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Summary. Various rodent and primate DNAs 
exhibit a stronger intra- than interspecies cross-hy- 
bridization with probes derived from the N-termi- 
nal domain exons of  human and rat carcinoem- 
bryonic antigen (CEA)-like genes. Southern analyses 
also reveal that the human and rat CEA gene fam- 
ilies are of similar complexity. We counted at least 
10 different genes per human haploid genome. In 
the rat, approximately seven to nine different N-ter- 
minal domain exons that presumably represent dif- 
ferent genes appear to be present. We were able to 
assign the corresponding genomic restriction en- 
donuclease fragments to already isolated CEA gene 
family members of both human and rat. Highly sim- 
ilar subgroups, as found within the human CEA gene 
family, seem to be absent from the rat genome. Hy- 
bridization with an intron probe from the human 
nonspecific cross-reacting antigen (NCA) gene and 
analysis of DNA sequence data indicate the con- 
servation of noncoding regions among CEA-like 
genes within primates, implicating that whole gene 
units may have been duplicated. With the help of a 
computer program and by calculating the rate of 
synonymous substitutions, evolutionary trees have 
been derived. From this, we propose that an inde- 
pendent parallel evolution, leading to different CEA 
gene families, must have taken place in, at least, the 
primate and rodent orders. 
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Introduction 

Since its discovery as an oncodevelopmentally reg- 
ulated glycoprotein (Gold and Freedman 1965a,b), 
carcinoembryonic antigen (CEA) has become one 
of the most widely used human tumor markers. Im- 
munological characterization and isolation of var- 
ious cross-reacting antigens already indicated the 
existence ofa CEA gene family (reviewed in Thomp- 
son and Zimmermann 1988). These preliminary data 
could be confirmed at the protein (Engvall et al. 
1978; Kessler et al. 1978; Paxton et al. 1987) and 
DNA levels (Oikawa et al. 1987c; Thompson et al. 
1987; Neumaier et al. 1988). Southern analyses in- 
dicated the existence of  9-11 genes in humans 
(Thompson et al. 1987). Sequencing ofgenomic and 
cDNA clones has revealed the complete primary 
protein structure of CEA (Beauchemin et al. 1987; 
Oikawa et al. 1987c; Zimmermann et al. 1987), NCA 
(Oikawa et al. 1987b; Thompson et al. 1987; Neu- 
maier et al. 1988; Tawaragi et al. 1988), and a preg- 
nancy-specific /31 glycoprotein (PS/~G) (Watanabe 
and Chou 1988a). The highly conserved domains 
shared by each are a 34-amino-acid leader peptide, 
a 108-110-amino-acid N-terminal domain, a 178- 
180-amino-acid repeating unit of which three copies 
are present in CEA, whereas only one and a half can 
be found in PSBG and one in NCA, and a 26-amino- 
acid carboxyl region (CEA) that is 2 amino acids 
shorter in NCA and degenerate in PSI3G. Closer 
analysis of  the deduced primary and secondary 
structure showed that these proteins can be grouped 
within the immunoglobulin superfamily (Oikawa et 
al. 1987a; Williams 1987; Neumaier et al. 1988). 
Despite the high conservation of the so far identified 
CEA gene family members, immunological studies 
were not able to identify unequivocally their coun- 
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terparts in nonpr imate  m a m m a l s  or birds (Wahren 
et al. 1983). U p  until recently, CEA-related mole-  
Cules could only be immunological ly  detected in 
higher primates (Haagensen et al. 1982; Jantscheff  
et al. 1986). However,  we have succeeded in the 
isolation of  CEA-related genes f rom a rat genomic  
library (Kodelja et al. 1989). The available D N A  
sequence data do not  allow the direct assignment o f  
analogous counterparts  between h u m a n  and rat 
CEA-like genes. Therefore, it appeared necessary to 
analyze total genomic D N A  from these species for 
the existence o f  unidentified genes that might  have 
a higher degree o f  interspecies similarity than those 
already isolated. The rat genomic  clones and the 
Parallel isolation o f  other members  o f  the h u m a n  
CEA gene family (Thompson  et al. 1989) provided  
us with suitable restriction fragments for hybridiza- 
tion with total genomic  D N A  from a number  o f  
animal species in order  to help clarify this as well 
as the general evolut ionary pathways o f  the CEA 
gene family. 

Here, we present the data o f  extensive inter- and 
intraspecies D N A / D N A  hybridizat ion analyses to- 
gether with compara t ive  analyses o f  D N A  sequence 
data from the h u m a n  and rat CEA gene families that 
have led us to a hypothetical  model  for the evolut ion 
of  these genes. 

Materials and Methods 

Species Examined and Origins of Genomie DNA. High molecular 
weight DNA was prepared from Rattus norvegicus (rat) liver, 
Mus musculus (mouse) liver, Tupaia belangeri (tree shrew) pe- 
ripheral leukocytes (whole blood was a kind gift from D. yon 
Holst, Bayreuth), Pipistrellus pipistrellus (bat) muscle, liver, and 
heart, Cercopithecus aethiops (marmoset) using the transformed 
kidney cell line Tc-7 derivative of CV-1, Pan troglodytes (chim- 
Panzee) peripheral leukocytes (whole blood purchased from TNO 
Primate Center, Netherlands), and Homo sapiens (human) pe- 
ripheral leukocytes. 

