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SUMMARY

The retinoblastoma (Rb) protein exerts its tumor suppressor function primarily by inhibiting the 

E2F family of transcription factors that govern cell cycle progression. However, it remains largely 

elusive whether hyper-phosphorylated, non-E2F1-interacting form, of Rb has any physiological 

role. Here, we report that hyper-phosphorylated Rb directly binds to, and suppresses the function 

of mTORC2, but not mTORC1. Mechanistically, Rb, but not p107 nor p130, interacts with Sin1 

and blocks the access of Akt to mTORC2, leading to attenuated Akt activation and increased 

sensitivity to chemotherapeutic drugs. As such, inhibition of Rb phosphorylation by depleting 

cyclin D, or using CDK4/6 inhibitors, releases Rb-mediated mTORC2 suppression. This, in turn, 

leads to elevated Akt activation to confer resistance to chemotherapeutic drugs in Rb-proficient 
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cells, which can be attenuated with Akt inhibitors. Therefore, our work provides a molecular basis 

for the synergistic usage of CDK4/6 and Akt inhibitors in treating Rb-proficient cancer.

Zhang et al report that hyper-phosphorylated Rb also plays a tumor suppressive role partly through 

binding Sin1 to inhibit mTORC2-mediated activation of Akt. Thus, inhibiting Rb phosphorylation 

by depletion of cyclin D or CDK4/6 inhibitor leads to elevated Akt-pS473 to confer drug 

resistance, which can be attenuated by Akt inhibitors.

Abstract

INTRODUCTION

Retinoblastoma (Rb) is a well-characterized tumor suppressor and its deregulation is 

frequently observed in various types of human cancers (Burkhart and Sage, 2008; Knudsen 

and Knudsen, 2008; Sherr and McCormick, 2002). Mechanistically, Rb exerts its tumor 

suppressor function primarily through direct binding and suppression of the E2F family of 

transcription factors in the nucleus, as well as governing p27Kip1 stability in part through 

interacting with APCCdh1 (Binne et al., 2007), leading to G1/S arrest during the cell cycle 

progression (van den Heuvel and Dyson, 2008). Notably, the transcriptional repressor 

activity of Rb can be antagonized by sequential phosphorylation events, initiated by cyclin 

D-CDK4/6 in the early G1 phase, followed by cyclin E-CDK2 in the late G1 phase 

(Knudsen and Knudsen, 2008). As a result, hyper-phosphorylated Rb loosens its association 

with chromatin (Mittnacht et al., 1994; Mittnacht and Weinberg, 1991) to release its 

suppressive role towards E2Fs in the nucleus. Notably, amplification or oncogenic mutations 

of Rb upstream negative regulators such as cyclin D, CDK4, CDK6 or deletion of the 

CDK4/6 kinase inhibitor, p16INK4a, are frequently observed in a majority of human cancer 

patients, which lead to hyper-phosphorylation of Rb, subsequently blocking interactions 

between Rb and E2Fs to inactivate the canonical tumor suppressor role of Rb (Burkhart and 

Sage, 2008; Choi et al., 2012).
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In addition to the canonical function of Rb in regulating cell cycle progression in the 

nucleus, recent studies have also started to reveal a possible physiological role of Rb in the 

cytoplasm, such as regulating mitochondrial functions and disrupting sarcomeric 

organization (Araki et al., 2013; Hilgendorf et al., 2013; Nicolay et al., 2015). In support of 

these findings, the hyper-phosphorylated form of Rb has been observed in the cytoplasm of 

human cancers (Jiao et al., 2007). However, it remains largely undefined whether besides 

arresting the cell cycle by suppressing E2Fs, the non-E2F interacting hyper-phosphorylated 

Rb possesses any physiological function.

The human mTOR (mechanistic target of rapamycin) is a conserved multi-subunit serine/

threonine kinase involved in governing a plethora of critical cellular processes including cell 

growth and proliferation (Wullschleger et al., 2006). Deregulation of the mTOR signaling 

pathway leads to various types of human diseases including human cancer (Cornu et al., 

2013; Laplante and Sabatini, 2012; Xu et al., 2014; Zoncu et al., 2011). In cells, mTOR 

serves as an essential catalytic subunit by forming two structurally and functionally distinct 

complexes, mTORC1 and mTORC2, respectively. In addition to the common subunits 

including mTOR and GβL, Raptor defines mTORC1, whereas Rictor and Sin1 are specific 

components for the mTORC2 kinase complex (Laplante and Sabatini, 2012; Zoncu et al., 

2011). Compared with the well-defined upstream signaling modulators of mTORC1 such as 

TSC1/2 (Inoki et al., 2002; Manning et al., 2002), PRAS40 (Sancak et al., 2007; Vander 

Haar et al., 2007), Rag (Kim et al., 2008; Sancak et al., 2008) and Rheb (Menon and 

Manning, 2013), the upstream signaling pathways governing the mTORC2 complex kinase 

activity remains largely elusive.

In this study, we report that hyper-phosphorylated Rb interacts with the mTORC2 complex 

to suppress Akt activation. Importantly, depletion of endogenous cyclin D or inhibition of 

CDK4/6 kinase activity by pharmacological inhibitors led to reduced Rb phosphorylation 

and attenuated Rb suppression on mTORC2 activation, resulting in elevated Akt 

phosphorylation and activation. Hence, our study provides a possible molecular mechanism 

for the synergistic usage of CDK4/6 and Akt inhibitors for better anti-cancer efficacy.

