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Abstract

Altered cell polarity and migration are hallmarks of cancer and metastases. Here we show that 

inactivation of the retinoblastoma gene (Rb) tumor suppressor causes defects in tissue closure that 

reflect the inability of Rb null epithelial cells to efficiently migrate and polarize. These defects 

occur independently of pRB’s anti-proliferative role and instead correlate with upregulation of 

RhoA signaling and mislocalization of apical-basal polarity proteins. Notably, concomitant 

inactivation of tp53 specifically overrides the motility defect, and not the aberrant polarity, thereby 

uncovering previously unappreciated mechanisms by which Rb and tp53 mutations cooperate to 

promote cancer development and metastases.

Introduction

Motility and polarity are interconnected processes that play key roles in development, 

wound healing, and cancer. These processes are regulated by the family of small Rho 

GTPases and the PAR complex respectively, with extensive cross-talk between them. In the 

active GTP-bound state, the GTPases trigger signaling cascades that shape the actin 

cytoskeleton by regulating cell protrusions, focal adhesions and stress fibers, thereby 

establishing front-back polarity and allowing cell migration [1,2]. The PAR proteins regulate 

apical-basal polarity during tissue morphogenesis by creating functional and spatial distinct 

domains within a cell via correct assembly and positioning of adherens and tight junctions 

[3,4]. The PARs cooperate with Rho GTPases to establish tissue polarity, and also with the 

planar cell polarity machinery, which acts to align epithelial appendices along the body 

front-rear axis [5–7]. Additionally, the PARs regulate symmetric and asymmetric cell 

division, thereby influencing stem cell differentiation and regeneration [8]. Given these 

functions, it is unsurprising that RhoGTPases and PARs are frequently deregulated in cancer. 

Notably, direct mutation of these genes rarely occurs and instead these factors are typically 

deregulated through altered expression, localization and/or activity [5]. This finding led to 

speculation that these factors are regulated by cancer genes in tumors and potentially normal 

physiology. Accordingly, numerous oncogenes (e.g. kras, c-jun, and EGFR), as well as a few 

tumor suppressors (NF2, Apc and LKB1), have been shown to modulate signaling pathways 
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that impact migration and polarity. Moreover, it was recently shown that cell motility 

pathways must be deregulated for effective primary tumor development, as well as for the 

invasive phase [9]. This suggested that engagement of the cell mobility machinery may be a 

more general effect of early cancer mutations.

The human RB-1 gene is mutated in about a third of human tumors, typically at an early 

stage. Its protein product, pRB, is best known for restraining proliferation by repressing E2F 

transcription factors [10]. However, pRB has been shown to regulate other biological 

processes including fate commitment, chromosomal integrity, apoptosis and metabolism, 

primarily through interaction with transcription factors but also via transcriptionally-

independent, and even non-nuclear, mechanisms [10]. Notably, a potential role for pRB in 

migration and polarity remains under-investigated, likely because phenotypes characteristic 

of migration and polarity defects can easily be misinterpreted as arising from ectopic 

proliferation. Still, Rb loss has been shown to decrease tangential migration of neurons, 

augment invasiveness in prostate cancer cells, and cause planar cell polarity defects in 

Drosophila [11–13]. Here we show that Rb deficiency yields developmental and wounding 

defects in mouse models, which are cell autonomous and independent of ectopic cell 

proliferation, and instead reflect a profound impairment in both the motility and polarity of 

Rb mutant epithelial cells.

Materials and Methods

Mice, keratinocytes, IHC and IF:

Mice used in this study were: Rb and Rb;E2f chimeras [14,15]; Rbc/c [16]; K14Cre [17]; and 

K14CreERT [18]. Tissues were treated and stained as described previously [14], or OCT-

embedded for histology and IHC. Primary keratinocytes were isolated from E18.5 embryos 

and cultured as described previously [19] in 0.05 mM CaCl2 on Col1 coated surfaces. 

AdGFP and AdCreGFP infections were conducted at 10 MOI for 3 hrs. Junctions were 

induced with 1.8mM Ca2+. Rock inhibitors (Calbiochem) were added at 10μM Y27632 and 

5 μM H-1152, and BrdU at 33μM. For IF, 10 μm cryosections or coverslips fixed with 4% 

PFA for 15’ were incubated o/n at 4°C with primary antibodies and detected with Alexa 

Fluor-conjugated secondary antibodies (Invitrogen), plus Alexa Fluor-conjugated phalloidin 

and dapi, to also visualize F-actin and nuclei. DeltaVision microscope images were 

deconvolved using SoftWoRx acquisition software (Applied Precision) and quantified by 

ImageJ. P values were calculated with Student’s t-test.

