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SUMMARY

Cyclin-dependent kinase 4 and 6 inhibitors (CDK4/6i) are key therapeutic agents in the 

management of metastatic hormone-receptor-positive breast cancer. However, the emergence of 

drug resistance limits their long-term efficacy. Here, we show that breast cancer cells develop 

CDK4/6i resistance via a sequential two-step process of E2F activation. This process entails 

retinoblastoma (Rb)-protein degradation, followed by c-Myc-mediated amplification of E2F 

transcriptional activity. CDK4/6i treatment halts cell proliferation in an Rb-dependent manner but 

dramatically reduces Rb-protein levels. However, this reduction in Rb levels insufficiently induces 

E2F activity. To develop CDK4/6i resistance, upregulation or activating mutations in mitogenic or 

hormone signaling are required to stabilize c-Myc levels, thereby augmenting E2F activity. Our 

analysis of pre-treatment tumor samples reveals a strong correlation between c-Myc levels, rather 
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than Rb levels, and poor therapeutic outcomes after CDK4/6i treatment. Moreover, we propose 

that proteasome inhibitors can potentially reverse CDK4/6i resistance by restoring Rb levels.

In brief

Kim et al. demonstrate that breast cancer cells develop resistance to CDK4/6 inhibitors 

through a two-step E2F activation process involving Rb-protein degradation and c-Myc-mediated 

amplification of E2F activity. They suggest that proteasome inhibitors, which restore Rb levels, 

could potentially overcome this resistance.

Graphical Abstract

INTRODUCTION

The development and progression of cancer are closely linked to the dysregulation in 

cell-cycle entry, a complex and multifaceted process.1 Central to this regulation is the 

interaction between E2F transcription factors and the retinoblastoma (Rb) protein, which 

control the initiation of the cell cycle.2 During quiescence, Rb impedes cell-cycle entry 

by inhibiting E2Fs. This regulation is disrupted when cyclin-dependent kinases 4 and 6 

(CDK4/6) become activated and phosphorylate Rb, liberating E2Fs to initiate the cell-cycle 

program, including CDK2 activators.3,4 In cancer, aberrant upregulation of CDK4/6 activity 

is frequently observed and leads to abnormal cell proliferation.5–7
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CDK4/6 inhibitors (CDK4/6i) have been developed to block cell-cycle entry in tumor cells 

with a functional Rb pathway. Treatment with CDK4/6i in conjunction with endocrine 

therapy has significantly extended survival in hormone-receptor-positive (HR+)/human 

epidermal growth factor receptor 2-negative (HER2−) metastatic breast cancer, the most 

prevalent subtype.5,6,8–10 However, the efficacy of CDK4/6i is highly variable, and no 

biomarkers are available to predict treatment response.11,12 10%–20% of patients show 

primary resistance to CDK4/6i, and at least 30% of initially responsive patients develop 

drug resistance within 2 years.8,13 Moreover, CDK4/6i monotherapy is ineffective in 

treating patients with metastatic triple-negative breast cancer (TNBC), the most aggressive 

subtype.14 Therefore, elucidating the mechanisms of CDK4/6i resistance is essential for 

developing predictive biomarkers and novel therapeutic interventions.

Somatic mutations associated with CDK4/6i resistance, such as loss of FAT1 and PTEN and 

PIK3CA mutations, have been well characterized in patients with metastatic HR+/HER2− 

breast cancer.6,15–19 In addition to these genetic mechanisms, emerging evidence suggests 

that non-genetic mechanisms in small subsets of cancer cells induce drug adaptation, 

resulting in the emergence of drug-tolerant persister cells (persisters).20,21 These persisters 

cause residual cancer growth and the emergence of resistance mutations, contributing to 

major resistant clones. Furthermore, non-genetic mechanisms are clinically relevant, as 70% 

of patients with HR+/HER2− metastatic breast cancer who develop CDK4/6i resistance do 

not acquire any new somatic mutations.17 Non-genetic mechanisms of CDK4/6i resistance 

and the interplay between genetic and non-genetic mechanisms remain largely unknown.

Rb loss is the primary mechanism of CDK4/6i resistance documented in pre-clinical 

studies.5–7 However, recent studies showed that loss-of-function mutations in Rb are rare in 

HR+/HER2− breast cancers resistant to CDK4/6i (4.7%),17,22 raising the question of whether 

Rb loss is the primary mechanism of CDK4/6i resistance in the clinical setting. In addition 

to Rb loss, CDK4/6i resistance is frequently associated with upregulation of mitogenic 

signaling. Amplification of FGFR signaling23 and loss of PTEN16 are frequently observed 

in HR+/HER2− breast tumors resistant to CDK4/6i. Moreover, most mutations acquired in 

patients with breast cancer who develop CDK4/6i resistance occur in mitogenic or hormone 

signaling genes, such as PIK3CA, ESR1 (encoding estrogen receptor 1), FGFR1–3, and 

HER2.15–17,22,24 Nevertheless, patients with HR+/HER2− breast cancer respond to CDK4/6i 

irrespective of ESR1 mutation status,25,26 and PIK3CA mutations are present in both drug-

sensitive and -resistant tumors.22 Consequently, it is unclear how alterations of mitogenic or 

hormone signaling factors promote CDK4/6i resistance.

In this study, we show that Rb-protein reduction and c-Myc, induced by mitogenic or 

hormone signaling, sequentially drive E2F transcriptional activity. This facilitates the 

development of persisters and ultimately CDK4/6i resistance in breast cancer. We also 

identify levels of c-Myc as a predictive biomarker of CDK4/6i efficacy in pre-treatment 

tumor samples and propose a potential therapeutic strategy to improve the long-term success 

of CDK4/6i in treating breast cancer.

Kim et al. Page 3

Cell Rep. Author manuscript; available in PMC 2023 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

CDK4/6i treatment induces Rb-protein reduction regardless of its levels

We investigated the development of CDK4/6i-tolerant persisters across four HR+/HER2− 

breast cancer (MCF-7, T47D, CAMA-1, and HCC1428) and three TNBC (BT-20, MDA-

MB-231, and HCC1143) cell lines with a functional Rb pathway. Additionally, we used 

two TNBC cell lines lacking Rb expression (HCC1937 and MDA-MB-468) (Figure 1A). To 

evaluate persister development, we treated cells with the CDK4/6i palbociclib and monitored 

cell proliferation by classifying cell-cycle phases. Breast cancer cells lacking Rb expression 

continuously entered the cell cycle regardless of CDK4/6i treatment (Figures 1B, 1C, and 

S1A). In contrast, those with a functional Rb pathway nearly halted proliferation 1 day 

after CDK4/6i treatment (Figures 1D, 1E, S1B, and S1C). However, different levels of 

persisters (0%–15%) developed from Rb-intact breast cancer cell lines within 2 days of drug 

treatment. The variable CDK4/6i sensitivities in Rb-intact breast cancer cell lines were not 

correlated with expression levels of Rb protein in Figure 1A. These results indicate that 

while a functional Rb expression determines response to CDK4/6i, its levels do not predict 

the percentage of persisters in breast cancer cell lines.

We examined the effect of CDK4/6 inhibition on Rb expression in MCF-7 and 

MDA-MB-231 cells, which effectively develop persisters. Palbociclib treatment reduced 

expression levels of Rb protein within 1 day in both cell lines (Figure 1F). To test whether 

overexpression of exogenous Rb prevents its reduction and the development of persisters, 

we stably introduced exogenous Rb conjugated to yellow fluorescent protein (YFP-Rb) 

using a lentiviral construct. Exogenous YFP-Rb was expressed 3- to 4-fold higher than 

endogenous Rb and did not perturb CDK4/6-dependent cell-cycle entry (Figures S2A and 

S2B). YFP-Rb expression restored sensitivity to CDK4/6i in Rb-mutant MDA-MB-468 cells 

(Figure 1G), indicating that it is functional. Despite the reduced percentage of persisters, 

both MCF-7 and MDA-MB-231 cells expressing YFP-Rb still developed persisters within 

2 days of palbociclib treatment (Figures 1H, 1I, and S2C). Moreover, regardless of 

expression levels, palbociclib treatment reduced both endogenous and exogenous Rb with 

similar kinetics (Figures 1J, 1K, and S2D). Rb mRNA levels were constant, indicating 

that CDK4/6 inhibition induced Rb-protein reduction (Figure 1L). The levels of mRNAs 

encoded by E2F target genes were increased after the initial response to CDK4/6i treatment, 

suggesting that the Rb-protein reduction results in alternative E2F activation without 

CDK4/6 activity. However, E2F activity was not fully returned to pre-treatment levels over 

multiple days despite the Rb-protein reduction. These results demonstrate that CDK4/6i 

treatment dramatically reduces expression levels of Rb protein, but this Rb-protein reduction 

may lead to ineffective E2F activation.

Rb-protein reduction is associated with CDK4/6i resistance in vitro and in vivo

We next investigated the contribution of Rb-protein reduction to CDK4/6i-resistant cells 

established by chronic exposure to palbociclib. The half-maximal inhibitory concentrations 

(IC50s) of palbociclib in drug-resistant cells was higher than in drug-naive cells but similar 

to that observed in Rb-knockout cells generated using CRISPR-Cas9 (Figures 2A, S3A, 

and S3B). We found that Rb expression levels were reduced in multiple breast cancer 
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cell lines resistant to palbociclib compared with drug-naive cells (Figures 2B and S3C). 

Similarly, we observed reduced Rb levels in breast cancer cell lines resistant to other 

CDK4/6i (abemaciclib and ribociclib) (Figure S3D). However, we found similar expression 

levels of Rb mRNA between drug-naive and -resistant cells but increased expression of E2F 

target genes in palbociclib-resistant cells (Figure 2C). These findings support the Rb-protein 

reduction in CDK4/6i-resistant cells and may explain results from previous studies showing 

high expression of the E2F target gene cyclin E in CDK4/6i-resistant cells and tissue 

samples.27,28

We examined the association of Rb expression with cell-cycle entry in drug-naive and 

-resistant as well as Rb-knockout MCF-7 cells. Rb expression in palbociclib-resistant cells 

showed a bimodal distribution where the lower and higher peaks were similar to its levels 

in Rb-knockout and drug-naive cells, respectively (Figures 2D and 2E). Moreover, while all 

drug-naive cells entered the cell cycle with high Rb expression, palbociclib-resistant cells 

mostly entered S phase (29% out of 31%) with low Rb levels (Figure 2F). We also found 

that the reduced expression levels of Rb in palbociclib-resistant MCF-7 and MDA-MB-231 

cells were recovered to the levels in drug-naive cells by withdrawing CDK4/6i for over a 

week (Figures 2G and S3E). These results show that the Rb-protein reduction is induced by 

non-genetic mechanisms and is associated with CDK4/6i resistance in breast cancer cells.

To interrogate Rb-protein reduction in vivo, we orthotopically injected drug-naive MCF-7 

cells into immunodeficient mice and treated them with either vehicle or palbociclib. 

Although palbociclib treatment initially decreased tumor volume, we observed tumor 

regrowth 15 days after drug treatment (Figure 2H). Once CDK4/6i-resistant tumors 

reached an average volume of 200 mm3, we examined Rb-protein and mRNA levels by 

immunostaining and qRT-PCR, respectively. Consistent with the in vitro results, we found a 

significant decrease in Rb-protein expression from mice treated with palbociclib compared 

with the control group (Figures 2I and 2J), while Rb mRNA levels were similar between 

the two conditions (Figure 2K). We also observed a similar pattern of Rb-protein reduction 

in paired pre- and post-treatment samples from patients with HR+/HER2− metastatic breast 

cancer, who developed resistance to the combined treatment of CDK4/6i and endocrine 

therapy. Our immunohistochemical analysis revealed a significant reduction in Rb-protein 

levels in post-treatment samples compared with pre-treatment samples, while Rb mRNA 

levels remained unchanged (Figures 2L–2N). Taken together, our results show that the 

Rb-protein reduction is associated with CDK4/6i resistance in breast cancer, both in vitro 
and in vivo, as well as in patient tumor specimens.

