:75, Phospho Rb- CST-9308 clone s807/811 (rabbit) 1:100, 

Phospho AKT- CST- 4060 clone ser473 (rabbit) 1:100, Stathmin- CST-13655 clone D1Y5A 

(rabbit) 1:1200 & Phospho S6–CST 4858 clone ser235/236 (rabbit) 1:100.  These samples were 

scored in a blinded fashion by our collaborator in the Dana Farber Cancer Institute pathology 

division (Dr. J Geradts).  For the various immunostains of interest, each tumor specimen was 

reviewed and scored for both the proportion of tumor cells positive for the target protein (percent, 

0-100) as well as the average staining intensity across all positive tumor cells (1-3+).  These two 

scores were multiplied to create a dynamic “IHC score” (0-300).  

.  
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Summary 

 

CDK4/6 inhibition in combination with endocrine therapy is the new standard of care for 

patients with metastatic ER+ breast cancer.  While ER positivity is currently the best clinical 

predictor of sensitivity to CDK4/6 inhibitors, some ER+ breast cancer patients are intrinsically 

resistant to CDK4/6 inhibition, while other patients are developing resistance.  By leveraging 

clinical sequencing data and unbiased screening approaches, the two projects described in this 

work nominate several novel markers of response and resistance to CDK4/6 inhibition.     

In chapter 2, we investigated the targetable vulnerabilities of ER-mutant breast cancer 

cells.  We have found that ER ligand binding domain (LBD) mutations upregulate cyclin D1 and 

E2F1 expression under estrogen-deprived conditions, rendering cells resistant to estrogen-

deprivation but sensitive to CDK4/6 inhibition with palbociclib.  Furthermore, sensitivity to 

CDK4/6 inhibition is contingent upon RB1.  These results are consistent with Dr. Rinath 

Jeselsohn’s work in Dr. Myles Brown’s laboratory and with Wardell et al.’s publication (262).  

Both groups found that the selective ER modulator/selective ER degrader hybrid bazedoxifene 

acts synergistically with palbociclib to inhibit the growth of ER-mutant breast cancer cells.  Thus, 

breast cancer patients with activating ESR1 mutations may benefit from combined endocrine 

therapy and CDK4/6 inhibition.   

In chapter 3, our screens enabled comprehensive and unbiased characterization of the 

landscape of resistance to CDK4/6 inhibition.  Since CDK4/6 inhibitors are only FDA-approved 

in combination with endocrine therapy, the use of estrogen-deprived charcoal-stripped serum 

media (CSS) better recapitulates clinical treatment of patients compared to normal growth 

media containing fetal bovine serum (FBS).  Our screens identified AKT as a key mediator of 

resistance to palbociclib and abemaciclib under estrogen-deprived conditions.  Validation 

studies suggest that AKT drives resistance to CDK4/6 inhibition by promoting RB 

phosphorylation and progression into S phase.  Mechanistically, AKT phosphorylates and 
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inactivates GSK3β despite CDK4/6 inhibition, which stabilizes cyclin D1.  Work from Herrera-

Abreu et al. suggests that cyclin D1 forms noncanonical interactions with CDK2 to promote RB 

phosphorylation and bypass CDK4/6 inhibition (248).  Furthermore, we found that AKT 

promotes p21 phosphorylation at threonine 145, which could also activate CDK2.  These results 

are consistent with a model in which AKT signaling upregulates CDK2 activity to inactivate RB 

(Fig. 4.1).  We also found that triple combination therapy with estrogen deprivation, CDK4/6 

inhibition and AKT inhibition mitigates AKT-driven resistance.  Furthermore, AKT’s mechanism 

of action is mTOR-dependent; rapamycin treatment sensitives cells to palbociclib and 

abemaciclib in CSS media.   

Collaborations with Dr. Seth Wander, Dr. Nikhil Wagle and the Center for Cancer 

Precision Medicine at the Dana Farber Cancer Institute have allowed us to assess the clinical 

relevance of our findings.  Preliminary data suggest that oncogenic mutations in AKT1 but not 

PIK3CA are associated with acquired resistance to CDK4/6 inhibition in patient samples.  

Importantly, RB is expressed and highly phosphorylated in AKT1-mutant tumors, consistent with 

AKT activation.  A recent phase II clinical trial is evaluating triple combination therapy of a 

mTOR inhibitor (everolimus), an aromatase inhibitor (exemestane) and a CDK4/6 inhibitor 

(ribociclib) in ER+ metastatic breast cancer patients.  Encouragingly, triple combination therapy 

is tolerable and shows clinical activity (239).  Our data suggests that patients with activating 

AKT1 mutations may benefit from triple combination therapy.   

