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Abstract In response to an unprecedented prevalence of
cancer recently identified in free-ranging populations of
California sea lions [(CSL) (Zalophus californianus], we
examined the role of the immunologically important major
histocompatibility (MHC) genes in this disease epidemic.
Associations between MHC genes and cancer have been
well established in humans, but have never before been
investigated in wildlife. Using a previously developed
technique employing sequence-specific primer-based PCR
with intercalating dye technology, MHC genotypes were
examined from 27 cancer-positive and 22 cancer-negative
CSL stranded along the California coastline. Analyses elucidated an underlying immunogenetic component to the
high prevalence of urogenital cancer in sea lions. Furthermore, these results demonstrate the functional relevance of
L. Bowen (*) . B. M. Aldridge . E. L. Buckles .
L. J. Lowenstine . J. L. Stott
Laboratory for Marine Mammal Immunology, School of
Veterinary Medicine, Department of Pathology, Microbiology
and Immunology, University of California,
Davis, CA 95616, USA
e-mail: lbowen@ucdavis.edu
Tel.: +1-530-7527187
Fax: +1-530-7523349
L. Bowen . M. L. Johnson
John Muir Institute of the Environment,
University of California,
Davis, CA, USA
B. M. Aldridge
School of Veterinary Medicine,
Western Health Sciences University,
Pomona, CA, USA
B. M. Aldridge . F. Gulland
The Marine Mammal Center,
Marin Headlands/GGNRA,
Sausalito, CA, USA
R. DeLong . S. Melin
National Marine Mammal Laboratory, NMFS, NOAA,
Seattle, WA, USA

CSL class II MHC by revealing a non-random nature of
cancer susceptibility associated with the presence of specific genes.
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An unprecedented prevalence of urogenital cancer has
recently been identified in free-ranging populations of
California sea lions [(CSL) Zalophus californianus] (King
et al. 2002). An interest in the role of the immune system
in the etiology of this disease stimulated the present study
to examine genetic diversity within the major histocompatibility complex (MHC), the products of which encode
trans-membrane glycoproteins that bind and present foreign peptides to T lymphocytes (Paul 1999; Klein and
Sato 2000a, b). The high level of MHC genetic variation
found in most natural populations essentially determines the
repertoire of antigenic determinants to which an individual
is capable of recognizing and responding (Zinkernagel
1979; Reizis et al. 1998). In previous studies, an unusual
mechanism for generating immunogenetic diversity was
identified in sea lions, and techniques were developed to
evaluate this at a population level (Bowen et al. 2002,
2004). Briefly, Zaca-DRB appears to constitute a gene
family composed of at least eight loci, each of which
exhibits limited variability, and which are present in variable configurations among individuals. This unusual
mechanism for generating MHC DRB diversity is similar
to that observed in the rhesus macaque, but has not been
reported in other species. MHC variation and disease associations were identified in stranded CSL, with and
without urogenital carcinoma; genomic DNAwas amplified
with eight sequence-specific primer (SSP) pairs flanking
the putative peptide-binding site, using an intercalating
fluorescent dye PCR (Bowen et al. 2004).
The sample population for this study was selected from
adult CSL stranding along the Pacific coast of the United
States. Extensive necropsies were performed, and the
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cancer status of each individual was defined based on detailed histopathological examination of multiple tissues
(King et al. 2002). The class II MHC genotype was determined for both cancer positive (n=27) and cancer negative (n=22) animals, using a combination of eight genes
(Zaca-DRB.A–Zaca-DRB.H) (Bowen et al. 2002, 2004).
The Zaca-DRB genotype of 49 California sea lions was
examined using previously developed SSP methodology
(Bowen et al. 2004). DNA was extracted from hind-flipper
skin punches, using standard protocols (DNeasy, Qiagen,
Valencia, Calif.), and the presence or absence of each SSPderived sequence type determined using PCR with an
intercalating fluorescent dye. A series of eight SSP-based
PCR reactions was performed on each individual. Each
reaction contained 500 ng DNA in 25-μl volumes with
20 pmol SSP, Tris-Cl, KCl, (NH4)2SO4, 2.5mM MgCl2
(pH 8.7), dNTPs, HotStar Taq DNA Polymerase (Quantitect SYBR Green PCR Master Mix, Qiagen), and 0.5 U
uracil-N-glycosylase (Roche, Indianapolis, Ind.). Amplifications were performed in an iCycler (Bio-Rad, Hercules
Calif.), under the following conditions; 2 min at 50°C,
followed by 15 min at 95°C; and 35 cycles at 94°C for 30 s,
58°C for 30 s; and 72°C for 30 s; with a final extension step
of 72°C for 10 min. Reaction specificity was monitored by
melting curve analysis, using a final data acquisition phase
of 60 cycles at 65°C for 30 s, and verified by direct sequencing of randomly selected amplicons.
Associations among MHC genotype, gene multiplicity,
and presence of cancer were examined by logistic regression. In comparing the genotype of stranded animals with
and without cancer, the presence of the MHC class II locus,
Zaca-DRB.A, strongly associated with an increased risk of
cancer in the stranded sea lions (odds ratio = 3.64, 95%
confidence interval = 1.11–11.97, Table 1). While associations between cancer and the other Zaca-DRB loci were not
evident, increased sample size would strengthen confidence
in these observations. No relationship could be identified
between the total number of unique DRB genes and the
presence of cancer in an individual. In view of the fact that
CSL class II MHC diversity is generated by selective
combinations of genes drawn from a large pool of available
loci (Paul 1999), these results indicate that class II MHC
gene multiplicity is not a factor in conferring susceptibility
to this disease (odds ratio = 1.67, 95% confidence interval =
0.91–3.088).
While additional genetic, environmental, and/or pathogenic factors may be involved in this disease, a pattern of
association between the presence of specific class II MHC
genes and cancer risk emerges from this study. This is the
first established relationship between MHC and cancer in
wildlife, although similar links between MHC and infectious disease have been reported in Soay sheep (Paterson
et al. 1998).
The phenomenon of class II MHC genes conferring
susceptibility to cancer is well established in humans
(Daniilidis et al. 1997; Dorak et al. 1999; Ferrera et al. 1999;
Lin et al. 2001), yet the potential mechanisms underlying
this process are unknown. It is also unclear what keeps these

