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ABSTRACT: The isoforms of the highly conserved and ubiquitously
expressed 14-3-3 family of proteins function primarily as adapters
that modulate interactions between components of various cellular
signaling and cell cycle regulatory pathways. Low levels of 14-3-3
isoforms appear to be expressed in most tissues, but specific iso-
forms or combinations have been shown to be overexpressed in a
cell-specific manner. In the present study we show that the theta
isoform of 14-3-3 is expressed in Sertoli cells. Although previous
reports have shown the presence of a 14-3-3 theta isoform in mouse
testicular germ cells, this report demonstrates the presence of the
14-3-3 theta isoform in rat Sertoli cells. The 14-3-3 theta isoform
isolated from rat Sertoli cells appears to have a truncated 3’ UTR,
which makes the transcript shorter by 244 bp, compared with its
brain counterpart. Northern blot analysis suggests that the 14-3-3
theta isoform may also be present in other testicular cell types and

tissues. The truncation of the 3' UTR suggests a potential role in
regulating cell-specific expression of 14-3-3 theta. The expression
of 14-3-3 theta in Sertoli cells was confirmed by Northern blot, poly-
merase chain reaction, Western blot, and immunocytochemical anal-
ysis. The levels of 14-3-3 theta mMRNA and protein in Sertoli cells
remained unchanged in response to the gonadotropin, FSH. Con-
sistent with the absence of the effect of FSH on the expression of
14-3-3 theta, an antisense oligonucleotide to 14-3-3 theta had no
effect on FSH-induced activation of the transferrin promoter in Sertoli
cells. The widespread expression of 14-3-3 theta in testis and the
lack of effect of FSH on levels of its expression suggest that 14-3-
3 theta influences Sertoli cell function in an FSH-independent man-
ner.
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he 14-3-3 family of proteins were first identified in

brain as regulators of hydroxylase activity, arate-lim-
iting step in the biosynthesis of neurotransmitters (Moore
and Perez, 1967). Various isoforms named with Greek
letters o through m (Aitken et al, 1992) and, more recently
the 6 isoform (Watanabe et a, 1994), have been identified
in many different eukaryotic tissues. All the isoforms
have multiple modular domains, including pseudosub-
strate-like domain for protein kinase C (PKC) phosphor-
ylation, a dimerization domain, a domain with annexin
similarity, and multiple sites for in vivo phosphorylation.
These domains are highly conserved across al the iso-
forms (reviewed in Aitken et a, 1995). Some isoforms
have tissue-specific distribution, particularly v in brain
(Isobe et al, 1991), T in T cells (Reuther et al, 1994), and
o in epithelial cells (Prasad et al, 1992). Observations
suggest that a combination of various isoforms of 14-3-3
are expressed in al tissues. The strong conservation of
14-3-3 proteins across species suggests that these proteins
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may play an important role in eukaryotic cells (Wang and
Shakes, 1996).

14-3-3 proteins exist as both homodimers and hetero-
dimers and most if not al the diverse functions that reg-
ulate many cellular processes are based on the ability of
the dimer to physically interact with a number of cellular
proteins (reviewed in Reuther and Pendergast, 1996). The
formation of such multimeric protein complexes may
mask or unmask potential phosphorylation sites or kinase
domains. Some of the specific functions of the 14-3-3
family of proteins include regulation of kinases such as
PKC (Toker et al, 1992), Raf serine kinase (Freed et al,
1994; Thorson et al, 1998), and the break point cluster
region (Bcr) (Reuther et a, 1994). Other cellular pro-
cesses influenced are Cdc25 phosphatase (Conklin et al,
1995), cell cycle control (Ford et al, 1994), apoptosis
(Hsu et al, 1997), catecholamine biosynthesis (Furukawa,
et al, 1993), exocytosis (Roth et al, 1993), adenosine di-
phosphate (ADP) ribosylation (Chen et al, 1994; Reuther
et al, 1994), and chaperone function (Rosenfeld et al,
1991).

