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Perspective

Is the Loss of pRb Essential for the Mouse Skin Carcinogenesis?

ABSTRACT
The pRb pathway is inactivated in most, if not all, human and mouse tumors, includ-

ing skin tumors. However, a relatively low frequency of Rb gene alterations is found. The
embryonic lethality of pRb-deficient animals restricts the analysis of these mice to midges-
tation and precludes the analysis of the roles of pRb in mouse cancer models. To solve
this problem, we used the Cre/LoxP technology to induce the tissue-specific deletion of
pRb. In epidermis, pRb deletion leads to altered proliferation and differentiation but these
alterations do not induce the development of spontaneous skin tumors. To gain insight in
the possible roles of pRb in mouse skin carcinogenesis, we have performed chemical
tumorigenesis experiments in mice bearing epidermal-specific inactivation of Rb gene.
Unexpectedly, these mice develop fewer and smaller tumors than control animals, but
showing increased malignant conversion to squamous cell carcinomas. Detailed biochemi-
cal analysis demonstrates that, in the absence of pRb, multiple pathways are activated
leading to increased tumor apoptosis. In particular, we characterized the aberrant p53
activation mediated by E2F/p19ARF and other transduction pathways. This may generate
a selective pressure in the tumor leading to premature p53 loss of function, which ultimately
results in increased malignancy. Overall, these data highlights the role of pRb during the
malignant conversion in the mouse skin carcinogenesis, and the intimate relationships
between pRb and multiple tumor suppressor networks in this system.

Cancer encompasses a number of disorders whose hallmark is the uncontrolled prolif-
eration of cells that invade and damage surrounding tissues and organs. The genesis of cancer
lie on genetic alterations (in most cases somatic) in oncogenes, tumor suppressor genes
and/or DNA repair genes. Rb was the first tumor suppressor cloned and has been found
inactivated in several human tumors.1 pRb is a nuclear phosphoprotein that negatively
regulates the progression through the cell cycle from G1 to S phase. This regulation is
mainly mediated by binding and inhibition of the E2F transcription factors. The interaction
with E2Fs is regulated by pRb phosphorylation. During G1, the hypophosphorylated
forms of pRb are able to block E2F activity. However, the serial phosphorylation of pRb
by cyclin D/cdk4, 6 and cyclin E/cdk2 promotes E2F factor release allowing the expression
of new genes that permit the progression into S-phase.2 Other level of regulation is mediated
by the expression of the CIP/KIP and INK4 family member of CDK inhibitors.3,4 There
is compelling evidence that disturbances in the so-called Rb-pathway, which leads to
functional inactivation of pRb, are a common hallmark for most, if not all, human and
mouse tumors. pRb, together with p107 and p130, form the retinoblastoma family of
proteins that have unique and overlapping roles in cell cycle control, differentiation and
inhibition of oncogenic transformation.5

Mouse cancer models are essential tools in the study of the tumorigenesis process: they
allow defined tests of tumor genetics, close analysis of tumor pathology and validation of
therapeutic targets. The two-stage mouse skin carcinogenesis is one of the best characterized
procedures and represents a well-suited model for the understanding of the multistage
nature of the tumor formation. In this system, application of DMBA as a carcinogenic
agent produces the specific mutation of the H-Ras gene, inducing its permanent activation.6

This step has been established as the molecular signature of the initiation event. Tumor
formation takes place through the repetitive applications of TPA, a hyperproliferative
stimulus that supports the formation of papillomas, benign exophityc tumors that in most
cases spontaneously regress. In some cases, and due to genetic alterations, papillomas
progress to a more aggressive phenotype, the squamous cell carcinoma (SCC).7-9 Many
aspects of tumorigenesis have been highlighted using this system. Among them are the
relevance of telomerase and many signaling molecules such as EGFR, the stem cells as



target for cancer formation, and the importance of angiogenesis
processes for tumor development.

During the last 15 years, the DMBA/TPA protocol has been used
to validate the importance of tumor suppressor genes (Trp53, p27,
p21),10,11 proto-oncogenes (cycD1, E2F1, DP1, CDK4, Ras),12-16

cytokines (TNF-α)17 and other molecules (MMP9, metallothionein,
survivin),18-20 in skin cancer formation and progression. The role of
several of these molecules suggests that the Rb pathway is involved
in the mouse skin carcinogenesis (Table 1). First, the overexpression
of several E2F members in the basal layer of the epidermis increases
the susceptibility to the skin tumor formation.15,16,21 Second, mice
deficient for cdk4 are insensitive to DMBA/TPA tumor develop-
ment.14 Moreover, transgenic expression of CDK4 in epidermis
leads to the development of papillomas in DMBA-treated skin with-
out promotion.22,23 Third, tumor skin formation is impaired in the
absence of cycD1.12 Fourth, it has been described the upregulation
of cycDs, E2Fs and DPs gene expression during the DMBA/TPA
protocol.24 All these data suggest that functional inactivation of the
pRb pathway is an essential step for the mouse skin cancer formation.
However, the actual role of pRb in the origin, development and
malignant conversion of epidermal tumors is not really yet known.

