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1  |  INTRODUC TION

The RB1 tumor suppressor gene product lacks enzymatic activity 
yet plays a crucial role in transcriptional regulation by interacting 
with executive molecules, including various chromatin modifiers 
and tissue-specific transcription factors. RB1 binds to three mem-
bers of the E2F family of transcription factors and represses their 

activity, which results in the downregulation of a number of genes 
required for cell cycle progression.1 RB1 mutation or deletion con-
tributes to the initiation of limited types of cancer, including small-
cell lung cancer and retinoblastoma. In the majority of cancer types, 
RB1 LOF takes place mostly during their malignant progression.2 
There might be a mechanism whereby RB1 LOF does not initiate 
malignant transformation in tissues that generate the latter type of 
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Abstract
While loss of function (LOF) of retinoblastoma 1 (RB1) tumor suppressor is known to 
drive initiation of small-cell lung cancer and retinoblastoma, RB1 mutation is rarely ob-
served in breast cancers at their initiation. In this study, we investigated the impact on 
untransformed mammary epithelial cells given by RB1 LOF. Depletion of RB1 in anon-
tumorigenic MCF10A cells induced reversible growth arrest (quiescence) featured 
by downregulation of multiple cyclins and MYC, upregulation of p27KIP1, and lack of 
expression of markers which indicate cellular senescence or epithelial–mesenchymal 
transition (EMT). We observed a similar phenomenon in human mammary epithelial 
cells (HMEC) as well. Additionally, we found that RB1 depletion attenuated the activ-
ity of RAS and the downstream MAPK pathway in an RBL2/p130-dependent manner. 
The expression of farnesyltransferase β, which is essential for RAS maturation, was 
found to be downregulated following RB1 depletion also in an RBL2/p130-dependent 
manner. These findings unveiled an unexpected mechanism whereby normal mam-
mary epithelial cells resist to tumor initiation upon RB1 LOF.
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tumors. RB1 LOF in mouse C cells activates Ras through enhanced 
isoprenylation, leading to oncogene-induced senescence via DNA 
damage-mediated induction of p16Ink4A, preventing C cells from pro-
gressing to adenocarcinoma from adenoma. However, simultaneous 
loss of Ink4A or N-ras in Rb1-deficient C cell tumor cells was found 
to prevent cellular senescence and allow C cell adenoma to progress 
to adenocarcinoma.3 The ectopic expression of oncogenic RAS in 
fibroblasts causes cellular senescence due to replication stress and 
subsequent DNA damage. This process is counteracted by RB1.4 
These reports suggest that the activation of RAS may antagonize 
RB1 LOF-induced carcinogenesis.

Dormancy is a cellular state where cells exit the cell cycle and 
remain undivided for prolonged periods yet retaining the ability 
to re-enter the cell cycle. In most cases, quiescent cells arrest at 
the G0 phase, a phase distinct from the G1 or S phase.5 Cyclin D-
CDK4/6 and cyclin E-CDK2 complexes drive cell cycle progression. 
The expression of these protein complexes is typically suppressed 
in quiescent cells, resulting in RB1 being under-dephosphorylated. 
In addition, RAS signaling causes the destabilization and mislocal-
ization of a CDK inhibitor p27KIP1 through phosphorylation at serine 
10.6 Inhibition of CDK4/6 activity by the synthetic CDK4/6 inhibitor 
palbociclib elicits cell cycle stasis in cancer cells that are RB1 intact.7 
Conversely, in certain contexts, p27KIP1 is known to interact with 
active CDK4 and cyclin D1, subsequently becoming insensitive to 
palbociclib.8 S-phase kinase-associated protein 2 (Skp2) facilitates 
the degradation of p27KIP1 via ubiquitination. RB1 modulates Skp2 
activity by interacting with Skp2's substrate-binding site, leading to 
the induction of cell cycle arrest in cancer cells. Overall, RAS sig-
naling counters carcinogenesis or malignant transformation through 
INK4A, while RB1 LOF-induced RAS activation promotes the loss of 
cell cycle control via p27KIP1 inactivation. However, it remains un-
clear whether the loss of RB1 can promote initial transformation in 
noncarcinogenic cells lacking INK4A.