RESULTS

Rb negatively regulates the kinase activity of mTORC2, but not mTORC1, in cells

In searching for additional tumor suppressive mechanism(s) for Rb, we observed that in Cre-

mediated Rb-deleted mouse embryonic fibroblasts (RbΔ/Δ MEFs), Akt-pS473, the canonical 

substrate of mTORC2, was significantly elevated compared to control MEFs (Rb-WT 

MEFs) (Figure 1A). However, only a moderate elevation of Akt-pT308, and no significant 

change of S6K-pT389, indicators for activity of PDK1 and mTORC1, respectively, was 

observed between RbΔ/Δ and Rb-WT MEFs (Figure 1A). Furthermore, genetic deletion of 

Rb, but not of Rb-related pocket proteins including p107 or p130, led to increased Akt-

pS473 (Figure S1A), demonstrating a unique role for Rb in suppressing mTORC2. In 

keeping with this finding, depletion of endogenous Rb in various tumor cell lines including 

OVCAR5 and MDA-MB-231 also led to a marked elevation in Akt-pS473, and to a much 

lesser extend, a moderate increase in Akt-pT308, but not S6K-pT389 (Figure 1B-C). As a 
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consequence, levels of Akt downstream targets pFOXO and PRAS40-pT246 were also 

dramatically increased in Rb-deficient cells (Figure 1A-C).

Given the well-characterized role of Rb in cell cycle regulation (van den Heuvel and Dyson, 

2008) as well as the intrinsic connection between cell cycle and Akt activation (Liu et al., 

2014), it is possible that the observed effects were caused by altered cell cycle progression 

of Rb-deficient cells. However, we observed no significant change of the cell cycle 

distribution profiles in Rb−/− MEFs, compared with WT counterparts (Figure S1B). 

Moreover, acutely induced expression of Rb led to a marked reduction of Akt-pS473 in cells 

(Figure 1D) without significantly affecting cell cycle (Figure S1C). Conversely, genetic 

ablation of Rb, resulted in sustained mTORC2 activation towards phosphorylating Akt-

Ser473 upon stimulation by either insulin (Figure 1E and Figure S1D) or EGF (Figure 1F). 

On the other hand, ectopic expression of Rb attenuated Akt-pS473 upon EGF stimulation 

(Figure S1E) without significantly changing the cell cycle distribution (Figure S1F). Taken 

together, these results suggest that Rb largely inhibits the kinase activity of mTORC2, but 

not that of mTORC1 or PDK1 in cells.

Rb specifically interacts with the mTORC2 complex through binding the Sin1-PH domain

In order to identify whether Rb inhibits mTORC2 activity through binding its specific 

subunit, we examined the binding of Rb with all characterized mTOR complex subunits. 

Notably, we observed that Rb specifically interacted with the mTORC2-specifc component 

Sin1, but not Rictor, in Triton buffer that disrupts the complex integrity of both mTORC2 

and mTORC1 (Kim et al., 2002) in U2OS cells (Figure 2A). Moreover, under the same 

experimental conditions, neither the mTORC1 specific subunit Raptor, nor the common 

mTOR complex subunits GβL or mTOR interacted with Rb (Figure 2A-B). Moreover, the 

interaction between Rb and Sin1 at endogenous levels was also observed in U2OS cells 

(Figure 2C). Interestingly, in 0.3% CHAPS containing buffer that preserves the integrity of 

mTOR complexes (Kim et al., 2002), Rb was able to precipitate the intact mTORC2 

complex, but did not interact with the mTORC1 specific subunit, Raptor (Figure S2A). 

Furthermore, the endogenous binding of Rb with mTORC2 subunits, but not Raptor, was 

observed in multiple cell lines including U2OS (Figure 2D), OVCAR5 (Figure S2B) and 

MDA-MB-231 (Figure S2C). More importantly, we found that in Sin1−/− MEFs, Rb lost its 

ability to pull down any mTORC2 component, suggesting that Rb associates with mTORC2 

in a Sin1-dependent manner (Figure 2E). These results establish the critical role of Sin1 in 

mediating the interaction of the mTORC2 complex with Rb.

Next, we found that Sin1 specifically interacted with Rb largely through the C-terminal PH 

domain in U2OS cells (Figure 2F-G). Moreover, bacterially purified GST-Sin1-PH, but not 

other domains, specifically pulled down Rb ectopically expressed in U2OS cells (Figure 

2H), further supporting a specific interaction between Rb and the Sin1-PH domain. Notably, 

Rb interacted with the PH domain of Sin1, but not the PH domain of PDK1 or PLCD1 

(Figure S2D-F), highlighting the specificity of Sin1-PH domain in recognizing Rb. 

Altogether, these data indicate that Rb might suppress Akt activity by directly interacting 

with the intact mTORC2 complexes, but not PDK1 or mTORC1, through binding the PH 

domain of Sin1. Hence, in the reminder study, we mainly focus on understanding 
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mechanistically how Rb suppresses Akt activity by interfering with mTORC2-mediated 

phosphorylation of Akt-S473.

Rb is a canonical pocket protein with three well-defined domains, including the amino-

terminal domain (RBN), the central pocket domain, and the carboxyl-terminal domain 

(RBC) (van den Heuvel and Dyson, 2008) (Figure 2I). Interestingly, unlike canonical Rb-

interacting proteins such as E2F1 that primarily binds the pocket domain of Rb (Burke et al., 

2014; Rubin et al., 2005) (Figure 2J), Sin1 interacted with the RBC domain of Rb in cells 

(Figure 2K). This domain is poorly conserved between the three pocket proteins, explaining 

our observation that Sin1 interacted with Rb, but not the other two Rb-related pocket 

proteins, p107 and p130 (Classon and Harlow, 2002; Dick and Rubin, 2013) (Figure 2L). In 

keeping with this finding, endogenous Rb, but not other pocket proteins p107 and p130, 

were found to co-migrate with the intact mTORC2 complexes in U2OS cells (Figure S2G).

