develop ecologically safe pest management
strategies may have a considerable impact on
future agricultural practices.
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Skn-1a and Skn-1i: Two Functionally Distinct
Oct-2-Related Factors Expressed in Epidermis

Bogi Andersen, Marcus D. Schonemann, Sarah E. Flynn,
Richard V. Pearse ll, Harinder Singh, Michael G. Rosenfeld

Two forms of a member of the POU domain family of transcriptional regulators, highly
related to Oct-2, are selectively expressed in terminally differentiating epidermis and hair
follicles. One form, referred to as Skn-1i, contains an amino-terminal domain that inhibits
DNA binding and can inhibit transactivation by Oct-1. A second form, Skn-1a, contains an
alternative amino terminus and serves to activate cytokeratin 10 (K10) gene expression.
The pattern of expression of the Skn-1a/i gene products and the effect of the alternative
products on the expression of other genes suggest that these factors serve regulatory
functions with respect to epidermal development.

Although skin is the largest organ in ma-
ture mammals, epidermal development be-
gins only on embryonic days (e) 15 to 16
during rat development (I). Before this
stage, the primordium of epidermis consists
of a bilayer of cells, a superficial layer
referred to as periderm that is later shed,
and a basal layer (1, 2). On el6, the basal
cells begin to proliferate, generating a strat-
ified epithelium in which characteristic sub-
sets of genes, such as keratins, are differen-
tially regulated in each layer (1, 3). Most of
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the suprabasal epidermal cells are postmi-
totic and eventually undergo programmed
cell death, generating a superficial layer of
dead cells (cornified epithelium) that ap-
pears on el8. This pattern of development,
in which cells migrate to the surface during
their differentiation only to undergo apop-
tosis, is continuously repeated in the adult,
where the process is regulated by retinoic
acid (4). Several transcription factors of
wide distribution are expressed at high
amounts in skin, including AP2, retinoic
acid receptor vy, and retinoid X receptor «
(5). However, cell-specific transcription
factors that may be involved in epidermal
cell maturation remain unknown.

The cloning of Pit-1, Oct-1, Oct-2, and
unc-86 led to the discovery of a gene family
characterized by a bipartite DNA binding

SCIENCE ¢ VOL. 260 * 2 APRIL 1993

motif referred to as the POU domain (6—
14). Unc-86, Pit-1, and Oct-2 are believed
to be important in the terminal differenti-
ation of neuronal, pituitary, and B lympho-
cyte cell types, respectively (6, 7, 10, 11).
Oct-1 is a ubiquitous activator of gene
programs required for cell proliferation (12)
and may also play cell-specific roles (13).
Subsequently, additional POU domain
genes have been described in mammals,
Drosophila, and Caenorhabditis elegans, most
of which are transiently or selectively ex-
pressed in the developing nervous system
(14).

Using screening by low stringency and
polymerase chain reaction (PCR) of
cDNAs from a number of tissues, we iden-
tified a cDNA clone distinct from known
POU domain proteins (15). This cDNA
clone contains a coding sequence predict-
ing a 38-kD protein that is highly related to
Oct-2 (Fig. 1). Whereas this protein differs
from Oct-2 by only 15 amino acids over the
POU-specific domain and the POU home-
odomain, it is distinctly diverged from
Oct-1 and Oct-2 in the linker region but
contains regions of similarity outside the
POU domain. To investigate the expres-
sion of this gene during development, we
collected mouse embryos from blastocyst
stage through e16.5, and PCR assays were
performed by means of specific oligonucle-
otide primers (16) (Fig. 2A). This analysis
revealed a biphasic pattern of expression: a
signal was detected on e7.5, signal was low
or undetectable between €9.5 and el2.5,
and signal appeared again on el4.5. In
addition, intense signal was observed in
endometrium-placenta. In situ hybridiza-
tion analyses with 3*S-labeled complemen-
tary RNA (cRNA) probe corresponding to
the 3’ untranslated region of the gene (17)
revealed no hybridization in rat embryos
corresponding to the early phase of expres-
sion. However, there was intense hybridiza-
tion at e17 in epidermal structures through-
out the embryo, with no specific detectable
hybridization in any other region (Fig. 2B).
Evaluation at higher resolution revealed a
dense pattern of silver grains over the epi-
dermis but not over the dermal structures,
with the most intense hybridization consis-
tently observed over the most superficial
layer of the epidermis (Fig. 2C). In devel-
oping embryos, a single, superficial layer of
cells, the periderm, revealed no hybridiza-
tion, whereas the adjacent, underlying ec-
toderm revealed intense hybridization. A
transcript of 2.3 kb was observed in RNA
blots of skin from neonatal mice (I8).
Using the more sensitive ribonuclease pro-
tection assay, we confirmed expression in
epidermis, but no signal was detected in
RNA:s from the following adult organs from
mice and rats: skeletal muscle, tongue,
esophagus, heart, thymus, spleen, liver,




