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AF5¢31 (also called MCEF) was identified by its involvement in chromosomal translocation with the gene
MLL (mixed lineage leukemia), which is associated with infant acute lymphoblastic leukemia. Several potential
roles have been proposed for AF5q31 and other family genes, but the specific requirements of AF5q31 during
development remain unclear. Here, we show that AF5q31 is essential for spermatogenesis. Although most
AF5q31-deficient mice died in utero and neonatally with impaired embryonic development and shrunken
alveoli, respectively, 13% of AF5q31-deficient mice thrived as wild-type mice did. However, the male mice were
sterile with azoospermia. Histological examinations revealed the arrest of germ cell development at the stage
of spermiogenesis, and virtually no spermatozoa were seen in the epididymis. AF5q31 was found to be
preferentially expressed in Sertoli cells. Furthermore, mutant mice displayed severely impaired expression of
protamine 1, protamine 2, and transition protein 2, which are indispensable to compact the haploid genome
within the sperm head, and an increase of apoptotic cells in seminiferous tubules. Thus, AF5q31 seems to
function as a transcriptional regulator in testicular somatic cells and is essential for male germ cell differ-
entiation and survival. These results may have clinical implications in the understanding of human male

infertility.

Chromosomal translocation is one of the common patho-
genic mechanisms in various human malignancies, particularly
in leukemias and lymphomas, and genes located at the break-
points are involved in disease pathogenesis (21, 59, 60). The
mixed lineage leukemia gene MLL (also called HRX, HTRX,
and ALL-1) is frequently targeted by chromosomal rearrange-
ments and is associated with clinically aggressive lymphoid and
myeloid leukemias which are particularly prevalent in infant
leukemias and treatment-related secondary leukemias (2, 18,
24, 64). MLL located on 1123 is a human homologue of
Drosophila trithorax, has a SET domain that normally functions
as histone methyltransferase, and is assembled into a super-
multiprotein complex with additional chromatin-remodeling
components (45, 50, 70). Importantly, most of the leukemic
variants of MLL lack the SET domain (7). In Drosophila,
genetic evidence suggests that Trithorax controls the expres-
sion of homeobox (Hox) genes and regulates embryogenesis
(39, 44, 47). In MLL-deficient mice, Hox gene expression ini-
tiates normally but is not maintained after 9.5 days postcoitus
(dpc), demonstrating the importance of MLL in the mainte-

* Corresponding author. Mailing address: Institute of Medical Sci-
ence Division of Hematopoietic Factors, University of Tokyo, 4-6-1
Shirokanedai, Minato-ku, Tokyo 108-8639, Japan. Phone: 81-3-5449-
5399. Fax: 81-3-5449-5453. E-mail: tenosaka@ims.u-tokyo.ac.jp.

6834

nance of Hox gene expression (72, 73). Hox genes also play an
important role in hematopoietic differentiation, and their ex-
pression levels are upregulated in the human leukemias carry-
ing MLL rearrangements (1). An unusual feature of MLL
fusion proteins is the large number and diversity of heterolo-
gous proteins that fuse with MLL. To date, the MLL locus has
been found to be translocated to approximately 40 different
genetic loci and at least 30 of the partner genes have been
characterized (13, 31). The functions of most MLL partner
genes are unknown. Although no consistent homologies or
common motifs that are characteristic to all the partner gene
sequences have been identified, some are classified into small
subgroups according to their sequence homologies. Of interest
is that the fusion partner plays an important role in determin-
ing disease features.

The (5;11)(q31;q23) translocation is associated with infant
acute lymphoblastic leukemia (ALL) (63). This translocation
juxtaposes the 5" sequences of the MLL gene to the 3’ se-
quences of the AF5¢g31 gene and results in the formation of an
in-frame MLL-AF5q31 fusion protein which contains the ami-
no-terminal region of MLL, including its AT hooks, methyl-
transferase domain, and repression domain, and amino acids
351 to 1163 of AF5q31, including the transactivation domain in
part and C-terminal homology domain. Based on the signifi-
cant homology to multiple regions of the predicted AF5q31
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protein, three other mammalian AF5¢3! homology genes,
AF4, LAF4, and FMR?2, are known (2). Both AF4 and LAF4
have been independently identified as MLL partner genes in
each case of pediatric ALL (19, 29, 46, 49, 65). In contrast,
FMR?2 has not been observed in association with chromosome
translocation in leukemia, but congenital mutations in the
FMR?2 gene are involved in mild hereditary mental retardation
(8, 22, 25). DNA binding and transcriptional properties of
AF4, LAF4, and FMR2 suggest that AF5¢31 and other family
genes function as nuclear transcription factors (28, 41, 53, 58).
Recently, AF5q31 was found to interact with positive transcrip-
tion elongation factor b (P-TEFb), which activates transcrip-
tion by RNA polymerase II (RNAPII), leading to the forma-
tion of progressive elongation complex (20). Although
transfection studies suggested that AF5q31 acts as a repressor
of RNAPII transcription, the precise role of AF5q31 in the
transcriptional activity of P-TEFb is not known.

AF4 knockout mice demonstrated that AF4 is required for
normal lymphopoiesis (34). In the bone marrow of the mutant
mice, loss of AF4 function did not disrupt progenitor B-cell
development; however, the transition from pre-B cell to the
newly generated mature B cell was severely reduced and ex-
hibited defective thymocyte development from a double-neg-
ative to a double-positive population. These findings may pro-
vide insights into lymphoid leukemogenesis by MLL-AF4. On
the other hand, robotic mice carrying autosomal dominant
missense mutation in the AF4 gene have been identified from
a large-scale N-ethyl-N-nitrosurea (ENU) mutagenesis pool
(32). As a result, newborn mice developed a severe loss of
Purkinje cells of the cerebellum within several weeks after
birth and showed a strange ataxic gait. But the thymic double-
negative and double-positive populations were not significantly
different in the mutant and control mice. Interestingly, AF4
interacts with the E3 ubiquitin ligase STAH1 and the minimal
interaction domain of AF4 to bind to SIAH1 was demonstrated
to possess the PXAXVXP motif conserved within AF5¢31
and other family genes (6, 57). A missense mutation V294A in
the robotic mice corresponds to Val of the PXAXVXP motif,
and the Val mutation of the AF4 protein has been shown to
reduce the binding ability to SIAH1 protein significantly, sug-
gesting that the phenotype of the robotic mice is caused by an
increased steady-state level of AF4 protein and that all the
members of the AF5q31 family are regulated by this interac-
tion (57). Since mutation of the AF4 gene in the robotic mice
occurred upstream of known translocation breakpoints, it is
possible that MLL-AF4 may be more stable than AF4. How-
ever, the function of AF4 in the robotic mice would not directly
account for the leukemogenic potential of MLL-AF4. Thus,
there are few available data on the biological and pathological
functions for AF5¢31 and other family genes.