Migration and wound healing assays:

For Boyden chambers, 105 cells were plated in triplicate on 8μm pore, 24 well transwell 

plates. Migrated cells were detected by crystal violet after removing cells from the top 

chamber by Q-tip. For in vitro scratch assays, confluent cell layers were incubated with 

1.8mM Ca for >24 hrs and scratched with yellow tips. Two wounded areas/plate/embryo 

were photographed over time and the gaps quantified by ImageJ. For time lapse microscopy, 

5×104 cells were plated on 12 well glass bottom plates (MatTek), photographed every 10 

min for 15 hours and the GFP+ cells analyzed by Imaris imaging software. P values were 

calculated with Student’s t-test. For in vivo wound healing, 2 months littermates were 
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painted with tamoxifen (2.5 mg in EtOH) for 11 days, and a skin-thick 1 cm incision 

monitored daily for 5 days. Genomic DNA was extracted and analyzed by PCR.

Protein and RNA:

For protein, cells were lysed in NP40 buffer+ protease and phosphatases inhibitors, or 1% 

SDS 60mM Tris-Cl pH 6.8 at 95°C, and processed as described [14]. For mRNA, total RNA 

was extracted using RNeasy Mini+RNAse-Free DNAse Set kits (Quiagen). cDNA was 

generated using Superscript III (Invitrogen) and 10ng/sample (≥3 cell lines) assayed in 

duplicate by qPCR on a 7500 real time PCR system (Applied Biosystem) using SybrGreen. 

Results were normalized to ubiquitin, and P values were calculated with Student’s t-test.

Primary antibodies:

krt 6 sc-22481; krt 14 Neomarkes LL002; krt 10 Covance PRB-159; Ki67 BD 550609; E-
cad BD610181 or CS 3195; Paxillin BD 610620; Vinculin Sigma V9131; P-MLC2(Ser19) 
CS 3675; MLC2 CS 3672; aPKCζ sc-216; ZO1 Invitrogen 617300; Par3 Upstate 

(Millipore) 07–330; RhoA CS 2117; pRB Pharmigen 554136; α-tubulin Sigma T7816; β-
tubulin AB15246; Par6 Sigma 9547; and BrdU BD 3475800.

Primers:

All 5’ to 3’. mypt1: F-gttccagtgaggaggacgag, R-aagccatgggctttgtctta; par-6: F-

gggttccaggtatcttcatc, R-gacctcaaggatctcatcac; prickle-: F-

cagagaagctccacatcag R-ggcaagcatgcgaaatag; frizzled-2: F-cacggtcaccacctattt, 

R-tgcagccttctttcttagt; mlc2: F-gtgttcgccatgtttgac, R-ggcatcagtgggattctt; 

par-3: F-aacaactgtcccaacgcgagaa, R: tttggttgaggcgtgagcacta; ZO1: F-

aaatgagaagcagacgcccact, R-accagtttcatgctgggcctaa; aPKCζ: F-

acggacaaccctgacatgaaca, R-tgctgcggaagaaagcatgaga; cdc42: F-

tgttggtgatggtgctgttggt, R-agtccaagagtgtatggctctcca; rac1: F-

tgcctgctcatcagttacacga, R-ttcttgtccagctgtgtcccat; E-cadherin: F-

cagccttcttttcggaagact, R-ggtagacagctccctatgact; rock1: F-

gctgaatgacatgcaagcgcaa, R-tttgcccgcaactgctcaat; rhoA: F-

tgttggtgatggagcttgtggt, R-tcaaacaccgtgggcacataga; p107: F-

tctgacaatggccacaaccaca, R-ttggcgataccatgcaaaggga; cyclin E1: F-

tgtttttgcaagacccagatga, R-ggctgactgctatcctcgct.

Results

Rb inactivation causes tissue closure defects during development.

We previously generated Rb-/- ES cells constitutively expressing a LacZ reporter to 

investigate Rb mutant tumor phenotypes in chimeric mutant mice [14]. This current study 

stemmed from our discovery that these Rb-/- chimeras displayed tissue closure defects. 

Specifically, examination at E18.5 revealed partial or complete failure in eyelid closure 

[called the eyes open phenotype (EOP)] in 39% (15/38) of Rb-/- chimeric embryos, as well 

as sporadic abnormal fusion of the ventral body wall (Fig. 1A). To determine whether these 

were a direct effect of Rb loss, we stained multiple chimeric litters for the LacZ marker of 
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the Rb-/- cells. Twelve of the 21 embryos examined displayed EOP and/or ventral suture 

defects and, in every case, LacZ positive (Rb-/-) cells comprised the affected site (Fig. 1A). 

Conversely, embryos with few or no LacZ positive cells at the relevant sites lacked these 

defects.