Rb interacts with Sin1 in an Rb-phosphorylation-dependent manner

As E2F1 and Sin1 bind to the pocket and RBC domains of Rb, respectively (Figure 2I-K), 

we next examined whether these two interactions were mediated through different molecular 

mechanisms. To this end, unlike the Rb/E2F1 interaction that occurs in the nucleus, Rb 

interacted with Sin1 mostly in the cytoplasm (Figure 3A). Moreover, a strong interaction 

between endogenous Rb and Sin1 was observed largely in the cytoplasm when using double 

thymidine to arrest U2OS cells at the G1/S boundary with enriched hyper-phosphorylated 

Rb species (Mittnacht et al., 1994; Mittnacht and Weinberg, 1991) (Figure 3B). Importantly, 

we further showed that dephosphorylation of Rb in cells by λ-phosphatase treatment, 

significantly reduced Rb interaction with Sin1 (Figure 3C), suggesting that the 

phosphorylated species of Rb favor Sin1 for interaction. In keeping with this notion, 

CDK4/6 inhibitor LEE011 treatment could dramatically decrease Rb interaction with Sin1 at 

endogenous levels in the cytoplasm (Figure 3D). To this end, at least 13 Ser/Thr residues in 

Rb have been previously shown to be phosphorylated by CDK4 and CDK2 during the late-

G1/S cell cycle phase to dissociate E2F1 from Rb (Dick and Rubin, 2013) (Figure 3E). To 

further rigorously examine the role of Rb phosphorylation in mediating the interaction 

between Rb and Sin1, we utilized a Rb phospho-mimetic mutant (Rb-13E) and a phospho-

deficient mutant (Rb-13A) (Barrientes et al., 2000; Dick and Rubin, 2013), respectively.

Importantly, compared with Rb-WT, the phospho-mimetic Rb-13E mutant displayed an 

enhanced interaction with endogenous Sin1, but an almost abolished binding to endogenous 

E2F1 that is consistent with a previous report (Lents et al., 2006) (Figure 3F and 3G). On the 

other hand, Rb-13A, the hypo-phospho-mimetic form of Rb prefered binding E2F1 to Sin1 

(Figure 3F and 3G). Furthermore, bacterially purified Rb-13E, but not Rb-WT, efficiently 

suppressed active Sin1-containing mTORC2 kinase complexes towards phosphorylating 

Akt-Ser473 in vitro (Figure 3H). Together, these results highlight the importance of the 

phosphorylated forms of Rb in the direct suppression of mTORC2 kinase activity.

Furthermore, we examined whether Rb interaction with Sin1 is cell cycle-dependent. To this 

end, we synchronized U2OS cells at M phase by nocodazole treatment and released cells 

back into normal cycling conditions. Notably, we observed that Rb binding to Sin1 

fluctuated during cell cycle with the strongest binding between Rb and Sin1 observed at 12 
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hours after nocodazole release, where most of cells were enriched at the late-G1 and S 

phases (Figure S3A-C). Moreover, although most of Rb was retained in the nucleus, a partial 

cytoplasmic localization of Rb was detected by immunofluorescence staining at 12 hours 

after nocodazole release (Figure S3D and S3E). Furthermore, cytoplasmic localization of 

phosphorylated Rb (Rb-pT821) was further confirmed by immunostaining in U2OS and 

OVCAR5 cells arrested at the G1/S phase by double thymidine treatment (Figure S3F). In 

keeping with a previous report (Jiao et al., 2006), increasing Rb phosphorylation through 

stable expression of a cyclin D/CDK4-R24C fusion protein (termed DK) (Binne et al., 2007) 

in human primary fibroblast cells also led to a partial Rb cytoplamic translocation (Figure 

S3G). Together, these results suggest that during the late-G1/S phase, hyper-phosphorylated 

Rb translocates into the cytoplasm and interacts with Sin1 to inhibit mTORC2 function.

Next, we examined the possible molecular mechanism(s) governing phospho-Rb-mediated 

suppression of the mTORC2 kinase activity. Notably, expression of either Rb-WT (Figure 

S3H) or Rb-13E (Figure S3I) did not affect the Sin1 binding to mTOR. These data indicated 

that Rb did not suppress mTORC2 by dissociating the integrity of the mTORC2 kinase 

complex. However, we observed that ectopically expressed Rb-WT (Figure 3I) and Rb-13E 

(Figure 3J), but not the Sin1 association-deficient Rb-13A (Figure 3K), competed with Akt1 

as well as other Akt isoforms including Akt2 and Akt3 (Figure S3J and S3K) for binding to 

Sin1 in a dose-dependent manner. Furthermore, ectopic expression of Rb also partially 

blocked Sin1 interaction with SGK1, another well-characterized mTORC2 substrate (Lu et 

al., 2011; Pearce et al., 2011) in cells (Figure 3L). Cumulatively, these data indicate that the 

hyper-phosphorylated form of Rb may serve as an endogenous inhibitor for mTORC2 in part 

via blocking the substrates access to the mTORC2 kinase complex.

Interestingly, we found that loss of PTEN led to significantly reduced Rb interaction with 

Sin1 in cells (Figure 3M), presumably due to an elevated generation of PI(3,4,5)P3 species 

(Song et al., 2012). We have recently reported that PI(3,4,5)P3 binds the PH domain of Sin1 

to release Sin1-PH domain mediated inhibition on mTORC2 (Liu et al., 2015). Given that 

both Rb and PI(3,4,5)P3 bind the PH domain of Sin1, we next examined whether PI(3,4,5)P3 

competes with Rb in binding Sin1-PH domain. To this end, we found that PI(3,4,5)P3 

polysomes could attenuate Rb interaction with Sin1-PH domain (Figure S3L). However, Rb 

could not compete with PI(3,4,5)P3 for interaction with the Sin1-PH domain (Figure S3M), 

nor release Sin1-PH domain binding with mTOR (Figure S3N). Furthermore, a Sin1-R393C/

K428A/K464A mutant (termed as Sin1-CAA) deficient in binding PI(3,4,5)P3 (Liu et al., 

2015), exhibited an increased binding to Rb-WT and the Rb-13E mutant, compared to Sin1-

WT (Figure S3O-P), further advocating for a dominant role of PI(3,4,5)P3 in competing with 

