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The human gene coding for the apo-
ferritin H subunit belongs to a com-
plex multigene family constituted by
the expressed gene and by an unde-
fined number of pseudogenes. We
have used a strategy based on PCR to
amplify specifically the H pseudo-
genes from a sample of human ge-
nomic DNA. With this approach,
three new H pseudogenes have been
cloned and characterized by DNA se-
quence analysis. In addition, we have
identified a new type of pseudogene,
the size of which (700 bp) is caused
by multiple deletion events in the pu-
tative coding region.

The molecular mechanisms responsi-
ble for the generation of pseudogenes
have not been elucidated completely
yet. In addition, it is not known whether
these mechanisms are still active in the
eukaryotic genome. The human ferritin
multigene family is an ideal model to ap-
proach such an investigation.

The gene coding for the apoferritin H
subunit belongs to a multigene family
constituted by the expressed gene and by
an undefined number of pseudo-
genes.""? Fifteen H psuedogenes are in-
tronless, as demonstrated by heterodu-
plex mapping,’”’ which suggests that
they might derive from the retrotrans-
cription of the mature H mRNA. Se-
quence analysis of three H pseudogenes
confirmed that they are processed pseu-
dogenes; their nucleotide sequence is
colinear with that of the cDNA,® and
short direct repeats occur at the 5’ and 3’
ends.

Because of their large number and
dispersion along several chromosomes,
it is not practical to use the traditional
approaches of Southern blotting and ge-
nomic library screening to clone and an-
alyze H pseudogenes. On the other
hand, more structural data could help to
answer questions about the molecular
mechanisms responsible for the pseudo-
gene formation, their copy numbers,
and the age of divergence. As an alter-
native approach to the problem, we
attempted to amplify novel H pseudo-
genes with PCR. We used two oligonu-
cleotides, synthesized on the basis of H
ferritin ¢cDNA, to amplify human ge-
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nomic DNA. We then cloned the ampli-
fication products and characterized
them by nucleotide sequence analysis.
Thus, we were able to identify threee
new members of the H ferritin pseudo-
gene family, which are ~900 bp in
length. In addition, we identified and
fully characterized a new H pseudogene
of ~700 bp.

MATERIALS AND METHODS
Enzymes and Chemicals

Restriction enzymes, 3?P-labeled com-
pounds, and Hybond-N membranes
were purchased from Amersham; T4
DNA polymerase and T4 polynucleotide
kinase from Boehringer Mannheim; Tagq
DNA polymerase from Perkin-Elmer Ce-
tus; acrylamide and agarose from Bio-
Rad Laboratories; and oligodeoxynucle-
otides from MedProbe.

Genomic DNA Extraction and
PCR Amplification

Genomic DNA extraction from periph-
eral blood samples was performed ac-
cording to Sambrook et al.*¥ PCR was
carried out on genomic DNA in 50 pl of
10 mm Tris-HCI (pH 8.3), 50 mm KCl, 1.5
mM MgCL,, 0.01% gelatin (PCR buffer),
200 mm dNTP, 50 pmoles of the appro-
priate oligonucleotide primers, and 2
units of Taq polymerase. The amplifica-
tion steps were performed with a Techne
Thermal Cycler program as follows: 1
min at 94°C (denaturation), 1 min at
58°C (annealing), and 4 min at 72°C (ex-
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tension). The amplification products
were analyzed on a 1.2% agarose gel. Af-
ter electrophoresis, the gel was trans-
ferred to Hybond-N filters. Hybridiza-
tion of the filters with a 528-bp PstI-Pstl
fragment from the human H cDNA®
and washing conditions were per-
formed, as described previously under
conditions of moderate stringency.®

Cloning and DNA Sequence Analysis

The two bands, of ~800 and 600 bp, ob-
tained from the amplification of a sam-
ple of human genomic DNA with Ferl
and Fer2 oligonucleotides, were purified
from agarose gel. After the purification
steps, the two bands were phosphory-
lated at the 5’ ends with T4 polynucle-
otide kinase and subcloned into the
Smal site of the pGEM3Z vector. The re-
combinant colonies obtained from the
transformation were analyzed for the
presence of the insert by hybridization
with the radiolabeled H probe described
above and then subjected to DNA se-
quence analysis. DNA sequence analysis
of the recombinant clones was per-
formed by a modification of the Sanger
method.®