Eyelid closure initiates around day E15.5 with formation of the eyelid tip, an epithelial 

structure that protrudes from each eyelid bud, subsequently extends and migrates over the 

cornea to fuse in the middle by E16.5 and completely cover the eyes until two weeks post-

birth [20]. To evaluate this process in Rb-/- chimeras, we isolated embryos at E16.5 

(corresponding to E15.5 in non-chimeras) and conducted immunohistochemical (IHC) 

staining for keratin 6 (k6), an eyelid tip marker [21]. For 9/9 eyelids with strong LacZ 

staining at the tip area, this structure had not developed (Fig 1B), while embryos with 

normal eyelid tips (7/7) had few or no LacZ-positive cells in this region (Fig 1B, 

Supplemental Fig. 1). Defective Rb-/- eyelid tips were characterized by aberrant filamentous 

(F) actin staining (Supplemental Fig. 1) and frequently accompanied by detachment of the 

eyelid from the cornea (Fig. 1A-C), both common consequences of mutation of migration 

genes [20,21]. At later developmental stages, defective eyelid closure was characterized by 

loss of the leading edge [4/4 Rb mutants at E17.5 (Fig. 1B) and 15/15 at E18.5 (Fig. 1A)].

Prior studies have shown that inhibition of cell proliferation does not impair eyelid closure 

[22] arguing that these processes are unconnected. Nevertheless, constitutive Rb inactivation 

in the basal epidermal layer (K14CreRbc/c mice) yields adult skin with expanded suprabasal 

layers, which has been reported to result from a combination of ectopic proliferation and 

differentiation defects [23]. Thus, we examined the eyelid epidermis of E16.5 Rb-/- chimeras 

for differentiation and proliferation markers. IHC for keratin 14 and 10 revealed no overt 

differences in either the basal (undifferentiated, k14 positive) or suprabasal (differentiated, 

k10 positive) epidermal layers of chimeric eyelids with (n=8) or without (n=9) defective tips 

(Fig 1C, Supplemental Fig. 1). Moreover, in both cases (n=9 each), the area around the 

eyelid was largely devoid of cells expressing the proliferation marker Ki67 (n≤2 cells; Fig. 

1C). Finally, comparison of E18.5 chimeras generated with Rb-/- versus Rb-/-;E2f3-/- or 

Rb-/-;E2f4-/- ES cells showed that the EOP of Rb mutants was unaltered by the simultaneous 

loss of E2f3 or E2f4 (Supplemental Fig. 1). Thus, Rb loss causes tissue closure defects that 

arise independent of either differentiation or proliferation defects, or from deregulation of 

E2f transcription factors that account for many other embryonic Rb mutant phenotypes.

To further explore the breadth of pRB’s role in tissues closure, we also analyzed the effect of 

Rb deficiency on wound healing. For this, we generated K14CreER+;Rbc/c mice in which 

tamoxifen treatment allows Rb deletion in the basal epidermal layer. To highlight the 

contribution of migration during wound closure, we used skin-thick incisions, rather than 

patch-excision, to minimize the impact of ectopic proliferation caused by Rb loss in the 

epidermis [23]. We painted the skin of adult Rbc/c (wildtype) or K14CreER+;Rbc/c (Rb 
mutant) mice with tamoxifen daily for 11 days (which is sufficient for Rb deletion, 

Supplemental Fig. 1), then performed a 1 cm cut and monitored wound healing. After 5 

days, healing was completed in wildtype but not mutant skins (Fig. 1D), indicating that Rb 
deficiency impairs wound healing, despite efficient expression of keratin 6 (Fig. 1D), which 

is essential for this process. This likely reflects a delay, not complete abrogation, of the 
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healing response since healing was evident at the extremes of the wound in Rb mutant skin 

(Fig 1D). Thus, Rb is required for appropriate tissue closure in normal development and 

adult tissue homeostasis.

pRB regulates cell motility.

The closure defects we observed in Rb mutants are reminiscent of defects resulting from 

motility gene mutations [20,21], suggesting that Rb somehow regulates migration. To 

address this, we examined the effect of Rb loss on primary epithelial cells. We isolated 

keratinocytes from the skin of E18.5 Rbc/c embryos and infected them with adenoviruses 

expressing GFP alone or Cre-GFP, to create matched wildtype and Rb-/- cells. All 

subsequent analyses were conducted 48 hours post-infection, when pRB was undetectable in 

the Cre-infected cells (Supplemental Fig. 2). Initially, we cultured confluent keratinocyte 

monolayers in high calcium for at least 24 hours to induce cell-cell junctions, differentiation, 

and formation of in vitro “skins”, which we then scratched and monitored for healing 

capacity. By the time the wildtype cells had completely filled the scratch (30 hours), the Rb 
mutant cells had covered only 60% of the wounded area (Fig. 2A). Notably, as previously 

reported [23], analysis of BrdU incorporation showed that the wildtype cells were 

completely arrested while the Rb mutants were undergoing ectopic proliferation (Fig. 2A). 