We found that AF5¢31 is expressed during mouse embryo-
genesis at the highest level around 10.5 to 12.5 dpc and is
widely expressed in adult mice, especially in Sertoli cells of the
testis. This pattern suggests a specific role of AF5q31 during
the differentiation of male germ cells. To gain insights into the
potential role for AF5q31 in leukemogenesis and normal de-
velopment, we disrupted the AF5¢31 gene by homologous re-
combination and examined the mutant phenotype of the mice.
Here, we show that AF5q31 deficiency resulted in embryonic
and neonatal lethality in most mice but that some survived to
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grow properly except for azoospermia, thus raising the possi-
bility that AF5¢31 mutations will be found in some patients
with autosomal recessive azoospermia.

MATERIALS AND METHODS

Plasmids. To obtain the mouse AF5¢31 (mAF5q31) expression construct, the
DNA sequence of full-length mA4F5¢31 (GenBank accession number AF190449)
was amplified by PCR from Ba/F3 ¢cDNA and subcloned into pcDNA3.1 (In-
vitrogen) with a FLAG tag.

Antibodies. To prepare the anti-AF5q31 antibody that can recognize both
human and mouse AF5q31 proteins, we prepared polyclonal antibodies against
the highly conserved transactivation domain of mAF5q31 (E4; 317 to 492 amino
acids). DNA sequences corresponding to this region were amplified by PCR and
subcloned into pGEX-4T (Amersham Biosciences). Anti-mAF5q31 antisera
were raised in rabbits against the purified GST-mAF5q31-E4 (317- to 492-amino
acid) fusion protein, depleted of anti-glutathione S-transferase (GST) antibod-
ies, and further affinity purified on an antigen column.

To detect RNAPII, N20 antibody that reacts with both the hyperphosphory-
lated (ITo) and hypophosphorylated (ITa) forms of RNAPII was purchased from
Santa Cruz. HS and H14 antibodies that recognize Ser2 and Ser5 of the carboxy-
terminal domain (CTD) phosphopeptides of RNAPII, respectively, were ob-
tained from Covance Co. (Berkeley, CA). In addition, anti-a-tubulin (T-5168;
Sigma) was used.

Generation of AF5¢31-deficient mice. A phage clone containing an approxi-
mately 17-kb DNA fragment was isolated from a mouse 129 Sv]J N\ genomic
library (Stratagene) with the mAF5g3] ¢cDNA probe. The AF5¢31 targeting
vector was constructed by replacing the 5.0-kb HaelI-SspI DNA fragment that
contains exon II harboring the initiation codon and exon III with a 1.1-kb
fragment of the neomycin-resistant gene (neo) cassette of pMCINeoPolyA
(Stratagene) in an antisense orientation. The 2.2-kb fragment of the herpes
simplex virus thymidine kinase gene cassette was inserted upstream of the
AF5q31 gene in an antisense orientation for negative selection. The linearized
targeting plasmid DNA was electroporated into E14-1 embryonic stem (ES)
cells. After double selections with 600 pg/ml G418 (Invitrogen) and 2 pM
ganciclovir (Sigma), resistant clones were screened for homologous recombina-
tion by Southern blot analysis as described previously (54, 55). In brief, genomic
DNA was digested with HindlIII, separated by agarose gel electrophoresis, and
transferred to a Hybond-N* membrane (Amersham Biosciences). Hybridization
was carried out with a 0.3-kb 3’ flanking probe. The targeting frequency was
12/384. ES cells from each of four independent AF5¢31 mutant clones were
injected into C57BL/6 blastocysts. The blastocysts were transferred to pseudo-
pregnant ICR foster mothers, and chimeras derived from two independent
clones transmitted the mutant allele through their germ line. All animal exper-
iments were done according to the guidelines for animal use issued by the
Committee of Animal Experiments, Institute of Medical Science, University of
Tokyo.

The genotype was also determined by PCR with Ex Taq (TaKaRa, Otsu,
Japan). Genomic DNAs were prepared from mouse tail snips. For the wild-type
and mutant alleles of the AF5g31 gene, an antisense primer specific for the
wild-type (5'-GTCTTCACGGTTCATGTTGC-3") or mutant allele (5'-GCCCG
GTTCTTTTTGTCAAG-3', a sequence in the neo gene) was used with a com-
mon sense primer (5'-GTGGGTTATGTGCCACCAAA-3"). PCR was done at
96°C for 5 min for initial denaturing, followed by 35 cycles at 96°C for 1 min, 56°C
for 1 min, and 72°C for 2 min.

Histology and immunohistochemistry. Formalin-fixed, paraffin-embedded sec-
tions (6 pm in thickness) of embryos were stained with hematoxylin and eosin
stain. Bouin-fixed, paraffin-embedded sections of testes and epidydimides were
stained with hematoxylin and eosin stain. For immunohistochemistry, formalin-
fixed, paraffin-embedded sections (6 wm) of testes were deparaffinized, rehy-
drated, quenched of endogenous peroxidase activity with 3% hydrogen peroxide,
and incubated overnight at 4°C with an anti-mAF5q31-E4 antibody. After wash-
ing of the sections three times in phosphate-buffered saline, samples were incu-
bated with anti-rabbit immunoglobulin ENVISION horseradish peroxidase (Da-
koCytomation). The sections were counterstained with hematoxylin.