The theta isoform of 14-3-3 was recently shown to be
specifically expressed in murine testis and brain (Rosen-
feld et al, 1991; Watanabe et al, 1994; Pergo and Berruti,
1997). In the testis, 14-3-3 theta protein appears to be
expressed in both meiotic and postmeiotic germ cells
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(Pergo and Berruti, 1997). Although not investigated, the
authors predicted that 14-3-3 theta isoform may also be
present in Sertoli cells. In adults, Sertoli cells are a post-
mitotic and terminally differentiated somatic cell popu-
lation that forms the seminiferous epithelium to provide
both structural and functional support to developing germ
cells (Griswold, 1998). Sertali cell functions are generally
regulated by the gonadotropin, follicle-stimulating hor-
mone (FSH), which acts through the adenylate cyclase—
cyclic adenosine monophosphate (CAMP)—protein kinase
A pathway (Kangasniemi et al, 1990). Growth factors
such as transforming growth factor beta (Le Magueresse-
Battistoni et al, 1995), insulin-like growth factor (IGF-1;
Schteingart et al, 1995), fibroblast growth factor (FGF;
Smith et al, 1989), and epidermal growth factor (Oneda
and Suarez-Quian, 1994) also regulate Sertoli cell func-
tions. The action of these growth factors are mediated by
PKC, Raf-1, MEK kinases, or acombination of these. The
presence of diverse signaling pathways and the observa-
tion that Sertoli cells undergo minimal apoptosis suggests
the 14-3-3 family of proteins may be present and regulate
various Sertoli cell functions.

In the present study we report the identification, iso-
lation, sequence, and function of a novel transcript of rat
Sertoli cell 14-3-3 theta. This isoform was fortuitously
isolated while we were screening a rat Sertoli cell com-
plementary DNA library for the basic helix-loop-helix
(bHLH) protein (rat E-box binding) REB apha. Com-
pared with the published nucleotide sequence of the rat
brain 14-3-3 thetaisoform (Rosenfeld et al, 1991), the rat
Sertoli cell 14-3-3 theta is truncated at the 3’ end. To our
knowledge, the 3’ truncation reported in this manuscript
is the first observation suggesting that 14-3-3 theta may
have alternate polyadenylation site(s).

Materials and Methods

Isolation of Sertoli Cells

Sertoli cells were isolated from testis of 20-day-old rats as de-
scribed earlier (Whaley et a, 1995). The isolated Sertoli cells
were then plated under serum-free conditions in 150 X 20 mm
tissue-culture dishes (Nunclon, Naperville, I11) at a concentration
of 108 cellg/plate. Cells were maintained in a 5% CO, atmo-
sphere in Ham’s F-12 medium (Gibco, Rockville, Md) with
0.01% bovine serum albumin (BSA) at 32°C. Sertoli cells were
treated with either FSH (100 ng/mL; o-FSH-16, National Pitui-
tary Agency, Bethesda, Md), or vehicle alone (Ham's F-12, con-
trol). The cells were cultured under serum-free conditions for a
maximum of 5 days with a media change and treatment after 48
hours of culture. Cell number and viability did not change during
the culture in the absence or presence of treatment.

RNA Preparation

Freshly isolated or cultured Sertoli cells were lysed directly us-
ing TRI Reagent (T9424, Sigma Chemical Company, St Louis,
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Mo). The cell lysate was then passed severa times through a
pasture pipette to form homogenous lysate. The whole tissue
(skeletal muscle, brain, and detunicated testis) in TRI Reagent
(5% wiv; Sigma) was homogenized in atissue homogenizer (Tis-
sue Tearor, Biospec, Bartlesville, Okla). To avoid any possible
contamination of extracellular material and high-molecular-
weight DNA in the fina RNA samples, the homogenate was
centrifuged at 12000 X g for 10 minutes at 4°C. Total RNA was
then isolated from the cell lysate and whole-tissue homogenate
following the manufacturer’s protocol for RNA isolation using
TRI Reagent. The final RNA pellet was dissolved in distilled
water at a concentration of 1 mg/mL.

