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Hereditary persistence of a-fetoprotein and H19
expression in liver of BALB/cJ mice is due to a
retrovirus insertion in the Zhx2 gene
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The a-fetoprotein (AFP) and H19 genes are transcribed at high levels
in the mammalian fetal liver but are rapidly repressed postnatally.
This repression in the liver is controlled, at least in part, by the Afr1
gene. Afr1 was defined >25 years ago when BALB/cJ mice were
found to have 5- to 20-fold higher adult serum AFP levels compared
with all other mouse strains; subsequent studies showed that this
elevation was due to higher Afp expression in the liver. H19, which
has become a model for genomic imprinting, was identified initially
in a screen for Afri-regulated genes. The BALB/d allele (Afr1?) is
recessive to the wild-type allele (Afr12), consistent with the idea that
Afr1 functions as a repressor. By high-resolution mapping, we iden-
tified a gene that maps to the Afr1 interval on chromosome 15 and
encodes a putative zinc fingers and homeoboxes (ZHX) protein. In
BALB/cJ mice, this gene contains a murine endogenous retrovirus
within its first intron and produces predominantly an aberrant tran-
script that no longer encodes a functional protein. Liver-specific
overexpression of a Zhx2 transgene restores wild-type H719 repression
on a BALB/cJ background, confirming that this gene is responsible for
hereditary persistence of Afp and H19 in the livers of BALB/cJ mice.
Thus we have identified a genetically defined transcription factor that
is involved in developmental gene silencing in mammals. We present
a model to explain the liver-specific phenotype in BALB/cJ mice, even
though Afr1 is a ubiquitously expressed gene.
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he a-fetoprotein (4FP) gene is transcribed abundantly in the

fetal liver and is dramatically repressed at birth (reviewed in
refs. 1 and 2). In the mid-1970s, AFP became the focus of
considerable interest because serum AFP concentration showed
such a dramatic decline after birth and because AFP was often
reactivated in hepatocellular carcinomas (3). To explore this reg-
ulation, Ruoslahti and coworkers (4) tested whether adult serum
AFP levels varied among different mouse strains. Of the 27 strains
that were analyzed, 26 had low serum AFP levels. The one
exception was BALB/cJ, which had ~5- to 20-fold higher AFP
levels than did the other mouse strains. This trait was specific to
BALB/cJ; other BALB/c substrains had low adult serum AFP
levels. This trait was transmitted by a single autosomal locus, which
was originally called raf, for regulator of alpha-fetoprotein, but was
later renamed Afr! (for alpha-fetoprotein regulator 1). The Afrl
allele in BALB/cJ mice (Afr1”) is recessive to the Afr1“ allele found
in other mouse strains (4).

When the Afp cDNA was cloned, Northern analysis revealed
that adult liver steady-state Afp mRNA levels were higher in
BALB/cJ than in other mouse strains (5). This difference was
not observed in the adult gut, where Afp is also expressed at low
levels, or in the fetal liver, suggesting that Afr/ action is limited
to the adult liver. This study also showed that Afr/ was unlinked
to the Afp gene (5). Studies in adult chimeric mice generated by
the aggregation of BALB/cJ and C57BL/6 embryos found that
Afp mRNA levels were directly proportional to the percentage
of BALB/cJ cells in the liver, indicating that Afr/ acted in a
cell-autonomous manner (6).
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A molecular genetic screen for additional Afr] targets identified
a single gene, named H19, which was unlinked to Afp and Afr1 (7).
H19 was also expressed at low levels in the adult gut and muscle.
H19 levels in these two adult tissues were not responsive to Afi,
supporting the idea that Afr/ action is limited to the adult liver. The
H19 locus has become an important model in the study of genomic
imprinting, but aspects of tissue-specific and developmental control
of H19 have remained largely unexplored (8, 9).