Rb for binding the Sin1-PH domain. In keeping with this hypothesis, we found that ectopic 

expression of the two most common PI3KCA oncogenic mutants H1047R and E545K, could 

suppress Rb interaction with Sin1 at endogenous levels (Figure 3N and S3Q). Together, 

these data support the notion that PI(3,4,5)P3 interaction with the Sin1-PH domain (Liu et 

al., 2015) may override Rb-mediated suppression of mTORC2.
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Hyper-phosphorylated Rb inhibits mTORC2 kinase activity to suppress cell proliferation 
and sensitize cells to chemotherapeutic drugs

To examine the physiological role of phospho-Rb-mediated suppression of mTORC2 kinase 

activity in cells, we generated various cell lines stably expressing Rb-WT, Rb-13E or 

Rb-13A. Notably, in OVCAR5 cells, ectopic expression of the phospho-mimetic Rb-13E 

mutant led to a more dramatic reduction in Akt-pS473 than ectopic expression of Rb-WT at 

comparable levels, while expression of Rb-13A only minimally influenced Akt-pS473 

(Figure 4A). Consistently, in Rb−/− MEFs, stable expression of Rb-13E led to a more 

dramatic reduction of Akt-pS473, compared with reintroducing Rb-WT or Rb-13A at 

comparable levels (Figure 4B), illustrating a critical role for the phosphorylated Rb species 

in actively suppressing the mTORC2/Akt signaling. In agreement with this finding, 

reconstitution of Rb−/− MEFs with Rb-13E led to a more dramatic reduction than ectopic 

expression of Rb-WT towards Akt activation upon insulin stimulation (Figure S4A-B), while 

on the other hand, expression of the Sin1 interaction-deficient form of Rb-13A in Rb−/− 

MEFs displayed a more sustained Akt activation (Figure S4A-B), consistent with its 

deficiency in inhibiting mTORC2 kinase activity. These results support the notion that under 

insulin stimulation condition, hyper-phosphorylated Rb is more potent towards inhibiting 

mTORC2 activation.

Notably, in keeping with previous reports (Herrera et al., 1996; Leng et al., 1997), flow 

cytometry analysis demonstrated that expression of either Rb-WT or Rb-13A in Rb−/− MEFs 

led to a significant arrest of cells in the G1 population, while expression of the non-E2F-

interacting Rb-13E mutant did not exhibit a significant increase of G1 population compared 

to the EV-infected control cells (Figure S4C). Given that Akt activity is governed in a cell 

cycle-dependent manner and relatively enriched in the late S and G2/M phases (Liu et al., 

2014), the observed G1 arrest by Rb-WT or Rb-13A might explain its moderate ability in 

reducing Akt-pS473 in Rb−/− MEFs (Figure 4B). On the other hand, Rb-13E displayed an 

enhanced capacity in suppressing Akt-pS473 (Figure 4B) without significantly changing cell 

cycle profile (Figure S4C), suggesting that Rb-13E may not suppress Akt activation through 

a secondary cell cycle effect. Interestingly, consistent with a more dramatic role of Rb-13A 

in suppressing cell cycle progression (Figure S4C) by an elevated interaction with E2Fs 

(Figure 3G), reintroducing Rb-13A led to the greatest reduction of cell proliferation than 

reintroducing Rb-WT or Rb-13E in Rb−/− MEFs (Figure 4C).

To further determine the physiological functions of hyper-phosphorylated Rb, we next 

examined whether phospho-Rb-mediated suppression of Akt activity affects cellular 

sensitivity to chemotherapeutic treatments. Given a critical role for Akt in pro-survival 

pathways and an elevated interaction between Rb-13E and Sin1 (Figure 3G) to suppress 

mTORC2 (Figure 4B), we observed that Rb-13E expressing Rb−/− MEFs were more 

sensitive to etoposide-induced cellular apoptosis than the cells expressing Rb-WT or 

Rb-13A (Figure 4D and 4F). Consistently, compared to Rb-13A or Rb-WT expressing cells, 

stably expressing Rb-13E in breast cancer cells MDA-MB-231 depleted of endogenous Rb 
also led to a marked induction of cellular apoptosis in response to etoposide (Figure 4E and 

4G) or doxorubicin treatments (Figure S4D). Together, these results suggest that suppression 
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of the mTORC2/Akt pathway activation by hyper-phosphorylated Rb plays a critical role in 

regulating cellular sensitivity to chemotherapeutic agents.

Inhibition of Rb phosphorylation by cyclin D deficiency or CDK4/6 inhibitors leads to 
elevated Akt-pS473 to confer resistance to chemotherapeutic drugs

It has been well characterized that multi-site phosphorylation of Rb is initiated by CDK4/

cyclin D (Halaban, 2005; Trimarchi and Lees, 2002). Consistent with a negative role of 

phospho-Rb in regulating Akt activation, we observed that genetic ablation of cyclin D1 or 

D2 led to a moderate increase of Akt-pS473, while deletion of cyclin D3 resulted in 

significantly enhanced Akt-pS473 in primary MEFs (Figure 5A). Moreover, acutely 

depleting cyclin D1 in OVCAR5 or MDA-MB-231 cells also resulted in an elevation of Akt-

pS473 (Figure S5A and S5B). Strikingly, compared to WT MEFs, triple-knockout (TKO) 

MEFs lacking all three D-type cyclins (cyclin D1−/−/cyclin D2−/−/cyclin D3−/−), displayed a 

significant elevation of Akt-pS473 (Figure 5B), in part due to reduced interaction between 

Rb and Sin1 in the cytoplasm of TKO MEFs (Figure S5C). As a consequence, compared 

with WT-MEFs, TKO MEFs exhibited a marked increase in cellular resistance to treatments 

with various chemotherapeutic drugs including etoposide (Figure 5C-D and Figure S5D-E), 

cisplatin (Figure 5E-F and Figure S5F-G) and doxorubicin (Figure S5H). Moreover, 

reintroduction of cyclin D1 into TKO MEFs led to increased Rb phosphorylation and a 

subsequent reduction in Akt-S473 phosphorylation (Figure S5I), which resulted in re-

sensitization of TKO cells to etoposide (Figure 5G-H and S5J) or cisplatin (Figure 5I-J and 

S5K) treatment. Cumulatively, these data reveal that inhibition of Rb phosphorylation by 

genetic ablation of D-type cyclins, attenuates phosphor-Rb meditated suppression of 

mTORC2, which subsequently results in elevated Akt activity to confer chemotherapy 

resistance.