kidney, testis, adrenals, placenta, lungs,
brain, and anterior pituitary (18). In situ
hybridization analyses of adult skin showed
hybridization over suprabasal cells of the epi-
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dermis and intense hybridization in cortex
cells of a subset of hair follicles (Fig. 2D). This
pattern is consistent with a stage-specific ex-
pression during cyclical hair growth (19).
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Fig. 1. Amino acid sequence of Skn-1a/i and comparison to Oct-2. The boxes show regions of
complete sequence identity between rat Skn-1a/i and human Oct-2. Gaps were introduced for
maximum alignment. The black bars indicate the POU-specific domain and the POU homeodomain
with the linker region between the two bars. The black bar over the NH_-terminus of Skn-1i
represents a nonconserved inhibitory region (IR) for DNA binding. Horizontal arrows refer to an
imperfect repeat in the inhibitory region. The vertical arrows show the point of divergence between
Skn-1i and the product of alternative splicing, Skn-1a. Numbers represent the number of amino
acids from the NH,-terminus. Only amino acids 58 to 484 are shown for Oct-2. Abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K,
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Fig. 2. Expression of Skn-1a/i mRNA. (A) RT PCR analyses of Skn-1a/i
expression in the developing mouse embryo. Polyadenylated RNA was
isolated from mouse uterus, placenta, and embryos from the indicated stages.
We generated the cDNA using random oligonucleotides and RT. We used
oligonucleotides specific for Skn-1a/i (S) to amplify a 236-bp POU domain
fragment that was analyzed on a 2% agarose gel (left panel). As a control for
the cDNA synthesis and the PCR reactions, we used oligonucleotides to
amplify a 477-bp fragment specific for g-actin (right panel) (76). Markers (M)
are a DNA ladder (in kilobases) (Bethesda Research Laboratories). P/E,
placenta-endometrium; My, myometrium; B, blastocysts; and the minus sign
indicates the negative control with no template added. (B) In situ hybridization
analyses of Skn-1a/i expression. An e17 rat embryo was hybridized with an
353-labeled cRNA probe encompassing the 3’ untranslated region of Skn-1a/i
(17). A dark-field photograph of a sagittal section is shown. Silver grains in the
region above the heart and in the liver and brain are due to nonspecific
adherence to red blood cells and edges, respectively. The absence of
Skn-1a/i mRNA in brain and liver was confirmed by PCR RT analyses on
tissues dissected from rat embryos. The epidermal-mucosal (M) junction that
corresponds to the boundary of expression is indicated. Similar results were
obtained with a probe corresponding to the most 5’ portion of the cDNA,
whereas no signal was detected in epidermis when several unrelated cRNAs
were used. E, epidermis. (C) A light-field photograph of a high magnification
of skin from e17 rat embryo. Epidermis (E), dermis (D), and periderm cells (P)
are indicated. (D) In situ hybridization analyses of Skn-1a/i expression in adult
skin. The left (light field) and middle (dark field) panels show high magnifica-