In this study, we observed a quiescent state in MCF10A cells fol-
lowing RB1 depletion. MCF10A is a non-neoplastic human mammary 
epithelial cell line with intact TP53 and a focal deletion of INK4A. 
Upon characterization of RB1-depleted MCF10A cells, we found 
attenuation in cellular proliferation and growth signaling, indicating 
the importance of RB1 in maintaining normal cell growth. Our re-
sults may clarify the mechanism whereby carcinogenesis induced by 
RB1 deficiency is counteracted in normal cellular context.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

MCF10A cells were purchased from ATCC, and Human Mammary 
Epithelial Cells (HMEC) were purchased from Thermo Fisher 
Scientific (A10565). These cells were cultured in mammary epithe-
lium basal medium (MEBM, #CC-4136, Lonza) supplemented with 
bovine pituitary extract (#CC-4009G, Lonza), 20 ng/mL hEGF (#CC-
4017G, Lonza), 10 μg/mL insulin (#CC-4021G, Lonza), 0.5 mg/mL 

hydrocortisone (#CC-4031G, Lonza), and 100 ng/mL cholera toxin 
solution (#030–20621, Wako). HEK293T (#RCB2002) and MIA-
PACA-2 (#RCB2094) were purchased from RIKEN BRC. p53-deficient 
mouse ovary surface epithelium (MOSE) cells (#JCRB0151.1) were 
purchased from JCRB cell bank and cultured in Dulbecco's modified 
Eagle's medium (#04129775, Wako) supplemented with 10% fetal 
bovine serum (FBS, #10270-106, Thermo Fisher Scientific) and 1% 
penicillin–streptomycin solution (#16823291, Wako). All cells were 
maintained in a humidified CO2 incubator at 37°C. Mycoplasma in-
fection was regularly checked by PCR using the following sequences 
of the primers: forward: ACACCATGGGAGCTGGTAAT, reverse: 
CTTCWATCGACTTYCAGACCCAAGGC.

2.2  |  Generation of lentivirus

MISSION TRC human RB1 shRNA (TRCN0000040163 and 
TRCN0000010419), mouse Rb1 shRNA (TRCN0000042543 and 
TRCN0000042544), and negative control (Scramble, SHC002) 
were purchased from Merck. c-Myc overexpression plasmid 
was purchased from Addgene (#20723), and CS-IV TRE-RfA-
UbC-Puro-H-RASG12V was a kind gift from Yoshikazu Johmura. 
For CRISPR gRNA, the following sequences were used: human 
RB1 gRNA: TAGGCTAGCCGATACACTGT, human RBL2 gRNA: 
CTCTCAAGGTGTCTGAACGC. For handling lentivirus, we strictly 
followed the National Institutes of Health guidelines. To generate 
lentivirus, 4 × 106 HEK293T cells were seeded onto a D100 dish and 
transfected with 5 μg of targeting vector, mixed with 0.5 μg of pCMV-
VSVG and 4.5 μg of packaging vector PAX2, and with 27 μg polyeth-
yleneimine (#24765, Polysciences, Inc) overnight and replaced with 
fresh culture media. The media containing lentivirus were collected 
after 48 h of transfection, then passed through a 0.45-μm filter, and 
concentrated with polyethylene glycol.

2.3  |  Lentivirus infection

A total of 0.5 × 105 cells were seeded onto 12-well plates and cul-
tured. After overnight culture, the medium was replaced with fresh 
media containing lentivirus and 1 μg/mL polybrene. After overnight 
infection, cells were subjected to selection with 1 μg/ml puromycin 
(#ant-pr-1, Invivogen) for 72 h. For H-RAS induction, cells were sub-
jected to selection with 200 μg/mL hygromycin for 72 h.