Interestingly, increased cell proliferation generally correlates with increased healing ability 

[24]. In stark contrast, our data show that Rb mutation causes healing defects even in the 

presence of increased proliferation.

We also wished to separate cell migration defects from cell proliferation defects. For this, we 

employed low calcium conditions in which wildtype and Rb mutant cells display 

comparable proliferation rates (Fig. 2B), as previously reported [23]. Since low calcium does 

not allow formation of cell junctions and thus epithelial cell layers, we assessed migration of 

single cells using modified Boyden chambers. After 12 hours, only 30% of Rb-/- cells had 

migrated to the chamber bottom compared to wildtype controls (Fig. 2B). Thus, pRB is 

required for appropriate cell migration independent of its role in cell division. To further 

define the nature of the migratory defects, we performed time-lapse microscopy on cultured 

single cells over a 15 hour period. Analysis of the cell tracks showed that Rb-/- keratinocytes 

covered 25% less distance and were 65% slower than the wildtype controls (Fig. 2C). 

Moreover, the Rb-/- keratinocytes had a 50% reduced persistence (the ability to maintain a 

specific trajectory; Fig. 2C), which suggested a problem with cell polarity.

Rb modulates Rho activity in epithelial cells.

In addition to their migratory defects, the Rb-/- keratinocytes were rounder than their 

wildtype controls, showing a 25% increase in circularity index (Fig. 3A, Supplemental Fig. 

3). This indicates an impaired ability to establish front-back polarity, which is indispensable 

for productive migration and is dictated by RhoGTPase activity. Examination of the time 

lapse images indicated that the Rb-/- cells could still form protrusions (not shown). However, 

these cells possessed prominent stress fibers [detected by staining for filamentous actin 

(phalloidin)] that were arranged across the cell body, in stark contrast to wildtypes, in which 

stress fibers were restricted to the periphery and more to one side (Fig. 3A). These 

phenotypes, suggesting that Rb loss causes a shift towards a less polarized state, were 
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coupled with a significant increase (p<0.0001) in the mean area of focal adhesions (FA; 

from 569±23 pixels for wildtype controls to 1118±43 pixels for Rb-/- cells), as determined 

by immunofluorescence (IF) staining for vinculin (Fig. 3A) and paxillin (Fig. 3C), indicating 

stronger substrate attachment. Increased stress fibers and thicker FAs are consistent with 

impaired cell motility and are generally caused by hyperactive RhoA [2]. RhoA stimulates 

Rock kinase activity and thus myosin light chain 2 (MLC2) phosphorylation, thereby 

regulating cell contractility. We found that Rb loss caused no appreciable change in the 

mRNA levels for RhoA (or the prototypical Rho GTPases, Rac and Cdc42) or the total 

protein levels of RhoA and its effectors (Supplemental Fig. 3, data not shown). However, it 

clearly increased the levels of phosphorylated myosin light chain 2 (P-MLC2, Fig. 3B) and 

the inhibitory phosphorylation of the MLC2 phosphatase (P-Thr853-MYPT1), another 

known Rock substrate (Supplemental Fig. 3). Rac and Cdc42 can also modulate MLC2 

phosphorylation, acting via Rock independent mechanisms [1]. Thus, to assess whether 

these defects result from RhoA hyperactivation, we tested the effect of two distinct Rock 

inhibitors, H1152 and Y27632. Treatment for 1 hour significantly reduced the levels of P-

MLC2 in both wildtype and Rb-/- cells (Fig. 3B), and yielded a concomitant decrease in 

stress fibers and FA (Fig. 3C). Together, these data establish a role for Rb in the regulation 

of stress fibers and FA through activation of the RhoA-Rock axis at the post-transcriptional 

level.

Rb controls cell and tissue architecture.

The existence of a pRB-RhoA pathway link, together with the effects of Rb loss on cell 

morphology and motility, suggest a regulatory role for pRB in general tissue polarity. 

Notably, the skin of K14CreRbc/c mice, which have constitutive Rb deletion in the basal 

layer, has abnormal architecture, extra cell layers, sparse hair and enlarged sebaceous glands 

[23] (Fig. 4A). These phenotypes, have been previously ascribed to ectopic proliferation and 

improper differentiation [23] but we hypothesized that they might reflect intrinsic defects in 

asymmetric cell division and/or altered self-renewal, which both involve cell polarity. 