tion of hair follicles. Arrowheads point to a hair follicle showing intense
hybridization. The panel to the right shows a high-magnification light-field
photograph of epidermis at the entry point of a hair. Arrowhead points to silver

grains that indicate specific hybridization.
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We evaluated the potential of the en-
coded protein to bind to an octamer site to
which Oct-1 and Oct-2 bind with high
affinity (20). The in vitro-translated pro-
tein was incapable of effectively binding to
the immunoglobulin octamer-heptamer site
in the gel mobility shift assay (21). How-
ever, a truncated form of the protein lack-
ing the NH,-terminal 60—-amino acid resi-
dues bound to the octamer DNA sites with
an affinity comparable to Oct-2 (Fig. 3A).
These data suggested that the holoprotein,
referred to as Skin-1i (Skn-1i), was inhib-
ited from binding to octamer DNA sites by
the NH,-terminal sequence. Consistent
with this idea, Skn-1i lacking the COOH-
terminus was incapable of binding, whereas
removal of the whole NH,-terminus al-
lowed DNA binding. Skn-1i holoprotein
was unable to bind to any of a series of
known POU domain DNA binding sites,
including random oligonucleotides degen-
erate in 16 consecutive positions, as evalu-
ated by gel mobility shift analyses. Skn-1i
harboring a deletion of the first 32 amino
acids had high affinity for all these sites
(Fig. 3B). These data indicated that the
POU domain of Skn-li is competent to
bind to octamer elements but is inhibited
by information within the first 32 amino
acids of Skn-1i.

To investigate whether this region con-
stitutes a distinct inhibitory region, we
transferred the NH,-terminus of Skn-1i to
another, unrelated transcription factor,
thyrotroph embryonic factor (TEF), a
member of the B-Zip gene family (22). The
DNA binding ability of TEF, which binds

1234567890112
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Fig. 3. The NH,-terminus of Skn-1i contains a domain that inhibits DNA binding. (A)
A gel mobility shift assay was performed with a 32P-labeled oct-hep site and the
indicated in vitro-translated proteins (217). O, Oct-2; Si, Skn-1i. A60, AC, and AN
represent Skn-1i lacking the first 60 amino acids, the COOH-terminus, and the
NH_-terminus, respectively. We quantitated the 35S-labeled proteins by TCA precip-
itation and analyzed by SDS-PAGE to ensure that equal amounts of protein were
used in each binding reaction. The position of bound (B) and free (F) probes are
indicated. No binding was detected even when the maximum concentrations of
Skn-1i attainable in this assay were used. Equilibrium binding studies showed that
the affinity of Oct-2 was two times higher than that of A60 Skn-1i (78). The AN Skn-1i
contains amino acids 100 to 348 and AC Skn-1i contains amino acids 1 to 250. (B)
A gel mobility shift analysis of the indicated 32P-labeled sites (27) with equivalent
amounts of Skn-1i holoprotein (Si) and A32 Skn-1i (A32). Because A32 Skn-1i binds
specifically to only a small subset of the random sites, the bound complex is of low
intensity, as expected for this technique. L is unprogrammed lysate. (C) Gel mobility
shift analyses of TEF and Skn-1-TEF fusion proteins to a labeled Prl 1P site. T,
wild-type TEF; N/T, amino acids 1 to 99 of Skn-1i fused to the NH,-terminus site of
TEF; A60 N/T, amino acids 61 to 99 of Skn-1i linked to TEF. (D) Solution cross-linking
assay. The indicated 35S-labeled proteins were incubated in the presence or
absence of DSS cross-linker as indicated, and the products were analyzed by
electrophoresis on a denaturing SDS—polyacrylamide gel (23). Minor bands most
likely represent products initiated from internal methionines. Positions of monomers
(M) and dimers (D) are indicated on the left side. The amount of dimer formed with
N/T and A60 N/T was similar (13%). Migration of protein size standards is indicated

at right in kilodaltons.