Table 1 Frequency of gene locus (Zaca-DRB-A–Zaca-DRB-H) and
genotype (n=19) in stranded cancer-positive and -negative California
sea lions
Zaca-DRB locus or
Zaca-DRB genotype
Locus
-”Zaca-DRB.Aa
-”Zaca-DRB.B
-”Zaca-DRB.C
-”Zaca-DRB.D
-”Zaca-DRB.E
-”Zaca-DRB.F
-”Zaca-DRB.G
-”Zaca-DRB.H
Genotype
-”ABCDEFGH
-”ABCDEFH
-”ABCEFGH
-”ABCEFH
-”ABEFGH
-”ABEFH
-”ACDEFGH
-”ACDEFH
-”ACEFGH
-”ACEFH
-”BCDEFGH
-”BCDEFH
-”BCEFGH
-”BDEFGH
-”BDEFH
-”BEFGH
-”CDEFGH
-”CEFGH
-”DEFH

Stranded cancer
positive (n=27)

Stranded cancer
negative (n=22)

17
20
19
19
27
27
18
27

7
13
15
16
22
22
14
22

5
2
2
1
1
1
2
1
1
1
2
0
0
3
3
0
1
1
0

1
0
0
0
0
1
0
2
2
1
4
1
1
2
2
1
3
0
1

The presence of the MHC class II locus, Zaca-DRB-A, was
associated with an increased risk of cancer in the stranded sea lions
(odds ratio = 3.64, 95% confidence interval = 1.11–11.97, P=0.03)

a

demonstrably harmful genes from being eliminated by
natural selection (McClelland et al. 2003). As contaminants
and herpesviruses have both been linked with cancer in
marine mammals (Lipscomb et al. 2000; King et al. 2002;
Martineau et al. 2002), further studies are needed to determine whether the MHC–cancer association observed in
this study is influenced by additional environmental or
pathogenic factors.
Acknowledgements This study was supported by grants from the
Office of Naval Resources, and Ecology of Infectious Disease
Program (Fogarty International Center and US National Science
Foundation) (DEB-0094919). The authors thank members of the
Laboratory for Marine Mammal Immunology, University of California–Davis, for their contributions to this project. We would also
like to thank Dr. Martin Haulena, Denise Greig, and the staff and
volunteers of The Marine Mammal Center, Sausalito, Calif., and
Tony Orr from the National Marine Mammal Lab, Seattle, Wash.
Studies performed jointly in the laboratories of Stott and Johnson.