Polymerase Chain Reaction

Total RNA (2 pg) was reverse transcribed in a final volume of
20 pL containing 20 U RNasin (Promega, Madison, Wis); 200
wM each of dATRP, dCTR, dTTR, and dGTP; 1 ug oligo dT (Phar-
macia, Peapack, NJ); 10 pM DTT; and 200 U of MMLYV reverse
transcriptase (BRL, Grand Island, NY) in the MMLYV first strand
synthesis buffer supplied by the manufacturer (BRL). The RNA
and oligo dT primer in the buffer were first denatured for 5
minutes at 65°C, then cooled on ice before addition of nucleo-
tides and enzyme. The reverse transcriptase (RT) reaction was
carried out at 37°C for 1 hour. Polymerase chain reaction (PCR)
was performed using the GeneAmp kit (PE Biosystems, Foster
City, Calif) with 30 cycles as follows: 94°C, 1 minute (denatur-
ation); 58°C, 2 minutes (primer annealing); and 72°C, 1 minute
(primer extension). Each PCR reaction contained 250 pg reverse
transcribed DNA; 1 uM of each 5’ and 3’ oligonucleotide prim-
ers;, 2.5 U Taqg polymerase (AmpliTag, PE Biosystems); and 200
wM each of dATR, dCTR, dGTR and dTTR. The 5’ primer was
derived from the amino acid sequence RR(K/M/
1(AN)(AN)(TN)(M/L/A)RER(RL) of the basic domain, whereas
the 3' primer was derived from the degenerate amino acid se-
quence (L/V)(L/E)(IT)L(HQ)(QN)(AT)(VL)(QN)(YC)(VA) of
the Helix |1 domain. The amino acids within the parentheses and
between slashes show the degeneracy and were used to design
degenerate primers. The sequences used for the primers were
based on the comparison of at least 20 human, rat, and mouse
bHLH proteins.

Cloning and Sequencing

The PCR fragments were run on 1.5% agarose gel, stained with
ethidium bromide, and visualized. The bands were then dissected
out and the DNA isolated from the gel using the Glass MAX
DNA isolation system (BRL). The purified DNA fragments were
subcloned into pBlueScript (Stratagene, La Jolla, Calif) plasmid.
The cloned DNA fragments were sequenced using standard M13
forward and reverse primers in an automated fluorescence-based
Sequencer (PE Biosystems). The sequences were then analyzed
against the known sequences in GenBank using a FASTA search.

Sertoli Cell cDNA Library

The rat Sertoli cell cDNA library was constructed in HybriZapl|
by Stratagene from poly (A) + RNA isolated from purified Ser-
toli cells of 20-day-old rats. The HybriZap library is primarily
designed for use in the yeast 2-hybrid screening, but also allows
for nucleic acid screening. The standard procedures for nucleic
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Figure 1. (A) Schematic of the rat brain and Sertoli cell 14-3-3 theta isoforms. The arrows indicate the location of the forward and reverse primers
used for RT-PCR. The inverted arrowheads mark the beginning and end of the protein coding region. The solid bar represents the region targeted by
the antisense oligonucleotide (antisense). (B) Comparison of the 3’ end of the untranslated region of the rat brain (lower case letters) and Sertoli cell
(upper case letters) 14-3-3 theta nucleotide sequence. The bold letters indicate the potential polyadenylation sites.

acid screening were followed as mentioned elsewhere (Sam-
brook et al, 1989). The REB probe was digested from the p-
BlueScript plasmid using EcoR1, dephosphorylated, and end-
labeled with y P2-ATP and T4 polynucleotide kinase. Individual

plagues (1.5 X 10°) were screened with the 170-bp REBa PCR
fragment. The positive clones were excised from the HybriZap
library to obtain pAD plasmid-containing clones. The pAD plas-
mids were analyzed by restriction mapping and sequencing. The
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sequences were subjected to a FASTA search against known se-
guences in GenBank.

The primer pair sequences used to investigate the presence of
14-3-3 theta in various tissues by RT-PCR were determined em-
pirically and synthesized from commercial sources. Primer pairs
were designed to amplify a 685-bp region. The possible contam-
ination of RNA with DNA was distinguished by performing the
RT reaction without MMLV reverse transcriptase. The absence
of any product in the amplification reaction using such areverse
transcribed preparation indicated the absence of any contami-
nating DNA in our RNA samples. The sequence and position of
the primers were as follows:

14-3-3 theta 5'- (95-120) ACC GAG CTG ATC CAG AAG
GCC AAG CT

14-3-3 theta 3'- primer (780-766) TTC TCC TGC ACT GTC
TGA TGT CCT

Each reverse transcription reaction was performed using 3 dif-
ferent samples. The PCR-based amplification reactions were car-
ried out in duplicate on each reverse transcribed RNA sample.
Simultaneous PCR reactions were aso carried out using primers
designed to rat cyclophilin to monitor the efficiency of the PCR.
Cyclophilin was faithfully amplified in al the PCR reactions,
indicating consistency in the quality of RT and PCR reactions.
The data presented are therefore representative of 3 different RT-
PCR reactions carried out in duplicate.