Given that the CDK4/6-cyclin D-Rb pathway has recently emerged as an attractive drug 

target for cancer therapies (Malumbres and Barbacid, 2009) and CDK4/6 inhibitors 

(including PD0332991, LEE011 and LY2835219) have shown promising clinical outcomes 

(Brower, 2014; Mayer, 2015), we next examined whether pharmacological inhibition of Rb 

phosphorylation by these CDK4/6 inhibitors would lead to elevated Akt activation. Indeed, 

we observed that all three CDK4/6 inhibitors including PD0332991, LEE011 and 

LY2835219, dramatically inhibited Rb phosphorylation and induced the phosphorylation of 

Akt-S473 in cells (Figure S5L). Furthermore, administration of PD0332991 led to an 

elevation of Akt-pS473 in Rb-WT, but not Rb-depleted OVCAR5 cells (Figure 5K), 

suggesting that treatment with PD0332991 results in elevated Akt activation largely in an 

Rb-dependent manner. Mechanistically, administration of PD0332991 caused reduced 

phosphorylation of Rb and correspondingly, attenuated Rb interaction with Sin1 in several 

cell lines including OVCAR5 (Figure 5L), U2OS (Figure S5M) and MDA-MB-231 (Figure 

S5N), thus releasing the blockage of access of Akt to mTORC2 mediated by Rb (Figure 3I-

J) and leading to subsequent activation of Akt (Figure 5L). However, PD0332991 treatment 

did not significantly affect the interaction of Rb-13E mutant with Sin1 (Figure S5O). In 

keeping with this finding, in Rb-depleted MDA-MB-231 cells, administration of PD0332991 

led to elevated Akt activation only in Rb-WT, but not in empty vector or Rb-13E expressing 

cells (Figure 5M). These findings indicate that treatment of cancer patients using CDK4/6 
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inhibitors would enhance Akt activation that may facilitate the development of drug 

resistance.

The synergistic usage of CDK4/6 and Akt inhibitors to treat human breast cancer with Rb-
proficient genetic status

Previous studies showed that Rb is considered as a prognostic and interventional marker due 

to its genetic status determines sensitivity of tumors to chemotherapeutic drugs (Knudsen 

and Knudsen, 2008; Witkiewicz and Knudsen, 2014). Moreover, it was reported that 

combination of CDK4/6 and PI3K inhibitors could sensitize PIK3CA mutant breast cancer 

(Vora et al., 2014). However, the molecular mechanisms underlying the synergistic usage of 

CDK4/6 and PI3K inhibitors remain to be determined. Hence, our results indicate that 

CDK4/6 inhibitors could activate the Akt oncogenic signaling in part through releasing the 

phospho-Rb-mediated suppression of mTORC2 in Rb-proficient, but not in Rb-deficient 

cells. To test this model, we examined whether Akt inhibitors could synergistically function 

with CDK4/6 inhibitors to reduce cell viability and promote cell apoptosis in three Rb-

proficient breast cancer cell lines (MDA-MB-453, MDA-MB-231 and Hs578T) and three 

Rb-deficient breast cancer cell lines (MDA-MB-436, MDA-MB-468 and BT549). The Rb 
status of these cell lines was confirmed (Figure S6A) as previously reported (Dean et al., 

2012).

Notably, co-treatment with CDK4/6 and Akt inhibitors demonstrated a synergistic killing 

effect in Rb-proficient, but not in Rb-deficient breast cancer cells (Figure 6A-B), which was 

in large due to elevated cell apoptosis (Figure 6C-D). Mechanistically, treatments with 

CDK4/6 inhibitors alone significantly facilitated Akt activation in an Rb-dependent manner 

(Figure 6E-F), while co-treatment with CDK4/6 and Akt inhibitors led to the reduction of 

both phosporylation of Rb and Akt-S473 (Figure 6F), resulting in reduced cell viability and 

increased cell apoptosis. In keeping with this observation, stably expressing the 

constitutively active form of Akt (Myr-Akt) in Rb-proficient cells led to cellular resistance to 

the combinatory treatment (Figure 6G and S6B-C) largely through a robust induction of 

Akt-pS473 that is resistant to Akt inhibitor treatment. These results together reveal a 

physiological function of Rb in suppressing the mTORC2/Akt oncogenic signaling 

independent of its canonical role in suppressing E2F1-mediate cell cycle progression, and 

further suggest that the combinatorial usage of CDK4/6 and Akt inhibitors would achieve 

better treatment outcome in breast cancer patients with Rb-proficient genetic status.

DISCUSSION

During the G1/S transition, Rb is phosphorylated on multiple sites initiated by CDK4/cyclin 

D followed by action from the CDK2/cyclin E kinase (Mittnacht and Weinberg, 1991; 

Trimarchi and Lees, 2002), which loosens Rb interactions with chromatin to allow a 

subpopulation of phosphorylated Rb to translocate into the cytoplasm (Jiao et al., 2006; 

Russo et al., 2005). Historically, hyper-phosphorylated Rb has been generally considered as 

an inactive form of Rb due to the loss of its regulatory function in suppressing E2Fs-

mediated transcription in the nucleus (Dick and Rubin, 2013). However, recent studies are 

beginning to reveal that the cytoplasmic Rb might also play important roles in regulating 
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mitochondrial functions and sarcomeric organization (Attardi and Sage, 2013; Hilgendorf et 

al., 2013; Nicolay et al., 2015). However, whether and how hyper-phosphorylated Rb exerts 

any physiological functions remains elusive.

