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Abstract

Cellular senescence is a well-documented response to oncogene activation in many tissues. 

Multiple pathways are invoked to achieve senescence indicating its importance to counteract 

the transforming activities of oncogenic stimulation. We now report that the Rho-associated 

protein kinase (ROCK) signaling pathway is a critical regulator of oncogene induced senescence 

in skin carcinogenesis. Transformation of mouse keratinocytes with oncogenic RAS upregulates 

ROCK activity and initiates a senescence response characterized by cell enlargement, growth 

inhibition, upregulation of senescence associated β-galactosidase (SAβgal) expression and 

release of multiple proinflammatory factors comprising the senescence associated secretory 

phenotype (SASP). Addition of the ROCK inhibitor Y-27632 and others prevents these 

senescence responses and maintains proliferating confluent RAS transformed keratinocyte cultures 

indefinitely. Mechanistically, oncogenic RAS transformation is associated with upregulation of 

cell cycle inhibitors p15Ink4b, p16Ink4a and p19Arf and downregulation of p-AKT, all of which 

are reversed by Y-27632. RNA-seq analysis of Y-27632 treated RAS-transformed keratinocytes 

indicated that the inhibitor reduced growth inhibitory gene expression profiles and maintained 

expression of proliferative pathways. Y-27632 also reduced expression of NF-κB effector genes 

and the expression of IκBζ downstream mediators. The senescence inhibition from Y-27632 

was reversible, and upon its removal, senescence reoccurred in vitro with rapid upregulation 

of cell cycle inhibitors, SASP expression and cell detachment. Y-27632 treated cultured RAS

keratinocytes formed tumors in the absence of the inhibitor when placed in skin orthografts 

suggesting that factors in the tumor microenvironment can overcome the drive to senescence 

imparted by overactive ROCK activity.

INTRODUCTION

Senescence is defined as a durable state of cell cycle arrest, distinct from quiescence, 

exhaustion, or terminal differentiation.1 While there is no singular, definitive marker to 

detect cellular senescence, one can measure a number of characteristics typical of cellular 
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senescence such as (i) cell enlargement, (ii) an increase in cyclin-dependent kinase (CDK) 

inhibitors such as p16Ink4a, p14Arf/p19Arf, and p21Waf1/Cip1, (iii) lysosomal β-galactosidase 

enzymatic activity at pH 6.0 (SAβgal), and (iv) a senescence associated secretory phenotype 

(SASP).2,3 These individual responses may vary among specific cell types, but cell cycle 

arrest is a common outcome.

The hyperproliferation associated with oncogenic signaling can result in DNA damage, 

reactive oxygen species generation, and endoplasmic reticulum stress. In response to 

these stressors, transformed cells can undergo oncogene-induced senescence. Mutations 

in residues G12, G13, and Q61 in the small GTP-binding protein RAS can lock the 

RAS protein into a constitutively active conformation, resulting in a broad deregulation 

of these cellular functions through constitutive mitogen activated protein kinase (MAPK) 

signaling. Among the consequences of RAS overactivity is the induction of cellular 

senescence. Understanding the balance between hyperproliferation and senescence is 

relevant since aberrant RAS signaling through mutational activation is present in about 

30% of all human cancers. While it might seem attractive to further enhance senescence over 

hyperproliferation to prevent tumor growth, previous studies have shown that manipulating 

senescence can result in adverse consequences by potentially promoting tumor growth and 

cancer progression. This is typically due to the SASP, which consists of pro-inflammatory 

signals that are beneficial in the context of wound healing and infections, but its 

persistent presence within the tumor milieu can promote tumor growth through paracrine 

mechanisms.1,3–5 Thus, it is important to understand the signaling pathways that regulate the 

proliferation/senescence balance in specific model systems.

Several small molecule inhibitors of the Rho-associated protein kinase (ROCK) have been 

shown to protect specific normal and malignant cell types from anoikis, enhance viability 

in both culture and cryopreservation, and prolong long-term survival.6–8 This discovery 

was particularly useful to preserve both mouse and human keratinocytes that otherwise 

differentiate and senesce in vitro.8,9 However, it has not been demonstrated whether ROCK 

might mediate oncogene-induced senescence as a consequence of RAS transformation of 

keratinocytes.10 The goal of our study was to gain a better understanding of the mechanisms 

regulating senescence in RAS-transformed keratinocytes. We found that sustained ROCK 

inhibition in vitro enhances proliferation and prevents oncogene-induced senescence of 

RAS-keratinocytes without altering its tumor forming potential.

MATERIALS AND METHODS

Cell culture and treatments

Primary mouse keratinocytes isolated from newborn Balb/C pups were cultured in modified 

Eagle’s medium (S-MEM, Thermo Fisher Scientific), 8% Chelex-treated fetal calf serum 

(Gemini Bio Products), and 0.05 mmol/L calcium unless otherwise indicated.11 ROCK 

inhibitors Y-27632, SR 3677, GSK-429286A, and TC-S 7001 were purchased from Tocris 

Bioscience. Y-27632 was reconstituted in DI water, while SR 3677, GSK-429286A, and 

TC-S 7001 were reconstituted in DMSO. Each of these inhibitors were further diluted in cell 

culture media to reach working concentrations. Live cell images were taken and confluence 

scores were calculated using the IncuCyte S3 Live-Cell Analysis System (Sartorius). Total 

Lee et al. Page 2

Mol Carcinog. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell counts were determined by trypsinizing attached keratinocytes and using the Cellometer 

Auto 2000 cell counter (Nexcelom Bioscience) after Trypan blue (Thermo Fisher) staining.