Northern Analysis

Total RNA from Sertoli cells, germ cells, and peritubular cells
were isolated as described earlier using TRI-Reagent (Sigma).
Approximately 10 ng of total RNA was fractionated on a 1%
formaldehyde-agarose gel. Following fractionation, the RNA
was transferred onto Nylon membrane (Hybond N+, Amersham,
Little Chalfont, United Kingdom) in 10X SSC buffer and UV—
cross linked as described previously (Sambrook et al, 1989). The
membranes were then prehybridized in Quick Hybridization
buffer (Stratagene) for 30 minutes at 60°C. The hybridization
was carried out at 60°C for 1 hour with %P-labeled 14-3-3 theta
probe. The membrane was subsequently stripped and rehybri-
dized with rat cyclophilin. All the probes were labeled using a
prime-it |1 kit from Stratagene.

Transfections

The CAT reporter plasmid (pUC8-CAT) containing —581 bp
(—581 bp mTf-CAT) of the proximal mouse transferrin promoter
was generously provided by Dr G. Stanley McKnight (Univer-
sity of Washington, Sesttle, WA). The mouse transferrin pro-
moter used in the present study included the transcriptional ini-
tiation site of the transferrin gene, which is 54 bp upstream of
the start site of trandation (ldzerda et al, 1986). Sertoli cells
cultured in 24-well cell culture plates for 48 hours were trans-
fected with the reporter gene construct by the calcium phosphate
method coupled with hyperosmotic shock (10% glycerol) as de-
scribed previously (Whaley et al, 1995). In each experiment
transfection efficiency was monitored by transfecting the Sertoli
cells by the plasmid containing B-galactosidase gene driven by
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a CMV promoter. Subsequent staining and counting the cells
expressing B-galactosidase (blue color) resulted in 25% trans-
fection efficiency. The antisense to 14-3-3 theta (Figure 1, 84—
98 bp CCA TGG AGA AGA CCG) was synthesized using phos-
phrothiote modification. The antisense 14-3-3 theta (4 ©M) was
added to the Sertoli cells 4 hours following transfection. The
cells were subsequently treated with FSH. The antisense was
added to the culture wells every 12 hours for a total period of
72 hours, following which the cells were harvested for the CAT
assay as described previously (Whaley et al, 1995). The average
conversion of CAT substrate for treated cells ranged between
20% and 30%. This assay was found to be linear with the protein
concentration used.

Sequence Motif Analysis

GCG DNA analysis software was used to generate the restriction
map and transglation to the corresponding protein sequence. FAS-
TA and tBlastX (NCBI BLAST) against GenBank, Entrez, and
SRS links were used to generate a homology table of 14-3-3
theta.

Immunocytochemistry Procedure

Sections (6 mm) of paraffin-embedded testes from 20-day-old
rats fixed in buffered formaldehyde (4% in 0.1 M PBS) were
incubated either with rabbit anti-rat 14-3-3 theta (Santa Cruz
Laboratories, Santa Cruz, Calif; 1:200) or normal rabbit serum
(negative control) for 2 hours at room temperature. Before ap-
plication of the primary antibody, a microwave antigen retrieval
technique was used as described previously (Cattoretti et al,
1992). The sections were then rinsed in Tris-buffered saline and
incubated with goat anti-rabbit biotinylated antibody (Vectastain
Elite kit, Vector Laboratories, Burlingame, Calif; dilution 1:100).
After rinsing, the sections were incubated in ABC complex (Vec-
tor Laboratories, dilution 1:100) and the reaction was visualized
with DAB (Sigma).