Isolation and Southern Analysis of Genomic DNA. DNA was 
isolated essentially as described before (Zimmermann et al. 1988). 
Tissues were first pulverized in liquid nitrogen and then subjected 
to Proteinase K digestion, followed by removal of excess protein 
and Undissolved material by centrifugation in a CsCI gradient (p 

1.695 g/cm 3) at 10,000 gand 20"C for 30 min. 
HYbridization was carried out as previously described (Zim- 

naerrnann et al. 1988) with minor modifications. The hybridiza- 
tion temperature was lowered to 37~ in the presence of 40% 
forrnanaide and the low stringency wash was generally performed 
at 60oc, in 2 • SSPE (1 • SSPE = 0.18 M NaCI, 0.01 M NaH2PO4, 
13.001 M EDTA, pH 7.4). 

Calculation of the Number of Nucleotide Substitutions. The 
rates of synonymous (nonsynonymous) substitutions were cal- 
CUlated separately in coding regions. The calculation of these Ks 
(K,~) values was done using the computer program LWL85 for 
nuclear genes (Li et al. 1985). 

The theoretical basis for the calculation of the rates of syn- 
Onymous (nonsynonymous) substitutions is described in Li et al. 

(1985). The rates of synonymous substitutions for noncoding 
regions (KN) were calculated simply as the number of substitu- 
tions divided by the number of sites compared and were corrected 
for potential multiple substitutions (Miyata et al. 1980; Sako- 
yama et al. 1987) using: 

K c = _3L ln(l - %KN) (1) 

Gaps were excluded from the comparisons. 

Evolutionary Trees. The creation of the cladograms was 
achieved by independently using the evolutionary inference pack- 
age PHYLIP (Felsenstein 1985) for the direct comparison of 
whole nucleotide sequences and by computing distance matrices 
with the UPG (unweighted pair group) method [for the program 
and more detailed information see Li (1981)] using the Ks values. 
For the computation with PHYLIP, gaps were excluded from the 
comparisons in a way that all sequences were aligned, and by 
removing all insertions and deletions a minimum consensus was 
achieved. For optimal sequence alignment, the computer pro- 
gram ALIGN by R. Friedrich, GieBen, and M. Trippel, Freiburg 
(unpublished), was used, which is based on an algorithm by 
Needleman and Wunsch (1970). 

Results 

Southern Analyses  o f  Pr imate  and  
Nonpr imate  Genornic D N A s  

In order  to examine the degree o f  interspecies se- 
quence conservat ion and the extent o f  gene ampli-  
fication, we used restriction endonuclease fragments 
f rom the N-terminal  domain  exons o f  two h u m a n  
(Thompson  et al. 1989) and four rat genomic clones 
(Kodelja et al. 1989) as well as one human  e D N A  
clone (Neumaier  et al. 1988) to probe total genomic  
D N A s  from various species. The exact location o f  
these probes is depicted in Fig. 1. 

F rom Fig. l a -c  it can be seen that under  non-  
stringent conditions, the human-der ived  probes hy- 
bridize strongly with multiple D N A  fragments with- 
in the primate order. The rat probes hybridize 
preferentially with rodent  D N A s  (Fig. 1 d-f ) .  How-  
ever, only weak or marginal hybridizat ion signals 
were obtained with rat probes versus pr imate D N A s  
or h u m a n  probes with rodent  DNAs,  respectively. 
Assuming that the N-terminal  domain  is present 
only once per gene, as appears to be the case in 
humans,  and that unknown exons do not  contain a 
recognition sequence for the restriction endonu-  
cleases used for the digestion o f  the genomic DNAs,  
we estimate that approximately  seven to nine CEA- 
like genes exist in the rat by counting the observed 
cross-hybridizing D N A  fragments identified with the 
different rat probes. For  this calculation, it has been 
taken into account  that the N-terminal  domain  exon 
for rnCGM2 has a recognition sequence for SstI 
(Kodelja et al. 1989). 