to AT-rich DNA sequences and readily
forms homodimers and heterodimers, was
entirely inhibited with the addition of the
Skn-1i NH,-terminal information. After
subsequent removal of the initial 60 amino
acids of Skn-1i, DNA binding was restored,
suggesting that no other alterations in the
structure of the cDNA encoding TEF had
occurred during construction (Fig. 3C).
Thus, the capacity of the initial 60 amino
acids of Skn-1i to inhibit DNA binding
could be transferred to a member of an
entirely unrelated class of DNA binding
proteins.

Next, the effect of the inhibitory region
on dimerization in solution was assayed by
the ability of a homobifunctional cross-
linking agent, disuccinimydyl suberate
(DSS), to cross-link in vitro-translated
proteins (23). Although Skn-1i holopro-
tein exhibited cross-linking in solution in
this dimerization assay, no such cross-link-
ing was evident with Skn-1i lacking the first
32 amino acids (Fig. 3D). These data sug-
gest that the inhibitory domain may pro-
vide a protein-protein interaction interface.
Because TEF is known to bind DNA as a
dimer (22), we also tested the hypothesis
that the inhibitory domain acted by inter-
fering with dimerization of TEF. Although
TEF containing the NH,-terminus of Skn-
li formed dimers less efficiently than TEF
alone, no increase in dimerization was ob-
served after removal of the initial 60 amino
acids. Therefore, the effects of the inhibi-
tory domain on TEF are selective for pro-
tein-DNA interaction rather than ho-
modimer formation. Although inhibitory
regions outside the DNA binding domain
have not been previously described among
POU proteins, this feature has been iden-
tified in other families of DNA binding

proteins (24-29). However, the sequence
of Skn-1i has no apparent similarity to
these described inhibitory regions.

We constructed NH,-terminal deletion
mutants to further define the boundaries of
the inhibitory domain. Serial truncations
revealed that deletion of the first 11 amino
acids did not allow binding, whereas max-

Fig. 4. Gel mobility shift analyses

of NH,-terminal truncation mu- A a"’
tants and transient transfection o
assays. (A) Binding of the indicat- G v
ed in vitro—translated mutant pro-

teins to a 32P-labeled oct-hep el- B

ement was assessed in the gel
mobility—shift assay. Si, Skn-1i;
A11, A17, A21, A32, and A60 are
lacking the indicated number of
amino acids from the NH,-termi-
nus of Skn-1i. In addition, A11
contained a mutation of Cys'> to
an alanine. (B) A normalized
Kyte-Doolittle hydropathy profile
of Skn-1i. The POU-specific do- C
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imum binding was observed after deletion
of the first 32 amino acids. Therefore, a
21-amino acid region, extending from ami-
no acids 11 to 32, was sufficient to confer
inhibitory function. Deletions to amino
acids 17 and 21 impaired but did not en-
tirely eliminate inhibitory function, indi-
cating that 11 amino acids are sufficient to
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main (POU,) and the POU homeo-
domain (POU,,) are indicated in 0
addition to the IR. (C) The effect of
Skn-1a/i in transient transfection Si
assays (37). The indicated ex-
pression plasmids (0.5 ng) were Si
transfected into Rat-1 (top panel) O
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-36 prl luc 5
Oct/Hep -36 prl luc ==

and Hela (lower panel) cells with
the indicated reporter plasmids
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(3.0 ng). Cells were harvested

after 36 to 48 hours, and lu- C
ciferase activity was measured.
Results represent the mean =+
SEM of quadruple determina- AB0 Si
tions. O, cytomegalovirus (CMV) Sa
Oct-1; Si, CMV Skn-1i; C, CMV;