 

Limitations of this study 

One potential limitation of our work is the use of charcoal-stripped serum.  Although 

charcoal treatment does reduce estrogen levels in growth serum, it also nonspecifically removes 

growth factors.  To specifically test the role of estrogen, one could add β-estradiol to the CSS 

media.  Ping Mao in Nikhil Wagle’s group has also conducted similar ORF resistance screens in 

T47D cells in FBS media with ER degraders, such as fulvestrant.  Encouragingly, many of the  
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Figure 4.1. Model for AKT-mediated resistance to CDK4/6 inhibition.   
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top hits in our CSS screen overlap with those in the fulvestrant screen, suggesting that the 

screen identified on-target resistance mechanisms to anti-estrogen therapy. 

Furthermore, the use of lentiviral ORF constructs may result in non-physiological gene 

expression.  We attempted to account for potential artifacts of overexpression by using 

pharmacological inhibitors to rescue our phenotypes and by using alternative methods to 

activate AKT (such as with a constitutively active EGFR construct).  To drive protein expression 

from endogenous promoters, one could use CRISPR activation (CRISPRa) technology (306).  

Experiments with mutant ORFs could also be confounded by the presence of the endogenous 

wild-type protein.  In our studies with mutant ER, we attempted to account for this by conducting 

experiments under estrogen-deprived conditions, where the wild-type ER is non-functional.  One 

could also use CRISPRs to engineer point mutations into the endogenous ESR1 locus.     

While T47D, MCF7 and ZR-75-1 cells were chosen based on their sensitivity to CDK4/6 

inhibition, lentiviral infectability and growth rate, they all harbor genetic alterations in the PI3K 

pathway.  Both T47D and MCF7 cells have an activating mutation in PIK3CA.  T47D cells have 

an H1047R kinase domain mutation and MCF7 cells have a E545K helical mutation.  ZR-75-1 

cells are PTEN null.  Our patient data, however, suggest that mutations in the PI3K pathway are 

likely not a pre-requisite for subsequent activating mutations in AKT1.  AKT1 mutations are 

observed in the absence of PIK3CA or PTEN mutations.  Larger patient populations would be 

necessary to determine whether PIK3CA mutations pre-disposes tumors to additional AKT 

mutations.   

Our validation studies also relied heavily on the in vitro cell culture models described 

above.  Mouse xenograft experiments are currently underway to assess the efficacy of mTOR 

inhibition, CDK4/6 inhibition and estrogen deprivation in inhibiting the growth of ER+ breast 

cancer cells overexpressing AKT1.  Since expression of wild-type AKT1 may not fully 

recapitulate the effects of mutant AKT1, the AKT1 mutations identified in patients will need to be 
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tested to determine whether they confer resistance to CDK4/6 inhibition.  Patient-derived 

xenografts with activating mutations in AKT1 could also be used to test combination therapies. 

   

Future Directions  

  

 Patient stratification is critical for identification of sensitive populations and in 

determination of alternative treatment strategies to combat resistance to CDK4/6 inhibitors.  Our 

characterization of ER mutations and large scale ORF screens have opened many exciting 

avenues for future investigation.  As outlined below, these studies highlight a need for further 

characterization of AKT-mediated resistance to CDK4/6 inhibition, sequencing of additional 

CDK4/6 inhibitor-treated breast cancer patients, and identification of targetable vulnerabilities in 

cells with inactivated RB.  

 

Elucidating AKT’s mechanism of action in CDK4/6 inhibitor resistance  

 In our study, AKT activation validated across many contexts as a driver of resistance to 

CDK4/6 inhibition.  Since AKT has many downstream effectors, AKT may drive resistance to 

CDK4/6 inhibition through several mechanisms.  Further study of AKT targets will inform clinical 

treatment and the development of novel therapies.   