In this study, we report that hyper-phosphorylated Rb functions as a negative regulator of the 

mTORC2 kinase complex, independent of its canonical, suppression of E2F-mediated 

transcriptional function by the hypo-phosphorylated form of Rb (Dick and Rubin, 2013). 

Specifically, we identified the unique mTORC2 component, Sin1, as a direct binding partner 

with the hyper-phosphorylated form of Rb. Furthermore, we showed that Rb mainly used the 

C-terminal RBC domain to associate with the Sin1-PH motif to efficiently block the access 

of mTORC2 substrates to mTORC2 for subsequent phosphorylation and activation. Thus, 

the physiological function of Rb consists of two independent circuits (Figure S6D): hypo-

phosphorylated Rb mainly binds and suppresses E2F1 to arrest cell cycle at G1 phase, while 

the hyper-phosphorylated species of Rb become loosely interacted with chromatin and partly 

translocates into the cytoplasm to bind and inhibit mTORC2 towards activating the Akt 

oncogenic signaling pathways. However, as Rb can impact mitochondrial biogenesis and 

function in cytoplasm (Araki et al., 2013; Attardi and Sage, 2013; Hilgendorf et al., 2013; 

Nicolay et al., 2015), future study is warranted to explore whether hyper-phosphorylated Rb 

also can indirectly affect mTORC2 through regulating mitochondrial functions.

The sequential phosphorylation of Rb by CDK4/6-cyclin D and CDK2-cyclin E is critical 

for releasing E2Fs and cell-cycle entry (Trimarchi and Lees, 2002). However, mice lacking 

individual D-type cyclins are viable and display minor phenotypes (Fantl et al., 1995; 

Sicinska et al., 2003; Sicinski et al., 1996). In addition, mice lacking all three D-type cyclins 

(cyclin D1−/−D2−/−D3−/− mice) develop relatively normally until mid-gestation, in part due 

to compensatory effects of the E-type cyclins (Geng et al., 2003; Kozar et al., 2004). Our 

results reveal that genetic ablation of all D-type cyclins leads to elevated Akt-pS473 (Figure 

5B), which could protect cells from apoptosis and might explain one of the compensatory 

mechanisms of cell survival in cyclin D1−/−D2−/−D3−/− mice.

The majority of human cancers have mutually exclusive active mutations of cyclin D or 

CDK4/6, or inactive mutation of p16INK4a, all of which will lead to phosphorylation of Rb 

(Trimarchi and Lees, 2002). Our results indicate that suppression of Rb phosphorylation 

through inhibition of CDK4/6 activity by its pharmacological inhibitors or by depletion of 

its substrate-binding partner cyclin D, led to elevated mTORC2 activity to confer 

chemotherapy resistance (Figure 5). As such, combination of CDK4/6 and Akt inhibitors 

could synergistically reduce cell viability and increase cell apoptosis in Rb-proficient breast 

cancer cells (Figure 6). Hence, our study provides the molecular insights into an E2Fs-

independent, physiological role of Rb in suppressing the mTORC2/Akt oncogenic pathway 

in part by governing the substrate access to mTORC2, and further suggests that it is 

beneficial to clinically combine the CDK4/6 and Akt inhibitors to treat human cancers with 

Rb-proficient genetic status.
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Experimental Procedures

Immunoblot and immunoprecipitation

Cells were lysed in Triton lysis buffer (50 mM Tris pH 7.5, 120 mM NaCl, 1% Triton), EBC 

buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP40) or 0.3% CHAPS lysis buffer (50 

mM Tris pH 7.5, 120 mM NaCl, 1mM EDTA, 0.3% CHAPS) supplemented with protease 

inhibitors (Roche) and phosphatase inhibitors (Calbiochem). The protein concentrations of 

lysates were measured by Beckman Coulter DU-800 spectrophotometer using the Bio-Rad 

protein assay reagent. For immunoprecipitation assays, 1000 μg lysates were incubated with 

the appropriate antibody-conjugatd beads (1-2 μg) for 4 hours or overnight at 4°C. The total 

cell lysates and immunocomplexes were resolved by SDS-PAGE and immunoblotted with 

indicated antibodies.

In vitro kinase assays

In vitro kinase assay was conducted following previous protocol (Liu et al., 2013). Briefly, 

increasing doses (0, 0.5 μg and 1 μg) of bacterially purified His-tag Rb protein were 

incubated with HA-Sin1 immunoprecipitated active mTORC2 complex products from 4 mg 

of whole cell lysates ectopically expressing HA-Sin1, in the presence of 1 μg GST-Akt-tail 

(408-480) fusion protein, 0.1 mM ATP and kinase reaction buffer (10 μM Tris-HCl, pH7.5, 

10 mM MgCl2, 0.1 mM EDTA and 2 mM DTT) at 30°C for 30 min. The reaction was 

stopped by the addition of SDS-containing lysis buffer and resolved by SDS-PAGE. 

Phosphorylation of GST-Akt1-tail was detected by immunoblot with anti-phospho-Ser473-

Akt antibody.

Annexin-V/7-AAD double staining

For detection of apoptosis, cells treated with indicated concentration of etoposide (Sigma, 

E1383) or cisplatin (Selleck, S1166) were co-stained with Annexin-V-PE and 7-AAD 

(Annexin V-PE Apoptosis Detection Kit I, BD Bioscience) according to the manufacturer’s 

instructions. Stained cells were sorted with FACS.