Targeting proteasome activity suppresses Rb-protein reduction and CDK4/6i resistance

To investigate the role of proteasome activity in Rb-protein reduction, we examined the 

impact of the proteasome inhibitor MG-132 on exogenous YFP-Rb levels in palbociclib-

resistant MCF-7 cells. While MG-132 treatment did not alter YFP-Rb levels in drug-

naive cells, it restored YFP-Rb levels in palbociclib-resistant cells (Figures 3A and 3B). 

Furthermore, co-treatment with palbociclib and another proteasome inhibitor, bortezomib, 

prevented the reduction of both endogenous and exogenous Rb protein in drug-naive MCF-7 

and MDA-MB-231 cells (Figures 3C, 3D, and S4A–S4C). Inhibition of the autophagy-

Kim et al. Page 5

Cell Rep. Author manuscript; available in PMC 2023 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lysosomal pathway, another major protein degradation pathway in mammalian cells,29 with 

chloroquine did not prevent reduced Rb-protein levels mediated by CDK4/6i treatment. 

To test the potential involvement of the ubiquitin-proteasome pathway, we compared the 

restoration kinetics of Rb protein in palbociclib-resistant cells with a known substrate of the 

ubiquitin ligase anaphase-promoting complex/cyclosome (APC/C degron).30 The restoration 

of YFP-Rb to levels in drug-naive cells was about 12-fold slower than the increase of APC/C 

degron following proteasome inhibition (Figure 3B, S4D, and S4E). Our mass spectrometry 

analysis confirmed Rb dephosphorylation after palbociclib treatment but failed to detect 

any Rb ubiquitination, aligning with previously reports31,32 (Figure S4F). Moreover, we 

observed no difference in Rb ubiquitination between drug-naive and palbociclib-resistant 

MCF-7 cells (Figure S4G). These data suggest that proteasome activity may cause Rb 

degradation in a ubiquitin-independent manner.

To examine whether CDK4/6 inhibition affects Rb-protein stability, we employed the 

protein synthesis inhibitor cycloheximide. We observed an approximate 4-fold decrease 

in Rb-protein stability in MCF-7 cells treated with or resistant to CDK4/6i compared 

with those in the DMSO-treated condition (Figure 3E). By further classifying cells treated 

with cycloheximide alone into proliferation and quiescence based on CDK2 activity, we 

found that Rb protein was about 7-fold more stable in proliferating cells than in quiescent 

cells (Figures 3F and 3G). Furthermore, we alternatively inhibited CDK4/6 activity via 

contact inhibition and tracked CDK2 activity and YFP-Rb levels. While proliferating cells 

maintained high YFP-Rb levels, cells inactivating CDK2 by contact inhibition within the 

same population dramatically reduced YFP-Rb levels (Figures S4H and S4I). These results 

suggest a connection between Rb-protein stability and cell-cycle status, potentially regulated 

by the phosphorylation state of Rb protein. To test the impact of Rb phosphorylation on its 

stability, we mutated 14 CDK phosphorylation sites on Rb to glutamic acid and compared 

the stability of this Rb phosphomimetic protein with wild type. Prior to protein synthesis 

inhibition, cells were treated with CDK4/6i for 24 h to induce Rb dephosphorylation. 

We observed that the Rb phosphomimetic protein was approximately 4 times more stable 

than the wild-type Rb protein (Figure 3H). These data indicate that non-phosphorylated 

Rb protein in quiescent cells is unstable, leading to a proteasome-dependent reduction in 

Rb-protein levels.

We screened the impact of 24 proteasome inhibitors, including three FDA-approved 

inhibitors (bortezomib, ixazomib, and carfilzomib), on Rb-protein expression and cell 

proliferation using palbociclib-resistant MCF-7 cells. We measured endogenous Rb-protein 

expression and stained for EdU and cleaved caspase-3 to measure the percentages of 

S-phase cells and apoptotic cells, respectively. This analysis identified five proteasome 

inhibitors (bortezomib, ixazomib, carfilzomib, epoxomicin, and ONX0914) that effectively 

restored endogenous Rb expression, suppressed S-phase cells, and increased the apoptotic 

population in palbociclib-resistant MCF-7 cells (Figures 3I and S5A). Moreover, a relatively 

lower concentration of bortezomib in palbociclib-resistant MCF-7 cells most effectively 

restored endogenous Rb-protein expression, which negatively correlated with readouts of 

cell proliferation (percentages S-phase cells, CDK2 activity, and number of cells) (Figures 

3J and S5B). CDK4/6 activity remained similar across different conditions, and proteasome 

inhibitors caused an accumulation of APC/C degron intensity, indicating effective inhibition 
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of proteasome activity (Figure S5C). We next evaluated the therapeutic effect of proteasome 

and CDK4/6i in xenograft mouse models established by orthotopically injecting palbociclib-

resistant MCF-7 and MDA-MB-231 cells into immunodeficient mice. We treated mice with 

palbociclib or bortezomib alone as well as in combination for 4–5 weeks. Considering that 

the standard treatment for HR+/HER− metastatic breast cancer is a combination of CDK4/6i 

with endocrine therapy, the estrogen receptor antagonist fulvestrant was incorporated into 

the treatment of MCF-7 xenografts. While bortezomib alone did not exhibit any anti-tumor 

effect, the combination of palbociclib and bortezomib significantly decreased the growth 

of palbociclib-resistant tumors compared with other treatments (Figures 3K, 3L, S5D, and 

S5E). Notably, the triple combination significantly increased the percentage of Rb-positive 

cells compared with the double combination of palbociclib and fulvestrant (Figures 3M 

and 3N). Furthermore, despite tumor growth, we observed increased percentages of Rb-

expressing cells in the control (palbociclib withdrawal) and bortezomib-alone conditions 

compared with the double combination. These data suggest that both palbociclib withdrawal 

and bortezomib treatment can restore Rb levels in drug-resistant tumor cells. However, 

active CDK4/6 phosphorylates and inactivates Rb, thereby promoting tumor growth. This 

interpretation is supported by our observation of increased percentages of cells exhibiting 

Rb phosphorylation (S807/811) in conditions of both palbociclib withdrawal and bortezomib 

treatment compared with the triple-drug combination (Figure S5F and S5G). Collectively, 

our findings indicate that combining CDK4/6 and proteasome inhibitors suppresses the 

reduction of Rb protein and the growth of drug-resistant cells.

CDK4/6 inhibition generates heterogeneity in E2F and CDK2 activation kinetics

To investigate the emergence of persisters, we established MCF-7 cells that stably express 

sensors for CDK4/6,33 CDK2,34 and APC/C30 activities, as well as histone 2B (H2B) as 

a nuclear marker for cell tracking. In combination with single-cell tracing methods,34,35 

these sensors allow us to monitor three distinct steps that underlie cell commitment to 

entering the cell cycle. The CDK4/6 and CDK2 sensors shuttle between the nucleus and 

cytoplasm, depending on their phosphorylation by the relevant kinase (Figure 4A). The E3 

ubiquitin ligase APC/C is inactivated near the G1/S transition, resulting in the accumulation 

of the APC/C degron. Proliferating cells induced continuous CDK4/6 activation, followed 

by gradual CDK2 activation and APC/C inactivation for cell proliferation36 (Figure 4B). In 

contrast, cells inactivating CDK4/6 subsequently entered quiescence (G0) (Figure 4B). By 

tracking over 1,000 individual breast cancer cells, we found that 84% of drug-naive cells 

continuously activated CDK4/6 and CDK2 and inactivated APC/C (Figure 4C). Palbociclib 

treatment rapidly suppressed CDK4/6 activity and halted proliferation in all cells within 

24 h (Figure 4D). However, when we classified cells based on CDK2 activation, 28% 

of MCF-7 cells adapted to CDK4/6 inhibition within 48 h of drug treatment. Given the 

Rb-protein reduction within 24 h of CDK4/6i treatment in Figure 1J, these results indicate 

that persisters arise from subsets of breast cancer cells following the Rb-protein reduction.

Since CDK4/6 is required for initiation of the cell cycle in the G1 phase, our single-cell trace 

showed that CDK4/6 inhibition in proliferating cells with high CDK2 activity led to cell-

cycle arrest after mitosis (Figure 4E). However, persisters exhibited CDK2 activation and 

subsequent APC/C inactivation without CDK4/6 reactivation after a period of quiescence. 

Kim et al. Page 7

Cell Rep. Author manuscript; available in PMC 2023 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Moreover, we observed increased heterogeneity in CDK2 activation kinetics upon CDK4/6 

inhibition. With further classification of cells based on kinetics of CDK2 activation as fast 

(CDK2fast), slow (CDK2slow), or none (CDK2low), we found that CDK2slow cells were 

rare (9%) in drug-naive cells but that they significantly increased (44%) with CDK4/6i 

treatment (Figures 4F, S6A, and S6B). Both CDK2fast and CDK2slow cells had fast 

CDK2 activation kinetics before drug treatment (Figure S6B), suggesting that CDK4/6 

inhibition increased the percentage of CDK2slow cells. We next in-silico-aligned single-cell 

traces by the end of mitosis to compare CDK2 activation kinetics between control- and 

CDK4/6i-treated conditions. After mitosis, 83% of drug-naive cells immediately induced 

CDK4/6 and CDK2 activation, followed by APC/C inactivation, and completed cell-cycle 

progression within 20 h (Figures 4G and S6C). In contrast, CDK4/6-treated breast cancer 

cells exhibited heterogeneous CDK2 activation kinetics and timing of APC/C inactivation 

following an initial period of quiescence (Figure 4H). CDK2 activation kinetics and cell-

cycle progression in CDK4/6i-treated cells were notably slower than in drug-naive cells. 

Given that CDK2 activators are regulated by E2F activity, we tested whether the variability 

in CDK2 activation kinetics might be due to heterogeneity in E2F activity. By performing 

live-cell followed by fixed-cell analysis, we monitored CDK2 activity and the corresponding 

mRNA levels of E2F target genes, E2F1 and Cdc25A, using mRNA fluorescence in situ 
hybridization. Upon categorizing cells based on their CDK2 activation kinetics, we found 

a significant correlation between the expression levels of E2F1 and Cdc25A and the 

classification of CDK2 activation kinetics (Figures 4I, S6D, and S6E). Our data demonstrate 

that CDK4/6i treatment leads to slow and variable kinetics for E2F and CDK2 activation.

Following Rb-protein reduction, other mechanisms are required to develop persisters

We hypothesized the possible existence of two distinct pathways that inactivate Rb (Figure 

5A). The first pathway involves active CDK4/6, which initiates effective Rb inactivation 

through phosphorylation, thereby triggering high E2F activity. The second pathway, which 

becomes evident in the presence of CDK4/6i, leads to a reduction in Rb-protein levels. 