Northern blot analysis and PCR with reverse transcription (RT-PCR). Mouse
multiple tissue blot (Clontech) was hybridized with the 3?P-labeled mAF5¢31
full-length cDNA probe followed by rehybridization with a mouse AF4, LAF4,
and FMR2 probe and a human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA probe, as described previously (55, 56). Mouse embryo full-
stage blot (Seegene) was hybridized with the mA4F5¢31 cDNA probe. The mouse
AF4 and LAF4 cDNA probes were obtained by PCR amplification from a mouse
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thymus cDNA library and the mouse FMR2 cDNA probe from a mouse brain
c¢DNA library. The human GAPDH c¢DNA probe was described previously (56).
The following oligonucleotide primers specific to mouse AF4, LAF4, and FMR2
were used: for AF4, 5'-CCTGCTTCGAATCAGAGAGA-3’ (sense) and 5'-CA
TCCTTAGTCTGGTGAGCT-3' (antisense); for LAF4, 5'-GGAGGAAAGAG
CGAGAAAGA-3" (sense) and 5'-CCCTCTCCATATTGCACACT-3" (anti-
sense); and for FMR2, 5'-GCAGTGTCACTATGAACAAG-3' (sense) and 5'-
CCAGGTGCTTGCACTGTAAA-3' (antisense).

To confirm the gene disruption of mAF5¢31, total RNAs from mouse embry-
onic fibroblasts (MEFs) obtained from 13.5-dpc embryos and maintained in
Dulbecco’s modified Eagle medium containing 10% fetal bovine serum were
isolated with Trizol reagent (Invitrogen). Total RNA (3 pg) was reverse tran-
scribed using Superscript reverse transcriptase II (Invitrogen) with random prim-
ers in a total volume of 20 wl. One pl of this reaction mixture was used as a
template for PCR amplification with Ex Taq (TaKaRa) in the following condi-
tion: at 96°C for 5 min for initial denaturing, followed by 35 cycles at 96°C for
30 s, 56°C for 30 s, and 72°C for 1.5 min. The following oligonucleotide primers
specific to mAF5¢31 exons I to IV and GAPDH for a control were used: for
AF5¢31 exons I to IV, 5'-GAAATGGTTCGGGCCTAGCG-3' (sense) and 5'-
CTACACAGCTTACATCACCA-3' (antisense), and for GAPDH, 5'-ACCAC
AGTCCATGCCATCAC-3' (sense) and 5'-TCCACCACCCTGTTGCTGTA-3’
(antisense).

To assess the expression levels of several genes in testis, RT-PCR analyses
were performed on total RNAs derived from the testes of 12-week-old
AF5q31*/*, AF5q317/7, and AF5q31~/~ male mice and 9-week-old WBB6F1-
W/WY male mice (Japan SLC) using the same methods as in MEFs. The follow-
ing oligonucleotide primers specific for TPI, TP2, Prml, Prm2, Tpap, RT7,
Hsc70t, Mcs, Pgk2, Camk4, CREM, TRF2, RARa, RXRB, AR, FSH-R, LH-R, and
GATAI were used: for TP1, 5'-ATGTCGACCAGCCGCAAGCT-3' (sense) and
5'-TCACAAGTGGGATCGGTAAT-3' (antisense); for TP2, 5'-GCCTCAAAG
TCACACCAGTA-3' (sense) and 5'-ACTTGTATCTTCGCCCTGAG-3' (anti-
sense); for Prml, 5'-ATGCTGCCGCAGCAAAAGCA-3’ (sense) and 5'-CAC
CTTATGGTGTATGAGCG-3' (antisense); for Prm2, 5'-ATGGTTCGCTACC
GAATGAG-3’ (sense) and 5'-TTAGTGATGGTGCCTCCTAC-3' (antisense);
for Tpap, 5'-GGCTCTTACCGATTAGGAGT-3’ (sense) and 5'-AGTTACCC
GGCAACCGTTAA-3' (antisense); for RT77, 5'-TGCCTGTGTGACTACAAG
CT-3' (sense) and 5'-AGTACGTCACGTCCTTCTCA-3' (antisense); for
Hsc70t,5'-CCATGAATCCCCAGAACACT-3' (sense) and 5'-ATGACACCTG
CATCCTTGGT-3' (antisense); for Mcs, 5'-ACCATGTTGCCCACCTAAAC-3’
(sense) and 5'-TCTCCAGAGTTTGGCCAGAT-3' (antisense); for Pgk2, 5'-C
TGTTGCTGATGAGCTCAAG-3' (sense) and 5'-ACTCCGACCATAGAACT
GTG-3' (antisense); for Camk4, 5'-TCTCTCACACCCGAACATCA-3' (sense)
and 5'-GGTTCCACACACTGTCTTCA-3' (antisense); for CREM, 5'-ACTTT
CCTCTGATGTGCCTG-3' (sense) and 5'-CTTGCGAGTTGCTTCTTCTG-3’
(antisense); for TRF2, 5'-TGCTTTGGAGGGAGCAAATG-3’ (sense) and 5'-
AGTTCAGGTTCATAGCTGGC-3' (antisense); for RARa, 5'-TTGAGAAGG
TTCGCAAAGCG-3' (sense) and 5'-AGGTCAGTGTGTCTTGCTCA-3' (an-
tisense); for RXRB, 5'-AGACTGTACAGTGGACAAGC-3' (sense) and 5'-TG
GCAGATGTTAGTCACTGG-3' (antisense); for AR, 5'-ACCCTATCCCAGT
CCCAATT-3' (sense) and 5'-GATGGGCAATTTTTCCTCCG-3' (antisense);
for FSH-R, 5'-CGGAACGCCATTGAACTGAG-3' (sense) and 5'-CAAAGCT
CAGTCCCATGAAG-3' (antisense); for LH-R, 5'-TGCACTCTCCAGAGTTG
TCA-3' (sense) and 5'-TCTTCGAAACATCTGGGAGG-3' (antisense); and for
GATAI, 5'-CAGGTTTCTTTTCCTCTGGG-3' (sense) and 5'-AAAGGACTG
GGAAAGTCAGC-3' (antisense).

