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ABSTRACT
Afr-1 is a gene whose product contributes to the adult regulation of mouse a-fetoprotein (AFP).
In Afr-1* homozygotes, the adult serum levels of AFP are 10- to 20-fold higher than in Afr-1 “ or
Afr-1** mice. The studies reported here were performed to map the Afr-1 gene. Our results show
that Afr-1 resides on mouse chromosome 15, approximately 25 cM from Gdc-1. Afr-1 appears to be
located in close proximity to the mouse c-myc oncogene. These results are discussed with respect to
the susceptibility or resistance of different BALB/c sublines (which are either Afr-1° or Afr-l”,

respectively) to pristane-induced plasmacytomas.

LPHA (o)-FETOPROTEIN (AFP) is the major

serum protein of fetal animals. AFP is closely
related to serum albumin, both evolutionarily and
structurally (RuosLaHTI and TERRY 1976; MORINAGA
et al. 1983) and presumably in its function as well.
AFP is replaced in the serum of neonatal mice by
albumin over a period of a few months following
birth. The normal mouse adult serum AFP levels are
on the order of a few hundred nanograms per
milliliter (OrssoN, LINDAHL and RuosLanTI 1977;
BLANKENHORN ¢t al. 1985).

The down-regulation of AFP synthesis in the ne-
onate is developmentally controlled by genetic ele-
ments which are linked to the AFP structural gene
on chromosome 5 (TiLGHMAN and BELAYEw 1982).
However, a second genetic element also controls adult
serum levels of AFP in mice (OLssoN, LINDAHL and
RuosLaHTI 1977). This regulator of AFP (originally
named Raf-1, and now designated as Afr-1) has two
known alleles: a recessive allele named Afr-1°, found
in BALB/c] mice, and Afr-1°, found in all other
strains tested, including all other sublines of BALB/
¢ (OLsson, LINDAHL and RuosLAHTI 1977; BLANKEN-
HORN et al. 1985). Linkage of Afr-1 to other mouse
chromosomal markers has remained elusive. We re-
port here our results which indicate that Afr-1 is on
mouse chromosome 15, in linkage with the genetic
loci encoding glycerol-3-phosphate dehydrogenase
(GPDH; EC 1.1.1.8) and the protooncogene, c-myc.

MATERIALS AND METHODS

Animals: Mice were bred and maintained in a closed,
conventional mouse colony at Hazleton Laboratories, Rock-
ville, MD, under NCI contract NO1 CB 25584. The mice
were fed Purina Mouse Chow pellets and acidified tap
water ad libitum. Mice in this colony occasionally have serum
antibodies to Sendai and mouse hepatitis virus. Such mice
are excluded from further analysis. The use of closed

Genetics 119: 687-691 (July, 1988).

colony mice allows for confidence in the measurement of
serum levels of AFP, as the mice are not stressed by
displacement or other environmental influences.

Mice from three F, populations were analyzed: the first
group was derived by mating (C57BL/6N X BALB/c]) F,
animals, abbreviated B6CJF2; the second F; mating was
from (BALB/c] x DBA2/n) F, mice, abbreviated CJD2F2;
and the third mating from (BALB/cJ] X CLA) F, mice
(denoted CJCLF2). CIA is an inbred Mus musculus domesticus
strain of mice recently derived from the wild (D’HoosTE-
LaEre and PorTer 1986). BALB/c] has the genotype
Afr-1%®, Gdc-19°; DBA2/n, C57B1/6N, and CLA mice are
Afr-19% and Gdc-1%". CLA mice also carry a unique allele
of the c-myc locus (provisionally designated Myc-1 to distin-
guish it from other myc-related loci) which is not found in
any other inbred mouse strain tested (Hupp1, Duncan and
PotTER 1988).