Western Blot Analysis

A Western blot analysis was performed to demonstrate that 14-
3-3 theta protein was expressed in Sertoli cells. Sertoli cellswere
cultured in 6-well plates and were left either untreated (control)
or treated with FSH, dibutryl cAMP, or 10% fetal bovine serum.
Following the 48-hour treatment period, the cells were rinsed
twice in PBS and solublized in 200 uL of cell lysis buffer (PBS,
0.2% Triton X-100, 5 mM DTT, and protease inhibitor cocktail
tablet, complete mini; Boehringer, Indianapolis, Ind) for 45 min-
utes on ice. The lysate was cleared by centrifugation and protein
concentration measured by Bio-Rad protein assay kit (Bio-Rad,
Hercules, Calif). Two micrograms of protein was electropho-
resed and protein transferred to the nitrocellulose membrane.
The membrane was saturated overnight in PBST (PBS with 0.1%
Tween 20) containing 5% milk and subsequently incubated with
the 14-3-3 theta antibody (1:3000, Santa Cruz) for 2 hours. The
presence of the specific protein-antibody complex was detected
using goat anti-rabbit immunoglobulin (Ig)G conjugated to al-
kaline phosphatase (1:3000) and chemiluminescent substrate
(Immun-Star, Bio-Rad).
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Figure 2. Northern blot analysis of 14-3-3 theta in brain, kidney, lung, and testicular cells. Freshly isolated (Fresh) or cultured and treated with either
vehicle alone (Control) or follicle stimulating hormone (FSH). Two transcripts of approximately 2.1 and 1.8 kb were detected when 685-bp PCR product
was used as the probe. The data are representative of 3 different Northern blots performed on separate RNA samples collected at different times.

GC indicates germ cells; PC, peritubular cells; SC, Sertoli cells.

Results

In order to identify transcription factors of the basic helix-
loop-helix family in Sertoli cells, an RT-PCR of the RNA
obtained from cultured Sertoli cells was performed using
degenerate oligonucleotides designed toward the highly
conserved basic and helix Il domain of bHLH proteins.
The ~170 bp PCR fragment spanning the basic helix loop
helix domain was cloned into the pBlueScript plasmid.
Ten different clones were isolated, sequenced, and ana-
lyzed. All the clones matched 100% to the ubiquitously
expressed bHLH transcription factors, REB or E47. Based
on the observation that bHLH domain is highly con-
served, arat Sertoli cell cDNA library was screened with
the 170-bp bHLH domain PCR product of REB. The
screening of the library resulted in the identification of
the full-length clone of the REB apha cDNA, a spliced
variant of the REB gene and an additional clone that was
similar to the rat brain 14-3-3 theta sequence (Acc No
D17614). 14-3-3 Theta has no recognizable basic helix
loop helix domain (based on motif search) and showed
no homology to the REB nucleotide sequence. Therefore,
14-3-3 theta was identified because of apparent nonspe-
cific interactions. The nucleotide sequence of 14-3-3 theta
revealed an insert of 1865 bp, which is 234 bp shorter
than the reported rat brain 14-3-3 theta sequence. The 5’
coding region and the corresponding protein sequence
were similar to the rat brain 14-3-3 theta nucleotide and
protein sequence (Figure 1A). The only difference is ob-
served at the 3' end of the rat Sertoli cell 14-3-3 theta
nucleotide sequence. Comparison of brain and Sertoli cell
3’ regions of the 14-3-3 theta sequence suggested that the
Sertoli cell 14-3-3 theta sequence is truncated at the 3'
end (Figure 1B). This truncation is based on the obser-
vation that the new Sertoli cell 14-3-3 theta isoform has
apoly A tail a the 3' end, which is about 250 base pairs
upstream of the 3’ end of the reported brain 14-3-3 theta
sequence. Therefore, the 3’ truncation accounts for the
smaller transcript of the rat Sertoli cell 14-3-3 theta by

234 bp compared with its counterpart in the brain. The
truncated form of the 14-3-3 theta transcript isolated from
Sertoli cells is therefore the first example of a subisoform
of the member of 14-3-3 family. This subisoform with an
dternative polyadenylation site is henceforth referred to
as 14-3-3 theta-1.

