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CELF1 is a multifunctional RNA-binding protein that controls several aspects of RNA fate. The targeted disruption of the Celf1
gene in mice causes male infertility due to impaired spermiogenesis, the postmeiotic differentiation of male gametes. Here, we
investigated the molecular reasons that underlie this testicular phenotype. By measuring sex hormone levels, we detected low
concentrations of testosterone in CelfI-null mice. We investigated the effect of CelfI disruption on the expression levels of ste-
roidogenic enzyme genes, and we observed that Cyp19al was upregulated. Cyp19al encodes aromatase, which transforms testos-
terone into estradiol. Administration of testosterone or the aromatase inhibitor letrozole partly rescued the spermiogenesis de-
fects, indicating that a lack of testosterone associated with excessive aromatase contributes to the testicular phenotype. In vivo
and in vitro interaction assays demonstrated that CELF1 binds to Cyp19al mRNA, and reporter assays supported the conclusion
that CELF1 directly represses Cyp19al translation. We conclude that CELF1 downregulates Cyp19al (Aromatase) posttranscrip-
tionally to achieve high concentrations of testosterone compatible with spermiogenesis completion. We discuss the implications
of these findings with respect to reproductive defects in men, including patients suffering from isolated hypogonadotropic hypo-

gonadism and myotonic dystrophy type I.

Spermatogenesis is a complex process that can be divided into
three phases: mitotic proliferation of spermatogonia, meiosis,
and postmeiotic differentiation. Differentiation, or spermiogen-
esis, transforms round spermatids into elongated spermatids
and spermatozoa. It is morphologically characterized by the
formation of the acrosome and flagellum, nucleus condensa-
tion, and cell elongation (1). The mature gametes are then
released by Sertoli cells into the lumen of the seminiferous
tubules by spermiation (2).

Transcription ceases during spermiogenesis upon nuclear con-
densation. At this stage, proteins are translated from mRNAs tran-
scribed at earlier stages and stored in a translationally inactive
state (3). Gene expression is therefore regulated only posttran-
scriptionally in differentiating spermatids, but in general, mecha-
nisms of posttranscriptional controls are of key importance in
the testis. Small noncoding RNAs, and especially microRNAs
(miRNAs) and Piwi-interacting RNAs (piRNAs), downregulate
specifictranscripts. Thisregulationis crucial, since spermatogen-
esis is severely impaired in mice lacking the enzymes that
synthesize this class of regulatory RNAs (4). Other key actors in
posttranscriptional control are RNA-binding proteins (RBPs).
Collectively, they control several aspects of RNA life: nuclear mat-
uration, transport, storage in cellular compartments, translation,
and stability or decay. Several RBPs are involved in spermatogen-
esis, and the inactivation in mice of some genes encoding RBPs is
associated with infertility due to spermatogenesis defects (3, 5-7).
In most cases, the molecular reasons for infertility have not been
identified yet.

CELF1 (CUGBP, Elav-like family member 1; also named
CUGBP1) is among the RBPs that are involved in spermatogene-
sis. The CelfI gene is largely expressed in mouse testis, and mice
with a targeted disruption of Celfl (referred to here as Celfl '~
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mice) display an arrest of spermiogenesis just before the round
spermatids start elongating (8). This blockage is observed in adults
but also during the first wave of spermatogenesis (9). CELF1 is a
multifunctional RBP, with a nuclear and cytoplasmic localization
(10). In the nucleus, it controls pre-mRNA alternative splicing
(11, 12). In the cytoplasm, it targets bound mRNAs for rapid decay
(13, 14) and/or modulates their translation (15-19). The cytoplas-
mic functions are probably mediated by interactions with molec-
ular partners, like the poly(A) nuclease PARN (20) or the transla-
tion initiation complex eIF2 (21). It is highly probable that CELF1
controls several RNAs in the testis, which are misregulated in
Celf1 ~/~ mice. However, we still lack the link between the RNA
targets of CELF1 and spermiogenesis completion.

The goal of the present work was to understand the molecular
bases for impaired spermatid elongation in CelfI-null mice, and
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consequently, the function of CELF1 during spermiogenesis. Be-
cause spermiogenesis is largely under hormonal control (22, 23),
we investigated the hormonal status of Celflf/ ~ males, and we
found that the testosterone level was severely reduced. This was
the result of increased aromatase activity, the enzyme that aroma-
tizes testosterone into estradiol. Treatments with aromatase in-
hibitors or with exogenous testosterone demonstrated a causal
relationship between lack of testosterone associated with excessive
aromatase activity and spermiogenesis defects in these mice. Fur-
thermore, we showed that CELF1 directly downregulates the ex-
pression of Cypl9al, the gene encoding aromatase. Our results
reveal that the RBP CELFI1 represses aromatase to achieve suffi-
cient concentrations of testosterone for round spermatid differ-
entiation. We discuss the implications of this finding with respect
to reproductive troubles in men.

MATERIALS AND METHODS

Ethics statement. The animals were housed in the animal facilities of
Biosit Rennes (Arche) as approved by the French animal care agency
(Direction des Services Vétérinaires, approval number A3523840). Exper-
iments were carried out according to standard procedures after accep-
tance by the local ethics committee (approval number R-2011-CGC-01).

Animal experiments and histology. The targeted disruption of Celfl
has been described (8). We crossed heterozygous mice to obtain homozy-
gous Celfl ~'~ mice, and we kept the Celfl /™ littermates (bred separately
after weaning) as controls. For testosterone treatments, males (1.7 * 1
month) were anesthetized and implanted with a subdermal Silastic im-
plant (1 cm; Dow Corning, Midland, MI) containing testosterone propi-
onate (5 mg; 86541-5G; Fluka) or a placebo implant as described previ-
ously (24). For letrozole treatments, males (5.5 = 2.5 months) underwent
daily subcutaneous (s.c.) injections of 40 g letrozole dissolved in 0.3%
hydroxypropyl cellulose (both from Sigma). We killed the adult mice by
cervical dislocation and collected intracardiac blood (stored as serum at
—80°C), seminal vesicles, testes, and epididymides. For each animal, we
used one testis for RNA and protein extraction, microsomal fraction prep-
aration, and steroid extraction and the contralateral testis with its epidid-
ymis for histological examination as described previously (8).