To monitor the expression of AF5¢31 in the juvenile mice testes at various
stages, RT-PCR analyses were done on total RNAs derived from C57BL/6 male
mice (Japan SLC) at various ages, using the same methods as in MEFs. The
sequence within the AF5¢31 exons V to VIII was amplified with the primers
5'-CGGCTATTCATACACCATGC-3' (sense) and 5'-CTCCCTCACTGTTAT
GGTGT-3' (antisense).

Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) assay. Formalin-fixed, paraffin-embedded testis sections (6 pm) of
12-week-old mice were prepared, and apoptotic cells were detected in situ using
ApoAlert DNA fragmentation assay kits (Clontech). The cells were counter-
stained with 4',6-diamidino-2-phenylindole [DAPI].

Western blot analysis. An equal amount of total cell lysates from MEFs (10
pg/lane) was separated in 4 to 20% gradient polyacrylamide gels. Proteins were
transferred onto a nitrocellulose membrane. The blot was incubated with the
primary antibody at room temperature for 1 h and with a horseradish peroxidase-
conjugated secondary antibody at room temperature for 1 h. Enhanced chemi-
luminescence Western blotting detection reagents (Amersham Biosciences) were
used for detection.
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Assessment of serum hormone levels. The blood of male AF5q317/7,
AF5q31*/~, and AF5q31~/~ mice (<24 weeks) was drawn by cardiocenthesis
and stored on ice for 30 min. After 10 min of centrifugation at 800 X g for 10 min,
the serum was collected and stored at —80°C until analysis. The levels of serum
testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH)
were measured by SRL Co. (Tokyo, Japan).

Fertility assessment. The reproductive capacities of 9-week-old male
AF5q31™/*, AF5q317/~, and AF5q31~/ mice were investigated by mating one
male with two 8-week-old C57BL/6] females for 2 weeks, as described previously
(10, 26). Female mice were checked for vaginal plugs each morning, and litter
sizes were recorded on delivery after three successive matings.

Evaluation of epididymal sperm. The cauda epididymides were removed and
minced in 0.1 ml of motile buffer (120 mM NaCl, 5 mM KCl, 25 mM NaHCO;,
1.2 mM KH,PO,, 1.2 mM MgSO,, 1.3 mM CacCl,). The tissues were incubated
at 37°C for 5 min to allow sperm to disperse, as described previously (48).

Generation and purification of the recombinant proteins. Human AF5¢31
c¢DNA (63) was subcloned into pBacPAKS8 vector (BD Biosciences) with a
hemagglutinin (HA) tag on the N terminus and a FLAG tag on the C terminus.
AF5q31 was expressed in Sf9 cells by using a BacPAK baculovirus expression kit
(BD Biosciences) according to the manufacturer’s instructions. Sf9 cells were
solubilized in lysis buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM EDTA,
1.0% Triton X-100) supplemented with protease inhibitor cocktails (Sigma). The
extract was loaded onto an anti-FLAG M2 agarose (Sigma) column equilibrated
with TBS buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl), and bound proteins
were eluted with TBS buffer supplemented with 0.2 mg/ml FLAG peptide
(Sigma). Proteins in the elution were loaded onto an anti-HA 3F10 affinity matrix
(Roche) column equilibrated with TBS buffer containing 0.1% NP-40, and bound
proteins were eluted with HGKEN buffer (20 mM HEPES-NaOH [pH 7.9], 20%
glycerol, 100 mM KCI, 0.2 mM EDTA, 0.1% NP-40) supplemented with 1 mg/ml
HA peptide (Roche). Proteins in the eluate were further separated on a Mono
Q column (Amersham Biosciences) equilibrated with HGKEN buffer containing
5 mM B-mercaptoethanol and 0.5 mM phenylmethylsulfonyl fluoride by elution
with a linear gradient from 200 mM to 400 mM KCI. Each fraction was dialyzed
against HGKEN buffer containing 1 mM dithiothreitol and 1 mM phenylmeth-
ylsulfonyl fluoride. GST-CTD and P-TEFb were purified as described previously
(66, 67).

CTD kinase assay. GST-CTD was incubated with purified P-TEFb and each
recombinant AF5q31 fraction in the presence of 60 wM ATP containing
[y-**P]ATP in transcription buffer for 10 min at 30°C as described previously (66,
67). Reaction products were subjected to 4 to 20% gradient polyacrylamide gel
electrophoresis followed by autoradiography.
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FIG. 1. Expression profiles of mouse AF5¢31 and AF5¢31 family
genes in adult normal tissues. Northern blot analysis of poly(A) RNAs
(2 pg/lane) from normal mouse tissues. The blot was hybridized to
radioactive mouse AF5q31, AF4, LAF4, and FMR2 probes. As a con-
trol, the same blot was rehybridized with a GAPDH probe.
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FIG. 2. Targeted disruption of the AF5¢31 gene. (A) Schematic representation of the wild-type allele of mouse AF5¢31 (top), the targeting
vector (middle), and the mutant allele resulting from a homologous recombination (bottom). Filled boxes are exons, and open boxes are selection
marker genes. H, HindIII restriction site; E, EcoRI restriction site; N, neomycin resistance gene cassette; TK, thymidine kinase gene cassette.
(B) Southern blot analysis of HindIII-digested genomic DNAs (5 pg/lane) from ES clones with an external 3’ probe. The 9.4-kb and 13-kb bands
represent the wild-type and targeted alleles, respectively. An external 3’ probe used to analyze is shown in panel A. (C) PCR-based genotype
analysis of tail DNAs isolated from the pups of AF5q31"/~ intercrosses. Three kinds of primers (see Materials and Methods) detected both the
wild-type allele (470-bp band) and the targeted allele (740-bp band). As controls, parental and targeted ES cells were used. (D) RT-PCR analysis
of total RNAs from AF5q31%/", AF5q31"'~, and AF5q31 '~ MEFs. The primers located on exons I and IV of the AF5¢31 gene were used.
RT-PCR for GAPDH confirms equivalent amounts of RNAs used for the analysis.