By combining the results obtained from hybrid-  
ization experiments under  stringent condit ions us- 
ing probes from various genes, and taking into ac- 



128 

Fig. 1. Hybridization of total genomic DNA from several mammalian species using probes containing different N-terminal domain 
exon regions of human (a, b, c) and rat (d, e, f) CEA gene family members. The filters were washed at 60*(2, 2 x SSPE (b-f) or at 
65~ 2 x SSPE (a). Lane l, Rattus norvegicus; lane 2, Mus musculus; lane 3, Pipistrellus pipistrellus; lane 4, Tupaia belangeri; lane 
5, Cercopithecus aethiops; lane 6, Pan troglodytes; lane 7, Homo sapiens (2.5 #g DNA per lane). The locations of the restriction 
endonuclease fragments used as probes for hybridization are depicted below the autoradiographs. References for probe sequences: a 
(Neumaier et al. 1988); b, c (Thompson et al. 1989); d-f (Kodelja et al. 1989). The probes in a-c represent one member of each known 
subgroup of the human CEA gene family. The blot hybridized with the probe from the N-terminal domain exon of hsCGM2 (b) is 
overexposed to visualize the weak hybridization signals in rodent DNA. E, EcoRI; S, SstI digests of the genomic DNAs. Arrows 
indicate the positions of ~,/HindIII restriction endonuclease fragments. 

count  restriction endonuclease  f ragment  lengths as 
de te rmined  by sequencing h u m a n  and rat  CEA-like 
genes ( T h o m p s o n  et al. 1987; Kodel ja  et al. 1989; 
T h o m p s o n  et al. 1989), we have  been able to assign 
different D N A  fragments  to specific N- t e rmina l  do-  
ma in  exons (Fig. 2). It  can be seen f rom the un- 
identified restr ict ion endonuclease  f ragments  that  
more  N- te rmina l  d oma ins  exist than  have  been iso- 
lated so far in both  h u m a n  and rat. 

The  h u m a n  probes  der ived f rom NCA,  h sCGM2,  
and h s C G M 3  gave mul t ip le  distinct hybr id iza t ion  
signals with addi t ional  m a m m a l i a n  species tested 
(bat: Fig. lc, lane 3; mole: data  not  shown). A m o n g  
the rat genes, only the probe  der ived f rom r n C G M 3  
showed an identifiable hybr id iza t ion  signal with 
D N A  f rom mole  and  bat, whereas  the other  probes  
detected weakly hybridizing f ragments  only in ba t  
genomic  D N A  (Fig. I f and  data  not  shown). The  
tree shrew did not  reveal  a clear hybr id iza t ion  signal 
with N- te rmina l  d o m a i n  exon probes  der ived f rom 

either h u m a n  or rat  CEA-like genes (Fig. lc  and  f). 
A control  hybr id iza t ion  using a probe  f rom the 3' 
end of  a ~}-tubulin c D N A  clone f rom Drosophi la  
me lanogas t e r  (Bialojan et al. 1984) that  is known 
to be highly conserved  th roughout  m a m m a l s  re- 
vealed no significant differences between species in 
the amoun t s  o f  D N A  on the filters (Fig. 3). 

Under  high stringency condi t ions  , the rat  and  
h u m a n  probes  showed differences in their  degrees 
of in t raspecies  sequence conservat ion.  For  example ,  
using the h u m a n  N- t e rmina l  d o m a i n  exon p robe  
f rom N C A  (Fig. l a), apar t  f rom its corresponding 
genomic  f ragment  the size o f  which is known f rom 
a genomic  N C A  clone ( T h o m p s o n  et al. 1987), one 
addi t ional  EcoRI  f ragment  and  two addi t ional  SstI 
f ragments  still hybridize in h u m a n s  even under  
stringent condi t ions  (data not  shown). This  impl ies  
the existence o f  two addi t ional  genes that  are closely 
related to the N C A  gene. In  the rat, only single D N A  
fragments  could be detected under  high stringency 
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Fig. 2. Assignment of genomic restriction endonuclease frag- 
ments comprising the N-terminal exons to already isolated mem- 
bers of the human (a) and rat (b) CEA gene families. This was 
achieved either by analysis ofgenomic clones, or by hybridization 
With corresponding probes under high stringency conditions. In 
(a) the NCA N-terminal probe (see Fig. 1 a) and in (b) the probe 
from the N-terminal exon of rnCGM4 (see Fig. 1 f) was used for 
hybridization of total genomic DNA at low stringency. In rat 
genomic DNA (b) not all assigned restriction endonuclease frag- 
raents are clearly visible, because of weak cross-hybridization 
due to the lower degrees of nucleotide sequence similarities among 
the rat genes. E, EcoRI; S, Ssll digests of the genomic DNAs. 
The arrows indicate the positions of MHindIII restriction en- 
donuclease fragments. 

COnditions with all o f  the probes  used, apar t  f rom 
the one f rom r n C G M 2  that  hybr idized with two SstI 
fragments for the a b o v e - m e n t i o n e d  reason (data not  
shown). The  extent  o f  c ross-hybr id iza t ion  a m o n g  
the rat  genes is also weaker  ( compare  Fig. 1 d - f )  as 
compared  to the h u m a n  genes at lower  str ingency 
(compare Fig. la -c) .  

Hybr id iza t ion  o f  the var ious  genomic  D N A s  with 
a probe f rom the immunoglobul in- l ike  repeating unit  
of  CEA revealed s imilar  results to the N- t e rmina l  
domain,  i.e., mult iple  hybr id iza t ion  signals in pri-  
mates and  very weak signals in rodents  (data not  
shown). 