Hela

K10 luc mm

A60 Si, CMV Skn-1i lacking amino
acids 1 to 60 and Sa, CMV Skn-

1a. K10 contains 1665 bp of 5’ flanking and untranslated sequence from the human cytokeratin 10
gene linked to luciferase (33); —36 prl luc contains the minimal prolactin promoter as described (22).
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exert partial inhibitory function (Fig. 4A).
Analysis by several algorithms, including a
normalized Kyte-Doolittle hydropathy pro-
file (30), revealed the inhibitory domain of
Skn-1i to be highly hydrophobic (Fig. 4B).
This region contains a four—amino acid
motif repeated three times and four cys-
teines separated by three, three, and five
amino acids with a subsequent histidine
residue (Fig. 1), consistent with a potential
zinc finger structure. However, a mutation
of cysteine residue 15 did not allow DNA
binding (Fig. 4A), and EDTA did not
inhibit function of this domain (18).
Therefore, zinc coordination is unlikely to
be crucial for the function of this domain.

When the NH,-terminal region of Skn-
li (from which the POU domain and
COOH-terminus had been deleted) was
mixed in ratios of 8:1 with intact TEF or a
mutant Skn-1i lacking 32 amino acids from
the NH,-terminus (A32 Skn-1i), there was
no inhibition of DNA binding, indicating
that at this ratio the region did not act in
trans to inhibit binding. Conversely, excess
inhibitory domain did not permit binding of
Skn-1i holoprotein, indicating that at these
concentrations it could not saturate a sec-
ond factor that could account for inhibition
(18). These data are most consistent with
the idea that the inhibitory domain of
Skn-1i represents a region capable of alter-
ing the conformation of Skn-1i, possibly by
forming intramolecular complexes and
blocking the function of the helices in-
volved in protein-DNA interactions. Be-
cause Skn-1i transcripts are most abundant
in postmitotic cells of the superficial layer of
the epidermis, we considered the possibility
that it could inhibit the actions of Oct-1
that are thought to be important in cellular
proliferation events (12). Transient co-
transfection assays were conducted in a
number of cell lines with plasmids contain-
ing Skn-1i and Oct-1 transcription units
and a reporter gene under control of a
minimal promoter and the immunoglobulin
octamer-heptamer element. Oct-1 stimu-
lated reporter gene expression in Rat-1
fibroblast cells and Skn-1i effectively inhib-
ited this stimulation (31). The inhibition
to the point below baseline is most likely
due to inhibition of endogenous Oct-1. The
precise molecular mechanisms for this in-
hibitory effect remain unknown. This in-
hibitory effect is specific because Skn-1i
failed to inhibit the minimal promoter itself
(Fig. 4C) or adenosine 3’,5'-monophos-
phate (cAMP) and estrogen response ele-
ments linked to the identical promoter
(18). These data are consistent with the
possibility that Skn-1i inhibits Oct-1’s ef-
fects on gene expression in epidermis.

The high degree of conservation be-
tween the Skn-1i and Oct-2 POU domains
suggested the existence of a form capable of

binding DNA and positively regulating
gene transcription. To search for an alter-
native form, we screened a neonatal rat
skin cDNA library and identified a second
transcript highly abundant in skin. This
form, referred to as Skn-1a, is produced by
alternative RNA splicing in which a 113—
amino acid sequence replaces the initial 31
residues of Skn-1i (Fig. 1) (32). The poten-
tial activating role of Skn-la was initially
explored by cotransfection with genes un-
der the control of a cytokeratin 10 (K10)
promoter, which is a marker of terminally
differentiating epidermal keratinocytes. In
HelLa cells, Skn-1a was a potent activator
of this promoter, whereas Skn-li had a
minimal effect (Fig. 4C). Because expres-
sion of a mutant Skn-1i lacking 60 amino
acids from the NH,-terminus (A60 Skn-1i)
also activated the K10 promoter, it is likely
that the critical function of the Skn-la
NH,-terminus is to relieve the action of the
Skn-1i inhibitory domain rather than to
serve as a transactivation domain. Skn-1a/i
thus represent tissue-restricted POU do-
main factors that may exert selective acti-
vating and inhibiting functions in develop-
ing epidermis.
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Rhythmic Exocytosis Stimulated by GnRH-Induced
Calcium Oscillations in Rat Gonadotropes

