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LRT2 cells: Recently, targeted expression of the SV40 T antigen with
the rat LHB-subunit gene regulatory region was used to generate
transgenic mice. An immortalized cell line (LBT2 cells) was derived
from a tumor generated in a LHB-Tag mouse, in a manner analogous to
the preparation of the aT3-1 cells |(188). These cells express both the
o - and B-subunits of LH as well as GnRHR, estrogen receptors, and
estrogen-inducible progestercne receptors. However, the FSHB-subunit
is not expressed.



0163-769%/97/303.00/0
Endocrine Reviews
Copyright © 1997 by The Endocrine Society

Vol. 18, No. 1
Printed in US.A.

Studies of Gonadotropin-Releasing Hormone (GnRH)
Action Using GnRH Receptor-Expressing
Pituitary Cell Lines™

URSULA B. KAISER, P. MICHAEL CONN, axp WILLIAM W. CHIN

Division of Genetics (U.B.K., W.W.C.), Department of Medicine, Brigham and Women’s Hospital,
Harvard Medical School, Boston, Massachusetts 02115; Oregon Regional Primate Research
‘enter (P.M.C.), Beaverton, Oregon 97006; and Oregon Health Sciences University, Portland,

Oregon 97201-3098

L. Introduction
lI. GnRHR Structure Analysis
III. Studies of GnRH Action in «T3-1 Cells
A. Derivation of «13-1 cells
B. Characterization of «T3-1 cells
C. GnRH binding
D. GnRHR regulation
1. Homologous regulation by GnRH
2. Regulation by gonadal steroid hormones
3. Regulation by gonadal peptides
4. Regulation by second messenger activators
. Intracellular second messengers
G protein coupling
Inositol phosphates
[ntracellular calcium
Protein kinase C
cAMP
Mitogen-activated protein kinases
F. a-Subunit gene expression
1. Cell-specific expression
2. GnRH-stimulated expression
G. Desensitization
H. Summary of GnRH action in «13-1 cells
Studies of GnRH Action in GHj Cells Transfected with
the GnRH Receptor (GGH,; Cells)
Derivation of GHj; cells
Characterization of GHj cells
Derivation of GH, cells transfected with the GnRHR
(GGH; cells)
GnRH binding
GnRHR regulation
Intracellular second messengers
L. G protein coupling
2. Inositol phosphates
3. cAMP
Regulation of secretion

O Ul e 0

V.

mmY OmpP

G.

Address reprint requests to: Ursula B. Kaiser, M.D., G.W. Thom
Research Building, Room 909, Brigham and Women’s Hospital, 20
Shattuck Street, Boston, Massachusetts 02115.

*This work was supported by NIH HD-19938 (to W.W.C.), HD-19899
(MERIT; to P.M.C.), and HD-: 33001 (to U.B.K.), an American Society for
Reproductive Medicine-Serono Research Grant (to U.B.K.), and a } Med-
ical Research Council of Canada Clinician-Scientist Award (to U.B.K.).

46

1. PRL
2. LHand FSH (in GH, cells transfected with the -,
LHB-, and FSHpB-subunit genes)
3. Secretogranin-II
Regulatlon of PRL mRNA
. Regulation of expression of transiently expressed
reporter genes
1. PRL ws. a-subunit gene
2. a-, LHB-, and FSHB-subunit genes
J. Summary of GnRH action in GGH; cells
V. Studies of GnRH Action in Other Pituitary Cell Lines
A. RC-4B/C cells
B. LBT2 cells
VI. Future Directions

I, Introduction

HE regulation of normal mammalian sexual maturation
and reproductive function requires the integration and
precise orchestration of hormonal regulation at the hypo-
thalamic, pituitary, and gonadal levels. GnRH is a decapep-
tide synthesized in neurosecretory cells in the preoptic area
of the hypothalamus. GnRH is secreted into the hypophysial
portal circulation and is transported to the anterior pituitary
gland, where it binds to receptors on a specific pituitary cell
type, the gonadotrope, to modulate the synthesis and secre-
tion of the gonadotropins, LH and FSH. Gonadotropins, in
turn, are secreted into the systemic circulation and act on the
gonads to regulate steroidogenesis and gametogenesis. LH
stimulates ovulation and corpus luteum formation in females
and androgen secretion in males; FSH stimulates the growth
and maturation of ovarian follicles in females and spermat-
ogenesis in males. Gonadal steroids and peptides, in turn, are
secreted into the systemic circulation and act to modulate
hypothalamic and pituitary function in both positive and
negative feedback loops (1, 2).