848

References
Bowen L, Aldridge BM, Stott JL, Gulland F, Woo J, Van Bonn W,
DeLong R, Lowenstine L, Johnson ML (2002) Molecular
characterization of expressed DQA and DQB genes in the
California sea lion (Zalophus californianus). Immunogenetics
54:332–347
Bowen L, Aldridge BM, Stott JL, Gulland F, Van Bonn W, DeLong
R, Melin S, Lowenstine L, Johnson ML (2004) Multiple and
variable DRB lineages in the California sea lion (Zalophus
californianus). Immunogenetics 56:12–27
Daniilidis M, Fountzilas G, Fleva A, Daniilidis J, Tourkantonis A
(1997) Haplotypes of human leukocyte antigens among patients
with nasopharyngeal cancer in Greece. Oncology 54:185–192
Dorak MT, Lawson T, Machulla HKG, Darke C, Mills KI, Burnett
AK (1999) Unravelling an HLA-DR association in childhood
acute lymphoblastic leukemia. Immunobiology 94:694–700
Ferrera A, Olivo A, Alaez C, Melchers WJ, Gorodezky C (1999)
HLA DOA1 and DOB1 loci in Honduran women with cervical
dysplasia and invasive cervical carcinoma and their relationship
to human papillomavirus infection. Hum Biol 71:367–379
King DP, Hure MC, Goldstein T, Aldridge BM, Gulland FM, Saliki
JT, Buckles EL, Lowenstine LJ, Stott JL (2002) Otarine herpesvirus-1: a novel gammaherpesvirus associated with urogenital carcinoma in California sea lions (Zalophus californianus).
Vet Microbiol 86:131–137
Klein J, Sato A (2000a) The HLA system: first of two parts. NE J
Med 343:702–709
Klein J, Sato A (2000b) The HLA system: second of two parts. NE J
Med 343:782–786

Lin P, Koutsky LA, Critchlow CW, Apple RJ, Hawes SE, Hughes
JP, Toure P, Dembele A, Kiviat NB (2001) HLA class II DRDQ and increased risk of cervical cancer among Senegalese
women. Cancer Epidemiol Biomarkers Prev 10:1037–1045
Lipscomb TP, Scott DP, Garber RL, Krafft AE, Tsai MM, Lichy JH,
Taubenberger JK, Schulman FY, Gulland FMD (2000) Common
metastatic carcinoma of California sea lions (Zalophus californianus): evidence of genital origin and association with novel
gammaherpesvirus. Vet Pathol 37:609–617
Martineau D, Lemberger K, Dallaire A, Labelle P, Lipscomb TP,
Michel P, Mikaelian I (2002) Cancer in wildlife, a case study:
Beluga from the St. Lawrence estuary, Quebec, Canada.
Environ Health Perspect 110:285–292
McClelland EE, Penn DJ, Potts WK (2003) Major histocompatibility complex heterozygote superiority during coinfection. Infect
Immun 71:2079–2086
Paterson S, Wilson K, Pemberton JM (1998) Major histocompatibility complex variation associated with juvenile survival and
parasite resistance in a large unmanaged ungulate population.
Proc Natl Acad Sci USA 95:3714–3719
Paul WE (1999) Fundamental immunology. Lippincott-Raven,
Philadelphia
Reizis B, Eisenstein M, Mor F, Cohen IR (1998) The peptidebinding strategy of the MHC class II I-A molecules. Immunol
Today 19:212–216
Zinkernagel RM (1979) Associations between major histocompatibility antigens and susceptibility to disease. Annu Rev
Microbiol 33:201–213