We detected Leydig cells on 5-pum-thick transverse sections of testis
using an antibody directed against HSD3B6 (1:3,000 in phosphate-buft-
ered saline [PBS]; generously supplied by Ian Mason) (25). Staining was
carried out with the Vectastain Elite ABC kit (Vector Laboratories, Bur-
lingame, CA) and diaminobenzidine substrate kit (Vector Laboratories),
and counterstaining was done with hematoxylin. To count Leydig cells,
we used a BX-50 Olympus microscope with Cast-Grid VI.10 (Olympus,
Munich, Germany) to generate unbiased counting fields by systematic
uniform random sampling scheme. An area of six testicular cross sec-
tions was measured to estimate the number of Leydig cells per square
millimeter.

Hormone measurement. We assayed circulating testosterone by ex-
tracting 150 pl of serum with ethyl ether, which was evaporated to leave a
dry residue. The testosterone in dry residues was quantified using the
testosterone radioimmunoassay (RIA) kit (IM1087; Immunotech, Beck-
man), following the manufacturer’s instructions.

For intratesticular steroids, one testis was weighed and homogenized
in phosphate buffer (pH 7.4) with a Dounce homogenizer, and steroids
were extracted twice with dichloromethane. The dry residues were dis-
solved in phosphate buffer (pH 7.25), and testosterone and estradiol were
quantified by RIA (26).

The other hormones were measured from sera at the University of
Virginia Center for Research in Reproduction Ligand Assay and Analysis
Core.

Biochemical methods. For protein-RNA immunoprecipitations,
wild-type adult testes were dissociated in ice-cold PBS, UV irradiated (5
times, 4,000 WJ/cm?, 254 nm), and stored at —80°C. The testes were ho-
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mogenized, and CELF1 was immunoprecipitated (3B1; Santa Cruz) or
pseudoimmunoprecipitated (nonimmune IgG) as previously described
(27). The coimmunoprecipitated RNAs were treated with proteinase K (2
pg/pl) for 30 min at 37°C and 60°C for 30 min, extracted with phenol-
chloroform, precipitated, and dissolved in water. The residual genomic
DNA was removed by DNase treatment (Ambion). For the expression
profiling, total RNAs were extracted with TRI Reagent (Euromedex) (1 ml
TRI Reagent/testis), and the residual genomic DNA was removed by
DNase treatment. RNAs were purified from cultured cells with the Nucleo-
Spin RNA kit (Macherey-Nagel).

The cDNAs were prepared from the purified RNAs with random
primers and Superscript II reverse transcriptase (Invitrogen). We carried
out real-time PCR using Power SYBR green PCR master mix (Applied
Biosystems) in the ABI Prism 7900 (Applied Biosystems). The primer
sequences for Star (L36062) and Cypl17al (NM_007809) were published
previously (28). The primer sequences are as follows: CelfI, GCAGCAAG
TTATTATCATTGGC and TTCTTTGAGACAGGACTGGA; Cypl7al,
GGGCACTGCATCACGATAAA and GATCTAAGAAGCGCTCAGG
CA; Cypl9al, GAGAGTTCATGAGAGTCTGGATCA and CATGGAAC
ATGCTTGAGGACT; Cyp19al (pre-mRNA, E3-13), GCATGAGAACGG
CATCATATT and AGTTGGGGCTGCCAGTGTAT; Cypl9al (pre-
mRNA, 15-E6), GAATCTGTTTTGCTGGAAGTCTAA and TCAAATCA
GTTGCAAAATCCATACGC; Cypl9al (pre-mRNA, E8-18), AAGAATGCA
CAGGCTCGAGTA and GAAGGGCAGATGAAGCTTTG; Hprt, CTGG
TGAAAAGGACCTCTCG and TCAAGGGCATATCCAACAACAAAG;
B2m, TGGTGCTTGTCTCACTGACC and CCGTTCTTCAGCATTTG
GAT; Star, CCGGAGCAGAGTGGTGTCA and CAGTGGATGAAGCAC
CATGC; Cypllal, CCAGTGTCCCCATGCTCAA and CAGCTGCATG
GTCCTTCCA; Hsd17b3, CAAGCTCTTTCCTGCGATCAAT and TTGA
GTCCATGTCTGGCCAAG; Srd5a GCGTAGTCTACCTGGAGGGT and
GAAGAGCCCACCATCTGGAG; firefly luciferase, GCTCAGCAAGGA
GGTAGGTG and TCTTACCGGTGTCCAAGTCC; Renillaluciferase, AA
TGGCTCATATCGCCTCCTGGAT and TGGACGATGGCCTTGATCT
TGTCT. The relative amount of RNA was calculated as 27, where
AC; = C — Cy(reference). For RNA immunoprecipitation experi-
ments, the reference was the total extract before immunoprecipitation.
For expression profiling, the reference was the geometrical mean for
two reference genes, Hprt and B2m (29).

We prepared microsomal fractions to measure aromatase activity.
One half testis was weighed and homogenized in (0.05 mM NaP [pH 7.5],
0.15 M KCI, 21 mM NaCl, 20 mM sucrose, 5 mM dithiothreitol [DTT],
protease inhibitor cocktail [P8340; Sigma]). The total extract was cleared
(500 X g, 10 min, 4°C) and ultracentrifuged (100,000 X g, 2 h, 4°C). We
measured aromatase activity in the dissolved pellet with the tritiated-
water release assay (30).