2.4  |  Immunoblotting

A total of 1.5 × 105 cells were seeded onto six-well plates and 
cultured overnight. After treatment, cells were harvested using 
magnesium-containing lysis buffer (MLB) supplemented with 0.5 mM 
NaF, 100 μM Na3VO4, and 1x protease inhibitor (#25955-11, Nacalai 
Tesque). Immunoblotting was performed as previously described.9 
Antibodies are listed in Table S1.
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2.5  |  Immunocytochemistry

A total of 0.3 × 105 cells were seeded onto the coverslips coated 
with poly-L-lysine solution (#RNBK1397, Sigma) in six-well plates. 
After transduction of shRNA for 3 days, cells were fixed with 
4%-paraformaldehyde (4% PFA, #09154-85, Nacalai Tesque) at 
room temperature (RT) for 10 min and permeabilized using 0.5% 
Triton X-100 (#12967-45, Nacalai Tesque) at RT for 5 min. Then, cells 
were blocked with 5% BSA at RT for 1 h and incubated with primary 
antibody at 4°C overnight. After incubation, cells were washed with 
phosphate-buffered saline-tween 20 (PBS-T) and incubated with 
a secondary antibody at RT for 1 h in the dark and mounted with 
DAPI (#ZF0826, VECTASHIELD). Antibodies are listed in Table S1. 
Fluorescent images were captured on KEYENCE BZ-9000.

2.6  |  Flow cytometry

After induction of gRNA for RB1 and selection with puromycin, 
MCF10A cells were dissociated using Accutase Cell Detachment 
Solution (#30051580, Innovative Cell Technologies). Then, cells 
were fixed with 4%PFA at RT for 10 min and were permeabilized 
with 0.5% Triton X-100 at RT for 5 min. Afterward, cells were blocked 
with 5% BSA at RT for 1 h and incubated with Ki67 antibody at 4°C 
overnight. After incubation, cells were washed with PBS-T and incu-
bated with a secondary antibody at RT for 1 h in the dark. Cells were 
analyzed by FACSCanto Flow Cytometer.

2.7  |  Colony formation

A total of 3 × 103 cells were seeded onto a D60 dish and cultured for 
10 days. Cells were washed with PBS and were fixed with 4% PFA at 
RT for 10 min. Then, cells were washed with PBS and stained with 
0.5% crystal violet solution (#031-04852, Wako) for 30 min. After 
staining, cells were washed with tap water. The number of colonies 
was quantified by Image J.

2.8  |  Ras-GTP assay

The pull-down assay to measure RAS activity was performed follow-
ing previously established protocols.3 Briefly, the cells were lysed 
in MLB in the presence of a protease inhibitor mixture. The lysates 
were clarified by centrifugation, and the protein concentration was 
determined using a BCA assay. Subsequently, 300 μg of cell protein 
was incubated with the recombinant RAS-binding domain (RBD) of 
Raf1-149 fused to glutathione-S-transferases (GST-RBD). The ac-
tive Ras complex was precipitated using glutathione-conjugated 
agarose beads (#17-0756-01, Merck). After overnight incubation 
at 4°C, the beads were washed with buffer, suspended in 15 μL of 
SDS-PAGE sample buffer, and loaded onto a 16% SDS-PAGE gel for 
immunoblotting.

2.9  |  Sphere assay

Cells were pretreated with 1 μg/mL doxycycline (DOX) for 24 h. Then 
50,000 cells were seeded onto a six-well plate (#4810-800LP, AGC), 
with 1x αMEM medium (#1031126, MP Biomedicals) containing 1% 
methylcellulose (#138–05052, Wako), B27 (#17504-044, Thermo 
Fisher Scientific), 100 μg/mL EGF, 100 μg/mL bFGF, 10 μg/mL insulin, 
with or without 1 μg/mL DOX for 14 days. Images were captured and 
quantified by KEYENCE BZ-9000.

2.10  |  SA-β -gel staining

SA-β-gel staining to detect senescence cells was performed as previ-
ously described.7

2.11  |  RT-PCR

Total RNA was isolated from MCF10A cells using TRIzol (#15596018, 
Thermo Fisher Scientific) according to the manufacturer's instruc-
tions. Quantitative RT-PCR of total RNA was carried out using a high-
capacity RNA-to-cDNA kit (#4387406, Thermo Fisher Scientific) 
and EagleTaq master mix with ROX (#05876486001, Roche) using 
LightCycler 480 System (Roche) according to the manufacturer's 
instruction.