Adenovirus and retrovirus infection and siRNA transfection

The v-rasHa replication-defective ecotropic retrovirus was prepared using Psi2 producer 

cells; retrovirus titers were routinely 1 × 107 virus/mL.12 Cultured primary keratinocytes 

were infected with v-rasHa retrovirus (here referred to as RAS or oncogenic RAS) on day 

2 at a multiplicity of infection (MOI) of 1 in medium containing polybrene (4 μg/mL; 

Sigma-Aldrich). Adenoviruses carrying wildtype and kinase dead human ROCK2 were 

generously provided by Dr. K Kaibuchi.13 The infection of adenovirus was carried out 

in serum-free medium containing 2.5 μg/mL of polybrene at 5–25 MOI for 30 min at 

room temperature. Fresh serum-containing medium was added thereafter. The transducing 

efficiency of the adenovirus under these conditions is over 90%. Adβgal or AdGFP was 

used as vector control for infection. ON-TARGETplus Mouse Rock1 and Rock2 siRNAs 

were purchased from Dharmacon. SiRNA (25 mmol/L) was transfected using HiPerFect 

Transfection Reagent (Qiagen). Downregulation of ROCK1 and ROCK2 protein were 

confirmed by immunoblots using ROCK1 and ROCK2 specific antibodies.

Rock kinase activity assay

Rock kinase activity assay was evaluated using MYPT-1 (654–88) (Millipore) as a substrate. 

Cell lysates were collected in a lysis buffer containing 50 mmol/L Tris-HCL, pH 8.0, 

0.1% Triton X-100, I mmol/L EDTA, 1 mmol/mL EGTA, 0.2 mmol/L PMSF, 1 μg/mL 

of pepstatin, 0.5 μg/mL leupeptin, 2 mmol/mL NaF, 2 mmol/L Na3Vo4, 10 mmol/mL 

β-mercaptoethanol. Cell lysate, ATP, and MYPT-1 were combined in a kinase reaction 

mixture and incubated at 30°C for 30 minutes. The reaction was terminated by adding SDS

PAGE protein loading buffer. The kinase reaction mixture was loaded onto the SDS-PAGE 

followed by electrophoresis and immunoblot using anti-phospho-MYPT1 (Thr696) antibody 

(Millipore).

Proliferation assay

Keratinocytes were grown in 24-well plates and treated with 10 μmol/L of 5-ethynyl-2’

deoxyuridine (EdU) (Invitrogen) for 2 hours before fixation with 4% paraformaldehyde 

(PFA). Keratinocyte nuclei were labeled with Hoechst 33342 at 1 μg/mL for 30 minutes 

in PBS. EdU positive nuclei were labeled with an Alexa Fluor 488-conjugated azide via 

the Click-iT reaction. The ratio of EdU positive cells to Hoechst 33342 positive cells was 

used to determine the percent EdU positivity. The Celigo Image Cytometry (Nexcelom 

Bioscience) platform was used to quantify the EdU-positive and Hoechst-positive cells.

β-galactosidase activity detection

Keratinocytes were assayed for SAβgal activity using either SPiDER-βgal (Dojindo 

Molecular Technologies) or X-gal (Cell Signaling Technology). The SPiDER-βgal was 

used at a working concentration of 1 μmol/L for 1 hour at 37°C in the absence of CO2. 

Nuclei were labeled with Hoechst 33342 at 1 μg/mL for 30 minutes in PBS. The ratio 

of SPiDER-βgal positive cells to Hoechst 33342 positive cells was used to determine 
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the percent SPiDER-βGal positivity. The Celigo Image Cytometry platform was used to 

quantify the β-gal-positive cells and Hoechst-positive cells. X-gal staining was performed 

by incubating fixed cells for 20 hours at 37°C with no CO2. The staining solutions for both 

methods were adjusted to pH 6.0 ± 0.2.

Immunoblotting

Cultured keratinocytes were lysed in RIPA lysis buffer (50 mmol/L Tris, pH 7.4, 150 

mmol/L NaCl, 0.5% deoxycholate, 1% NP-40, 1 mmol/L PMSF) with Halt Protease 

and Phosphatase-Inhibitor cocktail (Thermo Fisher Scientific) and PMSF (Cell Signaling 

Technology). Proteins were quantified with the Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific) and separated by 4%–20% or 12.5% tris-HCl gels (Bio-Rad). Blots were 

incubated overnight at 4°C with primary antibodies diluted in 3% BSA in tris-buffered saline 

Tween-20 (TBST) buffer. Primary antibodies are listed in Supplemental Table S1 and are 

from Cell Signaling Technology, Santa Cruz Biotechnology, Invitrogen, and BioLegend. 