Data described above identified some features of Afrl but
provide little insight into the mechanisms by which Afr/ regulates
Afp and HI9. Nuclear run-on analysis found no difference in the
rate of transcription of Afp and HI19 between Afr1¢ and Afi-1> mice
in adult liver, despite the difference in their steady-state mRNA
levels as judged by Northern analysis (10). This observation sug-
gested that Afr] acts at the posttranscriptional level to affect mRNA
processing and/or stability (10). In contrast to these results, we
showed that the 250-bp Afp promoter could confer Afr! regulation
to a linked reporter gene (11, 12). These transgenic data argue that
Afrl acts at the level of transcription and does not require Afp
coding sequences. These seemingly disparate results have led us to
propose that Afr] regulates gene expression in a manner that
couples transcriptional to posttranscriptional events (11).

The murine Afrl gene was originally mapped to chromosome
15, 2-3 centimorgans from c-myc (13). We confirmed this map
position and generated a higher-resolution genetic map of the
Afrl locus (12). Here, we refined further the interval where Afr/
resides and searched mouse and human genomic databases for
candidate Afrl genes in this region. We identified a zinc fingers
and homeoboxes (Zhx) gene, which is the mouse orthologue to
human ZHX2, as the product of the Afr] gene. Analysis of this
gene in Afrl¢ and Afrl1”® mice indicates that reduced Zhx2
expression in BALB/cJ mice is due to a mouse endogenous
retroviral (MERV) element inserted into intron 1. Transgene
complementation by liver-specific Zhx2 overexpression in
BALB/cJ mice results in complete H19 repression, confirming
that this gene is responsible for the Afrl phenotype.

Materials and Methods

Mice/Transgenic Mice. BALB/c, C3H/HeJ, and DBA/2 mice were
purchased from Harlan (Indianapolis). BALB/cJ mice were pur-
chased from The Jackson Laboratory. Animals were housed in the
University of Kentucky Animal Facility. (DBA/2 X BALB/cJ)F;
males were backcrossed to BALB/cJ females, and the resulting F,
progeny were killed at 3—4 weeks of age. To generate transgenic
mice, the entire ORF containing the mouse ZAx2 gene was PCR
amplified and cloned into pGEM-T EASY (Promega), sequenced,
and inserted into a transthyretin expression vector (14) to generate

Abbreviations: AFP, a-fetoprotein; MERV, mouse endogenous retrovirus; Afr1, AFP regu-
lator 1; ZHX, zinc fingers and homeoboxes.
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TTR-Afrl. The transgene was excised from plasmid sequences,
purified, and introduced into F, embryos derived from the matings
of (C57BL/6 X C3H) parents. Injections were performed by staff
of the University of Kentucky Transgenic Mouse Facility. Three
independent founders were crossed to BALB/cJ; resulting trans-
genic offspring were backcrossed to BALB/cJ. DNA from tail
biopsies from the resulting F, offspring were analyzed by PCR for
the presence of the TTR-Afr] transgene and the endogenous Afrl
genotype (a/b or b/b). Four weeks after birth, animals were killed
and liver RNA was prepared. The breeding protocol and all
experimental procedures were approved by the University of
Kentucky Institutional Animal Care and Use Committee, following
guidelines established by the National Institutes of Health.

Genotyping. Genomic DNA was prepared from tail biopsies and
was amplified by PCR using primers for polymorphic D15Mit
markers as described (12). The products amplified by using
DI15Mit132 primers are 97 and 95 bp long from BALB/cJ and
C3H, respectively; products amplified from the D15Mit121 locus
are 158 and 143 bp long from BALB/cJ and C3H, respectively.
PCR products were resolved by electrophoresis on polyacryl-
amide gels and visualized by ethidium bromide staining. Linkage
analysis was determined by using MAP MANAGER (Mouse
Genome Informatics, The Jackson Laboratory).