TaqMan probes and primers used were as follows: 
CDH1 (Hs01023894_m1), TWIST1 (Hs01675818_s1), SNAI1 
(Hs00195591_m1), ZEB1 (Hs00232783_m1), MYC (for-
ward: AATGAAAAGGCCCCCAAGGTAGTTATCC, reverse: 
GTCGTTTCCGCAACAAGTCCTCTTC). The relative level of gene 
expression was normalized using the level of TBP (Hs00427620_
m1) or RPLP0 (forward: GTCCTCGTGGAAGGCCC, reverse: 
AGGAGAGACAGGGAGCTCAG). The values represent the average 
of three biological replicates.

2.12  |  Statistical analysis

Statistical significance was calculated by using Student's t-test or 
ANOVA followed by post hoc Tukey's test for more than three groups. 
p-Values less than 0.05 were considered statistically significant. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns not significant.

3  |  RESULTS

3.1  |  RB1 loss induces growth arrest in mammary 
epithelial cells

To investigate the impact of RB1 depletion on breast cancer ini-
tiation, we employed lentiviral-mediated short hairpin RNA tech-
nology to deplete RB1 in a nontumorigenic mammary epithelial 
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cell line MCF10A. MCF10A cells exhibited typical epithelial mor-
phology characterized by a round shape and distinct epithelial 
clusters. After 72 h of transduction, RB1-depleted cells exhib-
ited a fibroblast-like morphology (Figure  1A). The E-cadherin–β-
catenin complex specifically localizes to the cell membrane and 
plays a crucial role in maintaining epithelial integrity. In MCF10A 
cells, β-catenin localized to the plasma membrane, while RB1 de-
pletion caused β-catenin translocation from the cell membrane 
to the cytosolic compartment (Figure  S1). Transforming growth 
factor-β (TGF-β) initiates epithelial–mesenchymal transition (EMT) 
in various epithelial cell lines, including MCF10A and MDCK cells. 
EMT occurs by the upregulation of EMT-associated genes such as 
ZEB1, TWIST, and SNAI1.10 Translocation of β-catenin from cel-
lular membrane occurs in response to TGF-β stimulation. In addi-
tion, MCF10A cells expressing ZEB1 by the treatment with TGF-β 
exhibit decreased entry into S phase in MCF10A cells.11,12 In RB1-
deficient MCF10A cells, we observed a significant reduction in 
colony number and proliferation (Figure 1B). Despite the presence 
of β-catenin translocation to the cytoplasmic compartment, we did 
not detect any significant alterations in the expression of epithelial 
and EMT markers (Figures  S2 and S3). Further analysis revealed 
that RB1 deficiency in MCF10A cells led to a significant reduction 
in the protein levels of cyclins A, B1, D1, E, geminin, and CDT1 
and upregulation of p27KIP1, when compared with control cells 
(Figure 1E). Similar phenotypes were also discerned in HMEC but 
not in Trp53-deficient MOSE cells (Figure  S4A,B). Quiescence is 
characterized by reversible proliferative arrest, in which cells re-
main inactive but retain the ability to re-enter the cell cycle upon 
receiving appropriate stimulation. One of the primary mechanisms 
for cells to enter a quiescent state is the suppression of Ki67 ex-
pression and induction of cyclin inhibitors.5 Furthermore, deple-
tion of RB1 in MCF10A led to a decreased ratio of Ki67-positive 
cells (Figure 1F,G). These data suggest that RB loss in MCF10A cells 
induces quiescent state.

In a previous study, we reported that Rb1 loss in mouse thyroid 
caused calcitonin-producing (C) cell-derived adenoma. The presence 
of N-ras prevents adenoma from progressing to adenocarcinoma 
due to senescence triggered by augmented p16Ink4A expression via 
DNA damage response caused by enhanced N-RAS activation.3 
MCF10A cells have a hemizygous deletion of the INK4A locus but 
retain the intact p53-p21WAF1/CIP1 pathway.13,14 To assess the cellu-
lar senescence in growth-arrested cells, we conducted senescence-
associated β-galactosidase (SA-β-gal) staining and immunoblotting 
for p53 and p21WAF1/CIP1 in RB1-depleted MCF10A cells. We did not 
detect SA-β-gal-positive cells in either the control or RB depletion, 
nor increases in p53 or p21WAF1/CIP1 (Figures S5 and S6). To deter-
mine if there has been an increase in DNA damage upon RB1 knock-
down, we measured γ-H2AX levels in cells to estimate a degree of 
DNA damage using immunoblotting and immunocytochemistry but 
found no increase (Figures S5 and S7). These data suggest that the 
cell cycle arrest caused by RB1 loss in MCF10A cells takes place 
without exhibiting the features of cellular senescence or DNA dam-
age response.