Apar t  f rom the coding regions, we also tested a 
fragment  f rom an N C A  gene intron.  Mult iple  
Strongly hybridizing f ragments  can be seen only 
among the p r imates  under  low stringency condi t ions  
(Fig. 4). At  high stringency, one strong and  two or 
three weakly hybridizing D N A  fragments  r emain  
Visible in h u m a n  and ch impanzee  D N A  (data not  
shown). 

Determination of the Rates of Nucleotide 
Substitutions in Exons and Introns 

We de te rmined  the rate o f  s y n o n y m o u s  (Ks) and  
nOnsynonymous subst i tut ions (KA) for the N- te r -  
rainal d o m a i n  exons o f  CEA-like genes in bo th  hu-  
raan and  rat. Fur the rmore ,  we de te rmined  the rate 
of  Substitutions in the intron regions (KN) flanking 
the N- te rmina l  domain  exons of  several h u m a n  CEA 
gene family members .  The  value o f  Ks can be used 
to es t imate  the absolute  or  relat ive branching  points  
o f  phylogenetical ly related sequences (Busslinger et 
al. 1982; Sak o y ama  et al. 1987). Usually,  the values 
for Ks and  KN found in the l i terature are approxi -  

Fig. 3. Control hybridization of total genomic DNAs from all 
species tested with a highly conserved probe from a B-tubulin 
eDNA from Drosophila melanogaster (Bialojan et al. 1984). The 
filters were washed at 650C, 2 x SSPE. For the numbering above 
the lanes see legend to Fig. 1. The location of the probe is shown 
in the lower part of the figure. The filters are the same as used 
for the experiment shown in Fig. lb. E, EcoRI; S, SstI digests of 
the genomic DNAs. Arrows indicate the positions of MHindIII 
restriction endonuclease fragments. 

Fig. 4. Genomic DNA from different mammalian species hy- 
bridized with a probe from an intron region of the NCA 50 gene 
(Thompson et al. 1987). The filters were washed at 65~ 2x 
SSPE. For the numbering above the lanes see legend to Fig. 1. 
The exact location of the probe within the NCA gene is depicted 
in the lower part of the figure. E, EcoRI; S, SstI digests of the 
genomic DNAs. The boxes represent exons coding for leader (L), 
N-terminal domain (N), half repeat A (R-A), and half repeat B 
(R-B). 

mate ly  equal  (Miyata  et al. 1980; S a k o y a m a  et al. 
1987). This  is consis tent  with the a s sumpt ion  that  
there should be negligible selective pressure on bo th  
kinds  o f  sites (Miyata  et al. 1980; Perler  et al. 1980; 
Busslinger et al. 1982). 

In compar i sons  o f  h u m a n  CEA gene family  
member s ,  we found Ks values double  to three t imes 
higher than  the corresponding values  o f  K N for  the 
adjacent  in t ron regions. This  t endency  is m o s t  ob- 
vious  for the m o r e  dis tant ly related genes h s C G M 2  
and h s C G M 3  (see Fig. 5). When  looking at KA, i.e., 
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NCA vs. CFA 
NCA vs. B~I 
NCA vs. hsCGMI 
NOA vs. hsC(;M2 
NCA vs. hs(X;~ 
NCA vs.~ 
NCA vs. P.%60 
CEA vs. ~S?I 
eFA vs. h.~Xi41 
LEA vs. h~GM2 
C~ vs. 
CEA vs. hsCGM4 
CFA vs. PSI~G 
~P1 vs. hs rX~ 
Br~I vs.  hsCOM2 
BGPI vs. 
B~t vs. hsC(;IN 
BGPI vs. PS~G 
hsc(;Ml vs. b.sCGM2 
hsCGMI vs. hS~GH3 
hsCG~ vs. h_-CON 

vs.  PSI~G 
hs(X;M2 VS, 
hsO;M2 vs. hsO~4 
~CGM2 vs.  PSI~; 
hsCGM3 vs. hsC(~4 
hsCGM3 vs. PS~G 
b s C ~  vs. PS~G 

r n C ~ l  vs. rnCGM2 
cnCGM1 vs. 

vs. ~ 4  
rnCG/(1 vs, rnCGM5 
rnC(:~2 vs. rnC(IM3 
rnC(~2 vs. rrlC(~14 
rnC(;K2 vs. rnCGM5 
rnCGl'd vs. rnC~4 
t-nCGt~3 vs. rnCGM5 
rnCG~l vs. rnCGl~3 

5' Mean 3' 

