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Naturally occurring cancers in non-laboratory species have great potential

in helping to decipher the often complex causes of neoplasia. Wild animal

models could add substantially to our understanding of carcinogenesis, par-

ticularly of genetic and environmental interactions, but they are currently

underutilized. Studying neoplasia in wild animals is difficult and especially

challenging in marine mammals owing to their inaccessibility, lack of exposure

history, and ethical, logistical and legal limits on experimentation. Despite

this, California sea lions (Zalophus californianus) offer an opportunity to inves-

tigate risk factors for neoplasia development that have implications for

terrestrial mammals and humans who share much of their environment and

diet. A relatively accessible California sea lion population on the west coast

of the USA has a high prevalence of urogenital carcinoma and is regularly

sampled during veterinary care in wildlife rehabilitation centres. Collaborative

studies have revealed that genotype, persistent organic pollutants and a her-

pesvirus are all associated with this cancer. This paper reviews research to

date on the epidemiology and pathogenesis of urogenital carcinoma in this

species, and presents the California sea lion as an important and currently

underexploited wild animal model of carcinogenesis.
1. Introduction
The use of laboratory animal models in the study of cancer has provided enor-

mous insight into carcinogenesis [1] and remains integral to studying the

biochemical and physiological processes involved in the onset and development

of disease [2]. However, extrapolating findings from laboratory models to other

species, including humans, is challenging [3]. These models are often generated

in inbred mice strains in which the complex pleiotropic interactions between

multiple genes and the environment cannot easily be replicated. It has therefore

been suggested that naturally occurring cancers in non-laboratory species, such

as domestic dogs, could provide solutions and bridge some of the gaps between

natural disease and translational medicine [4]. While dogs are becoming of

increasing interest as useful models for a variety of human cancers such as osteo-

sarcoma, gastrointestinal stromal tumours and prostate cancer [5,6], the utility of

other species as models is being increasingly explored, including lower order

species such as fish and invertebrates [7]. Thus, in line with current thinking,

this paper discusses the potential that study of a naturally occurring cancer in a

non-laboratory species, the California sea lion (Zalophus californianus, CSL),

could provide insights into the complex interactions among genes, infection

and the environment that lead to carcinogenesis. This is extremely difficult to

replicate in an experimental model. The value of the use of the CSL over species

such as the domestic dog as a model for carcinogenesis lies in its natural exposure
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to environmental contaminants in a diet shared by humans, as

well as in its uncontrolled reproduction allowing for natural

selection of genes that may protect against neoplasia but are

as yet uncharacterized, and in the practical considerations of

ease of repeated sampling and availability of large samples

sizes for case control studies. The knowledge to be gained

from studying disease processes in wildlife for their wider

implications beyond the specific veterinary, ecological or evol-

utionary questions of interest has so far been limited to just a

few examples [8], but clearly studies on genetically diverse

animals in their natural environment has great potential that

should be explored further.

Neoplasia has been reported in a range of marine

mammal species worldwide [9], with the most consistently

highest prevalence over time being a specific carcinoma in

the CSL that has been studied in some detail as it was first

recognized in the 1980s [10]. Despite the challenges involved

in investigating disease in a species that spends much of its

life at sea, sick animals that strand and are admitted to The

Marine Mammal Center in California have provided an

invaluable resource for the study of this disease. This has

enabled investigators to explore the disease process and its

potential causes for many years. While these studies have

been driven by veterinary health and welfare concerns for

individual animals, it has become increasing clear that this

model may also provide invaluable insights to the broader

fields of veterinary and human oncology [11].
2. Metastatic carcinoma of urogenital origin
in the California sea lion

California sea lions are large carnivorous mammals ranging

along the west coast of North America from Baja California,

Mexico in the south to British Columbia in the north [12].

They belong to the suborder Pinnipedia, which includes

the seals, fur seals and walruses which all shared a common

ancestor with dogs approximately 45 Mya [13]. CSL spend

periods on land and are subsequently more accessible as a

study species than many other marine mammals. Furthermore,

approximately 1000 animals strand dead along beaches each

year and are examined and sampled at specialized wildlife reha-

bilitation facilities, offering an opportunity for sampling both

carcinoma cases and control animals which strand for other

reasons [14]. In the context of a new model species for cancer,

CSL exhibit a high prevalence of metastatic carcinoma of

urogenital origin (UGC) with 26% of adult CSL examined

post-mortem at The Marine Mammal Center, California

(TMMC), during a 15-year period (1998–2012) being affected

(FMD Gulland 2014, personal observation). This was an

increase from an 18% prevalence noted in animals admitted

between 1979 and 1994 [10]. Although the true prevalence of

carcinoma in CSLs is likely to be lower than this, as only the

sicker animals are likely to strand and the overall wild popu-

lation is over 180 000 animals [15], this is still a very significant

number of animals and cause of death in this population.