Consistent with this notion, we found that K14CreRbc/c mice have rough coats (Fig. 4A) 

suggesting a defect in hair orientation. Notably, appropriate hair orientation requires 

establishment of planar cell polarity (PCP) in the basal layer of the interfollicular epidermis, 

which occurs prior to stratification and independent of proliferation [25]. Importantly, the 

mechanisms underlying PCP share commonalities with those used to close epithelial wounds 

and regulate directional migration. To probe the effect of Rb loss on tissue architecture, we 

analyzed the adult skin of K14CreRbc/c (Rb-/-) mice, versus K14Cre (wildtype) littermates, 

for F-actin (phalloidin staining) and polarity determinants. Phalloidin and DAPI staining 

showed that the Rb-/- cells were both misshapen and bigger than wildtypes, and their nuclei 

were misoriented (Fig. 4B). Moreover, two key components of the PAR complex, aPKCζ 
and Par3, had disrupted localization at both the cell and tissue levels. Within cells, these 

proteins were diffusely distributed at the cell membrane in Rb mutants and also in the 

cytoplasm in the case of Par3, in contrast to discrete membrane localization in wildtypes 

(Fig. 4B). At the whole tissue level, aPKCζ expression was mostly restricted to the basal 

layer and Par3 to the suprabasal layers in wildtypes, but both proteins were present in both 

layers of the Rb-/- epidermis (Fig 4B). Despite their differential PAR protein localization, 

wildtype and Rb-/- epidermal cells displayed similar membranous localization of the 
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adherens and tight junction markers, E-cadherin and ZO1 (data not shown), consistent with 

the reported intact skin barrier in Rb deficient skin [23]. Thus, Rb loss alters the distribution 

of a subset of proteins that define polarity in adult skin, and causes skin architecture defects 

characteristic of polarity/PCP defects.

Our in vivo analyses do not rule out the possibility that altered PAR protein distribution is a 

secondary effect of ectopic proliferation and/or extra cell layers within Rb mutant skin, as 

opposed to a distinct consequence of Rb depletion. To address this, we used our in vitro 
system to mimic the formation of an epithelium, including establishment of apical basal 

polarity and junction formation, by stimulating subconfluent monolayers of wildtype and 

Rb-/- keratinocytes with calcium for 3 to 24 hrs. In wildtype primary keratinocytes, 3 hrs 

calcium treatment is known to induce cytoskeleton remodeling in adjacent cells with 

formation of circular belts and F-actin-rich intercalating finger-like protrusions called 

punctae that contain immature junctions [26]. With continued calcium exposure, the polarity 

proteins allow the vertical stratification of tight (TJ) and adherens junctions (AJ), with TJs 

more apical, and F-actin and myosin remodeling with formation of apical junctional belts. 

By 24 hrs the apical basal program is complete and the junctions are fully “mature”. In our 

analyses, at the 3 hrs timepoint, adjacent wildtype cells had appropriately remodeled their 

actin-myosin cytoskeleton to generate defined circular belts, but F-actin and myosin were 

disorganized and diffused, with aberrant rings at the cell-cell junctions, in Rb-/- cells (Fig. 

4C). This Rb mutant phenotype was accompanied by a significant upregulation of the 

polarity proteins, Par6 (data not shown), Par3 and aPKC (Fig. 4C), at the cell membrane. 

Moreover, while E-cadherin (AJ) and ZO1 (TJ) localized appropriately at punctae in 

adjacent wildtype cells, Rb-/- keratinocytes had significantly fewer projections and an 

increased frequency of flat and continuous E-cadherin and ZO1 positive areas (Fig. 4D). 

Importantly, these effects were clearly independent of pRB’s role in proliferation and 

differentiation, as wildtype and Rb-/- cells proliferate at comparable rates after 3 hrs of 

calcium treatment (Supplemental Fig. 4). This spectrum of Rb-/- defects occurred without 

any detectable increase in the levels of RNA or protein (either total or active phosphorylated 

species) for these deregulated polarity and junction proteins (Supplemental Fig.4). 24 hours 

post-calcium, wildtype cells achieved full junctional maturity, as expected, but defects in 

actin cytoskeleton, PAR proteins accumulation, and aberrant junctional complexes remained 

evident in Rb-/- epithelial layers (Fig 4E, Supplemental Fig.4) indicating that these are not 

transitory and could explain, or contribute to, the altered structure in the mutant adult skin. 

Interestingly, our data suggest that the effects of Rb loss on tissue polarity are, at least in 

part, Rho independent. Specifically, we cultured the epithelial layers with Rock inhibitors 

for the final hour of the 3 hour calcium treatment but this did not reverse the aberrant 

accumulation of aPKC at the cell membranes of Rb-/- cells despite disrupting the acto-

myosin cytoskeleton in both wildtype and mutant cells (Supplemental Fig.4, not shown). 

Thus, collectively our data show that Rb inactivation impairs establishment of polarity in a 

forming epithelium by interfering with the basic polarity machinery independently of 

proliferation.
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p53 mutation selectively rescues motility in Rb-deficient cells.