Cell viability assays

For cell viability assays, 3000 per well cells were plated in 96-well plates, and incubated 

with complete DMEM medium containing different concentrations of etoposide (Sigma, 

E1383), cisplatin (Selleck, S1166) or doxorubicin (Sigma, D1515) for 24 h or 48 h. Assays 

were performed with the Cell Titer-Glo Luminescent Cell Viability Assay Kit according to 

the manufacturer’s instructions (Promega). Cyclin D1−/− D2−/−D3−/− MEFs were derived 

from E13.5 mouse embryos and immortalized with dominant-negative p53 as described 

before (Kozar et al., 2004).

Statistical analyses

All quantitative data were presented as the mean ± sd as indicated of at least three 

independent experiments by Student’s t test between group differences. * p < 0.05 indicates 

significant.
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Highlights

• Rb, but not p107 nor p130, negatively regulates the kinase activity of 

mTORC2

• Hyper-phosphorylated Rb interacts with Sin1 to block the access of Akt to 

mTORC2

• Inhibiting Rb phosphorylation leads to elevated Akt-pS473 to confer drug 

resistance

• CDK4/6 inhibitor synergizes with Akt inhibitor in treating Rb-positive 

cancer cells
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Figure 1. Rb negatively regulates the mTORC2, but not mTORC1 activity
A. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from Rbloxp/loxp MEFs 

depleted Rb by pBabe-Cre via viral infection (pBabe-EGFP as a negative control), selected 

with puromycin (1 μg/ml) for more than 3 days.

B and C. IB analysis of WCL derived from OVCAR5 (B) and MDA-MB-231 (C) cells 

depleted of Rb by three independent shRNAs (shScramble as a negative control).

D. IB analysis of WCL derived from OVCAR5 cells stably expressing inducible pTRIPZ-

YFP and pTRIPZ-HA-Rb treated with doxycycline (500 ng/ml) for the indicated periods.

E and F. Rb+/+ and Rb−/− MEFs were serum starved for 36 h before harvesting for IB 

analysis after treatment with insulin (0.1 μM) (E) or EGF (100 ng) (F) with indicated time 

periods.
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(See also Figure S1)
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Figure 2. Rb interacts with the intact mTORC2 kinase complex through directly binding the 
Sin1-PH domain
A. IB analysis of WCL and anti-Flag immunoprecipitates (IP) derived from U2OS cells 

lysed in 1% Triton buffer 36 h after transfected with Flag-Rb and a whole panel of various 

indicated mTORC component subunits.

B. IB analysis of WCL and Flag-IP derived from U2OS cells lysed in 1% Triton buffer 36 h 

after transfected with empty vector and Flag-Rb.

C. IB analysis of WCL and endogenous Rb-IP derived from U2OS cells lysed in 1% Triton 

buffer.

D. IB analysis of WCL and endogenous Rb-IP derived from U2OS cells lysed in 0.3% 

CHAPS buffer.

E. IB analysis of WCL and endogenous Rb-IP derived from Sin1+/+ MEFs and Sin1−/− 

MEFs lysed in 0.3% CHAPS buffer.

Zhang et al. Page 18

Mol Cell. Author manuscript; available in PMC 2017 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



F. A schematic representation of the indicated domains of Sin1 and a summary of the Rb 

interacting ability of each domain within Sin1.

G. IB analysis of WCL and HA-IP derived from U2OS cells lysed in 1% Triton buffer 36 h 

after transfected Flag-Rb together with indicated HA-Sin1 truncating constructs.

H. GST pull-down assays to demonstrate that the Sin1-PH domain associates with Rb.

I. A schematic representation of the indicated region of Rb used in this study.

J. IB analysis of anti-Flag IP and WCL derived from U2OS cells lysed in 1% Triton buffer 

36 h after transfection with indicated constructs

K. IB analysis of WCL and anti-Flag IP derived from U2OS cells lysed in 1% Triton buffer 

36 h after transfection with HA-Sin1 and a whole panel of the indicated Rb truncation 

constructs.

L. GST pull-down assays to demonstrate that Sin1 directly interacts with Rb, but not other 

pocket proteins we examined.

(See also Figure S2)
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Figure 3. Rb interacts with Sin1 in a Rb phosphorylation-dependent manner
A. IB analysis of anti-HA IP and WCL derived from equal amounts of cytoplasmic lysate 

versus nuclear lysate in 1% Triton buffer. Histone-H3 and Tubulin were used as a nucleic 

fraction and cytoplasmic marker, respectively.

B. IB analysis of anti-Rb IP and WCL derived from equal amounts of cytoplasmic and 

nuclear lysate. Before harvesting for cytoplasm/nuclear fractionation, U2OS cells were 

arrested at the G1/S boundary by the double thymidine block method.
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C. IB analysis of WCL and GST pull-down assay derived from U2OS cells lysed in 1% 

Triton buffer 36 h after transfection with HA-Rb. The lysates were treated with λ-

phosphatase for 30 min in 30°C.

D. IB analysis of anti-Rb IP and WCL derived from equal cytoplasmic and nucleic fraction. 

Before harvesting for cytoplasm/nuclear fractionation, U2OS cells were treated with the 

CDK4/6 inhibitor, LEE011 (1 μM), for 24 h.

E. A schematic representation of the indicated phosphorylation sites of Rb. The 13 major 

CDK4/cyclin D phosphorylation sites on Rb were changed into alanines (13A) or glutamic 

acid (13E) for following up studies.

F. IB analysis of WCL and GST pull-down derived from U2OS cells lysed in 1% Triton 

buffer 36 h after transfection with indicated HA-Rb constructs.

G. IB analysis of WCL and anti-HA IP derived from U2OS cells lysed in 1% Triton buffer 

36 h after transfection with empty vector and indicated HA-Rb constructs.

H. HEK293 cells were transfected with the HA-Sin1. Cells were serum-starved for 12 h and 

stimulated by insulin (0.1 μM) for 30 min before lysed in 0.3% CHAPS buffer. The 

mTORC2 complex was purified by anti-HA beads. The immunoprecipitates were incubated 

with bacterially purified GST-Akt-tail in the presence of ATP and kinase buffer. The 

reactions were stopped by the addition of loading buffer. Akt-pS473 was examined by IB 

analysis.