PCR/RACE. Primers for amplification of genomic fragments were
designed by using sequences available from the public databases.
All PCR amplifications used Therm-os-star Mastermix (ABgene,
Surrey, U.K.), Tag DNA polymerase (Qiagen, Valencia, CA), or
Pfx Platinum polymerase (Invitrogen) according to the suppliers’
recommendations; Pfx polymerase amplicons were A-tailed with
Taq DNA polymerase in the presence of 0.2 mM dATP at 70°C for
30 min. All amplified products were cloned into pGEM-T or
pGEM-T EASY (Promega). For RT-PCR, 1 uM oligo(dT) primers
or 7.5 uM random hexamers in a 20-ul reaction volume were used
to synthesize first-strand cDNA from 2 ug of total liver RNA by
using the Omniscript RT kit (Qiagen). One-tenth of the reverse
transcriptase reaction product was used as a template for PCR. For
5’-RACE, 10 pg of total liver RNA from 3-week-old C3H mice was
used with the RLM-RACE kit (Ambion, Austin, TX) according to
the supplier’s instructions except the reaction used Omniscript
reverse transcriptase (Qiagen) that was incubated at 37°C and
primed with a gene-specific primer. The 3'-RACE-walk was per-
formed by using BALB/cJ adult liver mRNA and following the
protocol of Park et al. (15). The RACE products were cloned into
pGEM-T or pGEM-T EASY and sequenced. The cDNA and
genomic subclones were sequenced at the University of Kentucky
Advanced Genome Technology Center. All primer sequences and
cycling conditions are available on request.

Northern/Southern Analysis. RNA was prepared from various tis-
sues by using the lithium chloride procedure (12), and poly(A)*
RNA was isolated on oligo(dT) columns. For Northern analysis,
total RNA or poly(A)" RNA was electrophoresed in 1% agarose/
formaldehyde gels, blotted to nitrocellulose membranes (Optitran,
Schleicher and Schuell), and processed by standard procedures. For
Southern analysis, 10 ug of genomic DNA was digested overnight
and separated by electrophoresis on 0.75% agarose gels. Gels were
processed, blotted, and U V-crosslinked. The blots were hybridized
with random prime-labeled probes by using Quickhyb (Stratagene).
Probes were PCR amplified from genomic DNA and subcloned or
used directly for labeling using the Decaprime kit (Ambion). Blots
were exposed to PhosphorImager screens, and image analysis was
performed by using IMAGEQUANT software (Molecular Dynamics).

S1 Nuclease Protection Assay. S1 nuclease protection assays were
done as described in ref. 16. Probes were generated by amplifying
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corresponding genomic sequences by PCR using one primer that
had been end-labeled with [y-3?P]dATP.

Bioinformatics. A contiguous 20-bp stretch from the human
ENST00000314393 sequence was used to BLAST search the
mouse genome. A 60,000-bp sequence from mouse chromosome
15 centered on the BLAST hit region was used to predict ORFs
by using GRAILEXP (17). The longest predicted transcript was
then used to BLAST search the Fantom?2 database to search for
full-length cDNA clones.

Databases and Tools. The following databases and tools were used
in our work: http://genome.ucsc.edu, http://blast.wustl.edu,
www.ensembl.org, http://ftp.genome.washington.edu/RM/
RepeatMasker.html, http://grail.lsd.ornl.gov/grailexp/, http://
fantom?2.gsc.riken.go.jp, www.ncbi.nlm.nih.gov/BLAST/, and
www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html.

Accession Numbers. GenBank accession numbers were as follows:
RIKEN clone 6320424E06, AK031782; Zhx1, 7Z54200; Afrl 5'
EST clones, AI218918, BE989471, BF513650, CF137377, and
W48088; and ZHX2, AB083653.