HRP-conjugated secondary antibody (anti-rabbit) (Bio-Rad) was used at a 1:5000 dilution 

for 1 hour. ECL SuperSignal HRP substrate (Thermo Fisher Scientific) was used for 

detection with a ChemiDoc Imaging System (Bio-Rad).

RT-qPCR analysis

RNA was isolated from cultured cells using RNeasy 96 Qiacube HT Kit (Qiagen) and on

column DNA digest (Qiagen). Complementary DNA synthesis and real-time PCR analysis 

were conducted as described previously.14 Predesigned Quantitect primers (Qiagen) were 

used for Cdkn2a_va (p19Arf specific), Cdkn2a_vb (p16Ink4a specific), Cdkn1a, and Mmp9. 

Sequences for primers of Gapdh, Cdkn2b, Il1a, Csf2, and Csf3 are provided in Supplemental 

Table S2.

RNA-seq analysis

Total RNA was isolated from keratinocytes grown in 12-well plates for one or three 

weeks as indicated using the RNeasy Kit (Qiagen). mRNA was isolated from total RNA 

(100 ng-500 ng) using oligonucleotide-dT and then sequenced on the Illumina Sequencing 

Platforms. The RNA sequencing reads in fastq format were aligned to the mouse reference 

genome mm10 using TopHat.15,16 Count data were normalized to reads per kilobase million 

(RPKM) and analyzed with the Qlucore software. The differentially expressed genes were 

identified using DESeq2 (16) to compare RNA expression between two conditions.17 

Comparisons were made between RAS 1wk (RAS1) vs control 1wk (Crtl), RAS 3 wk 

(RAS3) vs Crtl, RASY 1wk (RASY1) vs RAS1, and RASY 3wk (RASY3) vs RAS3. 

Based on the statistics from the DESeq2 analysis, we applied Gene Set Enrichment Analysis 

(GSEA) to find the significant Hallmark pathways at FDR=0.2.18,19 Differentially expressed 

genes from Qlucore analysis were applied for further analysis by Ingenuity Pathway 

Analysis (IPA) (Qiagen).

Cytokine array

Supernatant from keratinocyte cultures were collected 2 days after fresh media change 

(0.2% serum) with Halt Protease and Phosphatase-Inhibitor cocktail (Thermo Fisher 
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Scientific). Cell numbers in each sample were determined and used to normalize the volume 

of the supernatant. The normalized supernatant was incubated with the Raybio C-Series 

Mouse Cytokine Antibody Array C2000 (RayBiotech) according to the manufacturer’s 

instructions. The arrays were analyzed using ImageJ (NIH).

TGF-β quantification

Keratinocytes were switched to low-serum conditions (0.5% FBS in media) after one 

week in culture and incubated for 24 hours before supernatant was collected. Floater cells 

were removed from supernatant by centrifugation. Quantification of TGF-β1 in culture 

supernatant was performed with the R&D Systems TGF-beta 1 Quantikine ELISA Kit 

(R&D Systems)

Orthotopic grafting

Keratinocytes were transformed with oncogenic RAS and treated with Y-27632 for 10 days. 

Trypsinized cells were counted and 5 million keratinocytes were mixed with 5 million 

primary mouse dermal fibroblasts (SENCAR) that were grown in culture for 1 week and 

the cell mixture was orthotopically grafted to a prepared site on the dorsal skin of nude 

mice as previously described.20 Tumor growth was monitored weekly. Animal studies were 

conducted under a protocol approved by the NCI Animal Care and Use Committee.

Statistical analysis

Data were analyzed by GraphPad Prism Software, and significance values were determined 

using two-way ANOVA, and Student’s t test. SD or SE was used to determine error bars in 

all data presented. P ≤ 0.05 was considered to be significant.

RESULTS

RAS modified keratinocyte differentiation through a pathway involving ROCK kinase 
activity

Pharmacological ROCK inhibitors were reported to block keratinocyte terminal 

differentiation.7–9 Paradoxically, knockdown of ROCK by siRNA in primary mouse 

keratinocytes enhanced expression of two early markers of keratinocyte differentiation, 

keratin 1 (K1) and 10 (K10) (Figure 1A), independent of extracellular calcium, a known 

regulator of these markers.21 Overexpression of wildtype ROCK, but not a kinase dead 

(KD) mutant, suppressed the expression of K1 and K10 (Figure 1B). We reported 

that the suppression of these markers is also a consequence of RAS-transformation of 

keratinocytes.22 Introduction of oncogenic RAS into keratinocytes enhanced ROCK kinase 

activity (Figure 1C). The pharmacological agent Y-27632 is an effective inhibitor of 

ROCK activity (Figure 1D). Blocking ROCK activity with Y-27632 in RAS-transformed 

keratinocytes restored K1 and K10 levels to those of untreated normal keratinocytes 

suggesting that ROCK participated in their suppression by oncogenic RAS (Figure 1E). 

Elevated expression of K1 and K10 by inhibition of ROCK activity with Y-27632 or siRNA 

knockdown confirmed that ROCK regulates early keratinocyte differentiation. As previous 

reports of Y-27632 largely focused on suppression of keratinocyte terminal differentiation7, 

we investigated other consequences of ROCK activity in RAS-transformed keratinocytes.
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Inhibition of ROCK enhanced the proliferation and extended the long-term survival of 
RAS-transduced keratinocytes in vitro.