Typing: The Afr-1° allele is defined by the presence of
high levels of AFP in adult mouse serum (OLssoN, LINDAHL
and RuosLanTi 1977). AFP levels in sera from 10—15-week-
old F, mice were determined by a solid phase radioim-
munoassay (BLANKENHORN et al. 1985). The mean AFP level
for Afr-1~ mice was 200 ng/ml, with a range of 50-750
ng/ml; for Afr-1** mice, 4,000 ng/ml (range 1,200~-11,000)
ng/ml. Afr-1 segregated in accordance with the predicted
inheritance of single locus with one dominant and one
recessive allele (Table 1). F; mice with the Afr-1* genotype
were studied further for their inheritance of alleles of
Gdc-1 and, in (BALB/cJ X CLA) Fy mice only, Myc-1. The
likelihood of linkage between Afr-1, Gdc-1, and Myc-1 was
evaluated by x? analysis.

Gdc-1 and Myc-1 genotypes were determined by Southern
blot analysis of kidney or liver DNAs from the Afr-1**
homozygotes. Gdc-1 displays a restriction fragment length
polymorphism (RFLP), where the two alleles Gdc-1° and
Gdc-1° are associated with Pstl restriction fragments of
approximately 3.5 kB and 3.3 kB, respectively. The RFLP
alleles for Myc-1° found in BALB/c] mice and Myc-1° in
CLA mice are associated with Tagl restriction fragments
of 2.3 kB and 3.3 kB, respectively. High molecular weight
DNAs were digested with the restriction enzymes according
to the manufacturer’s directions. Southern blots were per-
formed using standard procedures, and the nitrocellulose
filters were hybridized with a nicktranslated plasmid con-
taining coding sequences of GPDH (Kozak and BIRKEN-
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TABLE 1
Typing
Parental genotypes:
BALB/c] Afr-1° Myc-1¢ Gdc-I°
C57B1/6 Afr-1¢ Myc-1¢ Gdc-1°
DBA/2 Afr-1° Myc-1° Gde-1°
CLA Afr-1° Myc-1° Gdc-1°
Segregation of Afr-1 in progeny:
Afr-1"* Afr-1- Ratio (al — :blb)
B6CJF2* 40 139 3.5:1
CJD2F2* 47 141 3.0+1
CJCLF2® 21 75 3.6:1

* Results taken from Blankenhorn et al. (1985). Twenty-eight
mice from the B6CJF2 and 24 mice from the CJD2F2 Afr-1%*
progeny were chosen at random for the present study.

b Results of (BALB/c] x CLA)Fy male progeny.

MEIER 1983) for Gde-1 typing, and a BamHI-Pstl fragment
of p-c-myc 54 (StanTON, WATT and Marcu 1983) for typing
alleles at the Myc-1 locus. These plasmids were generously
provided to us by L. P. Kozak and K. Marcu.

RESULTS

We originally chose the Gdc-1 marker to study its
possible linkage to Afr-1 because BALB/c] differs
from other BALB/c sublines in the expression of
GPDH, the product of the Gdc-1 locus, in brown
adipose tissue (Kozak 1985). Two regulatory loci
(Gder-1, Gder-2) have been postulated to control the
expression of Gdc-1, and we entertained the possi-
bility that one of these might be located near the
Gdc-1 structural gene. Furthermore, it is an attractive
hypothesis that at least some of the few differences
known to exist between the BALB/c sublines might
be clustered.

In a previous study (BLANKENHORN et al. 1985), 367
mice of two Fp groups (B6CJFs and CJD2F2) were
scored for the inheritance of high or low adult levels
of AFP. Because the Afr-1° allele responsible for high
adult serum levels of AFP is recessive, only the
homozygous Afr-1"” segregants were further ana-
lyzed. No genetic association was found between Afr-
I and a variety of other markers typed in the CJD2F2-
Afr-1"" mice: Pep-3 (chromosome 1), Idh-1 (1), agouti
(2), Pgm-1 (5), color (7), dilute (9) or Es-3 and Hba
(11) (BLANKENHORN et al. 1985). Liver DNAs were
prepared from 28 B6C]JF2 mice and from 24 CJD2F,
mice. The DNAs were digested with PstI and sub-
jected to Southern blot analysis. Filters were hybrid-
ized to the radiolabeled plasmid containing the struc-
tural gene for Gdc-1 (Figure 1).