Research into the neuroendocrine control of reproductive
function by GnRH has undergone an explosion in the past 25
yr, marked first by the isolation and chemical characteriza-
tion of GnRH (3-5). This led to the development of both
agonist and antagonist analogs, resulting in rapid advances
in our basic understanding as well as clinical applications to
the treatment of disorders such as prostate cancer, endome-
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F1G. 1. Model of the rat GnRHR. Amino acid residues in dlack represent nonconserved amino acids between the rat and mouse GnRHR,; shaded
amino acid residues are nonidentical but conserved between the two species. Asterisks denote potential glycosylation sites. Potential phos-
phorylation sites are indicated for protein kinase C (arrowheads), casein kinase II (arrow), and protein kinase A (cross). [Reprinted with
permission from U. B. Kaiser et al: Biochem Biophys Res Commun 189:1645-1652, 1992 (13) (Fig. 2A).]

triosis, precocious puberty, and infertility (6, 7). More re-
cently, the molecular cloning of cDNAs encoding recep-
tors for GnRH (GnRHR)' was achieved, first in mouse (8,
9) and subsequently in human, rat, cow, and sheep (10—
17). The availability of the GnRHR ¢DNA has allowed
studies leading to further understanding of the mecha-
nisms of GnRH action.

Primary anterior pituitary cells are comprised of a heter-
ogeneous population of well differentiated, secretory cell
types. These include somatotropes, which secrete GH; lac-
totropes, which secrete PRL; corticotropes, which secrete
ACTH as well as other hormones derived from the peptide
precursor, POMC, including MSH, lipotropins, endorphins,
and enkephalin; thyrotropes, which secrete TSH; and gona-
dotropes, which secrete LH and/or FSH (18, 19). Several

! Abbreviations used: GnRHR, GnRH receptor; TRHR, TRH receptor;
SV40, simian virus-40; PMA, phorbol myristic acid; PKC, protein kinase
C; PKA, protein kinase A; PLC, phospholipase C; IP, inositol phosphate;
[Ca*"];, ionized intracellular calcium concentration; MAPK, mitogen-
activated protein kinase; ERK, extracellular signal-related kinase; GSE,
gonadotrope-specific element; SF-1, steroidogenic factor-1; MIS, Mulle-
rian inhibiting substance; PGBE, pituitary glvcoprotein hormone basal
element; GnRH-RE, GnRH-responsive element; «LUC, a-subunit gene
promoter/luciferase reporter fusion gene; PRLLUC, PRL gene promot-
er/luciferase reporter fusion gene; LHBLUC, LHp subunit gene pro-
moter/luciferase reporter fusion gene; FSHBLUC, FSHP subunit gene
promoter/luciferase reporter fusion gene; CAT, chloramphenicol acetyl-
transferase; E,, estradiol.

anterior pituitary cell types produce more than one of the
anterior pituitary hormones; for example, LH and FSH are
often colocalized to the same cell, as are GH and PRL. More
recently, there has been evidence of colocalization of GH
with LH or FSH (20) .

A major hindrance to progress in our understanding of the
mechanisms of neurocendocrine control of reproduction at
the hypothalamo-pituitary level is the lack of an ideal cell
model for these studies, Historically, such studies have been
performed in vivo in a variety of animal models and in vitro
in dispersed primary pituitary cell cultures. These studies are
limited by the heterogeneity of anterior pituitary cell types;
gonadotropes make up only 6-15% of anterior pituitary se-
cretory cells in adult animals (21). In addition, anterior pi-
tuitary cells cannot be propagated in culture systems, thus
limiting the feasibility of many studies. Recently, a number
of immortalized pituitary cell lines have been used as models
for studies of the mechanisms of action of GnRH and its
receptor.

Several aspects of the GnRHR and its signaling properties
have been reviewed previously (22-30). Past reviews have
focused on the molecular mechanisms of action of GnRH and
the signaling properties of the GnRHR in primary pituitary
cells. In this review, we will focus on studies of GnRH action
using GnRHR-expressing pituitary cell lines as model sys-
tems. The results of these studies will be compared with what
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is known about GnRH signaling in primary pituitary cells. In
addition, we will focus on the role of the GnRHR pathway
in the regulation of gene expression.