However, this Rb-protein reduction may cause incomplete inactivation, resulting in either 

low or variable E2F activity. We first examined whether variable CDK2 activation kinetics 

are caused by different levels of Rb-protein reduction. To monitor Rb levels and CDK2 

activation during persister development, we stably introduced YFP-Rb and the CDK2 

reporter into Rb-knockout MCF-7 cells. Additionally, we specifically measured the post-

translational regulation of Rb by linking YFP-Rb to iRFP-tagged H2B using a 2A site 

(Figure 5B). This 2A site mediates the separation of H2B-iRFP from YFP-Rb during protein 

translation, resulting in a strong correlation between H2B-iRFP and YFP-Rb expression 

levels in individual MCF-7 cells (Figure S7A). Upon classifying cells based on CDK2 

activation kinetics, we observed that 97% of drug-naive cells, identified as CDK2fast 

cells, maintained constant H2B-iRFP and YFP-Rb expression levels (Figure 5C). However, 

palbociclib treatment halted proliferation and dramatically reduced YFP-Rb levels without 

affecting H2B-iRFP levels within 24 h (Figure 5D). This led to a decreased correlation 

between H2B-iRFP and YFP-Rb intensities (Figure 5E). Furthermore, CDK4/6i treatment 

initially decreased YFP-Rb levels across CDK2fast, CDK2slow, and CDK2low cells with 

similar kinetics (Figure 5F). These results suggest that rather than different levels of Rb-

protein reduction, other factors cause variable CDK2 activation kinetics and the fates of 
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persisters versus non-persisters. Single-cell measurements further revealed the restoration 

of YFP-Rb in CDK2fast cells, indicating that Rb protein can be stabilized through CDK2-

mediated Rb phosphorylation. In contrast, reduced YFP-Rb levels in CDK2low cells were 

not restored and decreased even further. Moreover, cells entering a quiescent state reduced 

YFP-Rb levels even in the absence of CDK4/6i (Figure S7B). This further supports that 

non-phosphorylated Rb is unstable and leads to Rb-protein reduction.

We found similar results that palbociclib treatment initially halted cell proliferation and 

reduced YFP-Rb levels with similar kinetics regardless of the persister fate in MDA-

MB-231, T47D, and CAMA-1 cells (Figures 5G, 5H, and S7C–S7F). This reduction in 

Rb-protein levels, followed by drug adaptation and variable CDK2 activation kinetics, is a 

general feature of breast cancer cells with different sensitivities to CDK4/6i. Together, these 

data suggest that following Rb-protein reduction, other factors may enhance E2F activity to 

promote the development of CDK4/6i-tolerant persisters.

In the presence of CDK4/6i, mitogenic signaling regulates downstream of the Rb pathway 
to promote persisters

We next examined the role of mitogenic signaling, such as the PI3K and ERK pathways, 

in the development of CDK4/6i-tolerant persisters. We assessed responses to the combined 

targeting of the PI3K or the ERK pathway with CDK4/6i in wild-type and Rb-knockout 

MCF-7 cells expressing sensors for CDK2 and CDK4/6 activities and cell-cycle phases 

using a Cdt1 degron.37 The Cdt1 degron is rapidly degraded during the S phase, thereby 

marking G1/S and S/G2 transitions (Figure S8A and S8B). Most wild-type (95%) and 

Rb-knockout (98%) MCF-7 cells continuously activated CDK4/6 and CDK2, initiating the 

S phase (Figure S8C and S8D). Treatment with palbociclib halted cell proliferation in 

wild-type, but not in Rb-knockout, cells (Figure 6A, S8E, and S8F), confirming that Rb 

knockout alone is sufficient to induce CDK4/6i adaptation. However, the combination of 

palbociclib with either the PIK3CA inhibitor alpelisib (PIK3CAi) or the panPI3K inhibitor 

pictilisib (PI3Ki) significantly suppressed the development of persisters in both cell types 

(Figures 6A–6C). The MEK inhibitor trametinib (MEKi) was less effective in MCF-7 

cells that harbor the activating PIK3CA mutation (E545K).38 Additionally, the activation 

profiles of the PI3K and ERK pathways varied across breast cancer cell lines (Figure S8G). 

For instance, while MCF-7 cells primarily activated the PI3K pathway, MDA-MB-231 

cells predominantly induced ERK pathway activation (Figure 6D). Consequently, PI3Ki 

effectively suppressed persister development in MCF-7 cells, whereas MEKi was more 

efficient in MDA-MB-231 cells (Figure 6E). We also observed a correlation between 

reduced c-Myc levels, induced by mitogenic signaling39,40 and associated with CDK4/6i 

resistance,41,42 and the therapeutic efficacy in MCF-7 and MDA-MB-231 cells (Figure 

6F). Moreover, drug combinations led to a pronounced reduction in Rb protein, despite 

the synergistic inhibition of persisters (Figure 6G). Our results demonstrate that the PI3K 

and/or ERK pathways regulate downstream of the Rb pathway and c-Myc levels to promote 

CDK4/6i-tolerant persisters.

We investigated the impact of endocrine therapy on c-Myc levels and persister development. 

Given that c-Myc augments the expression of actively transcribed genes,43–45 we also 
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measured the global mRNA transcription rate using 5-ethynyl uridine (EU). In combination 

with palbociclib, fulvestrant treatment showed a synergistic effect, significantly reducing 

the development of persisters in HR+/HER2− breast cancer cell lines (Figure S9A). 

Additionally, fulvestrant treatment led to a decrease in c-Myc levels and the global mRNA 

transcription rate (Figures S9B and S9C). These results indicate that the addition of 

endocrine therapy could effectively impede the development of CDK4/6i-tolerant persisters 

by regulating c-Myc levels.

We evaluated the effects of PI3K inhibition on the growth of CDK4/6i-resistant MCF-7 

cells. Additionally, we employed Rb-knockout cells to test whether Rb expression is 

required for the synergistic effect of PI3Ki. Consistent with the therapeutic effects of 

drug combinations on persister development, PI3Ki treatment effectively suppressed cell 

proliferation in both wild-type and Rb-knockout MCF-7 cells resistant to palbociclib 

(Figures 6H, 6I, and S9D). Furthermore, PI3K inhibition significantly reduced c-Myc levels 

and the global mRNA transcription rate in both cell types (Figures 6J, 6K, S9E, and S9F). 

These results suggest that targeting mitogenic signaling inhibits CDK4/6i resistance by 

regulating c-Myc and mRNA transcription downstream of the Rb pathway.

The sequential induction of E2F activity by Rb-protein reduction and c-Myc promotes the 
development of CDK4/6i-tolerant persisters

We hypothesized that after the decrease in Rb-protein levels, mitogenic or hormone 

signaling stabilizes c-Myc levels to enhance E2F transcriptional activity, thereby promoting 

persister development. Using a doxycycline-inducible approach, we evaluated the effect of 

c-Myc induction on Rb-protein reduction, E2F activity, and the development of CDK4/6i-

tolerant persisters. After treating MCF-7 cells with palbociclib combined with either 

DMSO or doxycycline, we monitored CDK4/6 and CDK2 activity as well as Cdt1 degron. 

While palbociclib treatment still led to cell-cycle arrest within 24 h, the induction of 

c-Myc significantly increased the percentage of persisters (Figures 7A–7C). Conversely, 

knockdown of c-Myc or cyclin E1/2 decreased the percentage of persisters (Figures S10A–

S10D). Moreover, we found that palbociclib treatment initially caused cell-cycle arrest and 

reduced Rb-protein levels and E2F activity within 24 h regardless of c-Myc induction, 

despite an elevated global transcription rate (Figures 7D–7F, S10E, and S10F). However, 

c-Myc induction significantly increased the percentage of persisters and the expression 

of E2F target genes following the initial response to CDK4/6i treatment (Figures 7E, 7F, 

and S10F). To further investigate whether heterogeneity in c-Myc levels correlates with 

CDK2 activation kinetic, we performed live-cell imaging followed by fixed-cell analysis. 

After classifying palbociclib-treated cells based on CDK2 activation kinetics (Figure S10G), 

we found a significant correlation between these classifications and levels of c-Myc 

protein (Figure S10H). As a control, we also confirmed that the expression levels of the 

E2F target PCNA protein, but not β-actin, positively correlated with the classification of 

CDK2 activation kinetics. Additionally, we observed elevated c-Myc levels in palbociclib-

resistant cells compared with drug-naive cells (Figure S10I). These results demonstrate 

that the sequential induction of E2F activity by Rb-protein reduction and c-Myc-mediated 

amplification of transcriptional activity facilitates the development of CDK4/6i-tolerant 

persisters.

Kim et al. Page 10

Cell Rep. Author manuscript; available in PMC 2023 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Genetic amplification and levels of c-Myc are predictive biomarkers of CDK4/6i efficacy

We next investigated the potential of c-Myc as a predictive biomarker for CDK4/6i efficacy 

in patients with HR+/HER2− metastatic breast cancer. We analyzed the relationship between 

c-Myc genetic amplification in pre-treatment tumor samples and progression-free survival 

(PFS) among 468 patients who received first-line CDK4/6i and endocrine therapy with 

available MSK-IMPACT data. Of these patients, 56 (12%) exhibited c-Myc amplifications. 

Our analysis revealed that c-Myc amplifications in pre-treatment tumor samples were 

associated with poor PFS (univariate hazard ratio 1.50, 95% confidence interval [CI] 

1.08–2.07, p = 0.015) (Figure 7G). This association remained significant after adjustment 

for endocrine therapy partner (multivariate hazard ratio 1.53, 95% CI 1.11–2.13, p = 

0.009) (Figure S11A). Since mitogenic signaling exclusively regulates c-Myc levels post-

translationally,39,40 we also assessed the relationship between c-Myc protein expression 

and PFS. We obtained pre-treatment tissues samples from patients with HR+/HER2− 

metastatic breast cancer who received CDK4/6i and endocrine therapy as first-line (n = 

33) or second- or later-line (n = 15) treatment, along with matched clinical data from a 

separate patient cohort at Columbia University Medical Center. We calculated H-scores 

for c-Myc expression and established 130 as the cutoff value based on the H-score 

distribution. Samples were classified into high (H-score > 130) and low (H-score ≤ 130) 

c-Myc expression (Figure 7H). We found that high c-Myc expression in pre-treatment tumor 

samples was significantly associated with poor PFS (univariate hazard ratio 2.76, 95% 

CI 1.32–5.78, p = 0.0005) (Figure 7I). Additionally, we found no significant correlation 

between Rb levels and CDK4/6i-treatment outcomes (univariate hazard ratio 0.8, 95% 

CI 0.41–1.56, p = 0.49) (Figure S11B and S11C). These findings show that both DNA 

amplification status and protein expression levels of c-Myc are predictive of CDK4/6i 

response in patients with HR+/HER2− metastatic breast cancer.

DISCUSSION

Our results establish a fundamental mechanistic role for post-translational regulation of Rb-

protein levels and c-Myc-mediated transcriptional activity in the development of CDK4/6i 

tolerance and resistance in breast cancer. Previous studies showed that CDK2 activation 

drives CDK4/6i resistance in breast cancer cells.27,42,46,47 However, the alternative 

inactivation of Rb, leading to E2F and CDK2 activation in the absence of CDK4/6 activity, 

remained elusive. Our study reveals that although functional Rb expression is required for 

CDK4/6i treatment to halt cell proliferation, the treatment results in a substantial loss of Rb 

protein. This provides an alternative means to initiate Rb inactivation and E2F activation 

without CDK4/6 activity. Nonetheless, these cells retain low levels of E2F transcriptional 

activity, suggesting that the Rb-protein reduction alone is insufficient for fully unleashing 

E2F function. Instead, amplification or acquisition of activating mutations in mitogenic 

or hormone signaling is necessary to overcome low E2F activity and develop CDK4/6i 

resistance in HR+ breast cancer. These findings elucidate how amplification or acquisition 

of activating mutations in mitogenic and hormone signaling genes facilitates CDK4/6i 

resistance.15–17,22–24 Moreover, these non-genetic mechanisms of CDK4/6i resistance may 

explain how 70% of patients with HR+/HER− metastatic breast cancer develop resistance to 

CDK4/6i without acquiring any new driver mutations.17 The Rb-protein reduction may also 
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support pre-clinical studies indicating that Rb loss is the primary mechanism of CDK4/6i 

resistance5–7 and clinical studies revealing the rare occurrence of Rb mutations in patients 

with HR+/HER2− breast cancer (4.7%).17,22

Numerous potential biomarkers of CDK4/6i resistance have been evaluated in preclinical 

and clinical studies, including Rb loss, p16 loss, PIK3CA mutation, FAT1 mutation, FGFR 

activity, CDK6 expression, cyclin D1 expression, and CCNE amplification.11,12,48 However, 

reliable biomarkers for CDK4/6i efficacy remain unavailable for patients with breast and 

other cancers.11,12 Our results indicate that after Rb-protein reduction, mitogenic signaling 

is necessary to upregulate c-Myc expression, which globally enhances transcriptional 

activity, including E2F activity. Since breast cancer cells equally reduce Rb-protein levels 

following CDK4/6i treatment, the development of persisters depends on c-Myc levels. Thus, 

we propose that c-Myc is a biomarker capable of predicting CDK4/6i efficacy. Considering 

that c-Myc stability is exclusively regulated at the post-translational level,39,40 its protein 

levels may be a more accurate predictor than genetic amplification status or mRNA levels. 