For Western blot analyses of testicular extracts, one half testis was
lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl
[pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% deoxycholate, 5 mM DTT,
0.1% SDS, 0.5% NP-40, protease inhibitor cocktail [P8340; Sigma]), di-
gested with DNase, and sonicated. We loaded 100 p.g of proteins per lane.
For Western blot analyses of HeLa cells, we used protein extracts from
~10° cells. The primary antibodies are as follows: HSD3B6 (25), TUBB
(tubulin; Sigma), CELF1 (3B1; sc20003; Santa Cruz), PCNA (P8825;
Sigma).

For electrophoretic mobility shift assays (EMSAs), cDNAs corre-
sponding to the different parts of the Cypl9al 3" untranslated region
(UTR) were amplified from testis cDNA with the following PCR primers:
fragment a, taatacgactcactatagggGTTGGGGACCAGTGAAGAAA and
ACATGCTGGGATGTTGACCT; fragment b, taatacgactcactatagggAGGT
CAACATCCCAGCATGT and TATTTCACTTTTGCCCCCAA. Lower-
case indicates the nucleotides corresponding to the T7 RNA polymerase
promoter. RNA was obtained from the PCR products by T7 in vitro tran-
scription using [**P]JUTP, and the resulting RNA was purified and quan-
tified. We carried out EMSAs as described previously (31), with 2-fold
dilutions of CELF1 starting from 400 nM or with a constant concentration

mcb.asm.org 3245


http://www.ncbi.nlm.nih.gov/nuccore?term=L36062
http://www.ncbi.nlm.nih.gov/nuccore?term=NM_007809
http://mcb.asm.org

Boulanger et al.

TABLE 1 Hormone measurements in wild-type and Celfl '~ males

Concn in mice with genotype®:

Hormone Sample type (unit) Celf1™'™* Celft ™'~ Pt

Testosterone Serum (ng/ml) 7.41 + 1.59 (17) 0.55 + 0.10 (17) 1.7 X 107°
Intratestis (ng/mg) 0.123 * 0.040 (7) 0.032 + 0.010 (7) 3.1 X 1072

Estradiol Serum (pg/ml) 2.67 + 0.22 (10) 3.11 % 0.11 (10) 6.4 X 1072
Intratestis (pg/mg) 0.200 * 0.045 (7) 0.630 * 0.180 (7) 1.8 X 1072

FSH Serum (ng/ml) 37.2 + 2.6 (10) 41.0 + 2.1 (10) 0.14

LH Serum (ng/ml) 0.813 = 0.320 (13) 0.581 * 0.278 (14) 0.13

“ Hormone concentrations in the sera or testicular extracts of wild-type and Celfl ~/~ mice were quantified by radioimmunoassays or ELISA. Data are means = standard errors of

the means. Numbers of mice are in parentheses.
¥ We compared the CelfI ™" and Celfl ~/~ data by a Wilcoxon rank sum test.

of 100 nM in the presence of 400 nM competitor oligonucleotides (1,
ACACACACACACACATATGAAAGTG; 2, GCGCGCGCACACACACA
CACACACA; 3, GCATGCACAAGTACACACACAGACT; 4, CACACAC
ACACACACTATGTATTCA; 5, AGAGTCTACCACACACACACAC
ACA).

Cell manipulations and luciferase reporter assays. To construct plas-
mids for reporter 3" UTR assays, we inserted the wild-type CypI19al 3’
UTR downstream of the firefly luciferase gene in the pmirGlo vector (Pro-
mega), using the Gibson Assembly master mix kit (NEBE2611S/L) with
the following oligonucleotides: forward, ctagttgtttaaacgagctgtcgacAGAA
GTGTGGCCTATCTAC and reverse gectgcaggtcgactAGAAAGACTTCT
TTATTTGAAATGC. The nucleotides corresponding to the target vector
for the Gibson assembly are in lowercase. For the mutant Cyp19al 3’
UTR, we separately amplified the region upstream of the UG stretches
with the same forward primer as above and a novel reverse primer
(ATGTAGAAAGAGTCTTATGAAAGTCCTGTTGTTC) and the region
downstream of the UG stretches with the same reverse primer as above
and a novel forward primer (AACAGGACTTTCATAAGACTCTTTCTA
CATTAAACC). We simultaneously inserted both fragments in the pmir-
Glo vector.

We cultured HeLa cells in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum and antibiotics. For the experi-
ments that did not request cotransfection, we obtained nonclonal popu-
lations of stably transfected cells by adding 800 wg/ml Geneticin 72 h after
transfection (reduced to 400 pg/ml after 2 weeks of selection). For RNA
interference (RNAi) experiments, we cotransfected the cells with 50 ng of
reporter plasmid and 25 pmol of anti-CELF1 or control small interfering
RNA (siRNA) (anti-CELF1, a mix of 5'-GAGCCAACCUGUUCAUCUA-
3/, 5'-GCUGUUUAUUGGUAUGAUU-3" and 5'-GCUGCAUUAGAAG
CUCAGA-3'; control, 5'-GUCUAGACGAGUGUGACAU-3') using
JetPrime (PolyPlus). For the overexpression experiments, we cotrans-
fected cells in 24-well plates with 80 ng reporter plasmid and 150 ng
mCherry-H2B or mCherry-CELF1. The firefly and Renilla luciferase ac-
tivities were measured 30 to 48 h later using the dual-luciferase reporter
assay kit (Promega).

Statistics. All data are expressed as means * standard errors of the
means or strip charts with the median. We assessed the statistical signifi-
cance by Kruskal-Wallis tests, Wilcoxon rank sum tests with continuity
correction, or Wilcoxon signed-rank tests with continuity correction
when both wild-type and Celfl /" littermates were available. All statisti-
cal analyses were performed with R.

RESULTS

Hypogonadism in Celf] '~ males. Celfl '~ mice suffer from de-
fective spermiogenesis (8), which is largely dependent on testos-
terone. We therefore assayed the serum testosterone concentra-
tions in Celfl '~ and wild-type adult mice (4 months). The

3246 mcb.asm.org

Molecular and Cellular Biology

testosterone concentrations in sera were much lower in Celfl ™'~
mice than in control mice (Table 1). The same was true for the
concentrations in testicular extracts (Table 1). Hence, CelfI -/
males are hypogonadal.