Northern blot analysis suggested that the 2.1-kb tran-
script of 14-3-3 theta was highly expressed in enriched
populations of Sertoli cells (Figure 2). Two transcripts at
1.8 kb and 2.1 kb were observed when 685-bp 14-3-3
theta probe was used to detect message levels. The pres-
ence of 2 transcripts seen in the Northern blot shown in
Figure 2 is consistent with data reported el sewhere (Pergo
and Berruti, 1997). The 14-3-3 theta message was low in
freshly isolated germ cells and peritubular cells, but was
high in freshly isolated, cultured, or FSH-treated Sertoli
cells. Northern analysis indicated that FSH, the known
regulator of Sertoli cell differentiated functions, does not
influence 14-3-3 theta expression levels. Northern blot
data were normalized with the expression of a constitu-
tively expressed gene cyclophilin (data not shown). Low
levels of 14-3-3 theta expression were also observed in
liver and muscle. Northern blot data support the previous
observations that 14-3-3 thetais highly expressed in brain
and the expression levels were comparable to those seen
in Sertoli cells. High and comparable levels of 14-3-3
theta expression were also observed in kidney, whereas
low levels were present in muscle. The 14-3-3 theta probe
used in the present study will likely not distinguish be-
tween the full-length and 3'-truncated isoforms of 14-3-
3 theta It is possible that the smaller transcript seen in
the Northern blot represents the truncated isoform, which
may be present in other tissues as well.

To complement the Northern blot data, the expression
of 14-3-3 thetawas also analyzed by RT-PCR using prim-
ers specific to 14-3-3 theta (Figure 3). As shown in Figure
3 and consistent with the Northern blot data shown in
Figure 2, 14-3-3 theta expression was observed in al the
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Figure 3. RT-PCR using primers specific for 14-3-3 theta on RNA ob-
tained from kidney, freshly isolated Sertoli cells (Fresh SC), heart, brain,
FSH-treated cultured Sertoli cells (FSH), pAD-GAL4 plasmid containing
full length 14-3-3 theta sequence isolated from Sertoli cells (pAD 14-3-
3-0) and whole testis from various stages of development (E18, embry-
onic Day 18; DO and D10, postnatal Day 0 and Day 10, respectively).
The data are representative of 3 separate PCRs carried out on at least
3 different RT-mRNA samples.

tissues analyzed. Two different approaches were used to
confirm the identity of the 685-bp 14-3-3 PCR band. First,
the PCR product was digested with the restriction en-
zyme, Syl, which resulted in 2 fragments of 427 and 257
bp. Second, the PCR product was subcloned and se-
quenced. Sequence analysis confirmed that the 685-bp
PCR product is the expected 14-3-3 theta fragment. Al-
though RT-PCR is not quantitative, it is concluded that
low levels of 14-3-3 theta message are present in all the
tissues examined. Attempts to show that the full-length
14-3-3 theta transcript is not expressed in Sertoli cells by
amplifying the 3’ region found in the wild type 14-3-3
theta sequence were not successful because of the failure
to obtain good primer pairs in this region.

Data obtained from Northern blot and RT-PCR suggest
that 14-3-3 thetais expressed in testis and in Sertoli cells.
The expression of 14-3-3 theta protein in Sertoli cellswas
confirmed by Western blot analysis using an antibody
specific to the 14-3-3 theta isoform (Figure 4). The ab-
sence of any effect of FSH, CAMP or serum on levels of
14-3-3 theta protein expression correlates well with
Northern blot data. Immunocytochemical studies were
then performed to show the localization of protein. Im-
munolocalization of 14-3-3 theta by 14-3-3 antibody sug-
gested that the protein is expressed in Sertoli cells (Figure
5). Consistent with previous observations (Pergo and Ber-
ruti, 1997), the expression was also observed in germ
cells, peritubular cells, and interstitial cells.

An antisense approach was used to investigate the
functional significance of 14-3-3 theta in Sertoli cells.
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Figure 4. Western blot analysis for 14-3-3 theta protein expression in
cultured, untreated Sertoli cells (control) or treated with FSH (F), dibutryl
cAMP (A), and 10% fetal bovine serum (S). The experiment is represen-
tative of at least 3 Western blots performed on protein samples obtained
at various time points.

Cultured rat Sertoli cells transfected with a CAT reporter
plasmid driven by the proximal 581 bp of the mouse
transferrin promoter (mTf-CAT) were treated with an an-
tisense to 14-3-3 theta. The 14-bp antisense oligonucle-
otide spanned 84 to 98 bp (GenBank D17614, Figure 1).
As contrals, the 14-3-3 theta sense oligonucleotide, anon-
specific, computer-generated, scrambled 14-3-3 theta an-
tisense oligonucleotide and a cfos antisense oligonucleo-
tide were used. Consistent with our previous observation,
the cfos antisense oligonucleotide significantly inhibited
(50%) the FSH-induced activation of the mTf-CAT re-
porter activity (data not shown). It is interesting that the
14-3-3 theta antisense oligonucleotide had no effect on
basal or FSH-induced activation of the mTf-CAT reporter
construct (Figure 6). Observations suggest that the sig-
naling pathway in Sertoli cells elicited in response to FSH
appears to be independent of 14-3-3 theta (Figure 6). In
addition, 14-3-3 may regulate transferrin gene expression
without an increase in the levels of mMRNA and protein.
This mechanism would not be affected by the presence
or absence of the antisense oligonucleotides.