We have recently described the importance of the pRb absence in
epidermal homeostasis, including susceptibility to tumor forma-
tion.25,26 For this purpose, we used the Cre/loxP technology to
establish a mouse model of pRb deficiency exclusively in the epithelial
tissues, avoiding the embryonic lethality of Rb-deficient mice. Loss
of pRb in epidermis produces increased proliferation and altered
differentiation, leading to the formation of hyperplasic epidermis.25

This epidermis might be prone to cancer development. However, no
spontaneous tumor formation, nor upon DMBA-application, was
observed even with a long latency. This result is in disagreement with
the CDK4 transgenic animals where it is described the cooperation
between a DMBA dose and CDK4 overexpression in the tumor
formation.23 This apparent discrepancy strongly suggests that
CDK4 might also have other targets different to pRb and relevant
for carcinogenesis or, alternatively, the functional inactivation of
pRb differs from the deleted Rb gene.

Can thus Rb loss affect epidermal tumorigenesis or is irrelevant?.
Using the two-stage carcinogenesis model we have described that the
absence of pRb leads to a reduced number and smaller tumors
compared to control mice. Interestingly, we previously reported that
Rb-deficiency leads to the reduction in the epidermal label retaining
cells, putative stem cells, in epidermis.25 Given that epidermal
tumors are originated in these epidermal stem cells,27 this alteration
might explain the low number of tumors observed in the absence of
pRb. This possibility is currently under investigation. However, the
reduction in label retaining cells can not justify the reduced tumor
growth observed in pRb-deficient animals. There are several factors
involved in tumor growth; one of them is angiogenesis, a necessary
process to support tumoral growth by providing the required nutrients.
It has been previously suggested that pRb modulates angiogenesis.28

However, we have observed that Rb-deficiency does not promote
significant changes in the angiogenic status in papillomas or SCCs
compared with controls (unpublished data).

The observed reduction in papilloma formation and the small
size of the tumors can be explained by the increase in the apoptotic
index detected in the pRb-deficient tumor cells. Such increase could
be mediated by the activation of the p53 pathway.26 Indeed, we have
described p53 stabilization, Ser20 phosphorylation and p53-
increased DNA-binding, which resulted in the induction of p53-
dependent specific apoptotic mediators such as Bax or PUMA.
Surprisingly, we did not observe changes neither in cell proliferation,
nor in the expression of p53-dependent genes affecting cell cycle
progression (such as p21Cip and 14-3-3σ) between control and
Rb-deficient tumors. The ability of p53 to induce apoptosis in the
absence of pRb, or all pRb family members, in several tissues like
central nervous system or embryonic lens has been largely reported.
Moreover, apoptosis induced by p53 can attenuate cancer growth in
a tumor mouse model where inactivation of pRb is achieved by the
expression of a mutant form of SV40 T antigen.29 The increase in
p53 signaling and stabilization can be mediated by E2F-dependent
mechanisms. In fact, we have observed augmented E2F1 expression
and activity in pRb-deficient tumors. This increase mediates the
expression of p19ARF, which can help to stabilize p53. All this data
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Table 1 The pRb pathway in mouse skin tumorigenesis

Gene Modification Phenotype(a)

E2F1 Transgenic epidermal Epidermal hyperplasia, high number of tumors in TgAC background, reduced tumorigenesis
targeted (bK5 promoter) in two stage protocols. Spontaneous tumorigenesis in p53 null background16,21,35

E2F4 Transgenic epidermal Epidermal hyperplasia and increased number of tumors in two stage protocols.60

targeted (bK5 promoter)
E2F3 Transgenic epidermal Epidermal hyperproliferation and hyperplasia, poorly spontaneous tumorigenesis but enhances

targeted (bK5 promoter) the response to a skin carcinogenesis protocol.61

DP1 Transgenic epidermal Very mild epidermal hyperproliferation and hyperplasia, increased response to
targeted (bK5 promoter) a skin carcinogenesis protocol.15