The results from the Afr-1"*-selected populations
are given in Table 2. Because both parental alleles
can be determined by the RFLP in Fo mice scored
for Gdc-1, the results can be expressed as recombi-
nation events/gamete. The B6CJF2 mice represented
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FiGURe 1.—Analysis of the segregation of Gde-1. Autoradi-
ogram of a Southern blot of PstI-digested F2 mouse DNA, after
hybridization with the **P-labeled Gdc-1 probe. The samples shown
here were chosen at random; the genotype Gdc-1""* is represented
in lane 1, and the genotype Gdc-19is represented by the restriction
fragment in lane 13.

18 recombinant gametes of 56 scored, providing an
estimate of linkage distance of 32 ¢cM. The CJD2F2
progeny exhibited 12 recombinant chromosomes of
the 48 scored, for a map distance of 25 cM. The
CJCLF2 progeny were also typed for both Afr-1 and
Gdc-1, and this cross also revealed a 24% recombi-
nation between the two markers (Table 2).

The combined results indicate a loose genetic link-
age of 27 = 4 cM between Gdc-1 and Afr-1 (x> = 24,
P < 0.001). Because these markers are quite far
apart, there is a likelihood that double crossover
segregants are scored as parental combinations in
this Fo cross, thus 27 ¢cM may be an underestimate
of the distance between the two loci. Furthermore,
because Fo mice were used for this study, linkage
analysis of selected Afr-1"” progeny relies on the
assumption that Gdc-1 is segregating in a normal
fashion in these animals, an assumption which is
likely but was not tested in this work.

The CJCLF;: cross was scored for a variety of
marker loci: as expected, no genetic linkage was
detected between Afr-1 and genes on chromosomes
1,3,4,5,7, or 11 (E. P. BLANKENHORN and R. DuN-
caN, unpublished data; R. Duncan, R. MATTHAL K.
Huppi, T. Roperick and M. POTTER, unpublished
data). Because CLA carries several polymorphic
genes on chromosome 15 that distinguish CLA from
BALB/c]J, we had the opportunity to screen these
progeny for markers which are monomorphic in
other inbred strains of mice. Of special interest was
the polymorphism of the Myc-1 protooncogene found
on chromosome I5. The recombination of this
marker with Afr-I in the (CLA X BALB/c]) Fs
progeny was 2.4%, indicating a very close linkage
between the two genes (Table 3).
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TABLE 2

Recombination of markers

689

No. of No. of gametes in
Cross and class of gamete progeny class No. expected? x2?P
B6CJFo-Afr-1%*
Parental class: Gdc-1° 14 38 28 7.1
Recombinant classes: 18 28
Gdc-1%¢ 10
Gde-1%* 4
CJD2Fq-Afr-1%"*
Parental class: Gde-1° 12 36 24 12.0
Recombinant classes: 12 24
Gde-1%¢ 12
Gdc-1%* 0
CJCLFg-Afr-1%
Parental class: Gde-1°° 13 32 21 11.8
Recombinant classes: 10 21
Gde-1%¢ 6
Gdc-1%* 2
Total:
Parental type gametes 106 73 29.8
Recombinant gametes 40 73 (P < 0.001)

Percent recombination = 27 = 3.7%

2 Expected number of gametes in each class if Afr-1 and Gdc-1 were unlinked.
® x? for gamete distribution with an expected 1:1 segregation if the two loci were unlinked.

DISCUSSION

Our interest in identifying and mapping genes that
distinguish BALB/c] from BALB/cAn relates in part
to the difference between these two sublines in
developing plasmacytomas. BALB/cAn and most
other BALB/c sublines are highly susceptible to de-
veloping plasmacytomas (mean incidence ~60%)
after the intraperitoneal injection of pristane
(2,6,10,14-tetramethylpentadecane), while BALB/c]
mice are relatively resistant (mean incidence ~10%)
(PoTTER and Wax 1981). This relative resistance is a
unique feature of the BALB/c] subline and may be
controlled by one of the few polymorphic genes which
are known to distinguish BALB/c] from the other
BALB/c sublines.