3.2  |  RB1 loss induces c-Myc degradation

The upregulation of D-type cyclins is crucial in response to mito-
genic signals. It plays a pivotal role in facilitating cell cycle progres-
sion through the G1-S transition by triggering the phosphorylation 
of RB1 by CDK4/6 and CDK2.15 We observed a reduction in Ki67-
positive cells and a decrease in the expression of cyclin D1 and E in 
RB1-depleted MCF10A cells (Figure 1E–G). We then investigated the 
mechanism whereby RB1 loss causes cell cycle exit in MCF10A cells. 
During S-phase entry, sustained RAF-MEK-ERK signaling is needed 
to uphold cyclin D1 expression and repress cyclin inhibitors.16 In ad-
dition, the PI3K-AKT-mTOR signaling cascade facilitates the preser-
vation of cyclin D1 levels by stimulating its translation and impeding 
its degradation through GSK3β phosphorylation.17,18 We assessed 
the phosphorylation profile of these two pathways in RB1-depleted 
cells. The phosphorylation levels of RAF, MEK1/2, and ERK1/2 were 
decreased in RB1-depleted MCF10A cells, while diminished MAPK 
phosphorylation was similarly noted in HMEC but not in MOSE 
(Figures 2A and S8A,B).

c-Myc is one of the critical ERK substrates in the cell cycle pro-
gression. The phosphorylation of c-Myc at serine 62 (pS62) by ERK 
enhances its stability. Meanwhile, phosphorylation of c-Myc at thre-
onine 58 (pT52) by GSK3β leads to dephosphorylation of Ser62 by 
protein phosphatase 2A-B56α (PP2AB56α), further causing pro-
teasomal degradation following ubiquitination by SCF-Fbw7 E3 li-
gase. Consistent with the decrease in the MAPK phosphorylation 
level, we observed a significant reduction of c-Myc expression in 
RB1-deficient mammary cells (Figures 2B and S8A). We discovered 
that pS62 and pT58 of c-Myc were considerably decreased in RB1-
deficient cells (Figure 2B), while the mRNA level of c-Myc was un-
affected by RB1 loss (Figure S9). Moreover, MG-132, a proteasome 
inhibitor, restored c-Myc expression in a dose-dependent manner 
(Figure 2C,D).

Previous report demonstrated that Myc induces altered glu-
tamine metabolism leading to ATP depletion and activation of 
AMP-activated protein kinase (AMPK) through phosphorylation, 
ultimately stabilizing p53 protein.19 In quiescent cells, pyruvate de-
hydrogenase complex (PDH) activation involves the downregulation 
of pyruvate dehydrogenase kinases (PDKs). Simultaneously, upreg-
ulation of pyruvate dehydrogenase phosphatases (PDPs) occurs, 
resulting in increased tricarboxylic acid (TCA) cycle activity.20 To 
investigate the effect of c-Myc downregulation on cellular metabo-
lism, we confirmed the status of metabolic enzymes in RB1-depleted 
MCF10A cells. Myc plays a pivotal role in promoting anabolic me-
tabolism which is primarily driven by the degradation of glucose 
and glutamine.21,22 In contrast, downregulation of Myc leads to an 
increase in oxidative phosphorylation through the PDHK1-PDH 
pathway. AMPK functions as an inhibitory regulator of glycolysis, 
which consequently accelerates Myc-driven tumorigenesis.23,24 RB1 
loss in MCF10A cells decreased phosphorylation of AMPK and PDH. 
PDHK1 was found to be downregulated consistent with its func-
tion to activate PDH (Figure  S10). Our data suggest that the loss 
of RB1 in mammary epithelial cells results in a reduction of c-Myc 
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F I G U R E  1  Retinoblastoma 1 (RB1) loss induces MCF10A cells’ growth arrest. (A) Phase contrast image of MCF10A cells at 72 h after 
transduction. Scale bar: 200 μm. (B) Representative image of colony formation assay for Scr, shRB1#1, or shRB1#2 in MCF10A. (C) 
Quantitative analysis of colony number (N = 3). (D) Quantitative analysis of colony area (N = 3). (E) Immunoblotting of indicated proteins in Scr, 
shRB1#1, and shRB1#2 MCF10A cells. (F) Immunocytochemistry of Ki67 in MCF10A cells at 72 h after transduction. (G) Immunofluorescence 
staining of Ki67 in MCF10A cells and quantitative analysis of Ki67 mean fluorescence intensity (MFI) (N = 3). *p < 0.05, ***p < 0.001.
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expression through alteration of MAPK activity and is concomitantly 
linked to metabolic remodeling.