RESULTS

High expression of AF5¢31 in testis. To explore the tissue
distribution of AF5¢31, Northern blot analysis was performed
on various tissues of the adult mice. AF5g31 was present at a
high level in testis and low levels in several other tissues (Fig.
1). Rehybridizations were also carried out with AF4, LAF4,
and FMR2 cDNA probes. Expression of AF4 was detected in
the heart, kidney, thyroid, and salivary gland at relatively high
levels and at low levels in the spleen, liver, and thymus, as
reported elsewhere (4). LAF4 transcript was expressed in the
brain and weakly in the spleen and lung. Previously, mouse
LAF4 was shown to be expressed predominantly in the thymus
and the spleen of adult mice (41); however, we could not
reproduce these results. Almost no signal of FMR2 expression,
except in the testis, was consistent with the finding in the
previous report that the expression of FMR2 occurs on or
around 7.0 dpc, reaches its highest level at 10.5 to 11.5 dpc, and
is very slight in other stages (9). Compared with these expres-
sion profiles, AF5¢31 transcript in the testis was remarkably
high.

Targeted disruption of AF5¢31. To clarify the physiological
role of AF5q31, AF5q31~/~ mice were generated by gene
targeting. Examination of the sequences in the databases re-
vealed that the mouse AF5¢31 gene consists of at least 21
exons (coding exons II to XXI) within 70 kb of the genomic

DNA. The region encoded by exons II and III carries the
N-terminal homology domain and the partial transactivation
domain conserved in AF5q31, AF4, LAF4, and FMR2, which
consists of the N-terminal 25% of AF5q31 (2). A targeting
vector was constructed by replacing exons II and III with the
neo gene (Fig. 2A) and introduced into mouse ES cells. ES
clones carrying the mutation were identified using Southern
blots and an external 3’ probe (Fig. 2B). The blot rehybridized
with a neo probe yielded only the 13-kbp band, and the EcoRI-
digested genomic DNAs probed with an external 5" probe

TABLE 1. Genotyping of staged embryos and newborn pups by
AF5q31"" intercrossing

No. of embryos

Embryonic Progeny with the following Total
stage genotypes: Resorbed
+/+ +/- ==
8.5 dpc 14 11 9(1 34
9.5 dpc 4(19) 9 10 23
10.5 dpe 919 1417  8(47) 1 32
12.5 dpc 7 11 3 11 32
Newborn  44(6°)  115(6")  24(17") 183

“ Number of growth-retarded embryos.
® Number of neonates dead within 24 h of birth.
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FIG. 3. Macroscopic and microscopic analyses of AF5q31-deficient mice at different ages and the expression profiles of AF5¢31 in the normal
mouse embryos. (A) Gross morphology of neonatal littermates representing AF5q31*/" (right), AF5q31™/~ (center), and AF5q31~/~ (left). (B and
C) Histological sections of the lung from AF5q31*/* (B) and AF5q31~/~ (C) neonatal littermates stained with hematoxylin and eosin stain.
(D) Gross morphology of the AF5q31*/", AF5q31"/~, and AF5q31~/~ embryos of a litter at 10.5 dpc. (E) Northern blot analysis of total RNAs
(20 pg/lane) from each embryo stage of the wild-type mouse. The blot was hybridized to a radioactive AF5¢q31 probe. As a loading control, 18S

and 28S rRNAs in total RNA are demonstrated.

further corroborated appropriate homologous recombination
(a 21-kbp band in the wild type and a 15-kbp band in the
mutant) (data not shown). After injection of the ES clones into
blastocysts, generation of the chimeric mice, and backcrossing
of the chimeras, AF5q31"/~ mice were obtained. Genotyping
of the progenies from intercrosses of the heterozygotes by
PCR revealed the presence of AF5q31~/~ mice (Fig. 2C). To
confirm the deletion in the AF5¢31 mRNA of the mutant mice,
RNAs from the MEFs in AF5q317/", AF5q31"/~, and
AF5q31~/~ mice were analyzed by RT-PCR. When sequences
from exons I and IV were used as primers, RT-PCR with
RNAs from the AF5q31*/* and AF5q31*/~ MEFs produced a
band of 973 bp, whereas no bands were detected with RNA
from the AF5q31~/~ MEFs (Fig. 2D). This result indicated
that the AF5¢3] mRNA in the mutant mice lacked the se-
quence for exons II and III.

AF5q31 is important for embryonic development. Genotype
analysis of the neonates showed a decrease by 55% in the
AF5q317/~ mice relative to the numbers of wild-type and
heterozygous littermates, based on the Mendelian ratio, and
71% of the AF5q31~'~ neonates died as early as 12 to 24 h
postpartum (Table 1). It was noteworthy that neonates that
would die had no milk spots and breathed abnormally (Fig.
3A). Precise histochemical analyses of the entire set of neo-
nates revealed that the lethality of AF5q31~/~ neonates was
potentially caused at least in part by severely shrunken alveoli
of the lung (Fig. 3C), compared with the lungs of wild-type
mice (Fig. 3B).

When analyzed during gestation, AF5q31~/~ mice ac-
counted for 25% of all embryos at 10.5 dpc, demonstrating that
disruption of the AF5¢g31 gene does not affect the viability of
embryos until this stage (Table 1). However, growth retarda-
tions, but no obvious malformations, were macroscopically ob-
served in 50% of the mutant embryos at 10.5 dpc (Fig. 3D),
and these embryos were likely to be absorbed at 12.5 dpc,
indicating that up to 50% of the mutant embryos were lethal
around these periods. The expression pattern during mouse
development was examined to identify the correct time at
which AF5¢31 expression occurs. Northern blot analysis on the
RNAs from 4.5-dpc to 18.5-dpc mouse embryos revealed sus-
tained expression of AF5¢31 throughout embryogenesis, and
the expression reached its highest level at 10.5 to 12.5 dpc (Fig.
3E). Hence, AF5g31 appears to be important for embryonic
development in this period.