The role of cyclin D1 in response and resistance to CDK4/6 inhibition is unclear.  In 

chapter 2, we found that cells expressing ER LBD mutants upregulate cyclin D1 expression and 

are sensitive to CDK4/6 inhibition.  Similarly, high cyclin D1 expression and low p16 expression 

are predictive of sensitivity to palbociclib in vitro (4).  Clinically, however, genetic amplification of 

CCND1, which encodes cyclin D1, is not associated with response to palbociclib and letrozole 

(252).  In our resistance studies described in chapter 3, AKT’s inactivation of GSK3β stabilizes 

cyclin D1 levels.  Noncanonical interactions between cyclin D1 and CDK2 have been detected 

in ER+ breast cancer cells, which likely drive RB phosphorylation and adaptive resistance to 
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CDK4/6 inhibition (248).  To further complicate matters, CDK4/6 inhibitor treatment increases 

cyclin D1 levels (Chapter 3, (247,248)).   

 One possible explanation for the data described above is that there is a difference 

between amplification of the CCND1 gene and stabilization of cyclin D1 protein levels.  While 

treatment with either palbociclib or abemaciclib increases cyclin D1 levels in sensitive cells, 

cyclin D1 levels are significantly higher in cells overexpressing AKT1, AKT2 and EGFRL858R 

(Chapter 3).  Furthermore, we found CCND1 amplification and AKT1 mutations co-occur in 

CDK4/6 inhibitor-resistant tumor biopsies.  Thus, the level of cyclin D1 induced by ER 

expression or CCND1 gene expression may be sufficient to drive S phase progression, but 

render cells sensitive to CDK4/6 inhibitor.  In contrast, stabilization of cyclin D1 levels by AKT 

may confer resistance to CDK4/6 inhibition.   

To test whether cyclin D1 stabilization is sufficient to bypass CDK4/6 inhibition, one 

could use a non-degradable cyclin D1 mutant.  AKT signaling prevents GSK3β from 

phosphorylating threonine 286 (T286) on cyclin D1 and inhibits cyclin D1 degradation (134,149). 

Substitution of T286 for alanine in cyclin D1 prevents GSK3β phosphorylation and inhibits cyclin 

D1 turnover.  If stabilization of cyclin D1 confers resistance to CDK4/6 inhibition, then cells 

expressing the T286A cyclin D1 mutant (33) should be insensitive to CDK4/6 inhibitor treatment.  

Immunohistochemistry analysis of patient samples is needed to determine whether there is a 

correlation between cyclin D1 protein levels and resistance to CDK4/6 inhibition.    

In chapter 3, our studies support an emerging hypothesis that CDK2 is a key node of 

resistance to CDK4/6 inhibition (219,247,248,277).  Overexpression of AKT maintains CDK2 

activation and mediates resistance to CDK4/6 inhibitors under estrogen-deprived conditions.  

AKT signaling upregulates cyclin D1 levels, increases p21 phosphorylation at T145 and 

maintains CDK2 phosphorylation at T160 despite CDK4/6 inhibition.  Knockdown studies are 

needed to confirm the role of CDK2 in AKT-mediated resistance.  In addition to AKT, we found 

that overexpression of a CCNE2 mutant predicted to constitutively activate CDK2 rendered cells 
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insensitive to CDK4/6 inhibition.  Similarly, cyclin E1/2 expression bypassed CDK4/6 inhibition 

and cyclin E1 is amplified in MCF7 cells with acquired resistance to palbociclib (248,250).  

These results support the clinical development of CDK2 inhibitors.                

Historically, most CDK2 inhibitors have failed in the clinic due to low specificity and lack 

of patient stratification (204).  For example, CDK2 inhibitors, like dinaciclib, often co-target 

CDK1 (307).  Whereas CDK2, CDK4 and CDK6 are dispensable for the proliferation of many 

cell types (246,308-310), CDK1 appears to be universally essential (311).  Identification of 

synthetic lethal interactions with CDK2 inhibition or predictive biomarkers of sensitivity may 

lower the concentration of CDK2 inhibitor needed for efficacy and potentially limit toxicity.  

CDK4/6 inhibitor-resistant patients with CCNE1/2 amplification or lower molecular weight 

isoforms of CCNE2 may be particularly responsive to CDK2 inhibition. If patient stratification 

does not improve the therapeutic window for current CDK inhibitors, compounds with increased 

selectivity for CDK2 may be more useful.   

Since AKT-mediated resistance to CDK4/6 inhibition requires mTOR, it will be important 

to assess whether mTOR mutations bypass the dependency of breast cancer cells on CDK4/6.  

Activating mutations in mTOR are well-characterized and sensitize cells to rapamycin treatment 

(312).  If mTOR mutants also drive resistance to CDK4/6 inhibition, they should be assessed 

clinically.  ER+ breast cancer patients may derive clinical benefit from combined CDK4/6 and 

mTOR inhibition.   