Tumor progression features loss of polarity and deregulated migration and invasion. Our 

data show that Rb inactivation causes loss of polarity, while simultaneously reducing 

migration, thereby yielding apparently conflicting effects. This was unexpected given the 

significant link between RB inactivating mutations and highly metastatic human tumors such 

as retinoblastoma, osteosarcoma, and small cell lung cancer. We therefore hypothesized that 

additional mutations are needed to overcome the hypomotile state imposed by Rb loss. We 

noted that Tp53 is frequently mutated in RB-1 mutant tumors. Moreover, Rb deletion is not 

sufficient to initiate skin cancer, while concomitant inactivation of tp53 allows early onset, 

metastatic squamous cell carcinomas [27]. Thus, we tested whether tp53 loss could 

modulate the Rb-deficient epithelial phenotypes by generating K14CreRbc/c;p53c/c and 

K14Crep53c/c mice. As reported [27], mutation of tp53 alone did not alter skin composition 

or morphology (data not shown). When combined with Rb loss, the resulting Rb;p53 DKO 

skins showed a similar, altered architecture to Rb single mutants, including thicker, 

disorganized epidermis, enlarged sebaceous glands and misoriented hair (Fig. 5A), 

suggesting that tp53 loss does not modulate the altered polarity of the Rb-/- cells. To directly 

test this, we generated paired Rb;p53 DKO and wildtype keratinocytes, by infecting 

Rbc/c;p53c/c keratinocytes with Ad-CreGFP or Ad-GFP. In response to 3 hour calcium, the 

Rb;p53 DKO cells showed the same upregulation of aPKC at junctional membranes and 

altered cytoskeleton, as the Rb-/- cells (compare Fig. 5B to Fig 4C), confirming retention of 

their polarity defects. We then used in vitro scratch assays to assess cell motility. 

Remarkably, the Rb;p53 DKO cells healed the in vitro wound at the same rate as their 

wildtype controls (Fig. 5C). Thus, p53 mutation overrides the hypomotility of Rb-/- cells 

(Fig. 5C). To characterize this further, we then analyzed these cells in low calcium and low 

confluence. The Rb;p53 DKOs maintained the higher circularity index of Rb-/- keratinocytes 

(compare Fig. 5D to Fig. 3A) but simultaneously displayed a dramatic difference in the FA 

phenotype; while FAs of Rb-/- cells were almost double the size of their wildtype 

counterparts (Fig. 3A), the mean FA size was significantly smaller (p<0.0001) for Rb;p53 
DKO cells than their wildtype controls (Fig. 5D; 568±23 pixels for DKO versus 759±23 

pixels for wildtypes). Accompanying this FA change, the levels of the RhoA effector, P-

MLC2, were the same in Rb;p53 DKO and wildtype cells, and not elevated as in Rb single 

mutants (Fig. 5D). Thus, tp53 mutation does not “correct” the polarity defect resulting from 

Rb loss, but it fully rescues the hypomotility, possibly by modulating focal adhesions, and 

restoring Rho activity to normal.

Discussion

Our work highlights an unappreciated role for pRB in epithelial cell migration and polarity 

that is independent of cell proliferation. The extensive crosstalk between these two processes 

is well established, and undoubtedly occurs in our Rb deficient cells. However, our data 

show that Rb loss derails these processes through separable mechanisms, as evidenced by 

the differential rescue occurring upon tp53 loss. Our data indicate that the migration defects 

reflect deregulation of RhoA activity. The precise mechanism by which pRB loss achieves 

this is unclear, but it is not mediated at the level of RhoA transcription. Consistent with the 

notion of Rb-RhoA cross-talk, deregulation of RhoA or Rock yields phenotypes similar to 
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the ones described above for Rb loss. RhoA hyperactivation decreases, and knockdown 

increases, collective epithelial cell migration in scratch assays [28]. Rock overexpression 

causes epidermal thickening [29], and its inactivation leads to decreased stress fibers in 

primary keratinocytes and tissue closure defects [21]. While our study is the first to describe 

pRB-RhoA crosstalk in primary epithelial cells, interactions between Rb and RhoGTPases 

seem relevant in other cell contexts. Rb loss upregulates Rac activity in osteoblasts [30], and 

mimics the effects of RhoA activation in prostate cancer cells by promoting actin 

polymerization through E2F-dependent upregulation of RHAMM [12]. Interestingly, in both 

prostate and breast cancer cells, Rb deficiency also augments metastases by decreasing cell-

cell adhesion and induction of EMT [12,31], but these mechanisms do not seem to be 

engaged in our Rb deficient keratinocytes (Supplemental Fig. 4).