The genetic difference between BALB/c sublines
examined in the present study is Afr-1. BALB/cJ is
unique among all inbred strains of mice by carrying
Afr-1°, an allele which greatly elevates the adult level
of serum AFP. The physiological importance of the
10-20-fold increase in serum AFP levels in appar-
ently healthy adult BALB/c] mice is unknown. AFP
itself is an oncofetoprotein, appearing normally dur-
ing embryonic and fetal stages, and virtually disap-
pearing in mice (other than BALB/c]) during adult
life. Abnormally high levels of serum AFP in mice
are also found in association with the presence of
hepatocellular carcinomas (ABeLEV 1974) and during
the regeneration of liver following trauma (PiHkO
and RuosLanTI 1974), although this latter elevation

TABLE 3

Gamete distribution

Cross: CJCLF2-Afr-1%* No.of  No.of No.

Class of gamete progeny gametes expected®  x?°

Parental: Myc~1"/“ 20 41 21 38.1
Recombinant: 1 21

Myc-1 b 1€

Myc-1 b

Percent recombination = 2.4%

2 Expected number of gametes in each class if Afr-I and Myc-1
were unlinked.

b %2 value for gamete distribution, with an expected 1:1 segre-
gation if the two loci were unlinked.

< Recombinant: Afr-1%% ... cross-over ... Myc-1%% ... Gde-1%",
All other recombinants in this cross were outside the Afr-1-Myc-1
interval [see also Huppi, DuncaAN and PoTTER (1988)].

is due to another, independent regulatory locus now
known as Afr-2 (BELAYEw and TiLGHMAN 1982). Our
results show that the Afr-I gene is located on mouse
chromosome 15.

Other genetic differences between BALB/c] and
other BALB/c sublines have been reported. BALB/c
sublines differ in their expression of Qa-2, an H-2-
linked gene on chromosome 17 (ROGERS et al. 1985).
Most of the other distinctions involve quantitative
differences in the expression of a variety of enzymes.
These include: three enzymes in the catecholamine
synthetic pathway (CIARANELLO et al. (1974); two in-
ducible enzymes involved in gluconeogenesis (COLE-
MAN 1980); and induced brown fat levels of GPDH
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(Coox et al. 1986; Kozak 1985), which are all higher
in BALB/c] mice than in BALB/cAn-related sublines.
In addition, we have found a difference in the pattern
of mouse major urinary protein (MUP) excretion in
the urine of BALB/c] vs. BALB/CAnPt (RODERICK,
LANGLEY and LEITER 1985; R. DUNCAN, R. MATTHALI,
K. Hueerr, T. Roperick and M. POTTER, unpublished
data).

The regulation of these tightly controlled enzy-
matic activities could be multigenic in nature, or
could result from a single gene having multiple,
transacting effects, or from a cascade effect in which
a single gene deregulation triggers multiple second-
ary changes. Genetic mapping experiments to pin-
point the location of regulatory genes for the cate-
cholamine synthesis and for gluconeogenesis would
be helpful to distinguish these possibilities.

The proximity of Afr-1 to c-myc is intriguing, and
presents a possible explanation of how this mutation
might “convert” a plasmacytoma-susceptible mouse
strain (BALB/c An) to a resistant one (BALB/c]).
Over 95% of the tumors induced by pristane in
BALB/cAn mice have chromosomal translocations
involving regions in or near the Myc-1 locus: about
70% are reciprocal translocations between chromo-
some 12 and 15 (rcpt 12;15) and about 25% are rcpt
6,15 (PoTrTER 1984). These translocations occur
within the c-myc locus in the rcpt 12;15 tumors. In
the case of rcpt 6,15 tumors, the region physically
involved in the translocation is designated puvt-1, a
locus that is located at least 90 kb downstream (3’)
of c-myc (Cory et al. 1985).

Both types of translocation effect c-myc transcrip-
tion (Cory et al. 1985). To date, no gene product
from the put-1 locus has been identified, although
homologues of the put-1 gene are found in the
genomes of both rats (VILLENEUVE ef al. 1986) and
humans (GRaHAM and Apams 1986; MENGLE-GAw
and RaBBITTS 1987). In humans, the put-1-like gene
is 300 kb 3' of the third exon of c-myc, and DNA
fragments isolated from human tumors with ampli-
fied myc genes (amplicons) contain both c-myc and
put-1-like sequences (MENGLE-GAw and RABBITTS
1987). This suggests that the continuity of DNA
between c-myc and put-1 is important for at least one
step in the tumorigenic pathway. It is interesting to
speculate that the mutation responsible for Afr-1°
might modify this region in such a way that it
decreases the probability of rcpt 12;15 or rcpt 6,15
translocations occurring.