Oncogenic RAS initially stimulated proliferation of normal primary mouse keratinocytes 

but with increasing time cells enlarged, some detached, and others assumed a quiescent 

morphology consistent with senescence (Figure 2A). In contrast, addition of Y-27632 

to block ROCK activity supported a sustained proliferative phenotype, maintained a 

homogenous morphology, and prevented the detachment and loss of keratinocytes. Growth 

assays confirmed that the number and confluence of keratinocytes expressing oncogenic 

RAS decreased over time, but the addition of Y-27632 provided a continuing increase in 

cell number and maintained maximum cell confluence (Figure 2B). Furthermore, Y-27632 

treated RAS-transduced keratinocytes continued to incorporate EdU and proliferate in 

culture whereas proliferation decreased over time in untreated RAS-transduced cells (Figure 

2C). The effect of Y-27632 to maintain the growth and confluence of RAS-keratinocytes 

was reproduced at drug-specific non-cytotoxic concentrations by other selective ROCK 

inhibitors, SR 3677, GSK-429286A, and TC-S 7001 indicating that ROCK was the specific 

target for these results (Fig 2D). Thus, a major function of elevated ROCK activity in RAS

transformed keratinocytes was to prevent prolonged growth stimulation by the oncogene, 

most likely through induction of senescence.

Inhibition of ROCK attenuated the oncogene-induced senescence response in RAS
keratinocytes.

The morphological changes detected at one and two weeks after RAS-transduction were 

consistent with senescence as transformed cells enlarged and many eventually detached 

(Figure 2A). SAβgal-positive cells were abundant in RAS-transformed cultures but were 

far fewer in cultures treated with Y-27632 (Figure 3A). The SAβgal suppression by 

Y-27632 was quantified using a fluorescent SAβgal detecting probe SPiDER-βgal by 

calculating the ratio of SPiDER-βgal positive cells with Hoechst 33342 positive cells (Figure 

3B). Oncogene-induced senescence has been linked to the release of SASPs including 

multiple cytokines that play an effector role in the process.23 Cytokine Array analysis of 

conditioned media collected from normal and RAS-transformed keratinocytes confirmed 

that RAS increased the release of multiple cytokines, chemokines, proteases and growth 

factors relative to control keratinocytes over a 3-week period and this was suppressed by 

Y-27632 during this same duration (Figure 3C and Supplemental Table S3). Many of the 

Y-27632 suppressed secreted proteins are SASP. The expression of genes encoding selected 

factors measured in RNA extracted from RAS-transformed keratinocytes confirmed that 

RAS-transformation increased the expression of transcripts for these factors and Y-27632 

suppressed their induction (Figure 3D).

Y-27632 altered the expression of cell cycle regulators downstream from oncogenic RAS

The marked effect of Y-27632 on the sustained growth of RAS-transformed keratinocytes 

suggested that cell cycle regulators might be affected. In fact, previous studies had 

reported that transduction with oncogenic RAS modified the expression of both cell 

cycle activators and cell cycle inhibitors.24,25 Immunoblot analysis of keratinocytes 

transformed by oncogenic RAS revealed elevated levels of multiple cyclins (D1, E1 and 
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B1), phosphorylated Erk1/2 and increased p21Waf1/Cip1 and p19Arf proteins (Figure 4A). 

While cyclin D1, and p19Arf were sensitive to inhibition by Y-27632, cyclin B1 and 

E1 and p21Waf1/Cip1 remained elevated, suggesting a balance favoring proliferation. RAS 

transduction in mouse keratinocytes also reduced p-AKT and this was partially reversed 

by Y-27632 (Figure 4A). p53 levels remained unchanged by oncogenic RAS or Y-27632. 

qPCR confirmed that RAS transduction induced transcripts for Cdkn2a and Cdkn2b, but 

not Cdkn1a (Figure 4B), consistent with protein data. Consistent with the anti-senescence 

function of Y-27632 for RAS-induced senescence, the agent reduced Cdkn2a and Cdkn2b 
transcripts at both 1 and 2 weeks of the study (Figure 4B). Thus, Y-27632 enhanced 

RAS-keratinocyte proliferation by alleviating anti-proliferative and pro-senescence signals.

Inhibiting ROCK altered the transcriptome of RAS-transformed keratinocytes

To get a broader view of the transcriptomic consequences of RAS-induced keratinocyte 

senescence over time in the context of ROCK activity, we performed RNA-seq analysis 

on control or RAS-transformed keratinocytes untreated or treated with Y-27632 for various 

times (Figure 5). Principal Component Analysis (PCA) showed substantial separation of 

all RAS groups from the normal control keratinocytes. Separation of the Y-27632 treated 

RAS groups from the RAS alone groups increased with time over 3 weeks (Figure 5A). 