Our study also showed that pRB is necessary for the establishment of polarity during 

formation of an epithelial layer. The aberrant polarity resulting from Rb loss occurs 

independent of ectopic proliferation, at least in vitro, and is sufficient to disrupt the 

localization of PAR complex components and the establishment of apical-basal polarity 

during epithelial layer formation. Notably, the defects in PAR complex component 

localization are also apparent in Rb mutant skin, suggesting that the aberrant skin 

architecture reflects alterations in tissue polarity, asymmetric cell division and PCP. While 

our study is the first to establish pRB’s role in apical-basal polarity in epithelial cells, we 

note that pRB was recently implicated in PCP in the Drosophila wing and eye [13]. In this 

invertebrate context, the effect of Rb loss on PCP was linked to modest transcriptional 

changes in pk, vang, fmi and, of relevance to our study, aPKC. However restoration of aPKC 
levels did not impact the Rb mutant wing defects and only partially rescued the eye [13]. 

The expression of these genes is not altered in our Rb deficient keratinocytes (Supplemental 

Fig. 4), but these findings suggest that Rb’s role in polarity is evolutionarily conserved.

Our study also has intriguing implications for the tumorigenic consequences of Rb 
inactivation. At a simplistic level, deregulated polarity would appear to be tumor promoting, 

while hypomotility might seem tumor suppressive, although this could be context dependent. 

In the colon for instance, where epithelial cells move quickly from the bottom to the top of 

the crypts before shedding, decreased migration might increase the cells’ lifetime and thus 

facilitate tumor development. This mechanism, recently suggested for Apc [32], would fit 

our prior finding that Rb inactivation promotes colorectal cancer [33]. In other tissues, 

reduced migration could be anti-tumorigenic. One such case, could be two-step skin 

carcinogenesis, were Rb mutant skin yields fewer tumors than Rb wildtype. Interestingly, 

over time, these Rb deficient tumors actually become more invasive than their Rb wildtype 

counterparts [34]. Given our findings, we speculate that the Rb deficient epithelial cells are 

“pre-primed” to be tumorigenic because of the loss of polarity but initially disabled by their 

hypomotility, and that the subsequent acquisition of additional mutations – in our case 

specifically the loss of tp53 – releases this migratory block and unleashes invasiveness. This 

model fits with the increased onset, incidence and aggressiveness of squamous cell 

carcinomas observed in Rb;p53 versus p53 murine deficient skin, and explains the 

prevalence of RB-1 and Tp53 co-mutation in highly metastatic human tumor types, such as 

retinoblastoma, osteosarcoma and SCLC. While a systematic analysis of migration and 

polarity regulators in Rb deficient tumors remains to be done, this work suggests that 
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inhibitors or agonists of polarity factors and RhoA/Rock might be an interesting option for 

treatment of RB-1 mutant metastatic tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rb inactivation causes general tissue fusion defects.
(A) Representative images of E18.5 Rb null chimeric embryos displaying EOP and aberrant 

body wall fusion (upper panel). H&E counterstaining of whole mount LacZ stained sections 

showed co-occurrence of the EOP defect and Rb-/- (blue) cells at the eyelid end (lower 

panel). (B) Representative images of IHC of E16.5 (upper panel) and E17.5 (lower panel) 

embryos with α-k6 showed failure to form the tip in Rb-/- eyelids. (C) IHC for k10, k14 and 

Ki67 at E16.5 showed that the differentiated and basal layers are equally represented in Rb-/- 

chimeric mutant and non-chimeric eyelid epidermis, and that proliferation is negligible in 

both. (D) Representative images five days after wounding, showed a delay in wound closure 

in Rb-deficient skin, relative to the wildtype control (upper panel), despite displaying 

efficient k6 expression (lower panel).
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Figure 2. Rb null keratinocytes have motility defects.
(A) Epithelial cell layers were generated by culturing wildtype and Rb-/- keratinocytes in 

high calcium for 24 hours. The Rb-/- keratinocytes had an impaired ability to repair 

scratches, as indicated by representative images and quantification (left graph; n=6 lines), 

and displayed ectopic proliferation, as assessed by BrdU incorporation (right graph; 3 lines/

genotype, ~2000 cells. (B) Single Rb-/- keratinocytes (cultured in low calcium) showed 

impaired migration 12 hrs post-plating in Boyden chambers relative to wildtype controls, as 

judged by crystal violet staining of cells with representative images above and quantification 

in left graph (n=6 lines/genotype, plated in triplicate), without proliferation changes, which 

were assessed by BrdU incorporation (right graph; n=3 lines/genotype, ~500 cells). (C) 

Time-lapse microscopy was conducted for 15 hrs to track the path of individual wildtype and 

Rb-/- keratinocytes (n=3 lines and >350 cells per genotype). From left to right: windrose 

plots and graphs show that Rb-/- cells had significant reduced total pathlength, velocity, and 

persistence compared to their wildtype counterparts. Statistical significance was determined 

by Student’s t-test.