A possible cause of male hypogonadism is a defective produc-
tion of luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH), since these pituitary hormones stimulate directly or
indirectly testosterone production. We therefore measured their
concentrations in serum (Table 1). The FSH levels were nearly
identical in Celfl "/~ and wild-type mice. The LH levels were pos-
sibly lower in Celfl '~ mice, but the dispersion of the LH concen-
trations makes this difference nonsignificant. Hence, the concen-
trations of the pituitary hormones FSH and LH in serum in
Celf1~'~ males do not differ or differ only slightly from those in
CelfI*'* mice, suggesting that their hypogonadism stems from
testicular failure.

Genital tract development. We next weighed the testes of
Celfl ™'~ and control adult mice. Celfl ~'~ mice are overall smaller
(8), and so are their genital organs. However, after normalization
by the total body weight, the testes from Celfl '~ mice had
weights similar to those of testes from Celfl*'* mice (Fig. 1A).
Hence, hypotestosteronemia in these mice is not a consequence of
small testes.

We also found the weights of the epididymides and of the sem-
inal vesicles to be very similar in wild-type and Celfl '~ mice (Fig.
1B and C). Together with their normal appearance in Celfl "/~
mice (8), this shows that these organs develop correctly. Further-
more, cryptorchidism does not occur, while it is commonly asso-
ciated with severe forms of hypogonadism (32). The normal in-
ternal genitalia and the normal testicular descent, which are
testosterone dependent, suggest that the concentrations of testos-
terone in Celfl '~ mice, albeit low, are sufficient to drive differ-
entiation and development of the genital tract.

Finally, we analyzed Leydig cells, because they are the major
sites of testosterone synthesis. Their morphology and their distri-
bution in testicular interstitial tissue were similar in Celfl ~'~ and
control mice (Fig. 1D). Systematically counting the number of
Leydig cells also failed to reveal any difference between the two
genotypes (Fig. 1E). Hence, hypogonadism in Celfl '~ mice is not
due to a defective proliferation of Leydig cells.

Expression of steroidogenic enzyme genes. Although Leydig
cells are apparently normal in size and number in CelfI '~ mice,
they may be deficient in steroidogenesis. Steroidogenesis is a mul-
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FIG 1 Characterization of the male genital tract. We weighed Celfl '~ or
Celf1™'* adult mice, as well as their genital organs. We show here the weights
of a single testis (A), a single epididymis (B), and both seminal vesicles (C) for
each animal, divided by the total body weight. n, number of wild-type and
Celfl '~ males. (D) Representative histological sections of wild-type and
Celf1™'~ testes. The Leydig cells were stained brown by immunohistochemis-
try with an anti-HSD3B6 antibody (25). Bars, 100 pm. (E) Number of Leydig
cells per square millimeter of testicular cross sections, from wild-type and
Celf1 '~ littermates. In panels A to C and E, the differences between Celfl '~
and CelfI™'" organs are not significant (P > 0.1; Wilcoxon rank sum test).
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tistep process that involves several enzymatic reactions taking
cholesterol as a substrate to synthesize testosterone, which is con-
verted to dihydrotestosterone or estradiol (Fig. 2A) (33). We com-
pared the levels of expression of all the genes encoding steroido-
genic enzymes in testes from Celfl '~ and control mice. The
abundances of five mRNAs out of seven (Star, Cypllal, Hsd17b3,
Cypl7al, and Srd5a) were not different between the two geno-
types (Fig. 2B), and we focused on the two remaining mRNAs. At
the mRNA level, Hsd3b6 (the only Hsd3b gene expressed in adult
mouse testis [28]) was downregulated in Celfl '~ mice by 40%
(Fig. 2B). However, Western blots carried out with several animals
revealed only a low, nonsignificant decrease in levels of HSD3B6
protein in Celfl '~ testes (Fig. 2C). Hence, Hsd3b6 is not or only
weakly downregulated in Celfl~’~ mice. Conversely, the abun-
dance of Cyp19al mRNA, encoding aromatase, was increased by
45% (Fig. 2B). We were unable to directly measure the amount of
CYP19A1/aromatase protein due to the lack of appropriate anti-
bodies, but we measured aromatase activity. As shown in Fig. 2D,
aromatase activity was 80% higher in microsomal fractions from
Celfl ™'~ testes than in microsomal fractions from control testes.
Hence, Cyp19al is upregulated in Celfl ~'~ males, which may con-
tribute to reduced testosterone concentrations.

We measured the abundance of Cyp19al pre-mRNA by specif-
ically amplifying intron-exon junctions by reverse transcription-
quantitative PCR (RT-qPCR). This experiment, which we car-
ried out with three different pairs of primers, revealed similar
amounts of CypI9al pre-mRNA in Celfl '~ and wild-type tes-
tes (Fig. 2E). We conclude that the targeted disruption of Celf1
does not affect CypI9al transcription and that Cypl9al over-
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FIG 2 Expression of steroidogenic enzyme genes in wild-type and Celf] ~/~ males. (A) Pathway of sex steroid synthesis. The CYP17A1 protein has two sequential
enzymatic activities, but the intermediate products were omitted for clarity. (B) Quantification of the indicated mRNAs by RT-qPCR in the testes of wild-type
and Celfl '~ littermates. (C) (Left) Representative Western blot of testis extracts from Celfl '~ or Celfl *’* mice with antibodies against HSD3B6 and TUBB
(loading control). (Right) Quantification of the HSD3B6/TUBB ratios from Western blots performed with 7 wild-type and Celfl ™'~ testis extracts. (D)

