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ACTH secretion by mouse corticotroph AtT20 cells is negatively
modulated by the intracellular level of 7B2
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Abstract 7B2 is a pan-neuroendocrine protein known to
facilitate the trafficking and activation of the prohormone
proprotein convertase-2 (PC2). 7B2-null mice not only lack
PC2 activity, but they also develop an adrenocorticotropic
hormone (ACTH) hypersecretion syndrome, suggesting that 7B2
may regulate hormone secretion. To verify this possibility, we
introduced into mouse corticotroph AtT20 cells a retroviral
vector carrying either a sense or an antisense 7B2 transgene to
induce higher and lower 7B2 expression, respectively. Relative to
control AtT20 cells, 7B2-overexpressing cells released less
ACTH following KCl-induced membrane depolarization,
whereas cells expressing lower levels of 7B2 released relatively
more, suggesting that 7B2-related peptides modulate regulated
secretion in neuroendocrine cells. © 2002 Published by Elsevier
Science B.V. on behalf of the Federation of European Biochem-
ical Societies.
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1. Introduction

7B2 is a 21-kDa acidic protein found in the secretory gran-
ules of nearly all neuroendocrine cells [1,2]. The structure of
its mRNA has been elucidated in many mammalian species by
cDNA cloning and sequencing [3-7]. 7B2 is the N-terminal
fragment of a 25-29-kDa precursor protein and is generated
by endoproteolytic removal of a small carboxyl-terminal pep-
tide [8,9]. This processing is mediated by furin, a member of
the proprotein convertase (PC) family of endoproteinases [9].

In neuroendocrine cells, pro7B2 binds the PC2 [10,11] and
facilitates its exit from the endoplasmic reticulum, its trans-
port through the Golgi cisternae and its activation in the trans
Golgi network [12,13]. A central proline-rich domain is re-
sponsible for this property [13-15]. The carboxyl-terminal
peptide released by furin processing has been shown to be a
potent and specific inhibitor of PC2 in vitro [16,17]. Current
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knowledge on the structure and functions of 7B2 has been
recently reviewed [18].

Inactivation of the 7B2 gene in mouse is lethal [19]. Most of
the 7B2-null mice die by 3 weeks of age. The brain of these
mutant animals contains the 80-kDa proPC2 zymogen but not
the 75-kDa active PC2 form nor any PC2 activity. Their pan-
creatic islets release mostly unprocessed prohormones. Their
death is apparently caused by a Cushing-like syndrome char-
acterized by high levels of circulating adrenocorticotropic hor-
mone (ACTH) and corticosterone as well as scapular adipose
tissue depots [19]. This syndrome was not observed in PC2-
null mice, suggesting that, besides acting as a PC2 chaperone,
7B2 may also influence hormone secretion.

In this study, we have used retroviral vectors to induce
high- and low-level production of 7B2 in ACTH-producing
AtT20 cells. The results show that the amounts of ACTH
released following exocytotic stimulation increases when the
cellular content in 7B2 is low and vice-versa, suggesting that
7B2 or its related peptides may play a modulating role in
hormone secretion.

2. Materials and methods

2.1. Cell culture

The mouse corticotroph AtT20 cell line was obtained from Amer-
ican Tissue Type Collection. The cells were cultured in Dubelcco’s
modified Eagle’s medium containing 10% fetal calf serum and 4 mM
L-glutamine, in a 5% CO,-humidified atmosphere at 37°C. For exo-
cytotic stimulation, fresh culture medium containing (or not, for
control cells) 56 mM KCI and 5.2 mM CaCl, was substituted and
incubation was resumed for 1 h. Metabolic pulse-labeling and immu-
noprecipitation experiments were conducted as described by Benjan-
net et al. [11]. All experiments were conducted with triplicate cultures
of about 0.5X 10° cells each. Significant difference between experimen-
tal samples was determined by the Student’s z-test.