Unsupervised clustering of differentially expressed genes (Figure 5B) revealed distinct 

expression patterns for RAS-transformed keratinocytes after 1 and 3 weeks. These were 

further modified with the suppression of ROCK activity by Y-27632. The expression of 

multiple genes detected on the heatmap 1 week after RAS transduction differed substantially 

from control keratinocytes and deviated further after 3 weeks when senescence dominated 

the phenotype. When ROCK was suppressed by Y-27632 in RAS-keratinocytes for 3 

weeks, the pattern of differentially expressed RAS-modified genes more closely followed 

the pattern of RAS-transformed keratinocytes after 1 week suggesting that Y-27632 

prevented the progression of RAS-induced phenotypes, including senescence. After 3 

weeks of Y-27632 treatment, the expression pattern of a selected group of genes highly 

associated with RAS-transformation of keratinocytes26 was only slightly modified from 

that of untreated RAS-keratinocytes after 1 week as seen in the ratio of RASY3/RAS1 in 

Figure 5C. Particularly notable was the relative reduction of inflammatory factors. This 

result indicated that ROCK activity was supporting a number of changes related to RAS 

transformation and the progression of senescence. We interrogated the functional impact 

of differentially expressed RAS-induced genes using Ingenuity Pathway Analysis (IPA) 

(Figure 5D). In general, after one week of RAS transduction, transcripts for proliferative 

pathways such as cell cycle regulators were elevated relative to control keratinocytes while 

other cellular functions such as IL-8 and integrin signaling were reduced. After one week 

in culture, the differences in IPA Canonical pathway profiles among Y-27632 treated and 

untreated RAS-keratinocytes were modest since senescence related functions were likely 

not fully activated. In contrast, 3 weeks into RAS transformation, when senescence was the 

dominant phenotype, Y-27632 treatment effectively sustained the proliferative and metabolic 

IPA Canonical profile similar to the 1-week RAS transformed descendants.

A survey of normalized enrichments scores (NES) from Gene Set Enrichment Analysis 

(GSEA) at FDR 0.2 confirmed that Y-27632 treatment enriched similar proliferative 
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pathways of RAS-keratinocytes after 1 and 3 weeks of treatment. (Figure 5E). Also notable 

was the downregulation of TGF-β signaling in keratinocytes under Y-27632 treatment after 1 

week. TGF-β is a reported regulator of oncogene induced senescence in keratinocytes.27 

In our study the influence of Y-27632 on TGF-β signaling gave mixed results. We 

did not detect any changes in the RAS-induced release of TGF-β1 by treatment with 

Y-27632 (Supplemental figure S1A). Y-27632 lowered the RAS-induced cytoplasmic and 

nuclear levels of Smad3 at both 1 and 3 weeks of treatment but the nuclear content of 

p-Smad3 appeared to be increased by the inhibitor in the presence or absence of RAS 

(Supplemental figure S1B). Nevertheless, qPCR revealed that Y-27632 downregulated Tgfb2 
and Tgfb3, transcripts for TGF-β2 and TGF-β3, respectively, in control and RAS-transduced 

keratinocytes without significantly altering transcripts for Smad1, Smad4 and Smad5, but 

the ROCK inhibitor suppressed RAS-induced Smad7 transcripts (Supplemental figure S1C).

ROCK influenced the activity of the NF-κB pathway

The release of SASPs by senescing cells has been linked to NF-κB activity.28 After 

transduction of oncogenic RAS into keratinocytes, NF-κB components p105/50, p65 and 

IκBζ translocated to the nucleus (Figure 6A) both in the presence or absence of Y-27632. 

Using the IPA Upstream Regulator Tool on RNA-seq data, we were able to identify genes 

downstream from NFκB-relA and IκBζ (Figure 6B) that were modified by RAS and further 

modified in the presence of RAS plus Y-27632. In particular, 1 week after oncogenic RAS 

expression, multiple IκBζ regulated proinflammatory genes were upregulated relative to 

control keratinocytes, and the addition of Y-27632 decreased or moderated the expression. 

Similarly, RAS modified the expression of multiple genes controlled by NFκB-relA in 

keratinocytes, and Y-27632 reversed this pattern for most. Specific quantification of 2 genes, 

Lcn2 and Steap4, by qPCR, both typically regulated by IκBζ, confirmed that Y-27632 

caused a substantial reduction in expression, greater than depicted on the upstream regulator 

analysis. Furthermore, qPCR confirmed that expression of Nfkbiz, the gene encoding 

IκBζ, was also reduced by Y-27632 in RAS-transformed cells (Figure 6C). While RAS 

transduction increased the expression of transcripts for S100a8 or S100a9, this was not 

reversed by Y-27632. We had previously reported that elevated IκBζ contributed to the 

RAS phenotype in keratinocytes26 and earlier studies implicated IκBζ in senescence of 

RAS transduced breast cancer cells through the regulation of specific SASP factors.29 We 

confirmed that IκBζ protein was elevated in keratinocytes transformed by oncogenic RAS, 

but the level of protein expression was reduced by treatment with Y-27632 (Figure 6D).