Our findings align with a recent study demonstrating a correlation between phosphorylated 

AKT (p-AKT) levels and poor PFS in patients with HR+/HER2− metastatic breast cancer 

treated with combined CDK4/6i and endocrine therapy.36 However, as breast cancer cells 

activate PI3K and/or ERK pathways, c-Myc protein may predict CDK4/6i efficacy more 

reliably than either p-AKT or p-ERK alone. According to the Cancer Genome Atlas, TNBC 

expresses higher levels of c-Myc than other breast cancer subtypes.41 This may also explain 

why CDK4/6i monotherapy is ineffective in TNBC treatment.

Approximately 40% of patients with HR+/HER2− breast cancer have activating mutations 

in PIK3CA.49 Co-targeting the PI3K pathway and CDK4/6 synergistically prevents drug 

resistance in HR+/HER2− breast cancer and TNBC.36,50 However, unexpected toxicities 

with combinations of CDK4/6i and PI3Ki or mTOR inhibitors severely limit clinical 

success.5 A key question is how to maximize the effects of CDK4/6i-based combinations 

while minimizing their toxicities. Proteasome inhibitors have shown promising pre-clinical 

and clinical outcomes in treating various types of cancer, particularly multiple myeloma.51 

Our pre-clinical data suggest that the combination of proteasome and CDK4/6i can restore 

Rb expression and suppress the persistence of CDK4/6i resistance in breast cancer xenograft 

mouse models. Since c-Myc is an estrogen-responsive gene,52 our findings indicate 

that endocrine therapy suppresses CDK4/6i resistance by downregulating c-Myc levels. 

Consequently, we anticipate that a combination of proteasome and CDK4/6i may effectively 

block the growth of drug-resistant cells without the need for endocrine therapy. In support 

of this, our experiments with MDA-MB-231 xenografts showed that the combination of 

proteasome and CDK4/6i effectively blocked the persistence of CDK4/6i resistance. This 

combination may be valuable as a second-line therapy following the emergence of CDK4/6i 

resistance in HR+/HER2− breast cancer. Additionally, a previous clinical trial in mantle 

cell lymphoma reported promising clinical outcomes and tolerability for the combination of 

palbociclib and bortezomib.53
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Limitations of the study

Our investigation sheds light on the molecular mechanism underlying CDK4/6i resistance 

in breast cancer cells. We found that breast cancer cells alternatively induce Rb inactivation 

through proteasome-dependent degradation. However, in line with previous research,31,32 

our study was unable to detect Rb ubiquitination. These findings led us to propose that non-

p-Rb is intrinsically unstable and undergoes proteasome-dependent degradation. Despite 

these contributions, our study does not conclusively establish how proteasomes target non-p-

Rb protein for degradation. Recent studies have unveiled ubiquitin-independent pathways for 

proteasome degradation,54,55 suggesting potential avenues for further investigation intothe 

mechanisms of Rb degradation. Furthermore, it is important to consider that other studies 

have implicated specific E3 ligases, NRBE3,56 TRIM28,57 and β-TRCP1,58 in both Rb 

ubiquitination and degradation.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Hee Won Yang 

(hy2602@cumc.columbia.edu).

Materials availability—Plasmids generated in this study are currently not available at 

Addgene; however, they can be provided upon request.

Data and code availability

• Raw data were deposited on Mendeley and are publicly available as of the date 

of publication. The DOI is listed in the key resources table.

• Imaging analysis code is available at https://github.com/tjdtn5160/image-

analysis-kim-2023.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Cell lines—MCF-7, CAMA-1, MDA-MB-231, MDA-MB-468, T47D, HCC1428, 

HCC1143, HCC1937, BT-483, and BT-20 cells were obtained from ATCC. MCF-7, 

CAMA-1, MDA-MB-231, and MDA-MB-468 cells were cultured in DMEM media 

(Genesee Scientific) supplemented with 10% fetal bovine serum (FBS). T47D, HCC1428, 

HCC1143, and HCC1937 cells were cultured in RPMI-1640 media (Genesee Scientific) 

supplemented with 10% FBS. BT-483 cells were grown in RPMI-1640 media supplemented 

with 20% FBS. BT-20 cells were cultured in MEM (Gibco) supplemented with 10% FBS. 

All cell lines were maintained at 37°C in a 5% CO2 atmosphere and tested negative for 

mycoplasma.

Animals—All experiments were conducted following NIH guidelines and protocols 

approved by the IACUC at Columbia University Irving Medical Center. 7–8-week-old 
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female J:NU mice (The Jackson Laboratory) were housed in a barrier facility with 

ad libitum access to food pellets and water on a 12-h light-dark cycle. Mice were 

regularly monitored to follow institutional guidelines for ethical endpoints. All experimental 

endpoints were at 14–16 weeks of age unless otherwise specified.

Human samples—For c-Myc and Rb protein staining, FFPE metastatic lesions from HR+/

HER2− breast cancer patients treated with combined CDK4/6i and endocrine therapy in 

the advanced setting were selected retrospectively by database extraction from the archives 

of the Tissue Bank at Columbia University Irving Medical Center. All clinical samples 

were coded to maintain patient confidentiality. This study was approved by the Columbia 

University Institutional Review Board and conformed to HIPAA regulations.

To investigate the correlation between c-Myc amplification status and PFS, the study 

cohort comprised samples from 4,640 patients. All patients underwent prospective clinical 

sequencing as part of their clinical care from April 2015 to August 2019. All patients 

provided written informed consent for tumor sequencing and review of medical records for 

demographic, clinical, and pathological information. Genomic sequencing was performed 

on tumor DNA extracted from formalin-fixed, paraffin-embedded tissue and normal DNA 

extracted from mononuclear cells from peripheral blood. Patient samples were sequenced in 

an improvement amendments-compliant clinical laboratory using one of the three versions 

of the MSK-IMPACT targeted sequencing panel (including 341-, 410-, and 468-genes, 

respectively).61 All versions of the panel contained coverage within exonic regions in MYC.

METHOD DETAILS

Plasmid cloning and viral production—Using Gibson cloning, DHB (a.a.994–1087)-

mCherry, H2B-iRFP670-p2a-mCerulean-Cdt1 (a.a.1–100), YFP-Rb, and H2B-iRFP670-

p2a-YFP-Rb were inserted into pLenti-IRES vectors tagged with puromycin, blasticidin, or 

neomycin. Human phosphomimetic Rb by converting 14 Serine/Threonine sites to Glutamic 

acid (T5E, S230E, S249E, T252E, T356E, T373E, S612E, S780E, S788E, S795E, S807E, 

S811E, T821E, and T826E) was synthesized and inserted into a pLenti-IRES-puromycin 

vector using Gibson cloning. Cyclin D1, Cyclin E1, or c-Myc were inserted into the 

pCW57.1 vector (Addgene, #50661) using NheI and BamHI sites. Stable cell lines were 

generated by introducing lentiviral constructs into cells via viral transduction. Lentiviruses 

were produced in HEK-293T cells co-transfected them with pCMV-VSV-G (Addgene, 

#8454), pRSV-rev (Addgene, #12253), and pMDLg/pRRE (Addgene, #12251) using the PEI 

transfection reagent. 3-day after transfection, the supernatant containing virus was collected, 

centrifuged for 5 min, and filtered through 0.45 μM filtration unit (Millipore). The filtered 

supernatant was concentrated using 100 kDa centrifugal filters (Millipore) and stored at 

−80°C. Cells were transduced with the virus in growth media and selected using appropriate 

antibiotics: blasticidin (10 μg/mL), puromycin (1 μg/mL), or neomycin (400 μg/mL).

Rb-knockout cell line—To generate Rb-knockout cells, MCF-7 cells were 

transfected with a ribonucleoprotein complex containing a CRISPR-Cas9 guide 

RNA (crRNA:tracrRNA-ATTO550 duplex) and a Cas9 enzyme protein. Transfected 

cells with ATTO550 fluorescent signal were then selected and separated into 
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single cells by fluorescence-activated cell sorting. Knockout cells were confirmed 

by immunoblotting. We used two pooled CRISPR-Cas9 guide RNAs to knockout 

Rb: 5′-GUUCGAGGUGAACCAUUAAUGUUUUAGAGCUAUGCU-3′, 5′-AAGUGAAC 

GACAUCUCAUCUGUUUUAGAGCUAUGCU-3’.

Drug-resistant cells—To establish CDK4/6i resistance, breast cancer cells were 

chronically exposed to palbociclib (1 μM), abemaciclib (1 μM), or ribociclib (1 μM) for over 

a month. Cell culture media with drugs were replaced every 2–3 days. CDK4/6i resistance 

was confirmed by measuring IC50 and the percentage of S-phase cells.

siRNA transfection—siRNA duplexes were purchased from Integrated 

DNA Technologies. These were: Negative control, CCNE1 siRNA1: sense 

sequence 5′-GAUCAGCACUUUCUUGAGCAACACC −3′, anti-sense sequence 

3′- CCCUAGUCGUGAAAGAACUCGUUGUGG −5’; CCNE1 siRNA 2: sense 

sequence 5′- AUGCAAAAGGUUUCAGGGUAUCAGT −3′, anti-sense sequence 

3′- ACUACGUUUUCCAAAGUCCCAUAGUCA −5′, CCNE2 siRNA 1: sense 

sequence 5′- CAUUCUGACUUGGAACCACAGAUGA −3′, anti-sense sequence 

3′- ACGUAAGACU GAACCUUGGUGUCUACU −5’; CCNE2 siRNA 2: sense 

sequence 5′- ACGUAAGACUGAACCUUGGUGUCUACU −3′, anti-sense sequence 

3′- AGUCAGGAACGUAAUAGUAACUUUGUG −5′ and c-Myc siRNA 1: sense 

sequence 5′- AUCAUUGAGCCAAAUCUUA AAAAAA −3′, anti-sense sequence 

3′- UAUAGUAACUCGGUUUAGAAUUUUUUU −5’; c-Myc siRNA 2: sense 

sequence 5′- CGAC GAGACCUUCAUCAAAAACATC −3′, anti-sense sequence 3′- 
CUGCUGCUCUGGAAGUAGUUUUUGUAG −5’. For knockdown experiments, MCF-7 

cells mixed with a combination of 20 nM siRNA duplexes were transfected 24 h before 

live-cell experiments.