3.3  |  c-Myc overexpression overrides growth 
suppression

To further confirm that RB1 loss triggers cell cycle exit in MCF10A 
cells through c-Myc degradation, we established MCF10A cells 
in which c-Myc is overexpressed in a DOX-inducible manner. 
Subsequently, we treated the cells with 1 μg/mL DOX for c-Myc 

induction, lentivirus for RB1 knockdown, and then puromycin for se-
lection in a sequential manner. After selection, we conducted a col-
ony formation assay. DOX-induced c-Myc overexpression increased 
the number of colonies in RB-depleted cells, but not in the DOX (−) 
control (Figure  3A–C). In addition, we assessed the expression of 
cyclins by Western blotting and found that c-Myc overexpression 
alleviated their reduced expression in RB1-depleted MCF10A cells. 
Furthermore, the level of phosphorylated RAF protein was restored 
in c-Myc overexpressing cells, indicating a recovery of MAPK path-
way activity. We also evaluated the expression of chromatin licens-
ing and DNA replication factor 1 (CDT1) in cells overexpressing 

F I G U R E  2  Retinoblastoma 1 (RB1) deletion induces c-Myc downregulation. (A) Immunoblotting of indicated proteins in Scr, shRB1#1, 
and shRB1#2 MCF10A cells. (B) Immunoblotting of total c-Myc, phospho-c-Myc (Serine 62), and phospho-c-Myc (threonine 58) proteins. (C) 
Immunoblotting of indicated proteins in Scr, shRB1#1, and shRB1#2 MCF10A cells treated with vehicle or proteasomal inhibitor MG-132. 
Cells were treated with vehicle or MG132 for 5 h. (D) Quantitative analysis of c-Myc relative protein level (N = 3). *p < 0.05, ****p < 0.0001.
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c-Myc. Cells with concurrent RB1 depletion and c-Myc overexpres-
sion increased CDT1 expression (Figure 3D). Moreover, c-Myc over-
expression recovered AMPK phosphorylation level in RB1-deficient 
cells (Figure S11). Collectively, our data suggest that RB1 depletion-
induced cell cycle exit occurs via c-Myc destabilization.

3.4  |  Overexpression of active RAS restores c-Myc 
levels and induces transformation

Loss of RB1 activates RAS via upregulation of isoprenylation-related 
genes through the E2F pathway.3 Conversely, active RAS increases 
cyclin D expression and shortens the G1 phase through RB1 phos-
phorylation. As we observed downregulation of the ERK pathway 
following RB1 depletion in MCF10A cells (Figure 2A), we examined 

whether RAS activity was altered in RB1-depleted cells. To measure 
RAS activity, we performed a RAS-GTP binding assay. We used a 
RAS-mutant pancreatic cancer cell line MIA-PACA-2 (KRASG12C) as 
a positive control (Figure S12). GTP-loaded RAS was bound to the 
RBD of RAF fused to glutathione-S-transferase. Then the RASGTP-
RBD complex was captured using glutathione-conjugated beads. 
RAS activity was quantified by immunoblotting of RAS after pull-
down. The activity of N-RAS but not K-RAS was downregulated in 
RB1 knockdown cells (Figure 4A,B). The RB1-related protein RBL2/
p130 participates in the formation of the DREAM (dimerization 
partner, RB-like, E2F, and multi-vulval class B) complex, thereby 
contributing to the repression of cell cycle-related genes during 
quiescence.25 RBL2/p130 expression was observed to be elevated 
in RB1-knockout MCF10A cells, whereas RBL1/p107 levels were 
unaffected (Figure  4C). In contrast, the depletion of RBL2/p130 