0.047+0.014 0.146i0_ .047 0,322 0.107 0.122 0.136 
0.046_+0.013 0.132_+0.043 0.348 nd rM nd 
0.034_+0.011 0.161_+0.049 0,211 0.167 0.118 0.068 
O. 206+0.031 O. 269~. 069 0.766 O. 190 0.201 O. 212 
0.284-~).039 0.505i0.109 0.562 0.189 0.193 0.197 
0,294_+0.040 0,615!0_ .135 0.478 nd nd rd 
O. 297+0.040 0.476!0_. I04 0.624 nfl ,d r~ 
0.048_+0.014 O. i02!0.038 0.471 nd lid lid 
0.051_+0.014 0.07~0.032 0.680 nd ,d ~I 
0.207_+0.031 0.248_+0.064 0,835 nd nd nd 
0. 248!~.039 0.442_-~.097 0.643 rid rid lid 
0.284_+0,039 0.508_+0,110 0,559 nd nd m~ 
0.297+0.040 0. 392_+0.088 O. 758 nd nd nd 
0.049"!0.014 0.077_+0. 031 0. 636 nd lid rid 
0-200!'O_ .030 O. 255!'0.067 0.784 nd nd r~ 
0.298+0.040 0,370~.092 0.805 nd ~I 
O. 302L!O .O40 0.473_+0.118 0.638 nd nd nd 
0.311+0.041 0.345!O_ .089 0.901 nd nd 
0.220~.032 0.244_+0,067 0,902 ~d nd r~ 
0.293+0.039 0,431_+0.098 0,680 nd ~ lad 
0.297+0.040 0.533_+0.122 0.557 nd nd 
O. 306+O.O41 0.404_+0.094 0.757 nd ~:I nd 
O. 342+0.O44 0.609ZO_. 130 0.562 0.218 0.231 0.245 
0.357L~0.045 0.664_-s 0.538 nd rd nd 
O.336+O.043 0.5294/0. I13 0.635 nd nd nd 
0.042+0.013 0.142+0.045 0.300 0.084 0.067 0.050 
0.057+O.015 0.113_+0.039 0.504 0.049 0.052 0.055 
0.060!O_ .015 0.145-!O_.046 0.414 0.i11 0.074 0.037 

0.455_+0.054 0.997_+0.221 0.456 nd r~ ,d 
O. 134+O. 024 O. 338-!4). 080 O. 396 nd nd ~I 
O. 165i-0 ~ . 028 O. 486_+0.104 O. 340 nd nd m:l 
0. 357+0.046 1.00 _9!-0. 245 0.354 nd nd nd 
O. 526!C0.061 I. 46 _5!O. 392 0. 359 nd nd ,d 
O. 458_+0.055 I. 130!-0_. 257 O. 405 nd nd nd 
0.428_+0.051 1.185~_ .259 0.361 rid nd nd 
O. 259-/O. 037 O. 75q!O_. 172 0.341 nd nd nd 
O. 429!-0 - . 052 I. 084+0.252 O. 396 nd r~ m:l 
0.376_+0.048 1.048_+0.303 0.359 nd nd nd 

Fig. 5. Comparison of the mu- 
tational rates for coding and 
noncoding regions within human 
and rat CEA gene families. The 
rates of synonymous (Ks) and 
nonsynonymous (KA) substitu- 
tions (+standard error) in the 
N-terminal domain exons of 
CEA-like genes have been calcu- 
lated in pairwise comparisons 
(see Materials and Methods). 
The first two and the last nucleo- 
tide were excluded from the 
comparisons because the corre- 
sponding codons are split by the 
exon/intron boundaries. For sev- 
eral human gene pairs the rate of 
substitutions in intron regions 
(KN) adjacent to the N-terminal 
domain exon has also been de- 
termined. The introns compared 
correspond to 444 nucleotides 
upstream and 173 nucleotides 
downstream of the NCA N-ter- 
minal domain exon. References 
for the sequences used: NCA 
(Thompson et al. 1987), CEA 
(Oikawa et al. 1987c, and un- 
published data), BGP1 (Hinoda 
et al. 1988), hsCGM1-4 
(Thompson et al. 1989), PSOG 
(Thompson et al. 1989; Watana- 
be and Chou 1988a), rnCGMI-5 
(Kodelja et al. 1989). 

the rate o f  substitutions that lead to amino  acid 
exchanges, another interesting feature can be seen. 
This rate is quite high, being most  obvious  again 
for the more  distantly related h u m a n  genes, resulting 
in values for KA/Ks between 0.2 and 0.9 (Fig. 5). 
Among  the rat genes this ratio ranges a round 0.4 
(Fig. 5). 

Discussion 

Is There Only Weak Selective Pressure on the 
Primary Structure of the 
N-terminal Domain? 

The relatively high values for the ratio between ami- 
no acid replacement sites and silent sites found for 
most  gene pairs (Fig. 5) reflect weak selective pres- 
sure on the pr imary protein sequence o f  the N-ter-  
minal domain.  Comparab ly  high values are also 
found for immunoglobul ins  (Miyata et al. 1980). In 
contrast, coding regions o f  genes with rigid func- 
tional constraints on the amino  acid sequence such 
as histone genes or cy tochrome c genes have KA/Ks 
values that are 10-50 times lower (Miyata et al. 
1980). Therefore, the pr imary structure seems to be 