Amy Tse, Frederick W. Tse, Wolfhard Almers, Bertil Hille*

In pituitary gonadotropes, gonadotropin-releasing hormone (GnRH) induces the rhythmic
release of Ca2* from an inositol 1,4,5-trisphosphate (IP;)—sensitive store. Simultaneous
measurement of the concentration of cytosolic free Ca2+ ([Ca®*];) and exocytosis in single
identified gonadotropes showed that each elevation of [Ca2™*]; induced a burst of exocy-
tosis. These phenomena were largely suppressed by buffering of [Ca2™*]; but persisted in
the absence of extracellular Ca2+. Activation of voltage-gated Ca2* channels by brief
depolarizations seldom supplied enough Ca2* for exocytosis, but [Ca2*]; elevations in-
duced by photolysis of caged IP, did trigger exocytosis, confirming that GnRH-stimulated
gonadotropic hormone secretion is closely coupled to intracellular Ca2* release. Agonist-
induced oscillations of [Ca?*]; in secretory cells may be a mechanism to optimize the
secretory output while avoiding the toxic effects of sustained elevation of [Ca2*]..

Although many cells display oscillations in
[Ca’*]; in response to agonists, physiologi-
cal roles for these oscillations are unclear
(1). Pituitary gonadotropes exhibit oscilla-
tions in [Ca?*]; in response to their natural
stimulating hormone, GnRH (2). Each cy-
cle of increase in [Ca?*], hyperpolarizes the
cell by opening apamin-sensitive Ca?*-ac-
tivated K* channels (3-5). This allows
voltage-gated Na* and Ca?* channels to
recover from inactivation and then to fire
action potentials when [Ca?*], declines
again and the cell depolarizes (5). Thus,
GnRH stimulates both the entry of extra-
cellular Ca?* through voltage-gated Ca®*
channels and the release of intracellular
Ca’* in gonadotropes. Understanding the
relative contribution of these mechanisms to
GnRH-induced secretion of gonadotropic
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hormones (6), and particularly whether each
cycle of increase in [Ca?*]; can trigger secre-
tion, has been difficult because of the low

Fig. 1. Time course of
GnRH-induced oscillations A 3r

NH,-terminus and the POU domain of Skn-1i.
Three independent clones were isolated that to-
gether corresponded to the entire common region
between Skn-1i and Skn-1a. One of the clones,
Skn-1a, contained a 5’-sequence that predicted a
different NH,-terminus as a result of alternative
splicing. The expression of both forms in skin was
demonstrated with the PCR with primers specific
for each form and with RNA hybridization studies
(18).
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temporal resolution of traditional assays for
hormone secretion. We used high temporal
resolution capacitance measurements (7),
which monitor changes in cell membrane
capacitance (AC,) resulting from exocytosis
of secretory vesicles, to measure simultane-
ously exocytosis and [Ca?*], in identified
gonadotropes of adult male rats (8).
GnRH-induced [Ca??), oscillations are
readily seen with fluorescent indicators,
even in gonadotropes voltage-clamped to
potentials (—90 mV) at which voltage-
gated Ca?* channels are closed. A 10-s
application of GnRH caused [Ca’*]; to
oscillate (Fig. 1A). In 40 cells, the resting
[Ca?*], was 109 = 16 nM, and the maximal
[Ca?*], induced by a brief application of
GnRH (40 or 50 nM) was 3.3 = 0.2 pM.
The rising phase of each cycle of [Ca?*];
elevation was accompanied by an increase
in C_, (Fig. 1B) and by an increase in the
rate of exocytosis (AC_/At) (Fig. 1C). In
later cycles of the [Ca**]; oscillation (for

in [Ca2*], and accompany- E ol
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