F I G U R E  3  c-Myc overexpression overcomes cell growth arrest. (A) Representative image of colony formation assay for MCF10A cells. 
c-Myc was induced by 1 μg/mL Dox for 72 h in MCF10A. Then, cells were transduced with RBsh lentivirus and subjected to selection by 
puromycin (N = 3). (B) Quantitative analysis of colony number (N = 3). (C) Quantitative analysis of colony area (N = 3). (D) Immunoblotting of 
indicated proteins in MCF10A cells. *p < 0.05, **p < 0.01.
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resulted in diminished RB phosphorylation, reduced RAS activity, 
and the downregulation of farnesyltransferase β (FTβ) (Figure 4D). 
The reduction of FTβ expression is observed in cells lacking RB1.3 
Furthermore, the simultaneous loss of RB1 and RBL2/p130 led to 
increased RAS activity and upregulated expression of both c-Myc 
and FTβ in MCF10A cells.

To investigate whether RAS induces cell cycle progression 
from quiescence to mitosis, we utilized the DOX induction system 
to overexpress oncogenically mutated H-RASG12Vin RB1-deficient 
cells. In RB1-negative cells, phospho-c-RAF and phospho-MEK were 
recovered following H-RASG12V overexpression. In addition, over-
expressed H-RASG12V recovered c-Myc protein levels. Most impor-
tantly, overexpressed H-RASG12V significantly downregulated p27 
levels in MCF10A cells (Figure 4E). As previously reported, oncogen-
ically mutated H-RASG12V transforms MCF10A and induces colony 
formation.26 RB1-intact cells barely formed spheres in the absence 
of DOX, whereas a significantly increased number of spheres was 
formed in cells overexpressing oncogenically mutated H-RASG12V 
(Figure  4F,G). Notably, upon H-RASG12V overexpression, RB1-
depleted cells exhibited a greater number of spheres than RB-intact 
cells. These data suggest that the attenuation of RAS activity is a 
consequence of RBL2/p130 induction, which acts as a counteractive 
factor , leading to quiescence to impede cellular transformation.

4  |  DISCUSSION

In this study, we addressed the biological role of RB1 in breast can-
cer initiation by characterizing RB1-depleted MCF10A cells. We ob-
served that RB1-depleted cells showed β-catenin diffusion, which 
is one of the phenotypes representing EMT.27 We examined the 
expression of EMT markers by immunoblotting and RT-qPCR and 
found no induction of EMT markers in MCF10A cells following RB1 
depletion, although it has been reported that the RB family sup-
presses ZEB1 expression in p53-intact cells.28 RB1 depletion induces 
EMT-like phenotypic and molecular changes in p14ARF-deficient 
MCF7 cells, whereas RB1 overexpression abolishes the EMT-like 
phenotype in MCF10A cells induced by TGFβ.29 The tumor suppres-
sor p14ARF is considered a p53 activator and stabilizes and stimulates 
p53 activity by inhibiting MDM2 and ARF-BP1.30 p53 regulates EMT 
through miRNA-200c and miR-183 in nontumorigenic epithelial and 
tumor cells.31,32 Moreover, in the absence of the RB family members, 
oncogenic RAS signaling stabilizes ZEB1 mRNA by suppressing mir-
200c.33 p53 and p14ARF are intact in MCF10A cells, but p14ARF is 

absent in MCF7 cancer cells. Despite the involvement of a miR-200-
mediated interplay between p53 and RB1 and their direct regula-
tion of ZEB1, RB1 depletion alone is insufficient to induce EMT in 
cells with intact p53. In triple-negative breast cancers (TNBCs), the 
RB1 loss signature was found to be associated with high β-catenin 
signaling.34 The loss of RB1 in TNBC resulted in the upregulation 
of Wnt-related genes, such as WNT3, FZD9, and LRP8, while the 
downregulation of Axin2.34 Notably, the ENCODE ChIP sequenc-
ing dataset showed E2F1 binding to the promoter region of LRP8. It 
might be plausible to hypothesize that the loss of RB1 may activate 
the β-catenin pathway in the context of mammary epithelium.