Aromatase activities in microsomal fractions of testes measured by a tritiated-

using primers directed against the indicated intron (I)-exon (E) junctions. In

water release assay. (E) Quantification of the abundance of Cyp19al pre-mRNA
all panels, gray bars represent wild-type mice, and white bars represent Celfl '~

mice. The P values of Wilcoxon signed rank tests below 0.1 are shown. n, number of pairs of wild-type and Celfl '~ littermates.
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FIG 3 Changes to testosterone concentration are a cause of defective spermiogenesis in Celfl ’~ mice. (A) Histological sections of seminiferous tubules from
Celfl '~ mice were stained with hematoxylin and eosin. Three representative sections of testes classified as unaffected, moderately affected, and strongly affected
are shown from left to right. (B) Seventeen mice were sorted by the phenotype of their seminiferous tubules (1 = 6, 6, and 5 for unaffected, moderately affected,
and strongly affected tubules, respectively). The mean serum testosterone concentrations of these three classes of mice are shown as black bars. The white bars
show the mean aromatase activities in testes of 12 other mice (n = 3 for unaffected, 6 for moderately affected, and 3 for strongly affected). (C) Representative
sections of the cauda epididymis from Celfl '~ males, showing a graduation of phenotypes from left to right. The inset shows a high magnification. (D) Serum
testosterone concentrations in wild-type males, testosterone-implanted Celf1 ~/~ males, and letrozole-treated Celf1 ~/~ males. To make comparisons easier, we
show here the results for Celfl ~/~ males presented in Table 1. ***, P = 5.4 X 10 * (—/— mice versus +/+ mice); #, P = 0.029 (testosterone-treated —/— mice
versus —/— mice) or 0.012 (letrozole-treated —/— mice versus —/— mice). The other P values (Wilcoxon rank sum tests) are above 0.1. (E) Representative
sections of epididymides from untreated, testosterone-treated, and letrozole-treated Celfl '~ mice. (F) Distribution of the number of round cells per section of
cauda epididymal tubule in untreated wild-type mice, untreated Celfl '~ mice, testosterone-treated Celf] '~ mice, and letrozole-treated Celfl ~/~ mice. ***, P =
6.4 X 1077 (—/— mice versus +/+ mice); **, P = 2.3 X 10> (testosterone-treated —/— mice versus +/+ mice); *, P = 0.036 (letrozole-treated —/— mice versus
+/+ mice); ##, P = 1.8 X 10~ (testosterone-treated —/— mice versus —/— mice); #, P = 0.032 (letrozole-treated —/— mice versus —/— mice). The other P
values (Wilcoxon rank sum tests) are above 0.1. Bars, 100 pm (A, C, and E) and 30 pm (inset). V, vacuole. Asterisks indicate multinuclear cells, the arrow

indicates a round spermatid prematurely released by the Sertoli cells, and the arrowhead indicates a degenerating cell.

expression in Celfl '~ mice is associated with changes to post-
transcriptional regulations.

Aromatase converts testosterone into estradiol. Therefore, hy-
peractive aromatase is expected not only to reduce testosterone
levels but also to increase estradiol levels. We verified this predic-
tion by measuring estradiol concentrations in sera and testicular
extracts (Table 1). Estradiol levels were increased 3-fold in
Celfl ~'~ mouse testes. There was also a trend for increased serum
estradiol concentration. Altogether, these results show that the
high aromatase activity in Celfl”’/~ mice results in imbalanced
levels of testosterone and estradiol.

The high aromatase activity is a major cause of defective
spermiogenesis in Celfl '~ males. We next investigated a puta-
tive causal relationship between defective spermatogenesis (8) and
high aromatase activity, resulting in hypogonadism in Celfl '~.
We can raise Celfl '~ mice only on a mixed genetic background
because the mutation is homozygous lethal on a pure background
(9), resulting in variable expressivity of spermatogenesis defects.
As previously observed (8), Celfl ~'~ testes could be grouped into
three classes. The unaffected testes display apparently normal
seminiferous tubules (Fig. 3A, left). The strongly affected testes
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display seminiferous tubules with vacuoles and giant multinuclear
cells that arise from the fusion of several round spermatids
through cytoplasmic bridges (34) and are virtually depleted of
elongated spermatids and spermatozoa (Fig. 3A, right). The mod-
erately affected testes have heterogeneous seminiferous tubules,
with normal tubules and tubules containing fewer spermatozoa or
elongated spermatids (Fig. 3A, middle). We sorted 17 Celfl '~
mice by the phenotype of their testes, and we measured their se-
rum testosterone. The strongly affected mice had low levels of
testosterone (~400 pg/ml) (Fig. 3B). There was a tendency toward
higher levels of testosterone from strongly affected to moderately
affected and unaffected mice (Fig. 3B), but this did not reach sta-
tistical significance (Kruskal-Wallis rank sum test), and even the
unaffected mice had low concentrations of testosterone (~650
pg/ml) compared with wild-type mice (see Table 1). We also mea-
sured aromatase activities (Fig. 3B). Aromatase activity was high
for all three classes of mice, and, although the strongly affected
mice had even stronger aromatase activities than the other two
classes, the differences were again nonsignificant. These data show
that all the Celfl '~ mice are characterized by low testosterone
and high aromatase, irrespective of their spermatogenesis defects.
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FIG 4 CELF1 directly binds to Cyp19al mRNA. (A and B) We irradiated freshly dilacerated testes with UV light and carried out immunoprecipitations with
either anti-CELFI or nonimmune immunoglobulins (IgG, mock). (A) Western blots with anti-CELF1 antibodies of total testis extracts and of immunoprecipi-
tates obtained with nonimmune and anti-CELF1 antibodies. The results of three representative independent immunoprecipitation experiments are shown.
Except where indicated (—/—), all the testes were from wild-type mice. The positions of CELFI and of the endogenous immunoglobulins detected by the
secondary antibody are indicated. (B) Quantification by RT-qPCR of the coimmunoprecipitated mRNAs. The abundance of Cyp17al (negative control), CelfI
(positive control), and CypI9al mRNAs in the immunoprecipitates relative to the inputs is shown. n, number of independent immunoprecipitation experi-
ments. (C) Schematic drawing of the 3’ untranslated region of murine Cyp19al mRNA. The positions of the two UG stretches potentially able to interact with
CELF1 and the positions of the fragments and the competitor oligonucleotides for electrophoretic mobility shift assays (EMSAs) are shown. (D and E) EMSAs
using increasing amounts of recombinant CELF1 protein and the labeled RNA fragment b (D) or a (E). The fragment names are those used in panel C. (F) EMSA

using recombinant CELF1 protein and the RNA fragment b, plus the indicated competitor oligonucleotides (Comp. 1 to 5).