Immunoblots—Cells were plated in either 6-well plates or 10 cm dishes. After washing 

with ice-cold PBS, cells were lysed in CHAPS buffer (150 mM NaCl, 1mM EDTA, 

0.3% CHAPS, 10 mM NEM, 50 mM Tris, pH 8.0) supplemented with 1× Halt Protease 

Inhibitor Cocktail (Thermo Scientific, #1861279) and Phosphatase Inhibitor Cocktail 

(Sigma-Aldrich, #4906845001) was used to obtain whole-cell lysates. Lysates were 

collected in microcentrifuge tubes and centrifuged at 12,000 rpm for 15 min at 4°C to 

remove cell debris. Proteins (10–20 μg) were mixed with LDS sample buffer (Invitrogen, 

#NP0007) containing 2% 2-mercaptoethanol and heated at 70°C for 5 min. Samples were 

then separated using SDS-PAGE on a NuPAGE 4–12% Bis-Tris protein gel (Invitrogen) 

in MOPS SDS running buffer. Subsequently, semi-dry transfer was performed using the 

Bio-Rad Trans-Blot Turbo system onto 0.45 μm PVDF membranes with Tris/Glycine buffer 

(Bio-Rad, #1610734) + 10% MeOH. Membranes were washed in TBST (20 mM Tris, pH 

7.5, 150 mM NaCl, 0.1% Tween 20), blocked for 1 h in blocking buffer (LI-COR, #927–

60001), and then incubated overnight with primary antibodies diluted in blocking buffer 

as indicated in the STAR Methods. Afterward, membranes were incubated for 2 h with 

secondary antibodies (goat-anti-mouse IR Dye 800CW [LI-COR, 1:2000, #926–32210] or 

goat-anti-rabbit IR Dye 680RD [LI-COR, 1:2000, #926–68071]) diluted in blocking buffer. 

Blots were detected using an Odyssey CLx Infrared Imaging system (LI-COR).
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Quantitative real-time PCR—Total RNA was isolated using the PureLink RNA 

purification kit (Invitrogen, #12183018A) and reverse transcribed using the SuperScript 

IV VILO Master Mix (Invitrogen, #11756050) according to the manufacturers’ instruction. 

Real-time PCR was performed using the PowerTrack SYBR Green Master Mix (Thermo 

Fisher, #A46109) on a QuantStudio 6 Flex real-time PCR system (Applied Biosystems, 

#4485691). The reaction was initiated with a hot-start Taq DNA polymerase activation step 

at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 5 s, and annealing and 

extension at 60C for 30 s. A melting curve stage was run at 95°C for 15 s, 60°C for 1 min, 

and 95°C for 15 s. All reactions were performed in triplicate. Relative mRNA levels were 

calculated using the 2−ΔΔCt method by normalizing the expression to a housekeeping gene, 

RSP23. The primers for the real-time PCR reactions were procured from Integrated DNA 

Technologies and were indicated in the Table S1.

Immunofluorescence and RNA fluorescence in situ hybridization (FISH)—
Cells were stained and imaged in 96-well plates (Cellvis, #P96–1.5H-N). To measure 

the percentage of cells in the S phase, cells were incubated either with 10 μM EdU 

(Sigma-Aldrich, #900584) for 15 min, or as otherwise indicated, at 37°C prior to fixation. 

To evaluate the mRNA transcription rate, cells were treated with 1 mM EU (Click 

Chemistry Tools, #1261) for 30 min at 37°C before fixation. Cells were fixed using 4% 

paraformaldehyde (Ted Pella, #NC1537886) in PBS at a ratio of 1:1 with culture medium 

for 15 min at room temperature, followed by PBS wash. Cells were permeabilized in 0.2% 

Triton X-100 in PBS for 15 min. The incorporation of EdU or EU was detected using a 

click reaction in 2 mM CuSO4, 20 mg/mL sodium ascorbate in TBS with 3 μM AFDye 

647 picolyl azide (Click Chemistry Tools, #1300) for 15 min, and PBS wash. Cells were 

incubated in a blocking solution (consisting of 0.1% Triton X-100, 10% FBS, 1% BSA, 

and 0.01% NaN3) for 1 h. Following the blocking step, cells were incubated with primary 

antibodies diluted in the same blocking solution overnight at 4°C. Cells were washed with 

PBS and treated with Alexa-labeled secondary antibodies. Cell nuclei were stained with 

Hoechst 33342 dye (10 mg/mL), diluted in PBS (1:2,000), prior to imaging. All washes 

were performed with an automated plate washer (aspirate to 50 μL, dispense 250 μL, 

repeated 3 times, BioTek 405 TS).

The mRNA FISH procedure was performed using the Affymetrix Quantigene ViewRNA 

ISH Cell Assay Kit, with custom probes targeting E2F1 and CDC25A purchased from 

Invitrogen. Briefly, after live cell imaging, cells fixation and permeabilization were 

carried out as described in the immunofluorescence section. The fixed cells were then 

photobleached the fluorescent protein using 3% H2O2 + 20 mM HCl in PBS for 2 h at 

room temperature. Probe hybridization, amplification, and Alexa Fluor 555 labeling were 

conducted following the manufacturer’s protocols.

Immunohistochemistry—Upon completion of drug treatment, the animals underwent 

vascular perfusion with 1% paraformaldehyde in PBS to ensure tissue preservation. 

Subsequent to extraction, tissues were stored in 1% paraformaldehyde for 2 h at 4°C. 

This was followed by an overnight incubation in 30% sucrose in PBS after washing 

with PBS. Tissue sections, each of 40-μm thickness, were procured using a cryostat 
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after embedding in optimal cutting temperature compound. To perform staining of tissue 

sections, they were initially rinsed with PBS-T (0.3% Triton X-100) and subsequently 

incubated with 5% normal goat serum in PBS-T for an hour. The sections were then treated 

with either rabbit anti-retinoblastoma protein (anti-Rb) (Abcam, #ab181616) or rabbit anti-

phospho-Rb (Ser807/811) (Cell Signaling Technology, #8516) antibodies, with an overnight 

incubation. Following a wash with PBS-T, the sections were incubated for 3 h with goat 

Alexa Fluor 488 anti-rabbit secondary antibodies (Invitrogen, #A-11008), diluted in PBS-T 

(1:2,000). The sections were mounted and sealed with DAPI (Sigma-Aldrich) introduced 

at a concentration of 2 μg/mL, 5 min before mounting. The H-scores were determined 

by multiplying the percentage of positive cells (ranging from 0 to 100%) by the staining 

intensity (ranging from 0 to 3).

FFPE tissue staining—FFPE slides were initially incubated at 60°C for 1 h. 

Subsequently, the slides were placed on a glass slide rack and immersed in xylene in a 

glass staining dish for 5 min, followed by a transfer to another dish containing fresh xylene 

for an additional 5 min. For rehydration, the slides were sequentially immersed in staining 

dishes filled with 100%, 90%, and 70% ethanol for 3 min each, followed by transitioning 

the slides to two successive PBS solutions. After rehydration, slides were placed in a plastic 

Coplin jar containing 1x citric acid (pH 6.0, Sigma-Aldrich, #C9999). Subsequently, they 

were transferred to a pre-heated epitope retrieval steamer (IHC world, #IW-1102) for 40 

min to facilitate antigen retrieval. After cooling to room temperature, the slides underwent 

two washes with distilled water and a subsequent wash with PBS-T (0.3% Triton X-100). 

The dewaxed slides were then incubated at room temperature with a blocking solution 

(10% Normal Goat Serum, and 1% BSA in PBS-T) for 1 h. Following the blocking step, 

the slides were incubated overnight at room temperature with primary antibodies diluted 

in the same blocking solution. Slides were then washed with PBS-T and treated with HRP-

conjugated secondary antibodies (SignalStain Boost IHC Detection Reagent, Cell Signaling 

Technology, #8125) for 1 h at room temperature. For signal detection, slides were exposed 

to a substrate buffer (immPACT DAB Substrate Kit, Vector Laboratories, #SK-4105) and 

subsequently washed three times with distilled water. The cell nuclei were stained using 

DAPI (1:500) diluted in PBS-T at room temperature for 15 min. Slides were rinsed with 

PBS-T and mounted using immuno-mount (Thermo Scientific, #9990402) prior to imaging.

Live- and fixed-cell imaging and tumor tissue imaging—Cells were seeded and 

maintain as 30–80% confluency during experiments in 96-well glass-like polymer bottom 

plates (Cellvis, #P96–1.5P). Either a Nikon microscope mounted onto an inverted Eclipse 

Ti-2 body (Nikon) or an Axio Observer 7 microscope (Zeiss) were used to image cells. 

Multichannel fluorescent images were captured using either a Hamamatsu ORCA-Flash4.0 

V3 digital CMOS camera or a Hamamatsu ORCA-Fusion digital CMOS camera. Images 

were acquired with 10× (Nikon CFI Plan Apo Lambda, 0.45 NA, no binning), 203 (Nikon 

CFI Plan Apo Lambda, 0.75 NA, 2-by-2-pixel binning), 10× (Zeiss Plan-Apochromat, 0.45 

NA, no binning), or 203 (Zeiss Plan-Apochromat, 0.8 NA, 2-by-2-pixel binning) objectives. 

Live-cell imaging was performed in a humidified chamber at 37°C with 5% CO2, with 

3–6 sites imaged in each well every 12 min. Fixed-cell imaging involved imaging 25–32 

sites in each well. Total light exposure time was kept under 500 ms for each time point. 
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mRNA FISH images were acquired with a z stack interval of 1.5 μm. Whole tumor cross-

sections and representative regions were imaged using an Axio Observer 7 microscope 

with Apotome2 (Zeiss) equipped with a Hamamatsu ORCA-Fusion digital CMOS camera 

(Hamamatsu photonics K.K.). Images were acquired using a 10× (Zeiss Plan-Apochromat, 

0.45 NA, no binning), or 40× (Zeiss Plan-Apochromat, 1.3 NA, 2-by-2 pixel binning) 

objective, with a z stack interval of 1.5 μm. Image analysis was performed using MATLAB 

and ImageJ software.

Live- and fixed-cell image analysis—Automated image analysis was performed using 

a custom MATLAB pipeline. To correct uneven illumination, raw images were flat-filed 

corrected. Nuclei were segmented using a nucleus marker either H2B or Hoechst staining 

with a Laplacian of Gaussian blob detector. A threshold for nuclear segmentation was 

defined based on histogram curvature. If the size of the detected nuclei exceeded the 

median object size, a curvature-based object splitting algorithm was utilized to split 

cells at two points of high perimeter curvature. To subtract background signal, the 50th 

percentile of pixels outside of a dilated nuclear mask (7.8 μm for nuclear signals and 

15.6 μm for cytoplasmic signals) was calculated. After background subtraction, the nuclear 

median signal was computed based on nuclear segmentation. The cytoplasmic signal was 

determined by calculating the median signal within a ring outside the nucleus, ranging 

from 0.65 μm to 3.25 μm outside the edge of the nucleus. Overlapping cells with adjacent 

cell nuclei were excluded from the analysis. Mitosis was identified by evaluating the H2B 

signals of both nearest daughter cells, which were expected to be between 45 and 55% of the 

mother cell’s signal.

Measurements for CDK2 and CDK4/6 activities—Kinase Translocation Reporters 

(KTRs) contain a degenerate CDK2 substrate motif derived from the CDK2 sensor and thus 

detect activities measured by the CDK2 sensor during S and G2 phases as shown in previous 

studies.33,62,63 Consequently, we used a linear regression to calculate the correction factor 

based on the CDK2 sensor in the presence of palbociclib (1 μM). This analysis revealed that 

applying a correction factor of around 0.41 to the measured CDK2 activity leads to a nearly 

consistent derived reporter signal throughout the cell cycle following CDK4/6 inhibition. 

The contributions of CDK2 activities to CDK4/6 sensor was adjusted by subtracting a 

calculated fraction of the CDK2 sensor signal as follows: CDK4/6 activity = CDK4/6 sensor 

activity - 0.41 3 CDK2 sensor activity.