CycD1 Transgenic epidermal Very mild epidermal hyperplasia, no increased response to a skin carcinogenesis protocol.62,63

targeted (bK5 promoter)
CycD1 Knock out Reduced susceptibility of primary keratinocytes to Ha ras transformation.12

CycD2 Transgenic epidermal Very mild epidermal hyperproliferation and hyperplasia, tumor susceptibility not studied64

and CycD3 targeted (bK5 promoter)
Cdk4 Transgenic epidermal Epidermal hyperplasia and increased number of tumors in two stage protocols.

targeted (bK5 promoter) Tumor formation upon DMBA treatment only22,23

Cdk4 Knock out Reduced tumor development in two stage protocols.14

Cdk4 Knock in (R24C) Increased tumor formation upon DMBA-TPA treatment.65
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might indicate that the absence of pRb results in reduced papilloma
formation due to the activation of apoptotic processes mediated by
E2F1/p19ARF/p53 pathway.

Another set of unexpected findings occurred when we studied the
histopathology of the tumors. Strikingly, a significant percentage of
the pRb-deficient papillomas showed clear signs of malignant conver-
sion: cell dysplasia, in situ invasion and aberrant expression of specific
markers such as keratin K8. Moreover, the percentage of squamous
cell carcinomas (SCCs) was almost twice in these Rb-/- mice compared
to control littermates.26

The reduced tumor development, increased malignancy and
increased apoptotic rate observed in Rb-deficient papillomas are
reminiscent of the results obtained in p53-deficient mice.10

Moreover, p53 mutations have been associated with the process of
malignant conversion in DMBA/TPA-induced mouse skin carcino-
genesis.30 It is therefore tempting to speculate that the increase in
p53 activity promotes a selective pressure in the cells, leading to
premature loss of p53 function. This would allow to increased
malignancy of the tumors. In fact, in pRb-deficient SCCs we did
observe reduced p53 activity compared with control tumors, leading
to a decrease in Bax and PUMA levels, as well as a reduction in the
apoptotic index. Moreover, some of the pRb-deficient SCCs displayed
absence of p53 expression. These data provided an interesting
framework of these two tumor suppressor genes in the mouse skin
carcinogenesis system, in agreement with the previously reported
cooperative roles of p53 and pRb in mouse models of medulloblas-
toma,31 endocrine tumors32 ovarian carcinoma33 and small cell lung
carcinoma.34 One might speculate that, in agreement with the data
obtained in transgenic mice expressing E2F-1,35 the simultaneous
epithelial-specific inactivation of both Rb1 and Trp53 would lead
to increased skin tumor development. Preliminary data using

epidermal-specific inactivation of these two tumor suppressor genes,
in fact, supports this hypothesis as doubly deficient mice developed
spontaneous skin tumors (unpublished data).

Our data highlights the process of apoptosis in suppressing skin
tumor development. However, what other alterations might lead to
the observed increased apoptosis remained obscure. The development
and progression of epidermal tumors is affected by the expression
and activity of different signal transduction pathways. Those include
the different families of the mitogen activated protein kinases (ERK,
JNK, p38)36 and the PTEN/Akt pathway.37,38 Although, we did not
find any significant changes in the expression or activity of Erk1/2,
we found that JNK1 and p38 were predominantly phosphorylated
in Rb-deficient papillomas, suggestive of increased activity. The
activation of JNK1 might be highly relevant as the results obtained
in Jnk1 knockout mice upon two-stage mouse skin, demonstrated
that JNK1 can suppress skin tumor development.39 The possible
mechanism of such increased activation in absence of pRb might be
related to the reported ability of pRb to physically interact with
JNK/SAPK, inhibiting intracellular signals and also abrogating the
apoptotic cell death mediated by JNK/SAPK.40 As it has been
suggested that JNK1 and p38 are apoptotic prone,41,42 we can
assume that the increased JNK1 and p38 activity observed in Rb-
deficient papillomas could also contribute to the increased apoptosis
and thus to the reduced tumor development observed. In agreement,
both signal transduction pathways also mediate p53 induction and
activation.43,44

The PI3K/PTEN/Akt signaling pathway has emerged in recent
years as a main player in tumorigenesis increasing proliferation and
decreasing apoptosis of transformed cells. In addition, the reported
functional link of Akt/PTEN pathway with pRb45,46 and p53,47 and
the functional involvement of Akt-mediated signaling in mouse skin
carcinogenesis38 suggest that this pathway might also be involved in
the altered apoptosis observed in Rb-deficient tumors. We detected
increased Akt activity and PTEN expression in pRb-deficient
papillomas. This might be due to the recently reported ability of
E2F to promote Akt activation46 and the p53-mediated induction of
PTEN.47 As an overall result, the antiapoptotic function of this
pathway is not sufficient to overcome the proapoptotic signals in
pRb-deficient papillomas, but clearly can contribute to the reduced
apoptotic rate in SCC.