II. GnRHR Structure Analysis

The GnRHR ¢DNA encodes a 327- to 328-amino acid pro-
tein with seven putative membrane-spanning domains, char-
acteristic of the family of G protein-coupled receptors (Fig.
1) (31). Interestingly, the GnRHR lacks the typical intracel-
lular carboxyl terminus, making it one of the smallest re-
ceptors with the seven-transmembrane segment motif. The
lack of a carboxyl-terminal tail domain is a unique feature of
the GnRHR among G protein-coupled receptors.

Northern blot analysis using the mouse GnRHR cDNA as
a probe reveals the presence of at least two hybridizing
mRNAs, approximately 4.3 kb and 2 kb in size, in the murine
gonadotrope-like cell line, T3-1 (described below) (8, 9, 32).
mRNAs of similar sizes are present in other species as well.
An additional mRNA approximately 5.0-5.5 kb in size is
present in rat and sheep pituitaries, and a smaller 1.3-kb
mRNA is also detected in sheep pituitaries (13, 16). It is not
clear whether the differences between «T3-1 cells and rat and
sheep pituitaries reflect species differences or differences
between primary gonadotropes and an immortalized cell
line. The presence of these multiple transcripts raises the
possibility that alternative functional forms of the GnRHR
may exist.

Cloning of the mouse and human GnRHR genes reveals
the presence of two introns (Fig. 2) (33, 34). The introns in the
mouse gene occur in the sequences encoding the fourth trans-
membrane helix and the third intracellular loop. The human
gene has the same structure, with the introns interrupting the
coding sequences at the same locations, although the introns
appear to vary in size. Both the human and the mouse appear
to have only a single GnRHR gene, as determined by South-
ern blot analysis. Analysis of multiple cDNA clones obtained
from «T3-1 cells revealed the presence of at least four alter-

A

3 gene structure

S

T™I I 01

I

VI VI

| —
0.1kb

F1G. 2. Schematic representation of the human GnRHR gene. A,
Exon-intron localization. The shaded boxes indicate exons and the
intervening lines indicate introns. B, The structure of the human
GnRHR cDNA. The open box indicates the protein-coding regions, and
hatched boxes are the putative transmembrane domains. [Reprinted
from Mol Cell Endocrinol 103:R1-R6, (Fig. 1, C and D), N. C. Fan et
al., “The human gonadotropin-releasing hormone (GnRH) receptor
gene: cloning, genomic organization and chromosomal assignment”
1994 (33) with kind permission from Elsevier Science Ireland Ltd.,
Bay 15K, Shannon Industrial Estate, Co. Clare, Ireland.]
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native transcripts, derived largely by alternate splicing (34).
It is possible that these alternative transcripts account for
some of the additional bands seen on Northern blot analysis.
However, these alternative transcripts are less abundant than
the original ¢cDNA clone and appear to encode nonfunc-
tional, truncated GnRHRs.

The 5'-flanking region of the mouse GnRHR gene has been
cloned, and its transcriptional start sites have been defined
(35). A major transcriptional start site was identified 62 nu-
cleotides upstream of the translational start site, which does
not appear to use a TATA box. Other minor transcriptional
start sites were also detected; 1.2 kb of the 5'-flanking se-
quence fused to a luciferase reporter gene appears to be
sufficient to direct high levels of expression when transiently
transfected into «T3-1 cells. Some expression also occurred
in the rat somatolactotropic GHj pituitary cell line, whereas
only low levels of expression occurred in a placental cell line,
JEG-3, and in a kidney fibroblast cell line, CV-1. These data
suggest that this region of the GnRHR gene confers pituitary-
specific, and, to a large extent, gonadotrope-specific expres-
sion. 5'-Deletion analyses indicate the presence of sequences
between —500 and —400 relative to the translational start site
that appear to activate GnRHR gene expression in the oT3-1
cell line (36).