This suggests that other genetic factors shape the testicular phe-
notype of hypogonadal Celfl ~/~ males. Hence, hypotestosteron-
emiain Celfl ~'~ males can either play no role in the appearance of
spermatogenesis defects or define a specific endocrine back-
ground that is permissive for these defects.

We needed a quantitative assessment of spermatogenesis de-
fects to discriminate between these possibilities. We reasoned that,
since spermatozoa are stored in the cauda epididymides before
ejaculation, the contents of the cauda epididymis reflect the over-
all activity of numerous seminiferous tubules. We analyzed histo-
logical sections of the cauda epididymis from several Celfl '~
mice. The epididymides of unaffected testes essentially contained
spermatozoa (Fig. 3C, left), like those of wild-type males. The
epididymides of strongly affected testes contained only round cells
(Fig. 3C, right), corresponding to round spermatids prematurely
released by Sertoli cells, to degenerating cells, or to multinuclear
cells. Finally, the epididymides of moderately affected testes con-
tained variable numbers of round cells (Fig. 3C, middle), probably
reflecting different degrees of severity. Hence, the number of
round cells in sections of cauda epididymis objectifies the defec-
tive spermatogenesis of Celfl ~'~ mice with good sensitivity.

We carried out rescue experiments to analyze the links between
spermiogenesis defects, testosterone, and aromatase. We treated
Celfl '~ males with testosterone implants for 45 days. This raised
their serum testosterone level almost up to the wild-type level (Fig.
3D). This also reduced the number of round cells per section of
cauda epididymis tubules (Fig. 3E). Systematically counting the
number of round cells revealed that this number was much higher
in nonimplanted Celfl '~ mice than in wild-type mice. Impor-
tantly, this number was significantly reduced in testosterone-
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treated Celfl ~'~ mice (Fig. 3F), demonstrating a role for hypotes-
tosteronemia in spermatogenesis defects. Together with the poor
correlation between testosterone concentrations and spermato-
genesis defects (Fig. 3B), this observation reveals that hypotestos-
teronemia in Celfl /™ mice is necessary but not sufficient to cause
spermatogenesis defects. We also treated Celfl '~ males with the
aromatase inhibitor letrozole for 45 days. This restored a normal
testosterone concentration (Fig. 3D), indicating that CypIl9al
overexpression is the major cause of reduced testosterone concen-
trations in Celfl /~ males. This also significantly reduced the
number of round cells in epididymides (Fig. 3E and F), confirm-
ing the link between low testosterone and spermatogenesis de-
fects. Together, these results demonstrate that the reduced testos-
terone levels arising from high Cypl9al expression strongly
contribute to spermatogenesis defects of CelfI '~ males.

CELF]1 directly binds to Cyp19a1 mRNA. We have shown that
Cyp19al is upregulated posttranscriptionally in Celfl '~ testes
(Fig. 2). This raised the hypothesis that CELF1 directly controls
Cyp19al expression in wild-type testes. We first tested if CELF1
interacts with Cyp19al mRNA in vivo. We irradiated freshly dilac-
erated testes with UV light to induce covalent bridges between
RNAs and their associated proteins. We immunoprecipitated
CELF1 with a specific antibody. A high-stringency wash allowed
us to recover only RNAs directly interacting with CELF1, as shown
for cross-linking and immunoprecipitation (CLIP) experiments
(35). Western blots confirmed the efficiency of the immunopre-
cipitations (Fig. 4A). We assessed coimmunoprecipitated RNAs
by RT-qPCR (Fig. 4B). Because CELF1 interacts with its own
mRNA (27), we used Celfl mRNA as a positive control for coim-
munoprecipitations. Celfl mRNA was efficiently immunoprecipi-
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tated with the anti-CELF1 antibody but not with nonimmune
IgG. Cypl7al mRNA, which is not differentially regulated in
Celfl ™'~ testes (Fig. 2B), was not immunoprecipitated by either
antibody. Cypl19al mRNA was coimmunoprecipitated with
CELF1, demonstrating that CELF1 protein interacts with Cyp19al
mRNA in mouse testes.

We next sought to identify the region of Cypl9al mRNA
bound by CELF1. We described a motif-scoring algorithm that
predicts UGU-rich RNA elements potentially able to interact with
human CELF]1 protein (27). Taking advantage of the strong con-
servation between human and mouse CELF1, we used this algo-
rithm to identify candidate regions of Cyp19al transcripts associ-
ated with CELF1. This approach allowed us to identify only one
candidate region within CypI9a1 mRNA and pre-mRNA, which
consists of a fragment of the 3" untranslated region (3" UTR) 150
nucleotides (nt) long and containing two UG stretches. We used
an electrophoretic mobility shift assay (EMSA) to confirm that
CELF1 interacts with an ~200-nucleotide probe containing both
UG stretches (fragment b) (Fig. 4C). The addition of increasing
amounts of recombinant CELF1 progressively shifted fragment b
from a position corresponding to the free probe to a position
corresponding to a complex (Fig. 4D). The dissociation constant
(K,) for this interaction is 23 = 4 nM, which is similar to the K,
between CELF1 and other RNA-binding partners of this protein
(31). The addition of CELFI protein did not affect the migration
of the control fragment a (Fig. 4C), which corresponds to another
region of the Cyp19al 3’ UTR that is not predicted to contain
CELF1 binding sites (Fig. 4E). Hence, in EMSA, CELF1 specifi-
cally interacts with a fragment of the Cyp19al 3" UTR.