The prevention of oncogene induced senescence by Y-27632 was reversible

In foregoing studies, we showed that Y-27632 and consequent inhibition of ROCK activity 

was critical to maintain a viable RAS transformed population and prevent oncogene-induced 

senescence. We then asked if the suppression was a permanent change in RAS-transformed 

keratinocytes. Within 2 days of withdrawal of Y-27632 from a confluent monolayer of 

RAS transformed keratinocytes, cell density decreased by 30% (Figure 7A). The Y-27632

mediated suppression of cell cycle inhibitors Cdkn2b (p15Ink4b) and Cdkn2a (p19Arf) 

expression (Figure 7B) and some of the SASP transcripts also rapidly increased within a 

few days of withdrawal from Y-27632 treatment (Figure 7C).
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Y-27632 treated RAS-keratinocytes retained tumorigenic potential in vivo.

We also addressed the possible influence of Y-27632 treatment on tumor formation. RAS 

transformed keratinocytes treated with Y-27632 for 10 days in vitro were transferred as skin 

orthografts to nude mice and followed for tumor formation with no further treatment in 
vivo. After 4 weeks all mice had developed benign papillomas (Figure 7D). This suggested 

that Y27632 treatment did not alter RAS transforming capability and factors in vivo within 

the graft microenvironment were capable of inhibiting the drive to senescence in a manner 

similar to what the presence of Y-27632 was doing in vitro but in the absence of Y-27632. 

Whether these factors are working through a ROCK target or some other senescence 

regulatory mechanism is not yet identified.

DISCUSSION

The experimental induction of mouse skin tumors by viruses, chemicals and ultraviolet 

light revealed many of the intimacies of multistage epithelial carcinogenesis including 

the fundamental recognition of tumor initiation, promotion (now recognized as 

microenvironment) and malignant conversion. From these experimental studies came the 

first understanding that DNA was the target of carcinogens, that cellular metabolism was 

essential to “carcinogize” environmental exposures, that DNA repair reduced cancer risk and 

that inflammation and aging influenced cancer development.30 It is not surprising then that 

mouse skin was the first in vivo model to illuminate endogenous oncogenic RAS alleles as 

the drivers of benign squamous tumors resulting from carcinogen exposure.31,32 Since then, 

mouse and human keratinocytes have been widely used to study the consequences of RAS 

activation that are permissive or restrictive for tumor formation. Among these studies there 

has been wide interest in oncogene induced senescence as a potential restraint on tumor 

formation. The data show that multiple pathways contribute to oncogene induced senescence 

and many are unique to keratinocytes. The Glick laboratory has made a compelling case 

that TGF-β signaling, through induction of p15Ink4b, p16Ink4a and p19Arf is a major 

contributing factor as RAS activation elevates TGF-β release from keratinocytes that is 

required for senescence.27,33,34 RAS induced tumors from keratinocytes genetically deleted 

of TGF-β rapidly progress to cancer.35 Our RNA-seq pathway analysis and biochemical 

analyses gave us mixed results regarding the contribution of Y-27632 to TGF-β signaling 

in RAS transformed keratinocytes. Pathways identified by GSEA suggested that inhibiting 

ROCK reduced TGF-β signaling pathways, but Y-27632 did not reduce TGF-β release 

in RAS transformed keratinocytes. A relationship among ROCK activity and TGF-β in 

keratinocytes has been previously reported36, and we found that Y-27632 treatment reduced 

transcripts for TGF-β2, TGF-β3 and Smad7 and lowered Smad3 levels but increased nuclear 

p-Smad3. Therefore, it is likely a yet undisclosed TGF-β mechanism contributed to the anti

senescent activity of Y-27632. Additional reports of pathways associated with RAS induced 

senescence in keratinocytes include ID137, CEBP-β38, ΔNp63α39,40, PRAK41, PPARβ/δ42, 

and NF-κB43. It is not surprising that multiple regulatory pathways are involved as essential 

factors in the struggle between proliferation and senescence in keratinocytes transformed by 

oncogenic RAS since this struggle is a critical protective response in tumor formation. It 

is particularly interesting that these multiple pathways coalesce on the common induction 

of cyclin dependent kinase inhibitors. The current results implicate the Rho/ROCK pathway 
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as an additional fundamental regulator of RAS mediated oncogene induced senescence 

in keratinocytes, and cyclin dependent kinase inhibitors are also critical effectors. Both 

transcriptional analysis and protein assays suggest that interrupting ROCK activity with 

Y-27632 is working independently of these previously identified upstream pathways to 

overcome the elevation of CDK inhibitors and prevent growth arrest. However, this does not 

rule out undiscovered interactions at more proximal levels.

The Rho signaling pathway through its effectors ROCK1 and ROCK2, both of which are 

inhibited by Y-27632, regulates keratinocyte shape, motility, adhesion and consequently 

expression of late differentiation markers such as loricrin and filaggrin.44–47 Our studies 

indicate that ROCK activity and RAS transformation inhibit the expression of early 

keratinocyte markers K1 and K10 which is partially restored by Y-27632, yet proliferation 

is maintained. In human keratinocytes Y-27632 together with feeder cells permits unlimited 

maintenance of normal keratinocytes in a proliferative state in vitro7,8,48,49 primarily by 

blocking terminal (late) differentiation. These paradoxical findings of disparate pathways 

that appear to distinguish early and late differentiation markers remain to be explained.