of  minor  importance for the function o f  the CEA- 
related proteins or, alternatively, at least some of  
the CEA-like genes might  represent functionless 
pseudogenes. However,  most  o f  the observed amino  
acid substitutions in the N-terminal  domains  are 
n o n r a n d o m  and comprise conservative exchanges. 
Despite a low degree of  similarity at the amino  acid 
level, a strong structural resemblance exists between 
the deduced secondary structures o f  the N-terminal  
domains  o f  all CEA-like proteins and the i m m u -  
noglobulin V domains  (Thompson  et al. 1989). In 
fact, only a few critical and a number  o f  conserva- 
tively exchanged amino acids seem to be sufficient 
to guarantee the format ion of  the characteristic im- 
munoglobin-l ike fold (Kodelja et al. 1989; T h o m p -  
son et al. 1989). Therefore, it appears to be the 
secondary and/or  tertiary structure, where a com-  
mon  selective pressure for all o f  these molecules 
comes into play. 

Conservation of  lntron Regions among 
Human CEA-like Genes 

Conservat ion o f  intron regions directly flanking the 
N-terminal  domain  exons has been found from se- 
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quence data for several CEA-like genes (Thompson 
et al. 1989). Southern data obtained with a probe 
from an intron region that is relatively distant from 
the next coding region (Fig. 4) also indicate conser- 
vation of  intron sequences. Several partially char- 
acterized genomic clones for human CEA-like genes 
that cross-hybridize with probes from the N-ter- 
minal and repeat domain regions but that represent 
different gene loci, also hybridize with this intron 
probe (data not shown). This shows that the ob- 
served cross-hybridization is connected with CEA 
gene family members rather than unrelated genes or 
noncoding regions. Using the same method, Zim- 
merrnann et al. (1988) recently presented strong evi- 
dence for conservation of  3' nontranslated regions, 
too. 

We propose that recent gene amplification, by 
which whole gene units are duplicated, may explain 
the observed similarity of  intron and 3' nontrans- 
lated regions among members of the human CEA 
gene family. The clustering of  human CEA-related 
genes on chromosome 19 (Zimmermann et al. 1988) 
and the occurrence of  simple sequences that could 
serve as potential recombination sites between non- 
homologous genes (Slightom et al. 1980; Cohen et 
al. 1982) in the introns of  several human and rat 
CEA-related genes (Kodelja et al. 1989; Thompson 
et al. 1989) support this assumption. Such putative 
recombination sites could also facilitate exon shuf- 
fling (Gilbert 1978), whereby genes varying in the 
number of  repeated domains may have arisen (cf. 
CEA and NCA). When the rate of  silent substitu- 
tions of the N-terminal domain exon is compared 
with the exchange rate in adjacent introns (see Fig. 
5), especially in more distantly related human CEA- 
like genes, it can be seen that the exons have mutated 
approximately twice as much as the corresponding 
mtrons. Although it cannot be excluded fully that 
the observed Ks/KN ratio is due to an elevated mu- 
tation rate in the exon, we believe that it reflects the 
selective conservation of  certain intron regions. In 
this context, there could be unknown functional 
Constraints on these regions, contributing to the ob- 
served degree of sequence similarity. Conservation 
of functional elements in intron (Keller and Noon 
1984) as well as 3' nontranslated regions (Miyata et 
al. 1980; Harlow et al. 1988) has been reported. 

Estimation of the Size of the Human and Rat 
CEA Gene Families 

Through hybridization ofgenomic DNA with probes 
from various genes under high stringency conditions 
and analysis ofgenomic clones, individual members 
of the CEA gene families could be assigned to re- 
striction endonuclease fragments of human and rat 
DNA. Using the NCA N-terminal domain exon 

probe in Southern analyses of  genomic DNA, ad- 
ditional fragments to that shown to correspond to 
the NCA gene still hybridize even under high strin- 
gency conditions. They could be assigned to the 
highly similar genes of  CEA and hsCGM 1 that are 
members of  a subgroup within the human CEA gene 
family, as already discussed. Evidence for another 
subgroup in the human genome has also been re- 
ported (Thompson et al. 1989; Watanabe and Chou 
1988b). So far, three members of  this subgroup have 
been found: hsCGM3, hsCGM4 (Thompson et al. 
1989), and PS~3G (Thompson et al. 1989; Watanabe 
and Chou 1988a,b). Their N-terminal domain exons 
exhibit over 90% nucleotide sequence similarity 
(Thompson et al. 1989). 

The corresponding genomic clones that we re- 
cently isolated contain EcoRI (5.1 kb) and SstI (2.2 
kb) restriction endonuclease fragments of  the same 
length that hybridized with the hsCGM3 N-terminal 
domain exon probe (data not shown). On hybrid- 
ization with the same probe, no additional hybrid- 
izing DNA fragments with a length different from 
that representing hsCGM3 can be observed in a 
genomic blot when high stringency washing condi- 
tions are employed. The hybridization signal with 
the homologous probe (hsCGM3 N-terminal do- 
main exon) as well as with the heterologous probe 
(NCA) is unexpectedly strong in human genomic 
DNA (see Figs. 1 and 2). This can be explained by 
the presence of  multiple genomic fragments of  the 
same length corresponding to the highly similar gene 
duplication products hsCGM3/4 and PS/3G that 
constitute the above-mentioned subgroup. There- 
fore, all three members of  this subgroup can be as- 
signed to genomic restriction endonuclease frag- 
ments of  identical size for EcoRI and SstI digests 
(see Fig. 2). 