Results and Discussion

High-Resolution Map of Afr1 Region and Identification of Afr1 Can-
didate Gene. We previously reported a high-resolution map of the
Afrl locus on mouse chromosome 15 based on F, backcross
analysis of (C3H X BALB/cJ)F; X BALB/cJ progeny (12). This
interval was refined further by using a (DBA/2 X BALB/cJ)F;
X BALB/cJ backcross. In F, animals, the Afr] genotype was
deduced from adult liver H19 mRNA levels; those with high H79
mRNA (BALB/cJ F, mice 91, 93, and 219) were scored as
AfrIPP, whereas those with low HI9 (F, mice 89, 92, 95, 218, and
220) were scored as Afr14"* (Fig. 14). PCR was used to determine
the genotype of microsatellite markers in this region, including
D15Mit132 and DI5Miti21 (Fig. 1B). Mice 89 and 219 show
recombination between DI5Mit132 and Afrl, and Afrl and
DI15Mit121, respectively. These data, along with analysis of >700
F, animals, indicated that AfrI was located between D15Mit132
and DI5Miti2]1. At that time, nine characterized or predicted
genes resided within this 2.4-megabase region. Two of these were
not analyzed further because their encoded proteins were un-
likely to cause the Afrl phenotype. ZhxI was of interest because
itencodes a protein that functioned as a transcriptional repressor
in transient transfections (18). However, analysis of adult
BALB/cJ and C3H liver RNA by RT-PCR and/or Northern
blotting detected no difference in the level or size of transcripts
of ZhxI or the six other candidate genes (data not shown).
The region on human chromosome 8 that is syntenic with the
mouse Afr] interval contains two human transcripts, ZHX! and
ENST00000314393 [which is identical to the recently character-
ized human ZHX2 gene (19)], which were both identified as
mouse ZhxI orthologues (20, 21). By BLAST analysis, human
ZHXI showed better alignment with mouse Zhx!. Although a
mouse orthologue to human ZHX2 was not predicted, our
comparison indicated that mouse Zhx2 did exist. Furthermore,
a RIKEN cDNA (ID 6320424E06 or E06) corresponded to the
candidate mouse Zhx2 gene (22) and, subsequent to our analysis,
the mouse Zhx2 cDNA was identified (23). Aligning the E06
cDNA against the mouse genome indicated that it contains four
exons, with the entire coding region present within the large
third exon (Fig. 1D), a structure that is identical to the human
ZHX?2 gene (19). RT-PCR of adult liver RNA, using 5" and 3’
primers from exons 3 and 4, respectively (designated as a and b
in Fig. 1D), revealed a band of the expected size in C3H, DBA/2,
and BALB/c strains, but not in BALB/cJ mice (Fig. 1C and data
not shown). Sequencing confirmed the identity of this PCR
product. Analysis of 11 F, mice with recombination in the Afr/
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Fig.1. Persistent H19expression in adult liver correlates with reduced mRNA
of Afr1 candidate gene Zhx2. (A) Determination of Afr1 genotype by Northern
analysis. Ten micrograms of total adult liver RNA was used in each lane from
the following mice: BALB/cJ (B), C3H (C), and (BALB/cJ x C3H) X BALB/cJ F,
backcross animals (89, 91, 92, 93, and 95 from litter 1; 218, 219, and 220 from
litter 2). Mice 89 and 219 (asterisks) show recombination between D15Mit132
and Afr1,and Afr1 and D15Mit121, respectively. Blots were hybridized with an
H19 probe and then reprobed with GAPDH to control for RNA loading. (B) PCR
genotyping using tail biopsied DNA from mice described above by using
primers for D15Mit132 and D15Mit121 microsatellite markers (designated on
right). (C) RT-PCR analysis of total liver RNA from the indicated mice by using
primers for RIKEN cDNA clone ID 6320424E06 (labeled a and b in D). Reverse
transcription samples were also amplified with primers for the g-actin gene as
a control. (D) Structure of the gene encoding RIKEN clone 6320424E06. The
gene contains four exons, including an unusually large internal third exon that
codes for the entire predicted ZHX2 protein. The first, second, and third
introns are 68.4, 58.1, and 14.9 kb in length, respectively.

region showed that the E06 transcript was present only in mice
with low H79 mRNA levels and was absent in mice still express-
ing high H19 levels (Fig. 1 and data not shown). This perfect
correlation between HI9 repression and E06 expression indi-
cates that Zhx2 likely corresponds to Afrl.

Analysis of Afr1 mRNA Expression in Adult Tissues. The Afr/ phe-
notype of incomplete Afp and HI19 postnatal repression is
observed in the adult liver, but not in fetal liver or other adult
tissues where Afp and H19 are expressed (7, 11). Analysis of Afrl
in various tissues identified a single transcript of 4.4 kb, the size
of the predicted Zhx2 transcript, although levels were substan-
tially lower in liver and testes (Fig. 2, lanes 2-11). Afrl mRNA
is more abundant in the adult liver than in the fetal liver (Fig. 2,
compare lanes 1 and 6), which is consistent with its activity as a
postnatal repressor of Afp and HI9 in this organ. However,
because the strain-specific difference in Afp and H19 is liver-
specific, we were somewhat surprised to find Afrl expression to
be lower in the liver than in other adult organs.