Failure of spermatogenesis in AF5¢q31~/~ male mice.
AF5q31~/~ male and female mice that survived for >2 months
(13% of the AF5q31 /" mice of the C57BL/6/129 background
and none of the inbred 129 background so far) seemed normal
in health and behavior, and no abnormalities in any organ or
tissue examined were found (data not shown), except for the
testis (see below). Interestingly AF5q31~/~ males were infer-
tile whereas AF5q31~/~ females were fertile. Essentially, iden-
tical results were obtained in both mouse lines derived from
two independent ES cell clones. AF5q31*/~ male mice exhibited
normal fertility. To evaluate fertility in 9-week-old AF5q31 mu-
tant male mice, each of the AF5q31"/", AF5q31"/~, and
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TABLE 2. Fertility assessment

Avg. no. of litters

. Vaginal
M
ice : 5 3 plug®
AFSq3l+/+ 10+0 6.5+ 0.5 85*+0.5 +
AF5q317/~ 9*10 75 +0.5 70 +
AF5q317/7 0 0 0 *

+
—>

“ +, always gave vaginal plugs; =, some gave vaginal plugs and some did not.

AF5q31~/~ mice was mated with 8-week-old C57BL/6 female
mice (10, 26). Although AF5q31*/* and AF5q31*/~ male mice
always gave vaginal plugs the morning after mating and im-
pregnated their mates, some of the AF5q31~/~ males failed to
give vaginal plugs and all of the AF5q31~/~ males could not
impregnate their mates in three successive sets of 2-week pair-
ings (Table 2). As a control, the same female mice (after 2
weeks of matings with AF5q31~/~ male mice) were always
impregnated after mating with C57BL/6 male mice.
Phenotype analysis showed that there was no detectable
difference in the morphology of urogenital tracts between the
wild-type and mutant mice (data not shown), albeit the sizes of
the testes and epididymides in AF5q31 /" mice were signifi-
cantly smaller and the body weights and the sizes of seminal
vesicles were larger than those of AF5g31*/* and AF5q31*/~
mice (Fig. 4A to E). Serum hormone assays showed that the
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levels of testosterone, LH, and FSH in AF5q31~/~ mice were
not significantly different from those in AF5q31** mice in
statistical analyses (Fig. 4F to H). Also, mRNAs for the an-
drogen receptor (AR), LH-R, and FSH-R were equally ex-
pressed in the testes of AF5q31~/~ and control littermates (see
Fig. 6D). Consistent with the finding that AF5q31~/~ mice
were infertile, their seminal fluids were devoid of mature sper-
matozoa and only debris was present, indicating an arrest of
spermatogenesis (Fig. 41). The spermatozoa of the AF5q31*/~
males displayed normal motility with no evident morphological
abnormalities (data not shown).

To verify the defect in the spermatogenesis of AF5q31
mice, testes were histologically analyzed. As expected, no
sperm were found in the cauda epididymides of the
AF5q317/" mice, in contrast to those of the wild-type mice,
which accounts for the infertility of the mutant mice (Fig. SA
and B). Detailed histological analysis revealed that round sper-
matids in the seminiferous tubules of the AF5g31~/~ mice
differentiated until at least step 11 but failed to undergo nor-
mal morphological change to elongated spermatids and to be
released as spermatozoa within the germinal epithelium, while
somatic Sertoli cells appeared morphologically normal (Fig.
5D, F, and H) and the morphology of seminiferous tubules in
the mutant mice was indistinguishable from that of the wild-
type mice. In contrast, most stages of the spermatogenic cycles
in wild-type mice were represented (Fig. 5C, E, and G). Thus,
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FIG. 4. Weights, hormone levels, and sperm counts in AF5q317/~ and control mice. (A) Testes from 24-week-old AF5q31*"/* (left) and
AF5q31 ~/~ (right) male mice. (B to E) Weights of body and urogenital tracts of 12-week-old AF5q31*/", AF5q31*/~, and AF5q31 /" male mice.
(F to H) Serum testosterone, LH, and FSH levels in AF5q31"/* and AF5q31~/~ male mice. (I) Numbers of sperm cells prepared from 12-week-old
AF5q31%/*, AF5q31"/~, and AF5q31~/~ male mice. The data are given as averages. Error bars represent standard errors. Statistical significance
(%, P < 0.01) in each assay was assessed using Student’s ¢ test between the wild-type and AF5q31~/~ mice.
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FIG. 5. Histology of epididymides and seminiferous tubules of AF5q31"/" and AF5q31 ™/~ male mice. The epididymal (A and B) and testicular
(C to H) sections from 24-week-old AF5q31*/* (A, C, E, and G) and AF5q31~/~ (B, D, F, and H) male mice were stained with hematoxylin and
eosin stain.
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FIG. 6. Mechanism of defective spermatogenesis in AF5q31-deficient mice. (A) Expression of AF5q31 in testes. Immunohistochemical staining
was performed with an anti-mAF5q31-E4 antibody on sections of the testes from 12-week-old AF5q31*/* and AF5q31 /" mice. Sections were
counterstained with hematoxylin. Brown areas represent the positive signals. (B) RT-PCR analyses of AF5¢31 expression using total RNAs isolated
from the testes of 12-week-old AF5q31*/" and AF5q31 /" male mice and 9-week-old W/W" male mice. RT-PCR for GAPDH confirms the
equivalent amounts of RNAs used for the analysis. (C) Expression of AF5¢31 during juvenile testis development in mice. RT-PCR analyses of
AF5q31 exons V to VIII and several marker genes in testis are demonstrated. RT-PCR for GAPDH confirms the equivalent amounts of RNAs
used for the analysis. (D) Expression of spermatogenesis- and spermiogenesis-related genes in the testes of 12-week-old AF5q31"/*, AF5q31*/~,
and AF5q31 /" male mice. RT-PCR for GAPDH confirms the equivalent amounts of RNAs used for the analysis. (E) RNAPII CTD phosphor-
ylation in AF5q31*/", AF5q31"/~, and AF5q31 '~ MEFs. Whole-cell extracts (10 wg/lane) were immunoblotted with the indicated antibodies. As
a control, anti-a-tubulin was used to monitor the loading amounts. (F) In vitro kinase assay of P-TEFb in the presence or absence of AF5q31.
Chromatography of purified HA-AF5q31-Flag on a Mono Q column revealed the presence of full-length AF5q31 (140 kDa). Each fraction (4 pl)
on the Mono Q column was analyzed by SDS-PAGE and silver staining (upper panel). The lane marked “In” represents a part of the material
before loading the column, and the lane marked “FT” indicates the flowthrough of the Mono Q column. Equal aliquots from each fraction were
added to the kinase reaction mixture containing P-TEFb and GST-CTD and resolved by SDS-PAGE. Phosphorylated GST-CTD was detected by
autoradiography (lower panel).