2.2. Production of AtT20 cells transduced with a sense or
an antisense 7B2 transgene

Recombinant 7B2 retroviruses were prepared as described by Mbi-
kay et al. [20]. Retroviral vectors were constructed by substituting the
stuffer sequence in the MNC plasmid with a 1.2-kb full-length mouse
7B2 ¢cDNA. The cDNA was inserted in the sense orientation between
Xmal and Notl or in the antisense orientation between HindIIl and
Notl, downstream of the human cytomegalovirus immediate early
promoter-enhancer (Fig. 1). The MNC plasmid and its 7B2 deriva-
tives were transfected by the calcium precipitation method into
DAMP helper cells which contain an encapsidation-deficient Moloney
leukemia retrovirus. Transfectants were selected for expression of the
neomycin phosphotransferase gene (neo®) that confers resistance to
the cytotoxic drug G418. Retrovirion-containing culture media were
collected. They were used to infect AtT20 cells. Populations of G418-
resistant cells that have stably integrated the proviruses were analyzed
for 7B2 production and ACTH secretion. The cell populations carry-
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ing the wild-type, the 7B2 sense and the 7B2 antisense provirus are
hereafter referred to as RV:WT, RV:7B2S and RV:7B2AS, respec-
tively.

2.3. Real-time quantitative RT-PCR

Total RNA was extracted from cells by the guanidine isothiocya-
nate extraction method [21]. An aliquot was reverse-transcribed into
c¢DNA using pdN6 random primers and the Superscript II RNase H™
Reverse Transcriptase (Gibco Life Technologies) as previously de-
scribed [22]. Triplicate aliquots of the cDNA were used in real-time
PCRs for 7B2 mRNA (forward primer (F): 5'-GCT GGT CTC TGC
TAT GCT ATC T-3’; reverse primer (R): 5'-TTC TAG ACA TCC
ATC ATC AGC-3’), 7B2 antisense RNA (asRNA) (F: 5'-GAC CCA
AGC TTC TAG AGA TC-3'; R: 5-GTT TTG GGT TAT GCT
GTT TG-3’), or the mRNA for the L30 ribosomal protein as internal
standard (F: 5'-AAG TGG GAA GTA CGT GCT GG-3'; R: 5'-
CAC CAG TCT GTT CTG GCA TG-3'). The 20-ul reaction mixture
contained 1X LightCycler-DNA Master SYBR Green 1 buffer
(Roche; as source of MgCl,, dNTP, SYBR-Green dye and Taq poly-
merase) supplemented with 2 pl of TagStart antibody (Clontech) and
primers to a final concentration of 0.5 uM each. Fluorometric real-
time PCR was conducted using the Roche LightCycler. After a 2-min
incubation at 95°C, the reaction mixtures were subjected to 40-45
amplification cycles, each involving a 5-s denaturation at 94°C, a
10-s annealing, a 25-s polymerization at 72°C and a 2-s data acquisi-
tion. For 7B2 mRNA, 7B2 asRNA and L30 mRNA, the RT-PCR
annealing/acquisition temperatures in °C were 56/80, 58/72 and 49/75,
respectively. Standards consisted of varying amounts of 7B2 or L30
pre-quantified cDNA amplicons. Amplicon concentrations were de-
rived at the maximum of the log-linear amplification using the second
derivative method [23]. 7B2 RNA levels were normalized for L30
RNA content. For quality control of the cDNA products of each
RNA sample, 5 pl was taken from each of the three types of RT-
PCR performed on it and combined. The SYBR-Green-stained am-
plicons were separated by 2.2% agarose gel electrophoresis and visu-
alized by fluorescence.

2.4. Radioimmunoassays (RIAs)

The assays were conducted on culture media and cell extracts. Cells
were lysed with a buffer made of 50 mM Tris—HCI, pH 7.8, 150 mM
NacCl, 1% Nonidet P40, 0.5% deoxycholate and 0.1% SDS. The pro-
tein content was determined by the Bradford dye method [24]. Anti-
bodies against the 7B2,3_39 peptide and against ACTH as well as the
RIAs for the related proteins and peptides have been previously de-
scribed [1,25]. Results are expressed as picograms and nanograms of
immunoreactive (ir) peptide per microgram of intracellular proteins.
Values for secreted materials were first corrected for the total volume
of culture medium.