The Sertoli cell 14-3-3 theta isoform was identified
while screening for the bHLH protein, REB. Although no
sequence homology was observed between these 2 pro-
teins, we tested the possibility that 14-3-3 thetaand bHLH
proteins may interact at the protein level. GST pull-down
assays were performed to test this hypothesis. Recombi-
nant GST-E12, GST-E47, GST-MyoD, and GST-Id, while
still bound to glutathione-sepharose 4B matrix, were in-
cubated with 35S-Met labeled in vitro translated 14-3-3
theta. Following incubation, the matrix was washed mul-
tiple times to remove any unbound in vitro trandated 14-
3-3. After the washes, the matrix was resuspended in re-
ducing buffer and loaded onto SDS-PAGE minigels and
visualized by autoradiography. The absence of any band
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Figure 5. (A) Immunocytochemical analysis for the presence of locali-
zation of 14-3-3 theta in the testis; 14-3-3 theta is primarily localized in
the cytoplasm of Sertoli cells (arrowheads). Low levels of 14-3-3 theta
expression are also seen in germ cells and the interstitium. Magnification
400 X. (B) Higher magnification (1000 X) showing the presence of 14-
3-3 theta in Sertoli cell cytoplasm. (C) Control using nonimmune serum.
The data are representative of immunocytochemistry performed in trip-
licate on 3 different testis samples from 20-day-old rats.

shift or alteration of the positive controls (ie, GST-E47
and in vitro translated *S labeled MyoD) suggests that
the 14-3-3 theta protein does not interact with any of the
bHLH proteins tested in the in vitro binding assay (data
not shown).

Discussion

A novel truncated subisoform of the 14-3-3 theta tran-
script from rat Sertoli cells has been cloned and se-
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Figure 6. Regulation of the —581 bp transferrin promoter, chloramphen-
icol acetyltransferase (mTf-CAT) construct in Sertoli cells by an antisense
(Antisense) or sense (Sense) oligonucleotide to 14-3-3 theta. As an ad-
ditional control, a computer-generated scrambled oligonucleotide
(Scrambled) from the antisense oligonucleotide sequence was also used.
The cells were cultured in the absence (control) or presence of FSH and
dibutryl-cAMP. The data are expressed as relative CAT expression with
respect to the untreated control (control) set to 1 and presented as mean
+ SEM from 3 different experiments performed in duplicate. ANOVA
analysis of the data indicates that the presence or absence of any of the
oligonucleotide had no significant effect on either FSH- or cAMP-stimu-
lated promoter activation.

quenced. The open reading frame of the Sertoli cell 14-
3-3 theta isoform is identical to the published sequence
of 14-3-3 theta isolated from rat brain. However, a sig-
nificant difference was observed between the 3" UTR of
Sertoli and brain 14-3-3 theta isoforms. The Sertoli cell
14-3-3 theta isoform had a truncated 3' UTR. This trun-
cation resulted in the 3' UTR being 234 bp shorter than
its counterpart in the brain. The truncation was apparent
because a poly A tail was present at the 3' end of the
Sertoli cell 14-3-3 theta isoform, whereas no such se-
quences were observed in the brain 14-3-3 theta isoform.
The truncation at the 3' UTR suggests that the expression
of 14-3-3 theta protein may be regulated by post-tran-
scriptional events. Although both the transcripts are pre-
sent in brain and testis at high levels, as observed by
Northern blot analysis, the post-transcriptional events reg-
ulating protein expression in the different cell types may
be different and under the control of distinct stimuli.
The expression of the 2 14-3-3 theta transcripts were
observed in al the tissues examined, but was significantly
higher in brain and Sertoli cells, followed by intermediate
levels in germ cells and peritubular cells. The expression
of 14-3-3 theta protein in rat germ cells observed by im-
munocytochemistry in the present study is consistent with
the observation that mouse germ cells also express 14-3-
3 theta (Pergo and Berruti, 1997). In addition to the pres-