Computer Analysis of Sequences

The alignment and the phylogenetic tree
of H ferritin pseudogenes have been per-
formed with the GeneWorks 2.2 pro-
gram (Macintosh). This program utilizes
the algorithm described in Nei.®

RESULTS AND DISCUSSION

PCR Amplification of the
H Pseudogenes

All the H ferritin pseudogenes analyzed
so far have a size compatible with that of
the H cDNA, that is, ~900 bp,""® thus
suggesting that they originate by retro-
transcription of the mature H mRNA.
However, the existence of pseudogenes
with a size other than 900 bp cannot be
excluded. These might be caused by de-
letion events or retrotransposition of
partially spliced mRNA. It is noteworthy
that the gene family of the apoferritin L
subunit is constituted by two types of
pseudogenes: One is originated by the
retrotranscription of the mature L mRNA
and thus is the same size as the mature
transcript that has ~900 bp; the other
type is greater in size because it origi-
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nates from the retrotranscription of the
immature mRNA, which still bears an in-
tron.”

We used PCR for the specific amplifi-
cation of the H pseudogenes. We synthe-
sized two oligonucleotides complemen-
tary to regions of the H gene, which are
also extremely conserved in the three
known H intronless pseudogenes. The
first oligonucleotide, called Ferl, spans
position 33-60 of the H cDNA, thus in-
cluding part of the conserved IRE se-
quence, and has the sequence 5'-TCC-
TGCTTCAACAGTGCTTGGACGGAAC-3'.
The second oligonucleotide called Fer2,
is an antisense oligonucleotide, span-
ning position 817-841 of the 3’-untrans-
lated region of the H mRNA and has the
sequence 5'-TAAAGGAAACCCCAACATG-
CATGCA-3'. Ferl and Fer2 oligonucle-
otides were used as primers in 30 cycles
of PCR to amplify, in distinct experi-
ments, different samples of human ge-
nomic DNA. After amplification, the size
of the amplified products was analyzed
on agarose gel. The result of a typical ex-
periment is shown in Figure 1A; many
bands are evident with sizes between
~1100 and 500 bp. The band repre-
sented most has a size of ~800 bp. Tak-

i - ~ 808
§ -~ 600

B

FIGURE 1 PCR amplification of human ge-
nomic DNA. (A) Ethidium bromide staining
of a 1.2% gel. (Lane I) Size marker; (lane 2)
500 ng of human genomic DNA amplified for
30 cycles with Fer1 and Fer2 oligonucleotides.
The arrow indicates the 800-bp band. (B) Hy-
bridization of the gel with the 528-bp PstI-PstI
fragment from the human H cDNA, as de-
scribed in Materials and Methods.

ing into account the position of the Ferl
and FerZ oligonucleotides along the
template sequence, the amplified prod-
uct of ~800 bp corresponds with the am-
plification of the template sequences of
~900 bp, which is the size of the pseudo-
genes already described. Under these ex-
perimental conditions, the Ferl and Fer2
oligonucleotides, located on two differ-
ent exons of the H gene, were unable to
prime the amplification of the expressed
gene with introns, probably because of
the size of the amplified fragment
(~2700 bp). It is noteworthy that oligo-
nucleotides located on two distal exons
are unable to prime the amplification of
the intron-containing gene in the pres-
ence of multiple intronless sequences.®

The specificity of the PCR products
was analyzed by hybridization with a
528-bp Pstl-Pstl fragment from the hu-
man H ¢DNA.®) Under conditions of
moderate stringency, only two bands ap-
peared. They were ~800 and 600 bp
long, respectively (Fig. 1B).

Cloning and Characterization of
900-bp H Intronless Pseudogenes

The results of the PCR amplification of
human genome for H ferritin pseudo-
genes strongly suggests the existence of
at least two types of H pseudogenes: One
is ~900 bp long, and the other is much
shorter. To obtain more structural infor-
mation on these pseudogenes, the two
fragments of 800 and 600 bp, obtained
by the amplification of the human ge-
nomic DNA with the Ferl and Fer2 olig-
onucleotides, were purified from a pre-
parative agarose gel and cloned in the
Smal site of a suitable vector. We ob-
tained several different clones from the
transformation of the band of ~800 bp;
subsequent analysis revealed that two of
these clones are identical to H pseudo-
genes already cloned and analyzed while
the third corresponds to new pseudo-
genes. The complete nucleotide se-
quence of these pseudogenes has been
determined and compared with that of
the H ¢cDNA and of the ~600-bp pseu-
dogene (Fig. 2).