3. Results and discussion

Two days after seeding, RV:7B2S cells were morphologi-
cally more rounded than RV:WT or RV:7B2AS cells, sug-
gesting that they may have accumulated more secretory ma-
terials (Fig. 2a). RV:7B2AS cells grew at a relatively slower
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rate than the other two cell types. The relative levels of 7B2
mRNA in the three types of cells were assessed by RT-PCR.
Compared to RV:WT cells, RV:7B2S cells contained about
seven-fold more and RV:7B2AS cells about three-fold less of
this mRNA. An RT-PCR specific for 7B2 asRNA expectedly
produced an amplicon only with RV:7B2AS cells (Fig. 2b,
agarose gel). The presence of this asRNA effectively reduced
the steady-state level of 7B2 mRNA, probably by altering
either its transcription or its stability.

Metabolic pulse-labeling and immunoprecipitation analysis
showed that, relative to RV:WT cells, RV:7B2S cells biosyn-
thesized nearly five-fold more 7B2 and RV:7B2AS cells about
two-fold less (Fig. 2¢). Since the content of 7B2 mRNA in the
latter cells was decreased, the lower level of 7B2 biosynthesis
probably reflected this decrease rather than inhibition of 7B2
mRNA translation. Although significant, the decrease was not
dramatic, probably because of the limited amounts of asRNA
transcripts present in the cells. In view of the growth-reducing
effect of the asRNA, it is very likely that, with passages, cells
expressing high levels of this RNA would have been selected
against in favor of low-expressing ones.

To determine whether changes in 7B2 expression levels had
any effect on secretion, we examined regulated release of
ACTH-related proteins endogenously produced by these cells.
The cells were incubated for 1 h in normal culture medium
(basal conditions) or in culture medium supplemented with
KCI and CaCl, to the final concentrations of 56 mM and
5.2 mM, respectively (exocytotic conditions). Materials re-
leased under such a short stimulation will most probably con-
sist of pre-existing secretory granule contents rather than
products of de novo biosynthesis. Media were collected and
titrated by RIA for ir-ACTH. Under basal conditions, the
amount in nanograms of secreted ir-ACTH per microgram
of intracellular proteins was not significantly different among
RV:WT (1.60 £ 0.39), RV:7B2S (1.23+0.12) and RV:7B2AS
(1.91 £0.58) cells. When the cells were subjected to the exo-
cytotic stimulus, ACTH secretion increased in all three cell
types, but not to the same extent. Relative to RV:WT cells
(9.2-fold, to 14.65 % 1.19 ng/ug proteins), the increase was sig-
nificantly less (P <0.05, 7.8-fold, to 9.62%0.20 ng/ug pro-
teins) in RV:7B2S cells and significantly more (P <0.05,
11.2-fold, to 21.35%£2.11 ng/ug proteins) in RV:7B2AS cells
(Fig. 3). The intracellular content of pro-opiomelanocortin-
related proteins was not significantly different among the three
cell types (not shown). The negative correlation between the
intracellular levels of 7B2- and ACTH-regulated secretion was
not due to any competition for packaging into secretory gran-
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Fig. 1. Diagram of the retroviral expression vectors. The relative positions of the primers used for 7B2 RNA RT-PCR quantification are shown
as filled arrows for asRNA and open arrows for the mRNA. Note that the forward primer for the asRNA-specific RT-PCR was derived from
the cytomegalovirus immediate early 5’-untranslated region and the reverse primer corresponds to the sense sequence.
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Fig. 2. Expression of 7B2 in the three experimental populations of
AtT20 cells. a: Cell morphology. The cells were photographed 48 h
after plating and incubation. b: RT-PCR titration of 7B2 mRNA
and asRNA. 7B2 mRNA values were normalized relative to those
of L30. Histographic representation of 7B2 levels relative to
RV:WT cells given the arbitrary values of 1. A qualitative agarose
gel electropherogram of the DNA end products is shown below the
histogram. c: Biosynthesis of 7B2. The cells were incubated for 1 h
in medium containing [**SJmethionine and extracted. 7B2-specific
immunoprecipitated cells were analyzed by SDS-PAGE and phos-
phorimaging. The pixel volumes of pro7B2 and 7B2 were quantified
and summed up. They are shown in the histogram. Significance rel-
ative to RV:WT: #P <0.05; ##P <0.005.

ules. If that were the case, basal secretion of this hormone
should have increased in RV:7B2S and have diminished in
RV:7B2AS cells. The very opposite trend was observed
when ir-ACTH contents in 24-h spent media were measured.
For RV:WT, RV7B2S and RV:7B2AS, these contents were
36.60 £ 3.62, 29.32 + 1.44 and 48.06 +4.07 ng/ug proteins, re-
spectively. These results suggested that 7B2 can negatively
modulate ACTH secretion. Absence of this modulatory effect
may explain the hypersecretion of ACTH observed in 7B2-
null mice [19].