I-K. Ectopically expressed Rb-WT (I) and Rb-13E (J), but not Rb-13A (K), compete with 

Sin1 in binding Akt1 in cells. IB analysis of WCL and anti-Flag IP derived from U2OS cells 

lysed in 0.3% CHAPS buffer 36 h after transfection with indicated constructs.

L. IB analysis of WCL and anti-Flag IP derived from U2OS cells lysed in 0.3% CHAPS 

buffer 36 h after transfection with the indicated constructs.

M. IB analysis of endogenous anti-Rb IP and WCL derived from PTEN+/+ and PTEN−/− 

HCT116 cells lysed in 1% Triton buffer.

N. IB analysis of endogenous anti-Rb IP and WCL derived from MCF10A cells stably 

expressing PI3KCA oncogenic mutants (H1047R and E545K), with empty vector (EV) as a 

negative control.

(See also Figure S3)
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Figure 4. Hyper-phosphorylated Rb inhibits mTORC2 kinase activity to suppress cell 
proliferation and sensitize cells to chemotherapeutic treatment
A. IB analysis of WCL derived from OVCAR5 cells stably expressing inducible indicated 

HA-Rb constructs, which treated with 500 ng/ml doxycycline for the indicated periods.

B. IB analysis of WCL derived from Rb−/− MEFs stably expressing pLenti-hygro-EV, HA-

Rb-WT, HA-Rb-13A and HA-Rb-13E.

C. Growth curve of Rb−/− MEFs stably expressing the indicated Rb constructs with empty 

vector (EV) as a negative control. Data are shown as mean ± s.d. from three independent 

experiments. * p<0.05 (t-test)

D. Rb−/− MEFs stably expressing the indicated Rb constructs were treated with 10 μM 

etoposide for 24 h before monitoring cell apoptosis by FACS.

E. Rb-depleted MDA-MB-231 cells stably expressing the indicated Rb constructs were 

treated with 20 μM etoposide for 48 h before monitoring cell apoptosis by FACS.

F. Rb−/− MEFs stably expressing the indicated Rb constructs were treated with 10 μM 

etoposide for 24 h before harvesting for IB analysis.

G. Rb-depleted MDA-MB-231 cells stably expressing the indicated Rb constructs were 

treated with 20 μM etoposide for 48 h before harvesting for IB analysis.

(See also Figure S4)
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Figure 5. Inhibition of CDK4/cyclin D-mediated Rb phosphorylation by either genetic deletion of 
cyclin D or CDK4/6 inhibitor treatment leads to activation of mTORC2 to confer resistance to 
chemotherapeutic drugs
A. IB analysis of WCL derived from wild type MEFs, cyclin D1−/− MEFs, cyclin D2−/− 

MEFs and cyclin D3−/− MEFs.

B. IB analysis of WCL derived from wild type MEFs and cyclin D1−/−D2−/−D3−/− triple 

knockout (TKO) MEFs.

C and E. Wild type and TKO MEFs were treated with etoposide (10 μM) (C) or cisplatin 

(150 μM) (E) for 24 h. Cellular apoptosis was analyzed by flow cytometry.
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D and F. Wild type and TKO MEFs were treated with indicated concentration of etoposide 

(D) or Cisplatin (F) for 24 h before performing cell viability assay. Data are shown as mean 

± s.d. from three independent experiments. * p<0.05 (t-test)

G and I. TKO MEFs stable expression of cyclin D1 via lentiviral infection (with EV as a 

negative control) were treated with etoposide (10 μM) (G) or cisplatin (150 μM) (I) for 24 h 

before performing cell apoptosis assays.

H and J. TKO MEFs stably expressing cyclin D1 via lentiviral infection (with EV as a 

negative control) were treated with etoposide (10 μM) (H) or cisplatin (150 μM) (J) for 24 h 

before performing cell viability assay. Data are shown as mean ± s.d. from three independent 

experiments. * p<0.05 (t-test)

K. Rb-depleted OVCAR5 cells (with shScramble as a negative control) were treated with 

PD0332991 (500 nM) for the indicated time periods before harvesting for IB analysis.

L. IB analysis of WCL and endogenous Rb-immnuoprecipitates (IP) derived from OVCAR5 

cells treated with PD0332991 (500 nM) for the indicated time periods.

M. Rb-depleted MDA-MB-231 cells stably expressing the indicated Rb constructs were 

treated with PD0332991 (500 nM) for the indicated time periods before harvesting for IB 

analysis.

(See also Figure S5)
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Figure 6. CDK4/6 inhibitor synergizes with the Akt inhibitor in treating Rb-proficient breast 
cancer cell lines
A and B. Human breast cancer cells with Rb-deficient (A) and proficient status (B) were 

treated with the CDK4/6 inhibitor PD0332991 (500 nM), or the Akt inhibitor MK2206 (1 

μM), either alone or in combination for 48 h before performing cell viability assay. Data are 

shown as mean ± s.d. from three independent experiments. * p<0.05 (t-test)

C and D. Cell lines were treated with PD0332991 (500 nM), Akt inhibitor MK2206 (1 μM) 

or in combination for 48 h. Apoptosis was then monitored by flow cytometry. Data were 
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presented as both 7-AAD and Annexin V-PE staining. Cell populations were gated to 

illustrate the apoptotic cell population. Q1: dead cells; Q2: late apoptotic cells; Q3: non-

apoptotic cells; Q4: early apoptotic cells.

E and F. Samples from C and D were also analyzed by IB analysis with the indicated 

antibodies.

G. Rb-proficient breast cancer cells stably expressing pBabe-EV or Myr-Akt were treated 

with CDK4/6 inhibitor PD0332991 (500 nM), or Akt inhibitor MK2206 (1 μM), either alone 

or in combination for 48 h before performing cell apoptosis assays by flow cytometry.

(See also Figure S6)
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