Parisi et al. Page 13

Mol Carcinog. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Rb loss causes changes in cell architecture that correlate with hyperactive RhoA.
(A) Compared to wildtype controls, single Rb-/- keratinocytes had a higher circularity index 

(n=3 lines/genotype, ~300 cells) indicating reduced polarization, and displayed more 

prominent non-peripheral stress fibers (phalloidin staining for F-actin; n=5 lines/genotype, 

>90 cells) and FAs that were larger and more localized within the cell body (α-vinculin IF; 

n= 3 lines/genotype, >150 cells). Significance was determined by Student’s t-test. (B) 

Wildtype and Rb-/- keratinocytes grown as single cells in low calcium with or without 1hr 

treatment with two different Rock inhibitors, H1152 and Y2673. Western blotting showed 

that Rb-deficiency caused increased levels of P-MLC2, which was reversed by the Rock 

inhibitors indicating that this is dependent on hyperactive Rho/Rock. (C) 1 hr treatment with 

H1152 and Y2673 (n= 3 lines/genotype, 80 cells) resulted in loss of the stress fibers 

(phalloidin staining for actin), including the aberrant fibers across the body of Rb-/- cells, 

and altered FAs (α-paxillin IF) by both reducing their size and eliminating the intracellular 

localization characteristic of Rb-/- cells.
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Figure 4. Rb inactivation in the epidermis causes polarity defects.
Skin from mice with constitutive Rb mutation in the basal layer (n=4) showed: (A) 

disorganized skin architecture, misoriented hair and enlarged sebaceous glands (H&E 

sections) and sparse hair and rough coats (mouse pictures); and (B) aberrant tissue 

morphology (phalloidin staining of actin cytoskeleton) and nuclei orientation (DAPI), with 

Par3 and aPKC less restricted at the cell membrane and mislocalized within the epidermal 

layers (IF images). (C, D) Wildtype and Rb-/- keratinocytes were cultured in high calcium 

for 3 hours to trigger cell junction formation. (C) The Rb-/- keratinocytes (n>6 lines/

genotype, ~ 500 cells) showed stress fibers (phalloidin staining) crossing the cells’ basal 

surface and aberrant phospho-myosin (P-MLC2) and actin rings at the cell-cell junctions. 

Additionally Par3 and aPKC were upregulated at the cell membrane (n>3 lines/genotype. 

The graphs show the number of Par3 and aPKC positive junctions calculated over the total 

number of touching cell sides (n=294 and 210 respectively). (D) Adherens junctions (E-

cadherin staining) and tight junctions (ZO1 staining) were localized in continuous lines in 

Rb-/- cells versus punctae in wildtype controls. (E) Wildtype and Rb-/- keratinocytes were 

maintained in high calcium for 24 hours. The acto-myosin cytoskeletal defects, and Par3 and 

aPKC upregulation, persisted in Rb-/- keratinocytes at this time. Statistical significance was 

determined by Student’s t-test.

Parisi et al. Page 15

Mol Carcinog. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. tp53 inactivation in Rb deficient epithelial cells rescues the migration but not the 
polarity defect.
(A) Representative H&E sections show that Rb and Rb;p53 deficient adult skins were 

thicker, had misoriented hairs and aberrant sebaceous glands (n=11/genotype). (B) Rb;p53 
DKO keratinocytes, induced with high calcium for 3 hours, showed aPKC upregulation 

(n=222 cells) in a similar manner to Rb-/- (see Fig. 4C). (C) Rb;p53 DKO or Rb-/- cells were 

cultured in high calcium for 24 hours alongside their paired wildtype controls, to allow 

epithelial layer formation, and then subjected to scratch assays (n≥3 lines/genotype). The 

graphs (comparing healing to wildtype controls at 24 and 48 hours) showed that the Rb;p53 
DKO cells closed the wound in a comparable manner to wildtypes, in contrast to the 

impaired healing of Rb-/- cells. (D) Wildtype and Rb;p53 DKO cells were cultured as single 

cells in low calcium. The graph, showing measurement of the circularity index establishes 

that the Rb;p53 DKO cells maintain the front back polarity defect (n=3 lines/genotype, 67 

cells) present in the single Rb-/- keratinocytes (see Fig. 3A). In contrast, IF staining showed 

that the Rb;p53 DKO cells had smaller FAs (vinculin staining; n=3 lines/genotype, 174 

cells) than their wildtype controls, which correlated with wildtype levels of P-MLC2 and 

total MLC2. Statistical significance was determined by Student’s t-test. ***p≤0.0001. 

*p≤0.01.
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