Due to the presence of  such highly similar 
subgroups that can result in multiple genomic DNA 
fragments of  the same length, it is difficult to esti- 
mate the absolute size of  the human CEA gene fam- 
ily. There must be at least 10 different genes, but 
this number may be even higher. This has to be 
clarified by genomic and cDNA cloning. In this con- 
text, a possible explanation for the nonreciprocal 
cross-hybridization of  the human N-terminal probes 
with rat genomic DNA is suggested. Due to the pres- 

ence of  closely related subgroups in humans, and 
presumably in other higher primates, some of  the 
DNA fragments visualized could represent more 
than one member of  such a subgroup and thus give 
a more intensive hybridization signal with the rat 
probes. However, due to the higher degree of  se- 
quence divergence within the rat CEA family (Ko- 
delja et al. 1989) and the absence of  highly similar 
subgroups, as indicated by Southern analyses under 
high stringency conditions, the individual restric- 
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tion endonuclease fragments represent only single 
N-terminal domain exons, and thus give weaker hy- 
bridization signals. From Southern analyses in the 
rat we estimated approximately seven to nine dif- 
ferent N-terminal domain exons that are presumed 
to represent different CEA-like genes. From these 
data, it looks as if  the CEA gene family from the rat 
is of  similar complexity to that in humans. 

Evolutionary Trees of the CEA-like Gene 
Families in Primates and Rodents 

Orthologous genes (originating through speciation) 
are usually more closely related than paralogous 
genes (originating through gene duplication) (Wu 
and Li 1985; Harlow et al. 1988). Therefore, it would 
be expected that the individual rat CEA-like genes 
should be more similar to their putative human 
counterparts than to other CEA-like rat genes, as- 
suming that a common gene family originated be- 
fore primate/rodent divergence. This situation has 
been found for all proto-oncogene subfamilies stud- 
ied so far in hexapods and vertebrates, where the 
major gene duplication events must have occurred 
some 800 million years (Myr) ago, i.e., before the 
two animal classes branched (Shilo 1987). The strik- 
ing similarities within the human subgroups but di- 
vergence to members of the rat CEA gene family 
indicate the opposite case. The degrees ofnucleotide 
sequence similarities for the N-terminal domain ex- 
ons of  the human genes tie between 67% and 95%. 
In the rat these values are between 56% and 84%, 
whereas in an interspecies comparison they drop 
down to the narrow range of  52-66% (Kodelja et al. 
1989). Therefore, a significant loss of  similarity can 
be observed between species. Such high intraspecies 
similarities as found for several human CEA-like 
genes would be characteristic for genes that have 
duplicated separately after the speciation of  rodents 
and primates, i.e., after mammalian radiation took 
place. 

By analyzing the nucleotide sequences of the 
N-terminal domain exons using computer programs 
(see Materials and Methods), relative evolutionary 
trees were derived for the CEA gene families in pri- 
mates and rodents. We then applied a silent molec- 
ular clock (Sakoyama et al. 1987), using the rate of 
silent mutations in the N-terminal domain exon to 
introduce absolute branching points into this model. 
However, the application of this method to estimate 
branching points over larger time intervals (>80 
Myr) can lead to statistical errors for several inher- 
ent reasons, such as saturation effects due to un- 
detectable multiple substitutions (Perler et al. 1980). 
This problem can be circumvented partly by statis- 
tical correction (Miyata et al. 1980). Moreover, it 
could be shown that the evolutionary rate has sig- 

nificantly slowed down during primate evolution 
(Chang and Slightom 1984; Goodman et al. 1984; 
Li et al. 1985; Koop et al. 1986; Sakoyama et al. 
1987), whereas rodents appear to be one of the most 
rapidly evolving mammalian orders (Li et al. 1985; 
Wu and Li 1985; Harlow et al. 1988). Because of 
these intra- as well as interorder differences, no uni- 
versal silent molecular clock for mammals is ap- 
plicable [for a detailed evaluation of  the molecular 
clock in mammals see Li et al. (1987)], and we there- 
fore decided to use regional values of Vs (mean neu- 
tral evolutionary rate) for different time spans of  
primate evolution to take the different rate problem, 
as much as possible, into account. 