Analysis of c-Myc–amplification status and PFS—To determine copy number 

amplification, normalized coverage values (normalized for overall coverage of sample, 

adjusted for GC content of each target region) of each tumor sample are divided 

by normalized coverage values from the corresponding normal control and then log-

transformed. Log-ratio values are then segmented using circular binary segmentation 

algorithm; segmented values are then grouped into clusters. p values are then generated 

for each segment, using a null distribution parameterized by probe regions with segments 

belonging to segment cluster where mean log ratio is closest to zero, as described in Ross 

et al. p values were then adjusted for false-discovery rate using the Benjamini Hochberg 

procedure. c-Myc amplifications were called based on fold change ≥2.0 with p < 0.05. PFS 
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was defined as the time from initiation of combined CDK4/6i and endocrine therapy until 

disease progression or death.

We determined the association between c-Myc amplifications (as called from a pre-treatment 

sample) and disease progression on therapy with first line CDK4/6i inhibitors. We 

categorized CDK4/6i regimens based on their endocrine therapy backbone as follows: i) 

CDK4/6i plus aromatase inhibitors, ii) CDK4/6i plus selective estrogen receptor degraders 

including fulvestrant. We used univariate and multivariate Cox proportional hazard models 

(adjusted for endocrine therapy back bone) to determine association between c-Myc 
amplifications and PFS.

Immunoprecipitation and in-gel digestion for mass spectrometry—After 

washing with ice-cold PBS, cells were lysed in a buffer containing 0.5% Nonidet-40 (Sigma-

Aldrich, #74385), 150 mM NaCl (Sigma-Aldrich, #746398), 10 mM KCl (Sigma-Aldrich, 

#P9333), 1.5 mM MgCl2 (Sigma-Aldrich, #M2670) and 10 mM Tris-HCl (Millipore Sigma, 

#C4706). The supernatants were collected and incubated overnight at 4°C with mouse 

anti-Rb (1:100; Cell Signaling Technology, #9309). Samples were then pulled down by 

rotation with Protein G Agarose Beads (Cell Signaling Technology, #37478) at 4°C for 2 

h. The supernatants were collected and separated on a NuPAGE 4–12% Bis-Tris protein gel 

(1.0 mm, Invitrogen). For LC-MS/MS analysis, the protein gel was stained with SimplyBlue 

SafeStain (Invitrogen, #LC6065). Gel slices containing the protein bands of interest were 

excised and subjected to in-gel digestion following a previously described protocol with 

minor modifications.64 The gel slices were washed with 1:1 Acetonitrile and 100 mM 

ammonium bicarbonate for 30 min, followed by dehydration with 100% acetonitrile for 10 

min until shrunk. Excess acetonitrile was removed, and the slices were dried in a speed 

vacuum at room temperature for 10 min. The gel slices were reduced with 5 mM DTT 

for 30 min at 56C in an air thermostat, cooled down to room temperature, and alkylated 

with 11 mM IAA for 30 min in the dark. The gel slices were then washed with 100 mM 

of ammonium bicarbonate and 100% acetonitrile for 10 min each. Excess acetonitrile was 

removed and dried in a speed-vacuum for 10 min at room temperature and the gel slices 

were re-hydrated in a solution of 25 ng/μL trypsin in 50 mM ammonium bicarbonate for 

30 min on ice and digested overnight at 37°C in an air thermostat. Digested peptides were 

collected and further extracted from gel slices in an extraction buffer (1:2 ratio by volume of 

5% formic acid: acetonitrile) at high speed, shaking in an air thermostat. The supernatants 

from both extractions were combined and dried in a speed vacuum. Peptides were dissolved 

in 3% acetonitrile/0.1% formic acid.

LC-MS/MS analysis—Thermo Scientific UltiMate 3000 RSLCnano system and Thermo 

Scientific EASY Spray source with Thermo Scientific Acclaim PepMap100 2 cm × 75 

μm trap column and Thermo Scientific EASY-Spray PepMap RSLC C18 50 cm × 75 μm 

ID column were used to separate desalted peptides with a 5–30% acetonitrile gradient in 

0.1% formic acid over 100 min at a flow rate of 250 nL/min. The column temperature was 

maintained at a constant 50°C during all experiments. Thermo Scientific Orbitrap Fusion 

Tribrid mass spectrometer was used for peptide MS/MS analysis. Survey scans of peptide 

precursors were performed from 350 to 1500 m/z at 120K FWHM resolution (at 200 m/z) 
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with a 4 × 105 ion count target and a maximum injection time of 50 ms. The instrument was 

set to run in top speed mode with 3 s cycles for the survey and the MS/MS scans. After a 

survey scan, tandem MS was performed on the most abundant precursors exhibiting a charge 

state from 2 to 6 of greater than 5 × 103 intensity by isolating them in the quadrupole at 

1.6 Th. HCD fragmentation was applied with 30% collision energy and resulting fragments 

were detected using the rapid scan rate in the ion trap. The AGC target for MS/MS was 

set to 5 × 104 and the maximum injection time was 22 ms. The dynamic exclusion was set 

to 60 s with a 10-ppm mass tolerance around the precursor and its isotopes. Monoisotopic 

precursor selection was enabled.

Raw mass spectrometric data were analyzed using the MaxQuant environment (2) v. 

2.2.0.0 and employed Andromeda for database search (3) at default settings with a few 

modifications. The default was used for first search tolerance and main search tolerance: 20 

ppm and 6 ppm, respectively. MaxQuant was set up to search with the reference human 

proteome database downloaded from UniProt. MaxQuant performed the search trypsin 

digestion with up to 2 missed cleavages. Peptide, Site, and protein FDR were all set to 

1% with a minimum of 1 peptide needed for identification, and label-free quantitation (LFQ) 

was performed with a minimum ratio count of 1. The following modifications were used as 

variable modifications for identifications and included for protein quantification: Oxidation 

of methionine (M), Acetylation of the protein N terminus, and Deamination for asparagine 

or glutamine (NQ).

Xenograft experiments—Female J:NU mice (The Jackson Laboratory), aged 7–8 weeks, 

were anesthetized using ketamine (90 mg/kg) and xylazine (10 mg/kg) by intraperitoneal 

injection. Mice were injected with drug-naïve MCF-7 cells (5×106 cells per mouse), 

palbociclib-resistant MCF-7 cells (1×106 cells per mouse), or palbociclib-resistant MDA-

MB-231 cells (2×106 cells per mouse) embedded in Matrigel (Corning) directly into the 

abdominal mammary fat pad. Mice injected with MCF-7 cells received a 17β-estradiol pellet 

(0.36 mg) (Innovative Research of America, #SE-121) in the right side of their necks one 

week prior to cell injection. Tumor size was monitored twice a week using a digital caliper 

(volume = [width2 × length] × 1/2) and drug treatment started when the average tumor 

volume reached 100 mm3.

Mice injected with drug-naïve MCF-7 cells were treated with either control (50 mM sodium 

D-lactate buffer [pH 4.0], daily by oral gavage) or palbociclib (50 mg/kg dissolved in 50 

mM sodium D-lactate buffer [pH 4.0], daily by oral gavage). Mice injected with palbociclib-

resistant MCF-7 cells were treated with (1) control (50 mM sodium D-lactate buffer [pH 

4.0], daily by oral gavage), (2) bortezomib (0.5 mg/kg dissolved in corn oil, twice a week 

by IP), (3) palbociclib (50 mg/kg dissolved in 50 mM sodium D-lactate buffer [pH 4.0], 

daily by oral gavage) + fulvestrant (3 mg/kg dissolved in corn oil, twice a week by IP), 

or (4) bortezomib + palbociclib + fulvestrant. Mice injected with palbociclib-resistant MDA-

MB-231 cells were administered (1) control (50 mM sodium D-lactate buffer [pH 4.0], daily 

by oral gavage), (2) bortezomib (0.5 mg/kg dissolved in corn oil, twice a week by IP), (3) 

palbociclib (50 mg/kg dissolved in 50 mM sodium D-lactate buffer [pH 4.0], daily by oral 

gavage), or (4) bortezomib + palbociclib.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted using either t-tests or one-way ANOVA. Statistical 

significance was defined as a p value of 0.05 or lower, using the appropriate statistical test 

method. Details regarding statistics, number of biological replicates, and sample sizes are 

reported in each figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Breast cancer cells develop CDK4/6i resistance via sequential E2F activation

• Rb-protein degradation and c-Myc-mediated amplification of E2F activity are 

key mechanisms

• c-Myc levels, not Rb levels, predict poor outcomes after CDK4/6i treatment

• Proteasome inhibitors restoring Rb levels can potentially overcome CDK4/6i 

resistance
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Figure 1. CDK4/6i treatment reduces Rb-protein levels
(A) Immunoblot showing Rb expression in breast cancer cell lines. Numbers represent 

relative Rb levels normalized by corresponding GAPDH levels and Rb levels in MCF-7 

cells.

(B and D) Density scatterplots of Hoechst and EdU staining in Rb-mutant MDA-MB-468 

(B) and MCF-7 (D) cells treated with palbociclib (1 μM) (n = 2,000 cells/condition).

(C and E) Percentage of S-phase cells after palbociclib (1 μM) treatment in breast cancer 

cells. Data are shown as means ± SD (n = 3 biological replicates).

(F) Immunoblot showing Rb expression in MCF-7 and MDA-MB-231 cells treated with 

palbociclib (1 μM).

(G) Percentage of S-phase cells after palbociclib (1 μM) treatment in Rb-mutant MDA-

MB-468 cells with or without YFP-Rb overexpression. Data are shown as means ± SD (n = 

3 biological replicates).

(H) Density scatterplots of Hoechst and EdU staining in MCF-7 cells overexpressing YFP-

Rb and treated with palbociclib (1 μM) (n = 2,000 cells/condition).

(I) Percentage of S-phase cells after palbociclib (1 μM) treatment in MCF-7 and MDA-

MB-231 cells with or without YFP-Rb overexpression. Data are shown as means ± SD (n = 

3 biological replicates).
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(J) Immunoblot showing expression of endogenous and exogenous Rb in MCF-7 and MDA-

MB-231 cells treated with palbociclib (1 μM).

(K) Relative levels of endogenous and exogenous Rb protein in MCF-7 cells treated with 

palbociclib (1 μM). Solid lines indicate best fitted lines. The half-life of Rb protein is shown 

as means ± SD (n = 3 biological replicates).

(L) Relative mRNA levels of Rb and E2F target genes in MCF-7 cells treated with 

palbociclib (1 μM). Data are shown as means ± SD (n = 3 biological replicates).

See also Figures S1 and S2.
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Figure 2. Reduced Rb-protein levels correlate with CDK4/6i resistance in vitro and in vivo
(A) Dose-response curves for palbociclib treatment (48 h) in drug-naive, drug-resistant, 

and Rb-knockout MCF-7 cells. IC50 values are shown as means ± SD (n = 2 biological 

replicates).

(B) Immunoblot showing Rb expression in drug-naive and palbociclib-resistant MCF-7 and 

T47D cells.

(C) Relative mRNA levels of Rb and E2F target genes and MCM2 in drug-naive and 

palbociclib-resistant MCF-7 and T47D cells, determined by qRT-PCR. Data are shown as 

means ± SEM (n = 3 biological replicates).

(D) Representative immunostaining images of Hoechst, Rb, and EdU staining in drug-naive 

and palbociclib-resistant MCF-7 cells. Scale bar represents 50 μm.

(E) Histogram of Rb expression in drug-naive, Rb-knockout, and palbociclib-resistant 

MCF-7 cells (n > 15,000 cells/condition).

(F) Density scatterplots of Rb and EdU staining in drug-naive, Rb-knockout, and 

palbociclib-resistant MCF-7 cells (n = 5,000 cells/condition).

(G) Immunoblot showing Rb expression in drug-naive and palbociclib-resistant MCF-7 cells 

with continued palbociclib (1 μM) treatment and after withdrawal for over 1 week.
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(H) Tumor volume over time in immunodeficient mice implanted with drug-naive MCF-7 

cells. Data are shown as means ± SEM (n = 5 mice/condition).