In related studies, we have crossed BALB/cAnPt
X BALB/c], and have developed a breeding stock
designated BALB/cAn.J Afr-1*°. BALB/cAn.] Afr-1"*
mice, like BALB/c], are relatively resistant to plas-
macytoma induction by pristane (POTTER, WAX and
BLANKENHORN 1985, and unpublished observations),
further indicating the importance of a gene or genes

on mouse chromosome I5 in genetic resistance to
plasmacytoma induction.

Linkage analysis of Fo mice is more cumbersome
than a similar study would be using backcross mice.
The fact that three independent F» crosses (estab-
lished with the aim of collecting information about
other genes for which a BALB/c] backcross was not
particularly useful) gave the same result lends con-
fidence to the map assignment. Preliminary studies
of our F, progeny using probes diagnostic of other
chromosome 15 markers [Ly-6 and sis (MERUELO et
al. 1987)] indicate a map order consistent with other
published chromosome 15 maps (BLANKENHORN et al.
1988).

It is very likely, based on our genetic mapping data
and on the resistance profile of Afr-1 congenic mice,
that the Afr-1 regulatory locus may provide a clue to
these questions about the chromosomal events which
precede malignant transformation of plasma cells. In
this regard, the precise location of Afr-1 in BALB/c]
mice, with respect to c-myc, pvt-1, and plasmacytoma
resistance, is currently being studied in our labora-
tories. Furthermore, a precise map location would be
the first step in a path leading to the identification
of this unusual, trans-acting regulator of serum AFP
levels.

This work was supported by the National Cancer Institute (NCI)
contract NO1 CB 25584. The authors gratefully acknowledge the
assistance of Jupy Wax and RoBerTa MatTHAI (NCI) and JANICE
HarbpiMAN (Hahnemann University).

LITERATURE CITED

ABELEV, G. 1., 1974 Alpha-fetoprotein as a marker of embryo-
specific differentiations in normal and tumor tissues. Trans-
plant. Rev. 20: 3-37.

BerLavEw, A., and S. M. TiLcHMAN, 1982 Genetic analysis of
alphafetoprotein synthesis in mice. Mol. Cell. Biol. 2: 1427—
1435.

BLANKENHORN, E. P, J. S. Wax, R. MATTHAI and M. POTTER,
1985 Genetic analysis of alpha-fetoprotein levels in BALB/c
sublines. Curr. Top. Microbiol. Immunol. 122: 53-57.

BLANKENHORN, E. P., R. Duncan, C. TEuscHER and M. POTTER,
1988 Genetic map location of Afr-1: results from four genetic
crosses. Curr. Top. Microbiol. Immunol. In press.

CiaranELLo, R. D., H. J. HoFFmaN, J. G. M. SHIRE and J. AXELROD,
1974 Genetic regulation of the catecholamine biosynthetic
enzymes. J. Biol. Chem. 249: 4528-4536.

CoLEmaN, D. L., 1980 Genetic control of serine dehydratase and
phosphoenolpyruvate carboxykinase in mice. Biochem. Genet.
18: 969-979.

Cook, J. R, U. StapLer, D. BurkarTt and L. P. Kozak,
1986 Genetic regulation of sn-glycerol-3-phosphate dehydro-
genase in brown adipose tissue. Genetics 114: 567-578.

CoRY, S., M. GrRanaM, E. WEBsB, L. CorcoraN and J. M. Apawms,
1985 Variant (6: 15) translocations in murine plasmacytomas
involve a chromosome 15 locus at least 72 kB from the ¢-myc
oncogene. EMBO J. 4: 675—681.

D‘HOOSTELAERE, L. A., and M. POTTER, 1986 IgK polymorphism
in M. musculus domesticus populations from Maryland and Del-
aware. Curr. Top. Microbiol. Immunol. 127: 175-185.

GraHAM, M. and J. M. Apams, 1986 Chromosome 8 breakpoint
for 3' of the c-myc oncogene in a Burkitt’s lymphoma 2;8



Chromosome Assignment for Afr-1 691

variant translocation is equivalent to the murine put-1 locus.
EMBO ]J. 5: 2845-2851.