We then sought to confirm that CELF1 interacts with fragment
b through the UG stretches. We tested the capacity of five different
antisense competitor oligonucleotides (numbered 1 to 5; Fig. 4C)
to inhibit the interaction between CELF1 and fragment b in an
EMSA. As expected, competitor 3, which is complementary to a
sequence located outside the UG stretches, had no effect on the
interaction between fragment b and CELF1 (Fig. 4F, lane 5). Con-
versely, all the competitor oligonucleotides complementary to UG
stretches and to anchoring sequences flanking either of the UG
stretches abolished the interaction of CELF1 with Cyp19al 3’ UTR
(Fig. 4F, lanes 3 and 4 and lanes 6 and 7). This suggests that CELF1
requires two different sites to efficiently bind to the Cyp19al 3’
UTR, possibly as a consequence of the capacity of that protein to
oligomerize (36). Altogether, the above-described experiments
demonstrate the capacity of CELF1 to interact with Cypl9al
mRNA in vivo and in vitro.

CELF1 posttranscriptionally controls Cyp19al expression.
The above results indicate that CELF1 protein interacts with the
Cyp19al 3’ UTR and that Cyp19al is upregulated in the absence of
CELF1. This suggests that CELF1 directly acts on Cyp19a] mRNA
to reduce the abundance of the encoded protein. We carried out
luciferase reporter assays in HeLa cells to test this hypothesis. We
transfected the cells with a plasmid carrying the firefly luciferase
gene associated with the Cyp19al 3’ UTR (Fig. 5A). This plasmid
also encodes Renilla luciferase as an internal control. Compared
with the control (vector) 3" UTR, the Cyp19al 3" UTR repressed
luciferase expression ~5-fold (Fig. 5B). Importantly, a mutant
Cyp19al 3" UTR with a deletion of the UG stretches that were
shown to mediate CELF1 binding (Fig. 4) failed to repress lucifer-
ase (Fig. 5B). This suggests that CELF1 mediates the repression
conferred by Cyp19al 3" UTR. We measured luciferase mRNA
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FIG 5 Luciferase reporter assays with the CypI9al 3’ UTR. (A) Structure
of the plasmids. The firefly gene is coupled to a vector (control) 3" UTR, the
complete wild-type Cyp19al 3" UTR (WT Cypl9al), or a mutant Cypl9al
3" UTR with the region containing the UG stretches deleted (Mut
Cyp19al). (B) Firefly luciferase activities measured in populations of HeLa
cells stably transfected with the indicated plasmids (n = 16 independent
experiments; P = 4.5 X 10 #, Kruskal-Wallis rank sum test). (C) Firefly
luciferase mRNA levels (relative to Renilla luciferase levels) in populations of
HelLa cells stably transfected with the indicated plasmids (n = 5 independent
experiments; P = 0.2753, Kruskal-Wallis rank sum test). (D) Cells were
cotransfected with the indicated reporter plasmids and anti-CELFI or control
siRNA. (Top) Western blots to assess CELF1 abundance; (bottom) luciferase
activity (n = 9 independent transfection experiments). (E) Cells were cotrans-
fected with the indicated reporter plasmids and expression vector encoding
Cherry-tagged CELF1 or Cherry-tagged histone 2B. (Top) Western blots to
assess CELF1 abundance; (bottom) luciferase activity (n = 6 independent
transfection experiments). The P values from Wilcoxon rank sum tests are
shown (B, D, and E; Bonferroni adjusted in panel B). In all experiments, firefly
luciferase activities were normalized to Renilla luciferase activities measured in
the same extracts.

levels in the same cells (Fig. 5C). The mRNA containing the wild-
type Cypl9al 3" UTR was as abundant as the other mRNAs,
consistent with wild-type CypI9al 3’ UTR essentially exerting its
repressive effect at a translational level.

The fact that the deletion of CELF1 binding sites abolishes the
translational repression exerted by Cyp19al 3" UTR suggests that
this repression is mediated by CELF1. We carried out depletion
and overexpression experiments to confirm this hypothesis. As
previously shown (27), transfecting HeLa cells with specific
siRNAs efficiently depletes them in CELF1 (Fig. 5D). This deple-
tion upregulated by 64% the expression of the reporter with
Cyp19al 3" UTR (Fig. 5D, lanes 1 and 2) but had no effect on the
expression of the reporter with the vector 3" UTR (lanes 3 and 4).
Conversely, overexpressing CELF1 weakly but significantly re-
pressed the expression of the reporter with the Cyp19al but not
the vector 3" UTR (Fig. 5E). This confirms that CELF1 represses
the expression of a reporter gene with Cyp19al 3" UTR. Alto-
gether, these data reveal that CELF1 is a direct, posttranscriptional
regulator of CypI9al expression in mouse testes.
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DISCUSSION

In the present work, we looked for the molecular mechanisms
responsible for the spermiogenesis blockage in Celfl '~ males.
We show that Cypl9al is upregulated posttranscriptionally in
Celfl ™'~ testes, leading to high aromatase activity. The finding
that pharmacological inhibition of aromatase improves spermio-
genesis in Celfl '~ males indicates that excessive aromatase is at
least in part responsible for spermiogenesis defects. Furthermore,
CELF1 interacts with Cyp19al mRNA, and luciferase reporter as-
says in HeLa cells support the interpretation that it represses
Cyp19al expression directly. Interestingly, the CypI9al 3" UTR
represses the expression of the reporter gene at the protein level in
a CELF1-dependent manner, but not at the mRNA level. This
suggests that CELF1 represses the translation of CypI19al, in ac-
cordance with known properties of CELF1 (10, 16-19). These re-
sults in HeLa cells seem to contradict the in vivo results, as we
detected high levels of Cyp19al mRNA in Celfl '~ testes (Fig. 2B).
However, Cyp19al upregulation is stronger at the protein level
(aromatase activity) than at the mRNA level (compare Fig. 2B
and D), which is consistent with CELF1-dependent transla-
tional control of Cyp19al expression in testes. Together, these
results identify a novel physiological function for CELFI, in
supporting spermatogenesis completion by translationally down-
regulating Cyp19al.