(I) Representative images of Hoechst and Rb staining in tumor sections from MCF-7 

xenograft mice. Scale bar represents 100 μm.

(J and K) Boxplots of percentage of Rb-positive cells (J) and relative Rb mRNA levels 

(K) in tumor sections. Blue lines indicate the median, boxes represent the 25th and 75th 

percentiles, and lines denote the total range for each population (n = 5 mice/condition). p 

values were calculated by two-tailed unpaired t tests (*p ≤ 0.05).

(L) Rb immunostaining in formalin-fixed, paraffin-embedded (FFPE) human tumors 

collected before and after treatment with CDK4/6i plus endocrine therapy. Scale bar 

represents 20 μm.

(M and N) Boxplots of Rb-protein H-scores (M) and relative Rb mRNA levels (N) in pre- 

and post-treatment FFPE samples. p values were calculated by two-tailed paired t tests (*p ≤ 

0.05) (M: n = 4 paired samples; N: n = 3 paired samples).

See also Figure S3.
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Figure 3. A combination of CDK4/6 and proteasome inhibitors suppresses Rb-protein reduction 
and the cell growth of drug-resistant cells
(A) Representative images of YFP-Rb in drug-naive and palbociclib-resistant MCF-7 cells 

before and after 48 h treatment with MG-132 (5 μM). Scale bar represents 100 μm.

(B) Averaged traces of YFP-Rb intensities following DMSO and MG-132 treatment. Data 

are shown as means ±95% CI (n > 4,000 cells/condition).

(C) Average traces of YFP-Rb intensities in drug-naive MCF-7 cells treated with 

combinations of palbociclib (1 μM), bortezomib, and chloroquine. Data are shown as means 

±95% CI (n > 4,500 cells/condition).

(D) Relative endogenous Rb levels in drug-naive MCF-7 cells after treating with indicated 

drugs for 24 h. Data are shown as means ± SD (n = 3 biological replicates). p values were 

calculated by one-way ANOVA (*p ≤ 0.05; **p ≤ 0.001).

(E) YFP-Rb protein turnover. Drug-naive cells were treated with DMSO or palbociclib (1 

μM) for 24 h before treatment with cycloheximide (10 μg/mL). Mean YFP-Rb levels were 

normalized with the initial and minimal values. Solid lines represent the best-fitted lines (n > 

130 cells/condition).
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(F) Heatmaps of single-cell traces for CDK2 activity and YFP-Rb intensity. Percentages 

indicate the proportion of proliferating (CDK2 activity >1.0 for over 2 h) and quiescent 

(no CDK2 activation) cells, classified based on CDK2 activity 15–30 h after treatment with 

cycloheximide.

(G) YFP-Rb protein turnover in proliferating and quiescent cells (n > 2,500 cells/condition).

(H) Turnover of wild-type or phosphomimetic Rb protein in Rb-knockout MCF-7. Cells 

were treated with palbociclib (1 μM) for 24 h before treatment with cycloheximide (10 

μg/mL) (n > 130 cells/condition).

(I) Histogram of nuclear Rb, EdU, and cleaved caspase-3 staining in palbociclib-resistant 

MCF-7 cells 48 h after treatment with either DMSO or bortezomib (2 μM) (n > 1,100 

cells/condition).

(J) Heatmaps of nuclear Rb levels, percentage of S-phase cells, and CDK2 activity. 

Palbociclib-resistant MCF-7 cells were treated with proteasome inhibitors (0–10 μM) for 

48 h (n > 1,000 cells/condition).

(K and L) Growth curve of tumor volume in mice injected with palbociclib-resistant MCF-7 

(K) or MDA-MB-231 (L) cells. Data are means ± SEM (K: control, n = 10 mice; bortezomib 

[bort], n = 8 mice; palbociclib [palbo] + fulvestrant [fulv], n = 9 mice; bort + palbo + fulv, 

n = 9 mice; L: control, n = 6 mice; bort, n = 5 mice; palbo, n = 4 mice; bort + palbo, n = 

6 mice). p values were calculated by two-sided one-way ANOVA (*p ≤ 0.05; **p ≤ 0.001; 

***p ≤ 0.0001).

(M) Representative images of Hoechst and Rb staining in tumor tissues. Scale bar represents 

100 μm.

(N) Boxplot of Rb-positive-cell percentage from whole-tumor section (control, n = 10 mice; 

bort, n = 8 mice; palbo + fulv, n = 9 mice; bort + palbo + fulv, n = 8 mice). p values were 

calculated by two-tailed unpaired t tests (*p ≤ 0.05; ***p ≤ 0.0001).

See also Figure S4 and S5.
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Figure 4. CDK4/6i treatment creates heterogeneity in E2F and CDK2 activation kinetics
(A) Schematic diagram of live-cell sensors for CDK4/6, CDK2, and APC/C activities.

(B) Representative single-cell traces for CDK4/6 and CDK2 activities and APC/C degron 

intensity.

(C and D) Heatmaps of single-cell traces for CDK4/6 and CDK2 activities and APC/C 

degron intensity in MCF-7 cells treated with either DMSO (C) or palbociclib (1 μM) (D). 

Percentages indicate the proportion of persisters (CDK2 activity >1.0 for over 2 h) and 

non-persisters (no CDK2 activation) based on CDK2 activity 30–60 h post-treatment.

(E) Representative single-cell traces for CDK4/6 and CDK2 activities and APC/C degron 

intensity in MCF-7 cells treated with palbociclib (1 μM).

(F) Percentage of MCF-7 cells after DMSO or palbociclib treatment. Cells were classified 

into CDK2fast (CDK2 activity >1 for over 2 h), CDK2slow (CDK2 activity >0.6 for over 

2 h), and CDK2low (no CDK2 activation) based on CDK2 activation kinetics 30–60 h 
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post-treatment. Data are shown as means ± SD (n = 3 biological replicates). p values were 

calculated by two-tailed paired t test (*p ≤ 0.05; **p ≤ 0.001).

(G and H) Single-cell traces for CDK2 activity and APC/C degron intensity aligned to the 

end of mitosis in the control (G) and the palbociclib (1 μM)-treated (H) conditions.

(I) E2F1 mRNA level in MCF-7 cells classified based on CDK2 activation kinetics after 

palbociclib (1 μM) treatment (n > 800 cells/condition). p values were calculated by one-way 

ANOVA (***p ≤ 0.0001).

See also Figure S6.
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Figure 5. Breast cancer cells entering quiescence induces Rb-protein reduction
(A) Schematic representation of our hypothesis showing two Rb inactivation pathways by 

active CDK4/6 (#1) and proteolytic degradation of Rb (#2).

(B) Schematic illustration of a plasmid-encoded construct designed to assess post-

translational Rb degradation.

(C and D) Heatmaps of single-cell traces for CDK2 activity and YFP-Rb and H2B-iRFP 

intensities over time. Rb-knockout MCF-7 cells expressing the H2B-iRFP-p2a-YFP-Rb 

construct treated with either DMSO (C) or palbociclib (1 μM) (D). CDK2fast (CDK2 activity 

>0.8 for over 2 h), CDK2slow (CDK2 activity >0.6 for over 2 h), and CDK2low (no CDK2 

activation) cells were classified based on CDK2 activity 30–48 h post-treatment.
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(E) Averaged correlation (R) values between YFP-Rb and H2B-iRFP intensities following 

DMSO or palbociclib (1 μM) treatment. Data are shown as means ± SD (n = 2 biological 

replicates).

(F) Average traces of CDK2 activity and YFP-Rb and H2B-iRFP intensities, based on the 

CDK2 classification after palbociclib (1 μM) treatment (n > 800 cells/condition).

(G and H) Heatmaps of single-cell traces for CDK2 activity and YFP-Rb and H2B-iRFP 

intensities in T47D (G) and CAMA-1 (H) cells treated with palbociclib (1 μM).

See also Figure S7.
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Figure 6. Under treatment with CDK4/6i, mitogenic signaling facilitates persister development 
by regulating downstream of the Rb pathway
(A) Percentage of persisters treated with indicated drugs in wild-type and Rb-knockout 

MCF-7 cells. Data are shown as means ± SD (n = 3 biological replicates). p values were 

calculated by one-way ANOVA (*p ≤ 0.05; **p ≤ 0.001; ***p ≤ 0.0001).

(B and C) Heatmaps of single-cell traces for CDK4/6 and CDK2 activities in wild-type 

(B) and Rb-knockout (C) MCF-7 cells treated with palbociclib (1 μM) in combination with 

pictilisib (250 nM). The percentages mark the proportion of persisters (CDK2 activity >1.0 

for over 2 h) and non-persisters (no CDK2 activation) cells classified based on CDK2 

activity during 30–48 h after drug treatment.

(D) Immunoblot showing phosho-AKT, total-AKT, phospho-ERK, and total-ERK 

expression in MCF-7 and MDA-MB-231 cells.

(E) Percentage of S-phase cells. Cells were treated with palbociclib (1 μM) alone or in 

combination with trametinib (100 nM) or pictilisib (250 nM) for 2 days. Data are shown as 

means ± SD (n = 3 biological replicates).

(F) Violin plots of c-Myc levels in cells treated with indicated drugs for 2 days (n > 6,000 

cells/condition).
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(G) Immunoblot showing Rb and GAPDH expression in MCF-7 and MDA-MB-231 cells 

treated with indicated drugs for 2 days.

(K) Density scatterplot of Hoechst and EdU staining. Wild-type and Rb-knockout MCF-7 

cells resistant to palbociclib were treated with DMSO and pictilisib (250 nM) for 2 days (n = 

1,000 cells/condition).

(I–K) Percentage of S-phase cells (I), c-Myc levels (J), and EU levels (K) in wild-type and 

Rb-knockout MCF-7 cells resistant to palbociclib. Data are shown as means ± SD (n = 3 

biological replicates).

(E, F, and I–K) p values were calculated by one-way ANOVA (*p ≤ 0.05; **p ≤ 0.001; ***p 

≤ 0.0001).

See also Figures S8 and S9.
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Figure 7. c-Myc enhances E2F activity to facilitate persister development following Rb-protein 
reduction
(A and B) Heatmaps of single-cell traces for CDK4/6 and CDK2 activities and Cdt1 

degron intensity. MCF-7 cells expressing the c-Myc inducible construct were treated with 

palbociclib (1 μM) plus either DMSO (A) or doxycycline (5 μM) (B).

(C) Percentage of persisters. Data are shown as means ± SD (n = 3 biological replicates). p 

values were calculated using two-tailed paired t test (**p ≤ 0.001).

(D‒F) Rb and GAPDH expression (D), percentage of S-phase (E), and relative mRNA 

expression of E2F target genes (F) in MCF-7 cells expressing an inducible c-Myc construct. 

Cells were treated with palbociclib (1 μM) plus either DMSO or doxycycline (5 μM) for 

indicated time. Data are shown as means ± SD (n = 3 biological replicates). p values were 

calculated using two-tailed paired t test (*p ≤ 0.05; **p ≤ 0.001).

(G) Kaplan-Meier plots of PFS based on c-Myc genetic amplification status. The p value 

was calculated by the log-rank test.
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(H) Representative images of pre-treatment tissue samples showing high c-Myc expression 

(H-score > 130) or low c-Myc expression (H-score ≤ 130). Scale bar represents 50 μm.

(I) Kaplan-Meier plots evaluating PFS in relation to c-Myc protein expression levels. p value 

was calculated by the log-rank test.

See also Figure S10 and S11.