Chaudhary and Skinner - 14-3-3 Theta in Sertoli Cells

ence of 14-3-3 thetain testicular cells and brain, Northern
blot data also show high levels of expression in kidney
and low levels of expression in muscle and liver. By using
specific primers, 14-3-3 theta expression was observed in
al the tissues examined by RT-PCR. This is not surpris-
ing given the increased sensitivity of RT-PCR over North-
ern blot analysis. Observations suggest that other tissues
apart from brain and testis also express 14-3-3 theta. This
supports the previous hypothesis that most tissues may
express multiple isoforms of 14-3-3 protein, but higher
levels of expression of specific isoforms of 14-3-3 may
be restricted to individual cell type(s).

The endocrine hormone, FSH, is known to regulate the
majority of Sertoli cell functions (Means et al, 1980).
FSH primarily acts on Sertoli cells through the adenylate
cyclase system by increasing the amount of CAMP that
activates the protein kinase A pathway (Suire et al, 1995).
Another signaling system that is active in Sertoli cellsis
the PKC pathway (Eikvar et al, 1993; Meroni et al, 1997).
Growth factors are known to stimulate Sertoli cell func-
tion through the Ca++ dependent/independent PK C path-
way. It is interesting that 14-3-3 isoforms can modulate
PKC activity (Toker et al, 1992), but their role in regu-
lating protein kinase A activity is not known. An anti-
sense oligonucleotide to 14-3-3 theta was found to not
influence the activation of the basal- or FSH-stimulated
mouse transferrin promoter. The activation of mouse
transferrin promoter by FSH is primarily mediated by the
CAMP-dependent protein kinase A pathway (Suire et al,
1995; Chaudhary and Skinner, 1999), which may not be
the target for 14-3-3 regulation. Growth factors such as
EGF bFGF IGF-1, and PDGF which act primarily
through PKC, Raf-1 kinase, and MEK kinases, may be
more direct targets for regulation by 14-3-3 theta in Ser-
toli cells. Surprisingly, the tau isoform of 14-3-3 was re-
cently shown to associate with the FSH receptor in human
ovarian granulosa cells (Cohon and Dias, 1999), although
the functional significance of such an association remains
unknown. Experiments are currently in progress to deter-
mine if 14-3-3 thetaisinvolved in the regulation of PKC,
or Raf-1 kinase activity, or both by transiently overex-
pressing 14-3-3 theta protein in Sertoli cells.

The role of 14-3-3 in the regulation of kinase activity
by physically associating with kinases is one of the many
functions of the 14-3-3 family of proteins (Toker et al,
1992; Freed et al, 1994; Reuther et a, 1994). The other
functions, which are mainly interactions with other pro-
teins and appear to be regulated by phosphorylation, may
include the role of 14-3-3 proteins as chaperones (Alam
et a, 1994), molecular bridges (Jones et a, 1995), and
effectors (Reuther and Pendergast, 1996). One such in-
teraction that may be particularly important for Sertoli
cell survival is the ability of 14-3-3 to prevent apoptosis
by interacting with BAD, a member of Bcl-2 family (Hsu,
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1997). The eta isoform of 14-3-3 has been shown to as-
sociate with homeodomain transcription factor TLX-2 and
regulate cytoplasmic to nuclear localization (Tang et a,
1998), which suggests the possibility that 14-3-3 theta
may associate with Pem, a homeodomain transcription
factor expressed in Sertoli cells (Sutton et al, 1998). The
functional importance of 14-3-3 theta-1 in Sertoli cells
remains to be elucidated.

In conclusion, we have demonstrated that 14-3-3 theta
is highly expressed in rat Sertoli cells. This extends the
previous suggestion that 14-3-3 is expressed in spermato-
genic cells (Pergo and Berruti, 1997). The presence of
short 3' UTR in the 14-3-3 theta transcript is particularly
interesting because no other isoform of the 14-3-3 family
has been previously shown to have a truncated 3' UTR.
An interesting speculation is that this isoform with a po-
tential alternative polyadenylation site has altered activity
(eg, constitutively active) then the other theta isoforms.
Both Sertoli cells in the testis and neurons in the brain
are postmitotic terminally differentiated cell populations.
The high level of 14-3-3 theta in brain and testis may
have a functional role in this process.
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