spermatogenesis is arrested at the stage of spermiogenesis in

AF5q31~/~ mice.

Mechanism of infertility in AF5q31~/~ mice. Immunobhisto-
chemical analysis on testes with a purified anti-AF5q31 anti-
body disclosed that AF5q31 was expressed preferentially in
Sertoli cells, weakly in germ cells, and barely in Leydig cells

(Fig. 6A). Consistent with this finding is that AF5g31 expres-

sion in RT-PCR analysis was elevated in c-kit mutant W/W"

male mice which harbor greatly reduced numbers of germ cells
(38), compared with that in the mice with the normal c-kit gene
(Fig. 6B). This pattern in RT-PCR analysis is similar to that of
GATAI which is expressed only in Sertoli cells in the testis (71)
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FIG. 7. Germ cell apoptosis in AF5q31*/* and AF5q31~/~ mice. (A) Apoptotic cells detected by an in situ TUNEL assay in testis sections from
12-week-old AF5q31*/" (left) and AF5q31/~ (right) mice. TUNEL-positive cells were seen with fluorescein isothiocyanate (green). All the cells
were visualized with DAPI (blue). (B) Quantification of apoptotic germ cells in the seminiferous tubules of 12-week-old AF5q31*/* and
AF5q317/~ mice. In each testis, TUNEL-positive (apoptotic) nuclei in more than 100 randomly sectioned seminiferous tubules were counted and
averaged. Error bars represent standard errors. Statistical significance (*, P < 0.01) was assessed by Student’s ¢ test.

and is the opposite of that of the cyclic AMP-responsive ele-
ment modulator (CREM), which is exclusively expressed in
postmeiotic germ cells in the testis (5, 51) (Fig. 6B). Further-
more, early expression of AF5¢31 during testis development
also supports the preferential expression of AF5¢31 in Sertoli
cells (Fig. 6C). As Sertoli cells are known to regulate spermat-
ogenesis through the interactions with germ cells (23, 62), we
determined if the transcription of some of spermatogenesis-
related genes would be deregulated in AF5q31~/~ mice by
RT-PCR assays (Fig. 6D). Four genes which have critical roles
in transcriptional regulation, CREM, TBP-related factor 2
(TRF2), retinoic acid receptor a (RARw), and retinoid X re-
ceptor B (RXRB), were normally expressed in the testes of
AF5q317/" mice (5, 36, 40, 43, 51, 74). Furthermore, testis-
specific cytoplasmic poly(A) polymerase (7pap), sperm outer
dense fiber protein (R77), heat shock protein Hsc70¢t, mito-
chondria capsule selenoprotein (Mcs), and phosphoglycerate
kinase-2 (Pgk2), which are known to be expressed in spermio-
genesis, were not significantly changed, except for a slight de-
crease of Mcs in the mutant testes (35). After meiosis, histones
are replaced by protamines (protamines 1 and 2 [Prml and
Prm2, respectively]) through transition proteins (transition
proteins 1 and 2 [TP! and TP2, respectively]) in order to
package the haploid genome within the sperm head in mam-
mals (61). Intriguingly, expression levels of TP2, Prml, and
Prm?2 were drastically decreased and that of TP1 was slightly
decreased in AF5q31/ testes. But the expression levels of
Ca®"/calmodulin-dependent protein kinase IV (Camk4),
which is expressed in spermatids and phosphorylates Prm2, did
not differ among AF5q31%/*, AF5q31*"/~, and AF5q31~/~
mice (68, 69).

One report demonstrated that AF5q31 is associated with
P-TEFb and may contribute to regulate RNAPII processivity
by phosphorylation of the CTD (20). To monitor RNAPII
phosphorylation in  MEFs derived from AF5q31™/",
AF5q317~, and AF5q31~/~ embryos, we did Western blotting
with antibodies N20, H5, and H14 that recognize both the Ilo
and ITa RNAPII, Ser2, and SerS CTD phosphopeptides of

RNAPII, respectively. Although the Ilo form predominantly
existed in MEFs, the proportion of the IIo to IIa form was not
distinctly changed among AF5q31"/", AF5q31"7~, and
AF5q31~/~ MEFs (Fig. 6E). The reason for this may relate to
the compensation by other factors, including AF4, LAF4, and
FMR2, in the absence of AF5q31. To assess the effect of
AF5q@31 on P-TEFb, an in vitro kinase assay was performed
using reconstitution proteins. To obtain a sufficient quantity of
AF5q31 for further biochemical studies, whole-cell lysates of
Sf9 cells expressing epitope-tagged AF5q31 (N-terminal HA
tag and C-terminal FLAG tag) were purified by immunoaffinity
chromatography using anti-Flag and anti-HA antibody col-
umns, successively. Epitope-tagged AF5q31 proteins were al-
lowed to bind to a Mono Q column and were then eluted with
a linear gradient from 200 mM to 400 mM KClI (Fig. 6F, upper
panel). Fractions peaking from 320 to 380 mM KCl (fractions 7 to
9) were found to contain AF5q31. The activities of each eluate
were compared by the CTD in vitro kinase assay (66, 67). How-
ever, the CTD phosphorylations corresponding to fractions 7 to 9
were not significantly changed from those corresponding to the
other fractions (Fig. 6F, lower panel). These results suggested
that AF5q31 regulates spermiogenesis through the modulation of
tissue-specific gene expression in Sertoli cells rather than affecting
general transcriptional machinery.