Cloning and Nucleotide Sequence of
a Deleted H Intronless Pseudogene

The other PCR product specifically hy-
bridizing with the H cDNA is ~600 bp
long, as already reported. Again, based
on the positions of the oligonucleotides
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FIGURE 2 Sequence analysis of 900- and 700-bp H pseudogenes. Nucleotide sequences of the H ferritin pseudogenes in comparision with the H

ferritin cDNA.

along the template sequence, this length
corresponds to the amplification of an H
pseudogene of ~700 bp.

To our knowledge, this is the first re-
port of an H pseudogene of such a di-
mension. At variance with the multiplic-
ity of pseudogenes obtained from the
transformation of the 800-bp band, all of
the clones from the transformation of
the 600-bp band were identical to each
other. In addition, the 800-bp band
clearly is visible with ethidium bromide
staining of the agarose gel, whereas a dis-
trict band of 600 bp appears only as a
result of the specific hybridization.
These two observations strongly suggest
that the human genome contains many
different sequences of 900 bp and only a
few copies of a pseudogene with a
shorter sequence.

Next, we determined the entire nucle-
otide sequence of one of these clones,
which we named clone 31. A comparison
of the nucleotide sequence with that of
the H cDNA and of the other pseudo-

genes (see Fig. 2) indicates that clone 31
belongs to a class distinct from other
pseudogenes. Its reduced dimensions are
essentially attributable to four deletion
events that take place in regions corre-
sponding with those of the H mRNA
from nucleotide 93 to 226, from nucle-
otide 410 to 437, from nucleotide 454 to
464, and from nucleotide 707 to 721.
The sequence of clone 31 also shows
small deletions of 1 and 2 bases; and
consequently, of all the possible reading
frames, there are no open reading
frames. The degree of substitution
events of all the small pseudogene is
much higher than that of the other class
of pseudogenes.

A phylogenetic analysis of these H
pseudogenes, compared with three
known sequences, allowed us to con-
struct a tenetative evolutionary tree (Fig.
3). Taking into account the flaws of this
kind of analysis, we suggest that clones
31 and 24 are the most ancient; clone 5
belongs to a group of pseudogenes that

also includes clone 1. Clones 123 and
133™ and clone H35® appear to belong
to more recently developed subsets.

CONCLUSIONS

To trace the history of the ferritin gene
family and to gain insight into molecu-
lar mechanism(s) that gave rise to so
many pseudogenes, it is necessary to
have available a large number of their
sequences. To this aim the use of PCR
specifically to amplify pseudogenes is
more rapid and much less expensive
than the traditional procedure (i.e., the
screening of genomic libraries). By using
oligonucleotides located on two exons
of the H gene we were able to amplify
two classes of pseudogenes of different
sizes. The first class corresponds with
pseudogenes of 900 bp, some of which
already have been cloned with the stan-
dard techniques. With the one-step PCR
procedure described here we were able
to add three new members to this class
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FIGURE 3 Phylogenetic tree of H ferritin pseudogenes. Computer-assisted analysis of the pseudogenes cloned by PCR (clones 1, §, 31, 24) and of
pseudogenes 123 and 133 and H35®. The numbers are the scores (+s.£.) indicating the degree of the relationship of one sequence with another.

of pseudogenes. The second class, thus
far unknown, corresponds to pseudo-
genes of ~700 bp. The structural analysis
strongly suggests that this is constituted
by a few members. The deletions and
substitutions in the 700-bp sequence in-
dicate that it originated long before the
900-bp family.

Finally, our study confirms that the H
ferritin pseudogenes are particularly nu-
merous and that most of them are colin-
ear with the c¢cDNA or only slightly
smaller. Therefore, in the case of ferritin
and of other gene members of multi-
genic families, particular care should be
taken to ensure that all contaminant
DNA be removed when reverse tran-
scriptase (RT)-PCR is used to analyze ex-
pressed mRNAs.
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The sequence data described in this pa-
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per have been deposited into the EMBL/
GenBank data libraries under accession
nos. X80334 (clone 1), X80335 (clone
24), and X80337 (clone 31).
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