What is the link between high aromatase activity and testicular
defects in Celfl '~ males? A salient feature of Celfl '~ males is their
low concentrations of testosterone in sera and testicular extracts (Ta-
ble 1). The role of androgen signaling on spermiogenesis has been
clarified using genetically modified mice. Serum testosterone con-
centrations are low in mice in which the luteinizing hormone recep-
tor (LurKO) is constitutively inactivated (37-39) or the androgen
receptor in Leydig cells is conditionally inactivated (40). In both
mouse models, hypotestosteronemia is associated with a blockage of
spermatid elongation at stage 7, like in Celfl '~ mice (8). Supple-
mentation of testosterone, which was carried out in LurKO mice,
restores correct spermatid elongation, demonstrating the function of
testosterone in the progression of spermatid elongation (41). High
concentrations of testosterone support the appearance of ectoplas-
mic specializations between late spermatids and Sertoli cells, allowing
spermiogenesis completion (42—46). Our observation that Celfl '~
epididymides accumulate round cells (Fig. 3C) is consistent with a
premature release of round spermatids by Sertoli cells arising from
low testosterone concentrations.

In addition to low testosterone, the hormonal characterization of
Celfl '~ males revealed increased estradiol concentrations, at least in
testicular extracts (Table 1). The administration of estradiol to adult
rats or mice affects spermatogenesis (47—49). At first glance, this sug-
gests that high estradiol concentrations may contribute to spermio-
genesis defects in Celfl '~ males. However, exogenous estradiol re-
presses the hypothalamus pituitary gonadal axis to reduce the
circulating concentrations of pituitary hormones, which strongly re-
duces the intratesticular testosterone concentrations (48). Hence,
spermatogenesis defects in rodents supplemented with exogenous
estradiol may arise from decreased testosterone, and it is not certain
whether excessive estradiol directly acts on spermatogenesis. Regard-
ing Celfl '~ males, exogenous testosterone partly restores correct
spermiogenesis (Fig. 3F), which would not be the case if spermiogen-
esis defects arose mainly from high estradiol concentrations. For
these reasons, we think that lack of testosterone is the main cause of
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defective spermiogenesis in Celfl '~ mice, with excessive estradiol
being a putative secondary cause. Noteworthily, estradiol-mediated
repression of the hypothalamus pituitary gonadal axis may explain
why LH levels are not increased in Celfl '~ males despite reduced
testosterone (Table 1).

The hormonal status of Celfl '~ muales is evocative of human
isolated hypogonadotropic hypogonadism (IHH), with low testos-
terone and low to normal LH (50). IHH is frequent in obese men,
possibly as a consequence of enhanced aromatization of testosterone
by aromatase, which is present in adipocytes in human (50). Treating
obese men with an aromatase inhibitor restores normal testosterone
levels (51). Some nonobese men also have excessive aromatase activ-
ity, possibly for genetic reasons, which results in nonobstructive
azoospermia and low testosterone. Aromatase inhibitors seem to be
efficient treatments, though this represents an off-label use (52). Ro-
dent models of impaired spermatogenesis associated with high aro-
matase activity would provide insights into this pathology and allow
testing of different treatment options (52). Mouse males with a
Cypl19al transgene develop testicular defects with low testosterone
concentrations (53-55). However, Cyp19al is probably much more
strongly upregulated in these mouse lines than in human patients.
Male mice with a targeted disruption of Dax1 are sterile and have high
aromatase activity (56). However, increased estradiol is the major
endocrine consequence of high aromatase in DaxI-disrupted males,
with essentially no impact on testosterone (56). This differs from
Celfl '~ male mice and from human patients. Hence, Celfl '~ mice
might be the first rodent model for human IHH with excessive aro-
matase activity.

The results presented here may also have significant consequences
for another human pathology, myotonic dystrophy type 1 (DM1).
DM1 is the most frequent adult myopathy, with a mean prevalence of
1 case/8,000 individuals. The main symptoms of DM1 are myotonia
and muscle weakness, but many other clinical signs are associated
with this disease, including hypogonadism. Most men with DM1 dis-
play abnormal testicular functions, with testicular atrophy, oligosper-
mia or azoospermia, and small amounts of testosterone (57-59). The
underlying molecular defect of DM1 involves an unstable CTG ex-
pansion in the 3" UTR of the DMPK gene (60, 61). This expansion has
only limited consequences for DMPK expression, and most DM1
symptoms arise in trans from the DMPK RNA harboring the CUG
expansion in the 3" UTR. It is well recognized that this “toxic” RNA
upregulates the expression of CELFI and reduces the availability of
another RBP, MBLN1, through pathways that are not fully under-
stood. The resulting imbalance between the two RBPs eventually
causes most cardiac and muscular signs of DM1 (62). However, in
DM1, CELF1 seems to be translocated from the cytoplasm to the
nucleus (63) and to be concentrated in stress granules (64). It also
seems to lose its capacity to interact with its cytoplasmic partner, elF2
(21). This suggests that, in DM1, CELF1 is less active in the cytoplasm
though more abundant overall (65). Accordingly, mice with null or
low CELF1 activity display several traits evocative of DM1. These
include muscle weakness, cardiac defects, and cataracts (66—68) but
also male hypogonadism (this article). During the course of this
work, we also observed that Celfl '~ mice are highly sensitive to
anesthesia (data not shown), similar to DM 1 patients (69). Therefore,
itis possible that DM1 is accompanied by a decrease of CELF1 activity
in the cytosol, together with the increase of CELF1 activity in the
nucleus. Hence, it is not unreasonable to suppose that CYPI9AI is
overexpressed in men with DM1 due to a reduced cytoplasmic
CELF1 and that this overexpression contributes to their hormonal

mcb.asm.org 3251


http://mcb.asm.org

Boulanger et al.

defects. Aromatase inhibitors would then be candidate drugs to alle-
viate hypogonadism in DM1 men.
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