Germ cell apoptosis in AF5q31~/~ mice. To further clarify
why AF5q317/~ mice were infertile and azoospermatic, the
frequency of apoptotic cells in testes was compared between
AF5g31"" and AF5q31~/~ mice by using a TUNEL assay
(Fig. 7A). This assay revealed a 6.5-fold increase in apoptotic
germ cells in seminiferous tubules in 12-week-old mutant mice,
yet these were barely detectable in wild-type littermates (Fig.
7B). Hence, AF5q31 appears to be essential in both the dif-
ferentiation program and the survival of germ cells.

DISCUSSION

Incomplete penetrance of the embryonic and neonatal le-
thality observed in AF5¢g31-deficient mice indicates that the
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loss of AF5q31 does not cause a complete and uniform block
of embryogenesis at a given point but that AF5q31 possesses
versatile roles during embryogenesis. Since AF5¢31 and AF4
are widely expressed during embryogenesis and in the adult
tissues of mice, it is possible that AF4 functionally compen-
sates for the lack of AF5q31 in most tissues (4, 33). Presently,
it is unclear why the embryonic and neonatal death occurs and
whether the incomplete penetrance of this phenotype results
from heterogeneity in the genetic background of the mutant
mice.

Spermatogenesis is a multistep process from spermatogonia,
which are the stem cells of the germ cell lineage, to sperma-
tozoa (14). Sertoli cells play major roles in supporting sper-
matogenesis, which involves the complex interaction of germ
cells and Sertoli cells within the seminiferous tubules (23, 62),
and Leydig cells produce the testosterone. The expression of
AF5q31 in Sertoli cells without the expression of other family
genes in the testis suggests an indispensable role for AF5q31 in
the testis. It should be kept in mind that serum levels of
testosterone, LH, and FSH and expression levels of AR, LH-R,
and FSH-R did not show any significant difference between
the wild-type and AF5g31~/~ mice. Thus, azoospermia in
AF5@317'~ mice seems to be caused by functional defects in
testicular somatic cells, particularly Sertoli cells. Several re-
ports suggested that abnormal Sertoli cells were impaired re-
garding the ability to assist the normal maturation and release
of spermatids in the deficient mice for the nuclear receptors
and related cofactors such as RARa, RXRB, AR, and Cnot7 (10,
15, 30, 36, 40, 48). It is possible that AF5q31 functions as a
coregulator of these transcription factors in spermatogenesis.

Human infertility affects 10 to 15% of couples, with an
approximately equal contribution from both partners (16). In a
large number of male infertility patients, the cause of the
infertility might be related to disturbances in the replacement
of histones by protamines during spermatogenesis. Previous
reports stated that sperm from sterile males shows abnormal
protein contents, with anomalously elevated levels of histones
and/or an altered protamine 1/2 ratio (3, 11, 17). In mice and
humans, genes encoding Prml, Prm2, and TP2 are clustered
together on chromosome 16 (52). In addition, these three
genes lie in the same orientation to one another and are co-
ordinately expressed in a haploid-specific manner during sper-
matogenesis. Notwithstanding the subtle decrease of TPI ex-
pression, the levels of TP2, Prml, and Prm2 were dramatically
reduced in AF5q31~/~ mice. Previous studies demonstrated
that the transcription of transition proteins and protamines
initiates shortly after the completion of meiosis in round sper-
matids (after step 7 in spermiogenesis) and ceases in elongat-
ing spermatids (step 11) with a global repression of transcrip-
tion (37, 42). In addition, the haplo-insufficient chimeras of
PrmI and Prm2 were infertile, displaying an abnormal nuclear
condensation (12). Thus, the reduced levels of TP2, Prm1, and
Prm2 may be the cause of spermiogenesis arrest in AF5q31~/~
mice.

Selective decreases in the levels of mRNAs of TP2, Prml,
and Prm2 among a set of postmeiotic genes in germ cells raise
the possibility that AF5q31 also directly regulates the tran-
scription of these genes. In fact, AF5q31 is weakly expressed in
germ cells. It remains to be determined if Sertoli cells and
germ cells are independently affected by the lack of AF5q31 or
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whether germ cells are secondarily affected, or both. Clarifica-
tion of a potential role for AF5q31 in regulating the expression
levels of TP2, Prml1, and Prm2 may provide new insights into
the mechanisms of human male infertility.

ALLs are characterized by the clonal proliferation, accumu-
lation, and tissue infiltration of neoplastic cells (21). The ma-
jority of cases of ALL demonstrate abnormal karyotypes, ei-
ther in chromosome number or as structural changes such as
translocations, inversions, or deletions. As a consequence of
translocations between chromosomes 5 and 11, the reciprocal
fusion gene is generated and it encodes the MLL-AF5q31
fusion protein, which is expressed in the leukemic blasts (63).
It is unknown whether the fusion protein can act as a dominant
negative product on AF5q31 function in the leukemic blasts.
However, the fact that AF5q31~'~ mice did not show any
hematological abnormalities suggests that the dominant nega-
tive effects of this fusion protein on AF5q31 in leukemogenesis
are less likely. It is more likely that MLL-AF5q31 fusion leads
to constitutive activation of the MLL target genes (1, 27).
Clarification of the AF5q31-mediated gene regulation in testes
will also help us to elucidate the molecular mechanism by
which the fusion converts normal MLL into the leukemogenic
form.
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