Comparison of Afr1 mRNA Between BALB/c and BALB/cJ Mice. To
determine the basis for the dramatic reduction of Afr/ mRNA levels
in BALB/cJ liver, we analyzed the Afrl locus in BALB/c and
BALB/cJ mice. The use of these related substrains, which sepa-
rated ~65 years ago (24) yet differ in their adult liver Afp and H19
mRNA levels, should minimize the extent of genetic polymor-
phisms in this comparison. By sequence analysis, the four exons and
surrounding splice junctions from BALB/cJ (4fr1%) were found to
be identical to corresponding BALB/c sequences (A4fr1¢) (data not
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Fig. 2. Afr1 is ubiquitously expressed in adult tissues and is more abundant
in adult liver than in fetal liver. Northern analysis was performed by using 5 ug
of poly(A)* RNA from various BALB/c (Afr12) tissues with a probe derived from
Afr1 exon 3. FL, fetal day 18.5 liver; B, brain; Th, thymus; H, heart; Lu, lung; L,
liver; S, spleen; G, gut; K, kidney; M, muscle; T, testes. The blots were stripped
and rehybridized with a GAPDH probe to control for RNA loading.

shown). In addition, no sequence differences were found in ~1,000
bp of DNA upstream of the putative transcription start site (data
not shown). Thus, mutations in these regions could not account for
the dramatic reduction of Afr/ transcripts in BALB/cJ. To extend
our studies beyond RT-PCR analysis shown in Fig. 1C, we per-
formed Northern and S1 nuclease protection analyses. When an
exon 3-specific probe was used in a Northern blot, a transcript of 4.4
kb was detected in BALB/c but not in BALB/cJ adult liver (Fig.
3A4 Right). An identical 4.4-kb band was observed in the BALB/c
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Fig. 3. RNA analysis reveals the presence of a correctly initiated but aber-
rantly sized Afr1 transcript in BALB/cJ mice. (A) Northern analysis was per-
formed with 5 ug of poly(A)* RNA from adult BALB/c (Afr12) and BALB/cJ
(Afr1®) liver. In Left, the blot was hybridized with a probe corresponding to the
3’ end of Afr1 exon 1. The arrows denote the 4.4-kb and =~6.0-kb bands
present in BALB/c and BALB/cJ samples, respectively; the blot was overex-
posed to show the ~6.0-kb transcript. In Right, the blot was hybridized with
a probe corresponding to the 3’ end of Afr7 exon 3. In both Left and Right, the
blots were stripped and reprobed with an H19 cDNA probe to confirm the Afr1
phenotype, and stripped again and reprobed for GAPDH to control for RNA
loading. (B) S1 nuclease protection assay using RNA derived from the S194
mouse plasmacytoma cell line (S194), Hepal-6 mouse hepatoma cell line
(H-1-6), adult BALB/c liver, and adult BALB/cJ liver. In Upper, 5 ug of poly(A)*
was hybridized with a probe that spans the 5’ end of Afr7 exon 1 and putative
promoter region. In Lower, 100 pg of total RNA was hybridized with a probe
that spans the Afr1 exon 4 splice acceptor junction. M, DNA marker lane.
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Fig.4. Insertion of a mouse endogenous retroviral element into intron 1 of the BALB/cJ Afr1b allele. (A) Southern analysis of DNA from BALB/c (c) and BALB/cJ
(cJ) mice. Ten micrograms of DNA was digested with BamHI or EcoRl, resolved on 0.75% agarose gels, and transferred to nitrocellulose. Blots were probed with
a 2.6-kb fragment of intron 1 (shown as a hatched box in B) centered 47 kb downstream of the first exon. (B) Schematic representation of the location of the
MERYV insertion in the Afr1? allele. The locations of the BamHI (Bam) and EcoRI (RI) sites are shown (in kb) downstream of the transcription start site. The
arrowheads designated c and d represent oligonucleotides used for PCR amplification of DNA from this region. (C) Sequence of the site of MERV integration
in the Afr1® allele and the corresponding Afr12 allele. BALB/cJ and BALB/c DNA were amplified by PCR using primers c and d in B, cloned, and sequenced. The
endogenous sequence is shown in lowercase, with the target site duplications underlined. MERV sequences are in uppercase, with the dashed line representing
the intervening MERV region. (D) Sequence of 3'-RACE-walk clone of the chimeric transcript arising from the Afr1? allele. The sequences from the Afr7 exon 1
are lowercase and MERV sequence is uppercase. Sequence of the exon 1-exon 2 junction of the Afr12 cDNA from BALB/c is shown below for comparison. (E)
RT-PCR confirms the presence of a chimeric transcript in the Afr1? but not Afr12 allele. Random hexamer-primed reverse transcription was performed by using
0.5 g of adult liver poly(A)* RNA from BALB/c and BALB/cJ mice, followed by PCR using a forward primer derived from Afr1 exon 1 and a reverse primer derived