Finally, the NF-κB transcription factor signaling activity is also a
major player controlling apoptosis. The canonical activation of
NF-κB requires the phosphorylation of the inhibitory IκB protein
by a high molecular weight complex that includes IKKα, IKKβ and
IKKκγ proteins. This phosphorylation allows the NF-κB to move to
the nucleus and activate target genes, in many cases with antiapop-
totic functions.48 However, regarding the role of NF-κB signaling in
mouse skin tumorigenesis, there are contradictory results. Increased
NFκB activity in transgenic mice leads to epidermal hypoplasia and
growth inhibition,49 whereas the repression of NF-κB activity
produces epidermal hyperplasia49 and spontaneous squamous cell
carcinomas.50,51 Nevertheless, increased endogenous NF-κB activity
during chemically-induced mouse skin tumorigenesis has been
reported.52 Interestingly, NF-κB activation is a putative target of
different transduction pathways such as MAPK and Akt, and has
been implicated in p5353 and E2F-1-induced apoptosis.54

Consequently, a detailed analysis of the expression and activity of
NF-κB was performed in Rb-deficient tumors. We have detected a
decrease in NF-κB activity in pRb-deficient papillomas, probably
due to the reduced expression of IKK subunits and TRAF2 protein

Figure 1. Summary of the alterations found during the two stage skin carcino-
genesis in mice bearing the epidermal-specific inactivation of Rb. In the first
instance the absence of pRb leads to the activation of the E2F/p19ARF/p53
and also p38 and JNK1 pathways and the reduced activity of the PI3K/Akt
and NFκB pathways. These alterations, which can be mediated by p53
induction and mediate the p53 activity (double arrows), or Rb deletion in a
yet non described process (interrogative sign), result in increased apoptotic
rate producing a reduced number of tumors of smaller size. This process
could generate a selective pressure that results in the premature inactivation
of p53-depending pathway, which ultimately leads to the repression of pro-
apoptotic signaling and the reactivation of anti-apoptotic pathways. As an
overall consequence, the pRb-deficient tumors displayed increased malignant
conversion.
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levels. The actual mechanism of this process is still unknown, but
might be due also to the increased E2F activation,54,55 which also
accounts for the downregulation of TRAF2.54

Other interesting point to debate is the overlapping role that the
other retinoblastoma family members, p107 and p130, may mediate
in the mouse skin carcinogenesis. The phenotypic changes observed
in pRb-deficient skin are aggravated by HPV E7 oncogene expres-
sion,56 suggesting the compensation of pRb loss by other Rb family
members. We have also described that the loss of p107 aggravates the
phenotype of the pRb-deficient epidermis in a dose dependent
manner.25 Similarly, we have detected the existence of cooperation
between p107 and p130 in the control of epidermal homeostasis.57,58

Moreover, it has been demonstrated the tissue specific tumor
suppressor activity of p107 and p130 in the absence of pRb.59 We
are now analyzing if the combined absence of pRb and p107 or p130
in epidermis can reveal compensatory roles of these molecules in
tumorigenesis.

Collectively, (Fig. 1) our recent results indicate that the absence of
retinoblastoma tumor suppressor gene produces multiple alterations
leading to increased apoptosis during the papilloma formation.
These results reinforce the role of cell survival as a crucial mechanism
for crippling cellular defense against epidermal neoplasia. As an
overall consequence, the apoptosis induction mediated probably by
the increased E2F activation, produces the activation or repression of
multiple pathways and generates a selective pressure in benign
tumors leading to increased rate of malignant conversion probably
mediated by p53 inactivation. As a consequence, the absence of Rb
gene would result in reduced tumor formation but increased
malignant conversion. In this regard, it is worth mentioning that Rb
mutations are less frequent in human tumors than the overall
functional inactivation of the pRb pathway. The obvious question
then remains: are the functional mechanisms inactivating pRb more
tumor prone that the actual inactivation of Rb gene? On the other
hand, our data also suggest that the loss of Rb does not seem to be
an essential point during the first steps of the mouse skin carcinogen-
esis, but might aggravate or accelerate the process in other cellular
contexts affected by further mutations or alterations.
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