We also compared 7B2 secretion under similar conditions.
The results are shown in Fig. 4a. Under basal conditions, the
amount of ir-7B2 in 1-h spent media was comparable between
RV:WT (29.7£4.9 pg/ug proteins) and RV:7B2AS cells
(28.9%2.6 pg/ug proteins), but was nearly 10-fold more for
RV:7B2S cells (309 + 25.5 pg/ug proteins, P < 0.005). This 10-
fold difference between RV:7B2S and RV:WT cells was in
discordance with the results of 7B2 biosynthesis which showed
intracellular 7B2 in RV:7B2S to be five-fold higher (see Fig.
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Fig. 3. RIA titration of secreted ir-ACTH before and after KCl/
CaCl,-induced membrane depolarization. The level of stimulated se-
cretion is indicated below the bars. White bars, basal levels; black
bars, stimulated levels. Significance of difference relative to
RV:WT: #P<0.05; or between stimulated and basal levels:
** P <0.005.
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Fig. 4. RIA titration of secreted (a) and intracellular (b) ir-ACTH
before and after KCl/CaCl,-induced membrane depolarization. The
level of stimulated secretion is indicated below the bars. White bars,
basal levels; black bars, stimulated levels. Significance relative to
RV:WT: #P<0.05; ##P <0.005. Significance of difference relative
to RV:WT: #P<0.05; ##P <0.005; or between stimulated and
basal levels: *P < 0.05; **P < 0.005.
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2c¢). It is yet unclear whether the elevated basal secretion with-
in 1 h after substituting fresh medium is due to some intra-
cellular effect of 7B2 overexpression or to transient relief from
an autocrine secretion-countering effect of secreted 7B2 pep-
tides. Exocytotic stimulation increased 7B2 secretion in a pat-
tern similar to that of ACTH. Relative to RV:WT cells which
secreted 9.8-fold more ir-7B2 over the basal level (294.1 +13.0
versus 29.71+4.9 pg/ug proteins), the response was signifi-
cantly less with RV:7B2S cells (3.9-fold, 896.8 £127.6 versus
309.7£25.5 pg/ug proteins) and significantly higher with
RV:7B2AS cells (17-fold, 491.6 +16.4 versus 28.9+2.6 pg/ug
proteins).

Curiously, after exocytotic stimulation, RV:7B2AS cells se-
creted in absolute amounts 1.8-fold more 7B2 than control
cells (491.6x16.4 versus 294.1+13 pg/ug proteins,
P <0.005), although they produced two-fold less (see Fig.
2¢). This observation could be explained if 7B2 biosynthesis
was rapidly up-regulated by exocytotic stimulation. This was
found to be the case for all three cell types (Fig. 4b). The
intracellular content in 7B2 in pg/ug of proteins was elevated
1.5-fold in RV:WT cells (297.5+£41.1 versus 442.6£97.5,
P<0.1), 2.5-fold in RV:7B2S cells (963.0%+146.2 versus
2403.6+274.0, P<0.05) and 3-fold in RV:7B2AS cells
(222.3+43.7 versus 659.1£38.1, P<0.05). The stimulation
was confirmed in pulse-labeling and immunoprecipitation ex-
periments (not shown). It was rapid, as it could be observed
within 30 min after exposure of cells to exocytotic medium,
suggesting that it occurred at the level of mRNA translation
rather than of gene transcription.

To summarize, data presented in this report indicate that
the release of ACTH following exocytotic stimulation is high-
er in AtT20 cells expressing low levels of 7B2 and lower in
those expressing high levels of it. We hypothesize that 7B2 or
its related peptides act as exocytosis modulators in neuroen-
docrine cells. At low levels, they accentuate secretion; at high
levels, they attenuate it. Their increased biosynthesis under
exocytotic conditions may serve to restrain secretion, allowing
a faster reconstitution of secretory granule contents. The
mechanism of this secretion modulation remains to be deter-
mined.
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