from the MERV insertion element. As a control, PCR amplification was performed with the same RT-PCR templates by using p-actin gene primers.

mRNA when an exon 1 probe was used (Fig. 34 Left). In contrast,
this probe hybridized to an ~6-kb band in BALB/cJ mRNA.
Therefore, this aberrant, polyadenylated, transcript contains exon 1
but not exon 3. In S1 nuclease protection analysis using a probe that
spans the 3’ splice junction of exon 4, a band of the predicted size
was protected with BALB/c but not BALB/cJ liver RNA (Fig. 3B).
However, when a probe that spans the putative transcription start
site was used, two bands of similar size and intensity were protected
with RNA from both BALB/c and BALB/cJ liver. When addi-
tional RT-PCRs were performed by using primer combinations
from each Afrl exon, only transcripts from BALB/c liver RNA
were readily detectable; normal Afr! transcripts could be detected
in BALB/cJ RNA only by extending the PCR cycles (data not
shown). Together, these data suggest that transcription initiates
correctly in BALB/cJ mice but that a majority of the RNA
synthesized does not include exons 2—4, suggesting that the defect
in the AfrI® allele is within the first intron.

Identification of a MERV Element in Afr1 Intron 1 in BALB/cJ Mice. The
first Afrl intron is ~68 kb in length. A series of PCRs were
performed to amplify overlapping 2.5-kb DNA fragments across
this large intron as a means to rapidly identify differences between
BALB/c and BALB/cJ Afi alleles. The amplified products were
identical in size and intensity between these substrains with a single
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exception; primers that spanned the region 47 kb downstream from
exon 1 (primers ¢ and d in Fig. 4B) failed to amplify a product from
BALB/cJ DNA, suggesting that this region had been disrupted
(data not shown). Southern analysis of BALB/cJ and BALB/c
DNA by using a probe from this intronic region was used to further
investigate this difference (Fig. 44). The single 3.1-kb EcoRI
fragment and two BamHI fragments (20.7 and 1.0 kb) in the
BALB/c samples are identical to what is predicted from the
published C57BL/6 mouse sequence. In contrast, two EcoRI
fragments (1.9 and 6.7 kb) and two BamHI fragments (20.7 and 6.6
kb) were seen in BALB/cJ samples. These data indicate the
presence of an ~5.6-kb insert that contains a single EcoRI site in the
Afr1® allele (depicted in Fig. 4B). This insertion and flanking region
was PCR-amplified from BALB/cJ genomic DNA and sequenced.
We found that a class II retrotransposon belonging to the MERV-K
family had inserted into Af1® intron 1 in the same transcriptional
orientation as the Afr/ gene (Fig. 4C). Consistent with this finding,
7-bp target site duplications are present on either side of the insert;
the identical sequence of these repeats and recent divergence of
BALB/c substrains indicate that the integration giving rise to the
AfrI? allele was a recent event. Sequence analysis also revealed that
this MERYV element contains two LTRs that are 317 bp in length,
as well as an EcoRI site that is 655 bp from its 3’ end, as predicted
by Southern analysis.
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Fig. 5. Liver-specific expression of a Zhx2 transgene restores H19 repression
in an Afr1b/ background. Three founder mice containing the TTR-Afr1 trans-
gene were backcrossed to BALB/cJ; liver RNA from F; offspring was harvested
4 weeks after birth. Data are shown from F; littermates from line 1 (high-copy
transgene, lanes 1-3) and line 2 (low-copy transgene, lanes 4-7); similar results
were seen with the third line. The presence or absence of the TTR-Afr1
transgene (+ or —, respectively) and the endogenous Afr1 genotype (a/b or
b/b) were determined by PCR analysis of tail-biopsied DNA from each mouse.
RT-PCR (using the same oligonucleotides as those shown in Fig. 1d) confirmed
the expression of the endogenous Zhx2 gene in mouse 6. Northern analysis
(using an exon 3 probe) confirmed the presence of Zhx2 mRNA from the
endogenous locus (4.4-kb band) in mouse 6 and the TTR-Afr1 transgene (Afr1
TG) (3.2-kb band) in mice 1, 3, 6, and 7. H19 levels were determined by
Northern analysis and shown to be reduced in the presence of the TTR-Afr1
transgene relative to nontransgenic littermates. GAPDH was used as a control
for RNA loading.