Kim et al. Page 40

Cell Rep. Author manuscript; available in PMC 2023 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 41

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit mAb anti-phospho-Rb (Ser807/811) Cell Signaling Technology Cat# 8516; RRID: AB_11178658

Mouse mAb anti-Rb (4H1) Cell Signaling Technology Cat# 9309; RRID: AB_823629

Rabbit mAb anti-cleaved caspase3 (Asp175) Cell Signaling Technology Cat# 9579; RRID: AB_10897512

Rabbit mAb anti-c-Myc (D84C12) Cell Signaling Technology Cat# 5605; RRID: AB_1903938

Mouse mAb anti-β-Actin (8H10D10) Cell Signaling Technology Cat# 3700; RRID: AB_2242334

Rabbit mAb anti-Phospho-Akt (Ser473) Cell Signaling Technology Cat# 9271; RRID: AB_329825

Mouse mAb anti-Akt (pan) (40D4) Cell Signaling Technology Cat# 2920; RRID: AB_1147620

Rabbit mAb anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204)

Cell Signaling Technology Cat# 4370; RRID: AB_2315112

Mouse mAb anti-p44/42 MAPK (Erk1/2) (L34F12) Cell Signaling Technology Cat# 4696; RRID: AB_390780

Rabbit polyclonal Ab anti-GAPDH Santa Cruz Biotechnology Cat# sc-25778; RRID: AB_10167668

Mouse mAb anti-PCNA (PC10) Santa Cruz Biotechnology Cat# sc-56; RRID: AB_628110

Rabbit mAb anti-Rb Abcam Cat# ab181616; RRID: AB_2848193

Rabbit mAb anti-c-Myc (Y69) Abcam Cat# ab32072; RRID: AB_731658

IgG (H + L) Highly Cross-Adsorbed Goat anti-Rabbit, Alexa 
Fluor™ Plus 488

Invitrogen Cat# A32731; RRID: AB_2633280

IgG (H + L) Highly Cross-Adsorbed Goat anti-Mouse, Alexa 
Fluor™ Plus 488

Invitrogen Cat# A32723; RRID: AB_2633275

IgG (H + L) Highly Cross-Adsorbed Goat anti-Mouse, Alexa 
Fluor™ 568

Invitrogen Cat# A11031; RRID: AB_144696

IgG (H + L) Cross-Adsorbed Goat anti-Rabbit Alexa Fluor™ 488 Invitrogen Cat# A11008; RRID: AB_143165

IgG (H + L) Highly Cross-Adsorbed Goat anti-Mouse, Alexa 
Fluor™ 568

Invitrogen Cat# A11031; RRID: AB_144696

Goat-anti-mouse IR Dye 800CW LI-COR Biosciences Cat# 926-32210; RRID: AB_621842

Goat-anti-rabbit IR Dye 680RD LI-COR Biosciences Cat# 926-68071; RRID: AB_10956166

Chemicals, peptides, and recombinant proteins

Doxycycline Sigma-Aldrich Cat# D9891

5-Ethynyl-2′-deoxyuridine Sigma-Aldrich Cat# 900584

5-Ethynyl-Uridine Click Chemistry Tools Cat# 1261

Palbociclib Selleck Chemicals Cat# S1116

Abemaciclib Selleck Chemicals Cat# S7158

Ribociclib Selleck Chemicals Cat# S7440

Trametinib Selleck Chemicals Cat# S2673

EN4 Selleck Chemicals Cat# S9807

Bortezomib MedChem Express Cat# HY-10227

Ixazomib MedChem Express Cat# HY-10453

Carfilzomib MedChem Express Cat# HY-10455

Alpelisib MedChem Express Cat# HY-15244

Fulvestrant MedChem Express Cat# HY-13636
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REAGENT or RESOURCE SOURCE IDENTIFIER

Pictilisib MedChem Express Cat# HY-50094

Palbociclib (mice experiment) MedChem Express Cat# HY-50767

Chloroquine MedChem Express Cat# HY-17589A

MG-132 Calbiochem Cat# 474790

Epoxomicin Cayman Chemical Cat# 134381-21-8

ONX0914 Cayman Chemical Cat# 960374-59-8

Celastrol Cayman Chemical Cat# 34157-83-0

Omarigliptin Cayman Chemical Cat# 1226781-44-7

PMSF Cayman Chemical Cat# 329-98-6

Maribavir Cayman Chemical Cat# 176161-24-3

MLN9708 (Ixazomib citrate) Cayman Chemical Cat# 1201902-80-8

Nafamostat mesylate Cayman Chemical Cat# 82956-11-4

N-ethylmaleimide Cayman Chemical Cat# 128-53-0

Camostat mesylate Cayman Chemical Cat# 59721-29-8

Leupeptin hemisulfate Cayman Chemical Cat# 103476-89-7

MG101 Cayman Chemical Cat# 110044-82-1

Loxistatin acid Cayman Chemical Cat# 76684-89-4

PI1840 Cayman Chemical Cat# 1401223-22-0

Aloxistatin Cayman Chemical Cat# 88321-09-9

VR23 Cayman Chemical Cat# 1624602-30-7

Paritaprevir Cayman Chemical Cat# 1221573-85-8

Delanzomib Cayman Chemical Cat# 847499-27-8

Oprozomib Cayman Chemical Cat# 935888-69-0

Z-FA-FMK Cayman Chemical Cat# 197855-65-5

17β-estradiol pellet (0.36 mg) Innovative Research of America Cat# SE-121

16% Paraformaldehyde Ted Pella Inc Cat# NC1537886

Fetal Bovine Serum (FBS) Gibco Cat# 10-437-028

Puromycin Invivogen Cat# ant-pr-1

Blasticidin Invivogen Cat# ant-bl-1

DPBS without Ca2+, Mg2+ Genesee Cat# 25-508

Triton X-100 Millipore Sigma Cat# T8787

Hoechst 33342 Thermo Scientific Cat# 62249

Dimethyl sulfoxide (DMSO) Millipore Sigma Cat# D2438

Trypsin-EDTA, 0.25% 1X, phenol red, without Calcium and 
Magnesium

Genesee Cat# 25-510

Bovine Serum Albumin (BSA) Protease-free powder Millipore Sigma Cat# A3311

Protein G Agarose Beads Cell Signaling Technology Cat# 37478

SimplyBlue™ SafeStain Invitrogen Cat# LC6060

AFDye 647 Picolyl Azide Click Chemistry Tools Cat# 1300

(+)-SODIUM L-ASCORBATE Millipore Sigma Cat# A4034

COPPER(II) SULFATE (CuSO4) Millipore Sigma Cat# C1297

Halt protease inhibitor cocktail Thermo Scientific Cat# 1861279
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REAGENT or RESOURCE SOURCE IDENTIFIER

PhosSTOP Millipore Sigma Cat# 4906845001

Critical commercial assays

GeneJET Plasmid Miniprep Kit Thermo Fisher Cat# K0503

NucleoBond Xtra Midi prep kit Macherey-Nagel Cat# 740410.100

PureLink™ RNA Mini Kit Invitrogen Cat# 12183018A

SuperScript IV VILO Master Mix Invitrogen Cat# 11756050

PowerTrack SYBR Green Master Mix Thermo Fisher Cat# A46109

ViewRNA ISH Cell Assay Invitrogen Cat# QVC0001

ViewRNA Cell Probe Set: E2F1 Invitrogen Cat# VA1-12108-VC

ViewRNA Cell Probe Set: Cdc25A Invitrogen Cat# VA1-15814-VC

ViewRNA Cell Probe Set: RB1 Invitrogen Cat# VA1-3000151-VC

Experimental Models: Cell Lines

MCF-7 ATCC Cat# HTB-22

CAMA-1 ATCC Cat# HTB-21

MDA-MB-157 ATCC Cat# HTB-24

MDA-MB-231 ATCC Cat# CRM-HTB-26

MDA-MB-468 ATCC Cat# HTB-132

T47D ATCC Cat# CRL-2865

HCC1428 ATCC Cat# CRL-2327

HCC1143 ATCC Cat# CRL-2321

HCC1937 ATCC Cat# CRL-2336

BT-483 ATCC Cat# HTB-121

BT-20 ATCC Cat# HTB-19

Deposited Data

Raw data Mendeley Data Mendeley: http://doi.org/10.17632/
c47xz5mgp3.1

Experimental models: Organisms/strains

J:NU mice The Jackson Laboratory Cat#007850

Experimental models: Organisms/strains

gRNA targeting Rb 
(GUUCGAGGUGAACCAUUAAUGUUUUAGAGCUAUGCU)

Integrated DNA Technologies N/A

gRNA targeting Rb 
(AAGUGAACGACAUCUCAUCUGUUUUAGAGCUAUGCU)

Integrated DNA Technologies N/A

siRNA targeting CCNE1, sense sequence 
(GAUCAGCACUUUCUUGAGCAACACC)

Integrated DNA Technologies N/A

siRNA targeting CCNE1, anti-sense sequence 
(CCCUAGUCGUGAAAGAACUCGUUGUGG)

Integrated DNA Technologies N/A

siRNA targeting CCNE1, sense sequence 
(AUGCAAAAGGUUUCAGGGUAUCAGT)

Integrated DNA Technologies N/A

siRNA targeting CCNE1, anti-sense sequence 
(ACUACGUUUUCCAAAGUCCCAUAGUCA)

Integrated DNA Technologies N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

siRNA targeting CCNE2, sense sequence 
(CAUUCUGACUUGGAACCACAGAUGA)

Integrated DNA Technologies N/A

siRNA targeting CCNE2, anti-sense sequence 
(ACGUAAGACUGAACCUUGGUGUCUACU)

Integrated DNA Technologies N/A

siRNA targeting CCNE2, sense sequence 
(ACGUAAGACUGAACCUUGGUGUCUACU)

Integrated DNA Technologies N/A

siRNA targeting CCNE2, anti-sense sequence 
(AGUCAGGAACGUAAUAGUAACUUUGUG)

Integrated DNA Technologies N/A

siRNA targeting c-Myc, sense sequence 
(AUCAUUGAGCCAAAUCUUAAAAAAA)

Integrated DNA Technologies N/A

siRNA targeting c-Myc, anti-sense sequence 
(UAUAGUAACUCG GUUUAGAAUUUUUUU)

Integrated DNA Technologies N/A

siRNA targeting c-Myc, sense sequence 
(CGACGAGACCUUCAUCAAAAACATC)

Integrated DNA Technologies N/A

siRNA targeting c-Myc, anti-sense sequence 
(CUGCUGCUCUGGAAGUAGUUUUUGUAG)

Integrated DNA Technologies N/A

Recombinant DNA

pLV-DHB (a.a.995–1087)-mVenus-p2a-mCherry-Rb (a.a.886–
928)-IRES-blasticidin

Yang et al.33 RRID: Addgene_126679

pLV-H2B-iRFP670-p2a-mCerulean-Geminin (1–110)-IRES-
Neomycin

This paper

pLV-YFP-Rb-IRES-blasticidin This paper

pLV-YFP-Rb (14 Ser/Thr to Glu)-IRES-puromycin This paper

pLV-H2B-iRFP670-p2a-YFP-Rb-IRES-blasticidin This paper

pCW57.1-Cyclin D1-IRES-puromycin This paper

pCW57.1-Cyclin E1-IRES-puromycin This paper

pCW57.1-c-Myc-IRES-puromycin This paper

pCMV-VSV-G Stewart et al.59 RRID: Addgene_8454

pRSV-rev Dull et al.60 RRID: Addgene_12253

pMDLg/pRRE Dull et al.60 RRID: Addgene_12251

Software and algorithms

MATLAB MathWorks https://www.mathworks.com/

MATLAB Scripts MathWorks http://doi.org/10.5281/zenodo.8310175

Image Studio Lite LI-COR Biosciences https://www.licor.com/bio/image-
studio-lite/

Image Lab 5.2.1 Bio-Rad https://www.bio-rad.com/en-
us/product/image-lab-software?
ID=KRE6P5E8Z
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