Hupry, K., R. DuncaN and M. POTTER, 1988 Myc-1 is centromeric
to the linkage group Ly-6—sis—Gdc-1 on mouse chromosome
15. Immunogenetics 27: 215-219.

Kozax, L. P, 1985 Genetic variation of catecholamine responsive
metabolic pathways—a hypothesis for a common regulatory
mechanism in BALB/c subines. Curr. Top. Microbiol. Im-
munol. 122: 66-70.

Kozak, L. P, and E. H. BIRKENMEIER, 1983 Mouse sn-glycerol-
3-phosphate dehydrogenase: molecular cloning and genetic
mapping of a cDNA sequence. Proc. Natl. Acad. Sci. USA 80:
3020-3024.

MENGLE-GAw, L., and T. H. RassiTTs, 1987 A human chromo-
some 8 region with abnormalities in B cell, HTLV™ T-cell
and c-myc amplified tumours. EMBO ]J. 6: 1959-1965.

MEREULO, D., A. RossoMANDO, S. ScanpaLts, P. D’EusTAcHIO, R.
E. K. FournIER, D. R. Roor, D. Saxg, C. BLaTr and M. N.
NEesBITT, 1987 Assignment of the Ly-6—Ril-1—Sis—H-30—
Pol-5/Xmmy-72—Ins-3—Krt-1—Int-1—Gdc-1 region to mouse
chromosome 15. Immunogenetics 25: 361-372.

MoriNaca, T., M. Sakai, T. G. WEemanN and T. TaMaoki,
1983 Primary structure of human alpha-fetoprotein and its
mRNA. Proc. Natl. Acad. Sci. USA 80: 4604—4608.

OLLsON, M., G. LINDAHL, and E. RuosLaHTI, 1977 Genetic control
of alphafetoprotein synthesis in the mouse. J. Exp. Med. 145:
819-827.

Pinko, H., and E. RuosLaHTi, 1974 Alpha-fetoprotein produc-
tion in normal and regenerating mouse liver. pp. 333-336.
In: L’alpha fetoprotein, Edited by R. MasseYEFF. INSERM, Paris.

PoTTER, M., and J. S. Wax, 1981 Genetics of susceptibility to
pristane-induced plasmacytomas in BALB/cAn: reduced sus-
ceptibility in BALB/c] with a brief description of pristane-
induced arthritis. J. Immunol. 127: 1591-1595.

PoTTER, M., 1984 Genetics of susceptibility to plasmacytoma
development in BALB/c mice. Cancer Surveys 3: 247-264.

PoTTER, M., J. S. Wax and E. P. BLANKENHORN, 1985 BALB/c
subline differences in susceptibility to plasmacytoma induction.
Curr. Top. Microbiol. Immunol. 122: 234-241.

Robkerick, T. H., S. H. LancLey and E. H. LEITER, 1985 Some
evidence for genetic variation among BALB/c substrains. Curr.
Top. Microbiol. Immunol. 122: 9-18.

Rocers, M. ]J., G. GarLerro, R. MaTTHAI and M. POTTER,
1985 Qa2 expression in BALB/c sublines and a BALB/cLac
tumor. Curr. Top. Microbiol. Immunol. 122: 43—49.

RuosLanTy, E., and W. D. Terry, 1976 Alphafetoprotein and
serum albumin show sequence homology. Nature 260: 804—
805.

StanTON, L. W., R. WaTT and K. B. MARrcu, 1983 Translocation,
breakage and truncated transcripts of c-myc oncogene in
murine plasmacytomas. Nature 303: 401-406.

TiLGHMAN, S, M,, and A. BELAYEW, 1982 Transcriptional control
of the murine albumin/ alpha fetoprotein locus during devel-
opment. Proc. Natl. Acad. Sci. USA 79: 5254-5257.

VILLENEUVE, L., E. RassarT, P. JOLICOEUR, M. GRaHAM and J. M.
Apawms, 1986  Proviral integration site Mis-1 in rat thymomas
corresponds to the put-1 translocation breakpoint in murine
plasmacytomas. Mol. Cell. Biol. 6: 1834—-1837.

Communicating editor: R. E. GanscHow