The contribution of Rho GTPases in cancer is also complex, with divergent effects on cancer 

development and progression depending on context.50 In experimental skin tumor formation, 

manipulating Rho signaling can have context dependent effects. Targeting ROCK2 and 

oncogenic RAS to mouse epidermis enhanced malignant conversion associated with loss 

of p21.51 Similarly, while epidermal deletion of RhoA increased skin tumor incidence, it 

encouraged tumor invasion through compensatory increase in cutaneous RhoB.52 These data 

suggested that Rho/ROCK signaling can have differential effects on benign and malignant 

tumor development. Kern et al. implicated B-raf as an important regulator of ROCK2 

(ROKα) activity indicating that deletion of B-raf in a SOS driven skin carcinogenesis 

model activated ROCK activity to inhibit tumor growth and promote a more differentiated 

phenotype.53 This important observation was amplified when this group showed that the 

Raf complex directly binds to and inactivates ROCK54, and this interaction is a condition 

for tumor formation in skin carcinogenesis.55 These insightful discoveries emphasized the 

critical role played by ROCK kinases in regulating keratinocyte proliferation after RAS 

activation and implied that the induction or maintenance of a differentiated phenotype was 

responsible. We now have revealed that ROCK-mediates RAS transformed keratinocyte 

senescence, and it is likely that this process must be overcome for effective tumor 

development and progression. While differentiation markers may be modified in the process, 

the characteristic growth inhibition, cell enlargement, β-galactosidase positivity, induction 

of cell cycle inhibitors and SASP induction and release are all ROCK mediated. It is of 

particular interest that inhibition of ROCK also prevented the senescence phenotype in aging 

human fibroblasts in vitro.56 In this case, the mechanism involved reducing mitochondrial 

generated reactive oxygen species (ROS) and enhancing oxidative phosphorylation in the 

aging cells, leading to increased proliferation and reduced β-gal staining. In common, our 

GSEA data also indicate a reduction in ROS and an increase in oxidative phosphorylation is 

a consequence of ROCK inhibition in RAS transformed keratinocytes.

Our studies have connected ROCK activity to the NF-κB/IκBζ pathway controlling 

both cyclin dependent kinase inhibitors and SASP release. We previously highlighted 
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the important intrinsic functions of keratinocyte IκBζ signaling in response to RAS 

transformation, in particular as a response to circulating IL-17 from T cells.26 The 

interactions of IL-17 and ROCK are well defined in inflammatory conditions.57 Our studies 

suggest that the elevation of IκBζ in RAS transduced keratinocytes could be mediated 

through ROCK activity. These connections warrant further exploration with the intent to 

determine if modification of the Rho/ROCK pathway in RAS transformed cells could be of 

value in limiting tumor growth or progression through a senescence mediated mechanism.
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Figure 1. RAS modified keratinocyte differentiation through a pathway involving ROCK kinase 
activity.
(A) Primary mouse keratinocytes grown under basal conditions (0.05mM Ca2+) or switched 

to differentiating conditions (0.12mM Ca2+) were transduced with siRNA for ROCK and 

immunoblotted for expression of differentiation markers K1 and K10 after 36 hours. Keratin 

14 (K14) was used as a loading control; (B) The experiment described in A was repeated 

using adenoviral vectors to overexpress human ROCK2 wildtype (ROCK-WT) or a kinase 

dead mutant of ROCK2 (ROCK-KD) and probed for K1 and K10; (C) Cell lysates from 

control or oncogenic RAS-transduced keratinocytes grown under basal or differentiating 

conditions were used to measure ROCK kinase activity in vitro through the phosphorylation 

of its substrate MYPT-1; (D) The kinase assay used in C was repeated on lysates from 

keratinocytes transduced with adeno ROCK-WT or adeno ROCK-KD. Y-27632 was added 

to one of the samples to demonstrate ROCK-specific kinase activity. (E) Keratinocytes 

grown under basal condition were transduced with oncogenic RAS, treated with increasing 

concentrations of Y-27632 and immunoblotted for K1 and K10. K14 and β-actin were used 

as loading controls.
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Figure 2. Inhibition of ROCK enhanced the proliferation and extended the long-term survival of 
RAS-transduced mouse keratinocytes.
(A) Phase contrast morphology of oncogenic RAS-transduced keratinocytes cultured in 

basal condition over 21 days in the presence or absence of Y-27632; (B) The EdU 

incorporation as the % of total cells. Treatment as shown in A; (C) Accumulated cell 

number (cell counts, top) and confluence (Incucyte live cell imaging, bottom) of oncogenic 

RAS-transduced keratinocytes over time with or without Y-27632; (D) RAS-transduced 

keratinocytes stained with crystal violet after 27 days in the presence of non-cytotoxic doses 

of ROCK inhibitors (Y-27632, GSK-429286A, SR-3677, or TC-S 7001). Data presented are 

mean±SD (n=4). * p≤0.05, ** p≤0.01, *** p≤0.005, **** p ≤0.001.
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Figure 3. Inhibition of ROCK attenuated the oncogene-induced senescence responses in RAS
keratinocytes
(A) Crystal violet staining and acidic βgal staining with X-gal of keratinocytes either 7- or 