Urogenital carcinoma in CSL affects sub-adult and adult

animals of both sexes with a mean age of approximately 8

years old [10,16]. The cancer typically originates in the genital

tract and metastasizes to a number of sites including the

abdominal and pelvic lymph nodes, kidney and urinary

bladder as well as more distant sites, such as the liver,

lungs and spleen (figure 1a). Initial work suggested that the
origin of the tumour was the urinary tract, based on histologi-

cal findings of presumed transitional cells [10], however, later

work identified intraepithelial neoplasia (IEN) in the cervix

and vagina of females and the penis, prepuce and urethra

of males (figure 1b) [17]. IEN lesions also occur in humans

with cervical cancer where they are classified according to

the cervical intraepithelial neoplasia (CIN) grading system

and range from CIN I (mild) to CIN III (carcinoma in situ)

[18–20]. In the CSL, histopathological lesions have been

described as low-grade intraepithelial (LGIL) lesions, which

correspond to CIN I, and high-grade intraepithelial (HGIL)

lesions, corresponding to CIN II and III (figure 1c). IEN can

be found in animals without metastases, however, once inva-

sion of neoplastic cells past the basement membrane is noted,

metastasis is typically widespread [21].
3. Aetiology of urogenital carcinoma
in the California sea lion

To date, four main areas of potential aetiological importance

have been explored based on risk factors identified in other

species and other types of cancer: hormone receptor expression,

genetic factors, contaminant exposure and infectious disease.

However, further work is clearly necessary to fully understand

the development of this complex condition which will likely

include as yet unknown factors. In the light of this, the Sea

Lion Cancer Consortium (SLiCC) was established in 2010

(http://www.smru.st-andrews.ac.uk/slicc/) to coordinate

and foster research into the disease.

(a) Variation in hormone receptor and p53 expression
To increase characterization of the CSL carcinoma and guide

further research into its aetiology, hormonal receptor

expression was explored owing to location of the tumour in

the reproductive tract. Using immunohistochemistry (IHC),

the expression of the progesterone receptor (PR) and the oestro-

gen receptor alpha (ER-a) was studied in tumours and affected

and unaffected genital epithelium [21]. Although the PR

expression showed no difference, ER-a expression was signifi-

cantly reduced in affected tissue [21]. ER-a and PR have

previously been identified as prognostic markers in assessing

breast cancer in humans with loss of expression of ER-a

and/or PR indicating poor prognosis [22,23]. In human cervi-

cal cancer, a study had similar results to those in sea lions with

loss of ER expression but increased PR expression in IEN [24].

Studies in other animals have identified similar associations.

Increased ER-a and PR expression were found to be correlated

with a better prognosis in canine mammary tumours [25,26]. In

rabbits with uterine adenocarcinoma, however, expression of

ER-a and PR did not reflect prognosis, despite varying hor-

mone receptor expression playing a role in the development

of two different types of tumours, papillary or tubular [27].

The discrepancies identified suggest that the usefulness of

these receptors as markers may be species and/or tumour

type dependent. Hormone cofactors could play a role in

either neoplastic transformation or proliferation of neoplastic

cells in CSL [21].

The reduction in ER-a identified in the tumour-affected

tissue in the CSL coincided with increased Ki67 (cell prolifer-

ation) index and p53 expression [21]. The protein p53 is the

product of expression of the gene TP53, a known tumour
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Figure 1. (a) Kidney from a California sea lion with metastatic urogenital carcinoma. There are numerous pale tan masses scattered throughout the parenchyma.
(b) Cervix from a California sea lion with urogenital carcinoma. Note the raised, irregular pale yellow masses on the external cervix (arrows). (c) Haematoxylin and
eosin stained section of cervix from a California sea lion with high-grade intraepithelial neoplasia. Scale bar, 500 mm. (Online version in colour.)
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suppressor gene [28]. Increased expression of this gene is

recognized in a variety of cancers in humans and is also

suggested as a possible prognostic marker in non-small cell

lung cancer alongside Ki67 expression [29]. Similarly, p53

overexpression has been identified as a prognostic marker

in canine mammary cancer [30]. The increased labelling of

p53 in neoplastic tissues in the CSL suggests that it may be

involved in UGC pathogenesis [21].
(b) Genetic factors
Genetic factors have been explored in CSL with UGC including

diversity of the major histocompatibility class II locus and the

potential effect of inbreeding. In the CSL, the presence of a

specific MHC class II locus (Zaca-DRB.A) was associated

with the presence of UGC [31]. The DRB family of genes in

the CSL consists of eight loci designated Zaca-DRB.A to

Zaca-DRB.H [31,32] and varying combinations of these have

been identified. However, the presence of the Zaca-DRB.A

locus in any combination was significantly associated with

the presence of UGC [31]. The importance of MHC loci has

additionally been noted in Devil facial tumour disease

(DFTD), a transmissible invasive facial tumour of Tasmanian

Devils (Sarcophilus harrisii), typified by large scale chromosome
aberrations [33]. Loss or lack of MHC diversity is postulated to

contribute to the successful spread of the disease due to

reduced effectiveness of the immune response [34].