Because S1 nuclease analysis had shown that the Afr] allele in
BALB/cJ was initiated properly, we used 3'-RACE-walk (15) to
identify the sequences downstream of exon 1 in the Afr/> mRNA.
Multiple clones indicated that transcripts from AfrI” exon 1 were
spliced into the retrotransposon (Fig. 4D). The MERYV sequence of
these clones begins 246 bp into the 5" LTR and the longest
3’-RACE-walk clone contained 346 contiguous nucleotides from
the MERYV insert; these transcripts presumably are the =~6-kb
mRNA seen by Northern blot analysis (Fig. 34). To confirm the
presence of these chimeric transcripts from the Afi-1® allele, RT-
PCR was performed by using forward and reverse primers from
Afrl exon 1 and the retrotransposon, respectively. This analysis
confirmed the presence of the chimeric transcript in BALB/cJ but
not BALB/c adult liver (Fig. 4E). While as many as 15% of
mutations in mice may be due to retroviral insertions, not all affect
endogenous gene expression in the straightforward way of creating
a chimeric transcript as described here (20).

Liver-Specific Zhx2 Transgene Expression Restores H19 Repression in
Afr1v» Mice. To confirm that the mutation in Zhx2 is responsible for
the hereditary persistence of H19 and Afp expression, we tested
whether transgene complementation would restore normal post-
natal repression of Afrl-target genes. A transthyretin expression
vector (14) was fused to the entire ZAx2 coding region to generate
TTR-Afrl, which should be expressed primarily in hepatocytes.
Three founder animals were obtained, one with low and two with
high levels of transgene expression. These three founders were then
backcrossed to BALB/cJ. In all three lines, Zhx2 expression was
able to restore HI9 repression in the livers of adult animals
containing two mutated copies of the endogenous Zhx2 locus (Fig.
5 and data not shown). This observation confirms that ZAx2 is the
gene responsible for the Afrl phenotype in BALB/cJ mice.

Model to Account for the Liver-Restricted Afr1 Phenotype. Because

the Afrl phenotype is restricted to the liver, even though H19 and
Afp are expressed in other tissues, we had expected to find Afr/
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BALB/cJ

BALB/c

Fig. 6. Zhx2 transcripts are low but detectable in several adult BALB/cJ
tissues but are not detectable in the liver. Northern analysis was performed by
using 5 ug of poly(A)* RNA from various BALB/cJ (Afri?) tissues and BALB/c
lung (Afr12) with an Afr1 exon 3. The blots were stripped and rehybridized
with a GAPDH probe to control for RNA loading. B, brain; Lu, lung; L, liver; K,
kidney.