14-days post-treatment. βgal positive cells with enlarged morphology are indicated by red 

arrows. Scale bar=200 μm; (B) Quantification of β-gal positive cells as the percentage of 

total cells, 7 days post-treatment, was carried out using fluorescence SPiDER βgal staining 

and Hoechst 33342 nuclear staining. Lower panels show sample images from cells stained 

for SPiDER βgal and Hoechst 33342. Scale bar=100 μm; (C) Cytokine array data (ratio 

presented as a heatmap) from cell culture supernatant proteins. * indicates proteins that 

are reported previously as SASPs. Data presented are ratios between the two groups listed 

at the top (C is control keratinocytes; numbers are weeks); (D) RT-qPCR gene expression 

analysis of transcripts for select SASPs from RNA isolated from keratinocytes transformed 

by oncogenic RAS with or without Y-27632 treatment. Data presented are mean±SD (n=4). 

* p≤0.05, ** p≤0.01, *** p≤0.005, **** p ≤0.001.
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Figure 4. Y-27632 altered the expression of cell cycle regulators downstream from oncogenic 
RAS
(A) Immunoblot of whole cell lysates from control and RAS-transformed keratinocytes 

treated with an increasing concentration of Y-27632 one week in culture. HSP90 is the 

loading control; (B) RT-qPCR gene expression analysis for cell cycle regulators from RNA 

isolated from control and RAS-keratinocytes ± 2.5 μM Y-27632 after one or two weeks 

in culture. Data presented are mean±SD (n=4). * p≤0.05, ** p≤0.01, *** p≤0.005, **** p 

≤0.001.
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Figure 5. Inhibiting ROCK altered a larger landscape of gene expression in RAS-transformed 
keratinocytes
Keratinocytes were transformed by oncogenic RAS and cultured for 1 or 3 weeks in 

the presence or absence of Y-27632 (2.5 μM). RNA was isolated and gene expression 

was determined by RNA-seq. Ctrl-control cells; RAS1-RAS-keratinocytes cultured for one 

week; RASY1-RAS-keratinocytes treated with Y-27632 cultured for one week; RAS3-RAS

keratinocytes cultured for three weeks; RASY3-RAS-keratinocytes treated with Y-27632 

cultured for three weeks. (A) Principal component analysis was performed to determine 

separation relationships among the groups (q≤0.05, 13520 transcripts); (B) Heatmap 

constructed for all significantly expressed genes (q≤0.05, 13520 transcripts); (C) Heatmap 

constructed from differentially expressed specific genes that are highly associated with 

RAS-transformation of keratinocytes26; (D) Heatmap of Activation Z Scores from IPA 
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canonical pathway analysis. IPA Canonical Pathways that were significantly up or down 

regulated (Z Score ≥│2│) from RAS1/Ctrl were plotted based on Z scores. Columns 2 

and 3 show Activation Z scores from analyzing RASY1/RAS1 and RASY3/RAS3 for the 

same pathways; (E) Heatmap of normalized enrichment scores from GSEA Hallmark gene 

set from 1- and 3-week samples presented as the ratio of RAS plus Y-27632 samples over 

RAS samples at the same time point.
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Figure 6. ROCK influences the RAS activated NF-κB pathway
(A) Cytoplasmic and nuclear fractions were isolated from keratinocytes transduced 

with oncogenic RAS and/or treated with Y-27632. The samples were analyzed via 

immunoblotting for NF-κB1 p105/50, NF-κB p65, IκBζ and Lamin A/C; (B) IPA Upstream 

Regulator analysis of differentially expressed genes from RNA-seq. Differentially expressed 

genes regulated by IκBζ or NFκB-relA are shown as heatmaps. Data presented are ratios 

between the two groups listed at the top of each column. (C) RT-qPCR for selected genes 

from keratinocytes transduced with RAS and treated with Y-27632 as shown. Data presented 

are mean±SD (n=4). * p≤0.05, ** p≤0.01, *** p≤0.005, **** p≤0.001. (D) Immunoblots for 

IκBζ and Histone H3.
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Figure 7. The prevention of oncogenes induced senescence by Y-27632 is reversible
(A) Cell density masks for RAS-transformed keratinocytes. RAS-keratinocytes were 

cultured with or without Y-27632 for three weeks and then Y-27632 was removed from 

a subset of Y-27632-treated RAS-keratinocytes for 5 days. Whole wells were scanned 

and cell densities from each well were calculated using Incucyte software. (B) RT-qPCR 

analysis of genes coding for cell cycle inhibitors from RAS-keratinocytes, Y-27632 treated 

RAS-keratinocytes, and Y-27632 treated RAS-keratinocytes grown for 10 days before 

Y-27632 was removed on Day 0. (C) RT-qPCR analysis of genes encoding SASP related 

genes from RAS-keratinocytes, Y-27632 treated RAS-keratinocytes, and Y-27632 treated 

RAS-keratinocytes but Y-27632 was removed on Day 0. Data presented are mean±SD 

(n=4). * p≤0.05, ** p≤0.01, *** p≤0.005, **** p≤0.001. (D) Image of tumors formed in 
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orthografts of Y-27632 treated RAS-transformed keratinocytes kept in culture for 10 days 

prior to isolation of cells and grafting to a prepared skin bed on nude mice.
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