A further genetic association with UGC was identified in

the CSL indicating the potential effect of inbreeding on suscep-

tibility to cancer [35]. The study used microsatellite markers to

evaluate variation in the susceptibility to a number of diseases

using a measure of heterozygosity called ‘internal relatedness’

(IR). Interestingly, the disease group with the highest IR score

was animals with cancer [35]. Further analysis found that

the strength of the association was driven by a particular

microsatellite in the animals with neoplasia, namely Pv11

(KT Acevedo-Whitehouse 2009, unpublished data). Recent

work involving the genotyping of 383 adult and sub-adult

CSL as part of a case–control study identified that animals

homozygous at the Pv11 locus were almost twice as likely to

suffer from UGC as those heterozygous at that locus [11].

Comparative genomic studies, taking advantage of the

synteny between the CSL and dog genomes, placed the Pv11

microsatellite within a gene called heparanase 2 (HPSE2)

[11]. In humans, the protein heparanase 2 (HPA2) encoded

by HPSE2 has been associated with numerous cancers

[36–39]. Initial studies in the CSL did identify mRNA

expression of HPSE2 in female lower genital tract tissue both



rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

370:20140228

4
in animals with UGC and those without, but did not find a

difference according to disease state or between different

Pv11 genotypes [11]. However, IHC studies labelled the

HPA2 protein in animals of a single homozygous Pv11 geno-

type, but only if they had suffered from UGC. This strongly

implied that the HPSE2 gene and Pv11 microsatellite were

linked, suggesting that HPSE2 may be the first cancer gene

identified in a wildlife species [11]. However, uncertainty

exists surrounding the role of HPA2, especially in its relation-

ship to the inhibition or promotion of neoplasia, presenting

the question of whether this gene has oncogenic activity or is

in fact a tumour suppressor gene. The location of the Pv11

microsatellite within the HSPE2 gene of the CSL, as well as

its link with homozygosity and UGC, offers another avenue

of investigation for the characterization of HPA2 function

and supports further investigation into the wider involvement

of HPSE2 in mammalian cancers.

(c) Environmental contaminants
Environmental contaminants, particularly those of the poly-

cyclic aromatic hydrocarbon (PAH) and organochlorine (OC)

groups of compounds, have been implicated in the aetiology

of various cancers in humans [40–42], in laboratory animal

models [43] and in wildlife [44–46]. These ubiquitous persistent

pollutants, found in both the terrestrial and marine environ-

ments, have arisen through the widespread use of industrial

chemicals such as the polychlorinated biphenyls (found in

capacitors and transformers) and pesticides such as DDT.

While the production and use of some of these compounds

has been largely banned in the USA since the 1980s, their per-

sistent and lipophilic nature means they will continue to be

present at sometimes very high levels in the environment and

thus continue to be a concern for human health [47]. For

marine mammals they have particular significance as due to

their high affinity for lipids they are biomagnified through the

food chain and are stored in the blubber to be remobilized

when fat stores are used for energy [48].

Environmental studies have identified OC and PAH pol-

lutants in coastal waters around California [49–51]. In

particular, OCs have been found in high levels in the

Southern California Bight adjacent to the Channel Islands

where CSLs breed and pup [50]. The OCs, particularly the

DDTs, are also found at relatively high levels in CSL blubber

compared to levels in other marine mammals, and cross the

placenta to expose developing fetal tissues to these com-

pounds [52–54]. They are also transferred to the offspring

during lactation as their highly lipophilic nature mean they

are found at high levels in the milk. The levels of OCs in

the blubber of CSLs diagnosed with UGC were found to be

higher than in non-cancer animals [55]. However, confound-

ing factors such as the effect of changing body condition on

blubber lipid dynamics confuse the association, as blubber

OC levels increase when blubber lipid is lost during chronic

disease such as cancer. PAH adducts have been identified

in the liver of CSLs, however, as yet a link with neoplasia

has not been established [56].