expression to be highest in the liver. In contrast, we found that Afr1
is expressed at lower levels in the liver than in most other adult
organs. It may be that Afr/-mediated repression of Afp and HI19
requires a cofactor that is liver-restricted, or that other ZHX
proteins may compensate for Afr/ in organs other than the liver.
However, because the retrotransposon insertion in the Afr1 allele
reduces, but does not eliminate, wild-type mRNA, we have con-
sidered whether the liver-restricted phenotype may be due to a
dosage effect. In tissues where Afi] is more highly expressed, there
may be sufficient levels of wild-type protein remaining in BALB/cJ
for proper repression. However, because normal Afir] expression is
much lower in the liver, the further reduction in BALB/cJ mice
results in protein levels that are below the threshold required to
repress target genes. To test this possibility, we used an exon
3-specific probe to analyze Afr] mRNA levels in several tissues from
adult BALB/cJ mice. Although Zhx2 transcripts were not detected
in BALB/cJ liver by Northern analysis, transcripts were seen in the
brain, lung, and kidney, albeit at levels that are lower than those
found in BALB/c (Fig. 6). These data support the idea that it is the
lower Afrl expression in the adult liver that makes target genes in
this organ particularly susceptible to the knockdown seen in
BALB/cJ mice. One prediction of this model is that a complete
Afrl knockout would result in dysregulation of target genes in
multiple organs.

We know of no other genetically defined mammalian tran-
scription factor that has been identified as being involved in
developmental transcriptional repression in mammals. Data
presented here identify Afr/ as the mouse Zhx2 gene (23), with
the predicted mouse and human ZHX2 proteins being 87%
identical. All ZHX proteins (ZHX1, ZHX2, and ZHX3) contain
two zinc-finger motifs and five homeodomains; the mouse Zhx1
and Zhx2 genes are ~300 kb apart on chromosome 15, whereas
Zhx3 is on chromosome 2. All three proteins function as
transcriptional repressors in transient cotransfection assays (18,
19, 23, 25). This activity, and the perinatal increase in Afr/
mRNA levels in the liver that correlates with Afp and HI9
silencing, are consistent with Afr] acting as a postnatal repressor
of Afp and H19. Mouse ZhxI was originally cloned by expression
screening (26), and the human counterpart was subsequently
identified in a screen for NF-Y-interacting proteins (27). More
recently, human ZHX2 and ZHX3 were identified as ZHX1
interacting proteins (19, 25); ZHX2 was also shown to interact
with nuclear factor Y (NF-Y) proteins. This raises the possibility
that NF-Y may be involved in Zhx2-mediated repression of Afp
and H19. However, to date there is no evidence that NF-Y
regulates either Afp or H19, although NF-Y has been shown to
regulate albumin, which is evolutionarily related to AFP but is
not a target of Afrl.

Afrl was originally identified in 1977 by persistent AFP serum
levels in adult BALB/cJ mice (4) because of continued Afp
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expression in the liver (5). H19 was later identified by using a
molecular screen to identify additional targets of Afrl (7). To
date, Afp and H19 are the only genes known to be regulated by
Afrl. Other genes that are repressed in the adult liver or show
changes in expression during the perinatal period would be
potential Afr] targets. On the basis of the ubiquitous expression
of Afrl, it is likely that genes in tissues other than the liver may
also be controlled by Afr1. Previous work has suggested that Afr/
acts at both the transcriptional and posttranscriptional levels
(10-12), suggesting that ZHX?2 and possibly other ZHX proteins
may connect these different steps of gene expression.

AFP is a clinically important diagnostic marker in humans for
several reasons. It is used as a marker for spina bifida because
elevated maternal serum AFP levels are associated with neural
tube defects in the developing fetus. Furthermore, although AFP
and H19 are normally silent in the adult liver, these genes can be
reactivated in hepatocellular carcinomas (HCCs) and certain
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other cancers (5, 7, 28, 29). As such, serum AFP screening is used
as a test for HCC. Screening for AFP has identified several cases
of hereditary persistence of AFP (HPAFP), an apparently
benign condition in which adult AFP serum levels remain
elevated. In several of these families, mutations have been found
within the AFP promoter resulting in increased binding of
hepatocyte nuclear factor 1 (30, 31). Data presented here raise
the possibility that polymorphisms within the human ZHX2 gene
may also lead to HPAFP. Furthermore, it will be of great interest
to determine whether elevated AFP and H19 in HCC are caused
by decreased levels or activity of ZHX2.
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