We calculated the upper limit of  a K c value that 
could be achieved between two diverging sequences 
in the time interval since the assumed separation of 
the new world monkeys [i.e., ~45 Myr ago, where 
prosimians and new world monkeys are thought to 
have split off (Britten 1986)], with an average evo- 
lutionary rate of  1.3 x 10  -9 substitutions/site/year, 
as extrapolated for higher primates (Britten 1986), 
to K c = 0.117. This value actually reflects an ab- 
solute point in time (45 Myr). The evolutionary rate 
for lower primate species, i.e., prosimians, appears 
to be approximately equal to that of rodents, Vs = 
6.6 x 10 -9 substitutions/site/year (Britten 1986). 
Thus, we subtracted the calculated Ks c of 0.117 as 
a constant from our Ks c values (Fig. 5) found for 
human gene pairs. From the resulting values we 
calculated the additional time span that would have 
been necessary to generate the mutations occurring 
with the higher Vs of  6.6 x 10 -9 substitutions/site/ 
year using the equation t = (Ks c - 0.117)/2V s. These 
time intervals were added to the branching point of  
higher primates (45 Myr). The resulting value is 
believed to represent a roughly adequate time point 
at which the compared sequences actually diverged 
during primate evolution. For rodents, where a con- 
stantly high rate of Vs = 6.6 x 10  -9 substitutions/ 
site/year is assumed (Britten 1986), these correc- 
tions were not necessary. We calculated the intra- 
species branching points by using Ks c values from 
Fig. 5 directly in the equation t = KsC/2Vs. 

This led us to a hypothetical model for the evo- 
lution of the human and rat CEA gene families de- 
picted in Fig. 6. From the available data it looks as 
if possibly two or more common primordial genes 
were present before mammalian radiation took place 
(see Fig. 6). Due to the controversy regarding the 
time of mammalian radiation (conservative esti- 
mations place it between 75 and 110 Myr), and the 
relative uncertainty of  the applied Vs values (even 
more statistical analyses are necessary to gain rea- 
sonable absolute values), it is not quite clear as to 
the number of primordial genes that were distrib- 
uted among the newly arising mammalian species. 
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Fig. 6. Hypothetical model 
for the independent evolution 
of different CEA gene families 
in primates and rodents. The 
numbers denote the estimated 
divergence times (Myr) of the 
sequences and are calculated as 
described (see Discussion) from 
Ks c values (Fig. 5). A single val- 
ue usually represents the mean 
of the comparisons of all genes 
below this node, except the 
first node for the human genes. 
It is calculated as the mean of 
the comparisons from hs- 
CGM4 with all genes on the 
left side of the tree and hs- 
CGM2 with all genes on the 
right side of the tree. 

H o w e v e r ,  as  i n d i c a t e d  b y  S o u t h e r n  a n a l y s e s  a n d  
sequence  c o m p a r i s o n s ,  i t  b e c o m e s  o b v i o u s  t h a t  two  
n o n i d e n t i c a l  h u m a n  a n d  ra t  C E A  gene  f a m i l i e s  m u s t  
have  e v o l v e d  i n d e p e n d e n t l y  b y  pa ra l l e l  gene  d u p l i -  
ca t ion  f o l l o w e d  b y  s e q u e n c e  d i v e r g e n c e .  

Such a pa ra l l e l  a n d  a n i m a l  o r d e r - i n d e p e n d e n t  
e v o l u t i o n ,  l e a d i n g  to  s e p a r a t e  s y s t e m s ,  has  a l so  b e e n  
shown  for  the  i m m u n o g l o b u l i n  CH a n d  CL c h a i n  
d o m a i n s  for  h u m a n  a n d  m o u s e  (Barke r  e t  al. 1980), 
where  t he re  is a d i f fe ren t  l eve l  o f  a m p l i f i c a t i o n  in  
the  two  species .  In  the  case  o f  the  i m m u n o g l o b u l i n s  
this  is to  be  seen  m o r e  as  an  a m p l i f i c a t i o n  s tep  o f  
func t iona l ly  d e t e r m i n e d  genes  in  a l r e a d y  ex i s t i ng  
sys tems ,  b e c a u s e  t he  C d o m a i n s  o f  the  c o n t e m p o -  
ra ry  l igh t  a n d  h e a v y  c h a i n s  were  p r e s e n t  l ong  b e f o r e  
mammalian r a d i a t i o n  t o o k  p lace  (Barker  et al. 1980). 
In  c o n t r a s t  to  th is ,  the  C E A  fami ly ( - i e s )  a p p a r e n t l y  
r ep resen t s  a ve ry  y o u n g  sys t em,  h a v i n g  o r i g i n a t e d  
f rom a s m a l l  n u m b e r  o f  p r i m o r d i a l  genes.  F r o m  the  
p r o p o s e d  m o d e l ,  an  i n t e r e s t i ng  q u e s t i o n  a r i ses  as  to  
w h e t h e r  these  i n d e p e n d e n t l y  e v o l v i n g  genes  h a v e  
COnvergently a c q u i r e d  the  s a m e  o r  r e l a t e d  f u n c t i o n s  
in the  d i f fe ren t  a n i m a l  o rde r s .  T o  a n s w e r  th is ,  the  
s t ructure ,  e x p r e s s i o n ,  a n d  function o f  t he  r a t  a n d  
h u m a n  genes  is c u r r e n t l y  u n d e r  m o r e  d e t a i l e d  in-  
ves t iga t ion .  
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