In our previous study, RB1 deficiency enhances N-RAS activity, 
leading to DNA damage-based cellular senescence in calcitonin-
positive adenoma.3 Rb−/−; N-ras−/− MEFs bypassed cellular senes-
cence and were able to be transformed by N-RASG12V, while we 
found that RB1-depleted MCF10A cells exhibiting low RAS ac-
tivity were transformed by H-RASG12V. RB1-depleted cells can be 
transformed by oncogenic RAS once they evade the senescence 
program. While RB1 suppresses components of the replication ma-
chinery during cellular senescence, RB1 loss elicits p53/p21WAF/CIP-
dependent checkpoint preventing escape from cellular senescence.4 
In MCF10A cells, we did not observe the upregulation of DNA dam-
age response-related genes, including p21WAF/CIP following RB1 
depletion. MCF10A cells require facilitates chromatin transcription 
(FACT) to overcome replication stress and cell cycle arrest.35 RB1 
loss-induced replication stress may be buffered by FACT-dependent 
response, or RB1-deficient cells may enter a quiescent state to re-
duce DNA replication stress, thereby evading senescence.

In general, the RB1-E2F complex acts as a guardian that pre-
vents excessive cell proliferation, and RB1 deletion leads to uncon-
trolled cell growth. However, we found that RB1 depletion strongly 
suppressed MCF10A cell proliferation. The loss of RB1 triggers 
genome-wide demethylation of histone H3K4, a hallmark of active 
transcription. This occurs as the binding partner, KDM5A/JARID1A/
RBP2, is released from RB1.36 A histone demethylase, KDM5A, was 
originally identified by screening proteins that bind to pRB mutants 
but are incapable of binding to E2Fs. The ENCODE ChIP sequencing 
dataset revealed that KDM5A could bind to the promoter region of 
FTβ, and EGFR.37 We observed a reduction of EGFR expression and 
phosphorylation in RB1-knockout MCF10A cells (Figure 4C). The ge-
nomic region on chromosome 12p that encodes for KDM5A is fre-
quently amplified in patients with breast cancer. Furthermore, the 
inhibition of KDM5A expression has been shown to sensitize breast 
cancer cells to EGFR inhibitors.38 Therefore, KDM5A activated by 

F I G U R E  4  Overexpression of active RAS restores c-Myc levels and induces transformation. (A) Pull-down assay of RAS protein and GTP 
protein. Pan-RAS protein was analyzed by immunoblotting. α-tubulin was used as a loading control. (B) Quantitative analysis of RAS activity 
(RAS-GTP/Pan-RAS, N = 3). (C) Immunoblotting of indicated proteins in MCF10A cells using CRISPR. (D) Immunoblotting of indicated protein 
in MCF10A cells after induction of gRNA for retinoblastoma 1 (RB1) and RBL2. (E) Immunoblotting of indicated proteins in MCF10A cells. 
Cells were transduced with lentivirus harboring tetracycline-inducible mutant RAS and subjected to selection with 200 μg/mL hygromycin 
under DOX (−) condition. Then, cells were transduced with RBsh lentivirus and subjected to selection with puromycin. After selection, cells 
were treated with 1 μg/mL doxycycline for 24 h and analyzed by immunoblotting. (F) Phase contrast image of MCF10A cells in sphere assay. 
Scale bar: 200 μm. (G) Quantitative analysis of sphere number (sphere size >25,000 μm2, N = 3). *p < 0.05, ***p < 0.001, ****p < 0.0001.
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RB loss may suppress the expression of EGFR, which is upstream of 
RAS-MEK-ERK. Moreover, FTβ-mediated isoprenylation is essential 
for RAS maturation and exhibits reduced expression in cells lacking 
RB1. KDM5A may act as a functional equivalent to compensate for 
spontaneous RB loss, thus impeding abnormal proliferation of nor-
mal epithelial cells.
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