 

Genome characterization 

Clinical sequencing of additional patient samples will be needed to assess the 

generalizability of our findings and to build on our work.  With a larger cohort of patients, one 

could determine whether ESR1-mutant patients with wild-type RB are significantly more 

sensitive to CDK4/6 inhibition and aromatase inhibitor therapy compared to patients with wild-

type ESR1.  Unbiased genomic characterization of patients with exquisite sensitivity to CDK4/6 
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inhibition could also reveal novel biomarkers for patient stratification.  This approach has been 

used to study exceptional responders to everolimus (an mTOR inhibitor).  Whole-exome 

sequencing of a patient who had a complete response to pazopanib (tyrosine kinase inhibitor) 

and everolimus (an mTOR inhibitor) treatment for two years uncovered activating mTOR 

mutations (313).  Although sensitizing mutations like the ones found in mTOR may be rare on a 

population level, studies of exceptional responders can help identify their clinical significance.  

As CDK4/6 inhibitors are often used with ER-directed therapy and increasingly with other 

targeted agents, further sequencing studies will also identify genetic alterations that sensitize 

tumors to combination therapies.   

Characterization of additional matched pre-treatment and post-relapse samples would 

reveal whether activating AKT1 mutations are significantly associated with acquired resistance 

to CDK4/6 inhibition.  Gene expression profiling of treatment-naïve and post-relapse biopsies 

from patients treated with endocrine therapy and CDK4/6 inhibitors would greatly complement 

our gain-of-function screens.  These studies would reveal whether patients with acquired 

resistance to hormonal therapy and/or CDK4/6 inhibition show upregulation of our candidate 

resistance genes.  Since our screens identified a diverse array of resistance mechanisms, RNA  

sequencing analysis of patient biopsies will also help prioritize clinically relevant hits for further 

validation.   

 

Identifying differences between CDK4/6 inhibitors   

 While our work focused on convergent mechanisms of resistance to palbociclib and 

abemaciclib, differences between the inhibitors may also be clinically relevant.  For patients with 

ER+ metastatic breast cancer, the clinical benefit rate of palbociclib monotherapy is only 21% 

compared to 44.7% for abemaciclib (230,241).  Toxicity profiles also differ between the two 

drugs; palbociclib generally induces neutropenia (230,231), while abemaciclib treatment often 

triggers diarrhea (241,244).  An understanding of the underlying differences between palbociclib 
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and abemaciclib will enable patient stratification and development of alternative treatment 

strategies.  

 Our studies provide several insights into potential mechanistic differences between the 

inhibitors, which warrant further investigation.  Since RB is the main gatekeeper of the G1-S 

restriction point, RB loss should confer complete resistance to CDK4/6 inhibition.  As described 

in Chapter 2, we used CRISPR technology to generate isogenic T47D cell lines with and without 

RB (Fig. 3.2A). Genetic loss of RB1 increased the GI50 of to the CDK4/6 inhibitor palbociclib by 

approximately 100-fold (Fig. 3.2B).  Cell cycle analysis indicates that while palbociclib arrests 

cells with intact RB1 in G1, RB1 null cells progress into S phase despite palbociclib treatment 

(Fig. 3.2C).  RB1 loss also renders cells resistant to abemaciclib, but only shifts the GI50 

approximately 10-fold (Fig. 3.2D).  Thus, abemaciclib can inhibit cell growth in a RB-

independent manner at higher concentrations.  Consistent with these findings, abemaciclib 

inhibits activity of additional kinases like CDK2 and PIM1 at micromolar concentrations (7).   

 Comparison of resistance profiles in our screens further suggests that abemaciclib has 

off-target activity. In viability assays conducted in chapter 3, AKT1, AKT2 and activated EGFR 

conferred resistance to both CDK4/6 inhibitors but higher doses of abemaciclib partially reduced 

cell viability.  Cells expressing these genes were completely resistant to palbociclib up to 10μM 

at which point palbociclib is toxic.  Thus, abemaciclib may have relevant off-target activity at 

concentrations greater than 1μM.  Notably, CDK2 overexpression also conferred resistance to 

abemaciclib but not palbociclib; these observations are consistent with CDK2 being a target 

unique to abemaciclib but these observations would need to be validated.     