(d) Infectious disease
To date, two infectious agents have been associated with UGC

in the CSL: Otarine herpes virus 1 (OtHV-1), a gammaherpes-

virus [16,17,57] and beta (b) haemolytic Streptococcus [58]. The

latter bacteria is common in chronic inflammatory lesions in
CSLs, so may not play a significant role in carcinoma aetiology,

although in humans certain cervical bacteria have been associ-

ated with presence of CIN [59]. OtHV-1 is a gammaherpesvirus

in the genus Rhadinovirus and is phylogenetically related to

human herpevirus-8 (HHV-8), an oncogenic herpesvirus and

the aetiological agent of Kaposi’s sarcoma [17,57,60]. In one

study, OtHV-1 was present in all animals suffering from

UGC and was more common in tissues of the lower genital

tract [16,57]. It was also present at a lower prevalence in non-

cancer sea lions, with prevalence increasing at sexual maturity

[16]. This finding, coupled with the higher prevalence of

OtHV-1 in the genital tract, led the authors to suggest that

the virus is sexually transmitted and that there was similarity

between the epidemiology of OtHV-1 infection in CSL and

HHV-8 in humans [61]. Studies into the epidemiology of

HHV-8 have suggested that sexual activity plays an important

role in the transmission of the virus [62], particularly in the case

of AIDS-associated Kaposi’s sarcoma [63,64].
4. Urogenital carcinoma in the California sea
lion exhibits similarities to cervical cancer
in women

Cancer of cervical origin is a major cause of morbidity and

mortality in humans [65] and work undertaken on UGC in

CSL has revealed some interesting parallels between the dis-

eases. In the wild, CSLs can live up to 20 years, however,

UGC affects animals with a mean age of 8 years. Therefore,

it is not a disease typical of old age [10], mirroring human cer-

vical carcinoma, which predominately occurs in adult but not

necessarily aged women [16,66,67]. Worldwide cervical cancer

in women is strongly associated with papillomavirus 16 and

18 (HPV16 and 18) which has influenced vaccine development

[65,68,69]. Papillomaviruses surprisingly have not been

detected to date in CSL UGC; however, the potential involve-

ment of an oncogenic herpesvirus (OtHV-1) in the aetiology of

the disease in is an area of continued investigation (FMD

Gulland 2014, personal communication).

Identification of an MHC class II locus of importance in

the development of the UGC in the CSL is reported [31]; like-

wise, in humans certain MHC class II alleles are associated

with an increased risk of cervical cancer [70]. A genetic

basis for the disease has additionally been investigated in

CSL in relation to inbreeding, where UGC is noted to be

more common in inbred individuals [35,71]. Inbreeding in

human populations is recognized among certain ethnicities;

however, an increase in cervical cancer is not evident [72],

suggesting that the influence of other risk factors such as

exposure to HPV and lifestyle are important. The recent

work identifying homozygosity at the Pv11 microsatellite as

a risk factor for disease in CSL subsequently identified

HPSE2 as a potential gene of interest. Increased labelling of

HPA2 with increasing severity of disease is noted in human

cervical tissues [73]. Preliminary studies in tissues from CSL

identified differential labelling of HPA2 according to geno-

type but did not find an association between quantity of

labelling and severity of disease [11].

The clear parallels that exist between the disease in

humans and CSLs, especially in age of occurrence, histomor-

phology, association with viral infection and MHC class II

alleles, suggest that the California sea lion may, perhaps



rstb.royalsociet

5
surprisingly, be a suitable model for the disease in humans.

The potential role of organochlorines in the aetiology also

emphasize the value of the CSL as a natural model for

neoplasia over domestic animals such as the dog that are

fed artificial diets and not exposed to the environmental

contaminants marine mammals and humans are.
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5. Conclusion
The work undertaken to date on CSL UGC supports a multi-

factorial aetiology of the disease, and offers avenues for further

research into the interactions and potential synergistic effects

of these factors, at the whole animal, the cellular and the mol-

ecular levels. Investigating diseases in wildlife involves many

difficulties not encountered using other approaches, yet the

parallels that exist between diseases in humans and other

animals show it to be an area highly worthy of further explora-

tion. The ability to carry out well designed, robust case control

studies that can elucidate the environmental risk factors as well

as taking a molecular and genetic approach, such as has been

the case in the study of UGC in CSLs, may provide a compre-

hensive picture of the carcinogenic process not possible with

standard in vitro, ex vivo or in vivo laboratory methodologies.

The value of using a wild marine mammal over other model

animals such as domestic dogs is that these wild animals are

naturally exposed to a mix of environmental contaminants in

their diet that domesticated species are not. Furthermore,

breeding in wild CSL is uncontrolled, so natural selection for
genes that may be important in protection from neoplasia but

are as yet unknown may occur, making CSLs a useful model

for exploring genetic factors in cancer development. Finally,

as CSLs are not pet animals, it is possible to design case control

studies with repeated sampling that have robust epidemiologi-

cal designs. Thus, studying naturally occurring neoplasms in

tractable wildlife models presents us with new opportunities

that will undoubtedly produce equally unexpected findings.

Such opportunities will also offer exciting new collaborations

between human and veterinary oncologists.
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