Expression profiling and resistance screens conducted at higher concentrations of 

abemaciclib may be beneficial in determining the biological relevance of abemaciclib’s off-target 

activity.  The doses of abemaciclib and palbociclib used in our screens were chosen for on-

target activity. RB null cells were continued to grow at 1μM palbociclib and 0.3μM abemaciclib in 

FBS media, whereas parental cells were sensitive.  Similarly, in CSS media, ESR1Y537S-mutant  
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Figure 3.2. Knockout (KO) of RB1 reveals differences between CDK4/6 inhibitors.  (A) 
Western blot analysis of T47D cells expressing control or RB1 CRISPRs.  Cells were grown in 
full serum (FBS containing media).  (B) Cells in (A) were plated in 96-well format and 
subsequently treated with indicated palbociclib concentrations in FBS media.  %viability 
(determined by MTS assay) relative to vehicle control for 6 replicates +/- SD is shown after 6-
day treatment. (C) Cell cycle analysis of T47D cells +/- RB treated with H2O (vehicle control) or 
palbociclib for 24 hours. Cells were stained with propidium iodide and indicated cell cycle 
phases were analyzed by flow cytometry and 2 replicates shown. (D) Same as (B) except cells 
were treated with abemaciclib and average for 3 replicates is shown.  See Chapter 2 for 
additional methods. 
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cells with RB loss were insensitive to CDK4/6 inhibition.  Abemaciclib, however, reduces the 

viability of RB null cells at higher concentrations (1-2μM) in FBS media.  Comparison of the 

gene expression profiles at 0.3μM and 2μM of abemaciclib treatment may provide insights into 

the compound’s off-target activity.  Furthermore, resistance drivers in FBS palbociclib identified 

in the primary screen can be used to generate a mini pool of ORFs.  ER+ breast cancer cells 

can then be infected with this mini pool and screened at 2μM of abemaciclib.  Any hits that no 

longer score at this higher concentration of abemaciclib may be clinically relevant.  It remains to 

be determined whether patients that progress on palbociclib may benefit from abemaciclib 

treatment.  

   

Mapping the targetable vulnerabilities of RB null cells 

All resistance mechanisms characterized in this work ultimately impinge on RB 

inactivation.  In chapter 2, RB loss or co-expression of CDK6 and cyclin D1 rendered ESR1-

mutant cells insensitive to palbociclib.  In chapter 3, expression of AKT1, AKT2 and activated 

EGFR maintained RB phosphorylation despite CDK4/6 inhibitor treatment.  Similarly, palbociclib 

and abemaciclib treatment was unable to reduce RB phosphorylation in cells cultured to 

resistance to CDK4/6 inhibition.  For cells with hyperphosphorylated RB, treatment with other 

targeted therapies like AKT inhibitors may be sufficient to re-sensitize cells to CDK4/6 inhibition.  

In cells that have lost RB expression, however, treatment with a CDK4/6 inhibitor is no longer a 

viable option.  Thus, the genetic dependencies of RB-null cells must be understood.   

Loss of function screens can be utilized to identify synthetic lethal interactions with RB 

loss in ER+ breast cancer cells.  This approach was used to identify a TBK1 co-dependency in 

KRAS-mutant cancer cells (314).  Genetic knockout screens can be conducted with the Broad 

Institute’s barcoded CRISPR library (315).  Isogenic T47D cells with and without RB can be 

infected with Cas9 and the CRISPR guide library.  Cells can then be cultured to determine 

which genes are selectively depleted in RB null cells.  Knowledge of the dependencies unique 
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to RB null cells will enable the design of rational therapies with a high therapeutic window to 

combat resistance to CDK4/6 inhibition.      

 

Concluding Remarks   

  

 This dissertation provides a framework for understanding the molecular determinants of 

response and resistance to CDK4/6 inhibition in ER+ breast cancer.  Characterization of 

endocrine therapy-associated ESR1 mutations reveals a dependency on CDK4/6 and 

underscores a need to identify exceptional responders to CDK4/6 inhibition.  We conducted the 

first comprehensive gain-of-function screens to uncover drivers of resistance to CDK4/6 inhibitor 

monotherapy and in combination with estrogen deprivation in ER+ breast cancer.  In addition to 

identifying AKT as a key bypass mechanism, these screens lay the groundwork for studies of 

CDK4/6 inhibitors in other genetic contexts and provide a functional map of resistance for 

clinical reference.  Such integrative systematic studies will engender the development of novel 

therapeutic strategies to combat resistance to targeted therapy.     
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