The 5'-flanking region of the human GnRHR gene has also
been cloned and sequenced (37). Five consensus TATA boxes
were identified, distributed within a 700-nucleotide region,
and multiple transcriptional start sites were detected asso-
ciated with these TATA sequences. These transcriptional
start sites reside further upstream than the major transcrip-
tional start site identified in the mouse, although the mouse
5'-flanking sequence also reveals several putative TATA
boxes. These findings raise the possibility of species-specitic
or tissue-specific transcription initiation sites. The 3'-end of
the human GnRHR gene has also been sequenced, revealing
five classical polyadenylation signals (37). The large 3'-un-
translated sequence likely accounts for the greatest portion
of the major mRNA species observed by Northern blot
analysis.

I11. Studies of GnRH Action in «T3-1 Cells
A. Derivation of aT3-1 cells

A fusion gene containing 1.8 kb of 5'-flanking sequences
of the human glycoprotein hormone a-subunit gene linked
to the protein-coding sequences of the simian virus-40 (SV-
40) T antigen oncogene was used to generate transgenic mice.
Mice carrying this fusion gene developed tumors of the an-
terior pituitary. The aT3-1 cell line was derived from a pi-
tuitary tumor in such a mouse. Cells from this tumor were
dispersed and maintained in monolayer culture. Stable cul-
tures were established, and monoclonal cell lines were de-
rived and characterized (38). These cells have provided a
continuous cell model system for the study of the GnRHR
and GnRH action, as well as for cell-specific expression of the
a-subunit; indeed, the availability of aT3-1 cells was critical
for the molecular cloning of ¢cDNAs encoding the GnRHR
(8, 9).
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B. Characterization of oT3-1 cells

«T3-1 cells express a-subunit mRNA. In addition, a-sub-
unit protein is synthesized and secreted by these cells. The
cells do not express TSHp, GH, PRL, or POMC genes, the
hormones expressed in other, nongonadotrope anterior pi-
tuitary cell types. However, neither LHf nor FSHp subunit
mRNA, expressed in primary pituitary gonadotropes, is ex-
pressed in the aT3-1 cells. The cells respond to GnRH with
an increase in a-subunit mRNA levels, whereas levels remain
unchanged after exposure to TRE. The GnRH response is
time- and dose-dependent and blocked by a GnRH antago-
nist, consistent with action through the GnRHR (38). Fur-
thermore, GnRH binding and expression of GARHR mRNA
in «T3-1 cells have been shown (39). «T3-1 cells also bind
activin A and express mRNAs for the activin receptor types
I, IT, and [1B, as well as for the inhibin gB-subunit (40, 41). The
expression of the gonadotropin a-subunit and GnRHR in
«T3-1 cells is consistent with their derivation from the go-
nadotrope lineage; however, they fail to express the full
complement of gonadotrope-specific proteins, specifically
the LHB and FSHg subunits. This suggests that &T3-1 cells
are derived from precursor cells that were not fully differ-
entiated into gonadotropes. This is supported by observa-
tions that a-subunit expression occurs early in ontogeny
before LHB or FSHp (42, 43). The presence of GnRH respon-
siveness indicates that these cells likely arose after the ex-
pression of GnRHR; GnRH-binding sites have been reported
to appear, albeit at very low levels, several days earlier in
development than the B-subunits (44).

C. GnRH binding

Specific, high-affinity binding sites for GnRH have been
identified in &T3-1 cell membrane preparations (39). AGnRH
analog binds to these sites with a dissociation constant of 0.50
nM, similar to that measured in normal mouse (0.51 nM) and
rat (0.20 nm) anterior pituitary. The total number of binding
sites for GnRH is 1.6 pmol/mg protein, about 5 times higher
than in normal mouse (0.33 pmol/mg) and rat (0.31 pmol/
mg) anterior pituitary (Table 1) (39). However, one must take
into account that «T3-1 cells represent a homogeneous cell
population, in which all the cells express the GnRHR and
bind the GnRH analog, whereas anterior pituitary cells are
a heterogeneous cell population, in which only approxi-
mately 10% of the cells, the gonadotropes, express the Gn-
RHR. Therefore, the estimated number of GnRH-binding
sites on «T3-1 cells is approximately 50% of the number on
primary gonadotropes.

TasrLe 1. Comparison of the GnRH receptor on mouse, «T3-1, and
rat anterior pituitary membrane homogenates

Mouse «T3-1 Rat

Ky (my)
R® (pmol/mg)

0.51(0.22-1.2)  0.50 (0.38-0.67) 0.20{0.14-0.30)
0.33(0.19-0.67) 1.6(1.3-1.9) 0.31(0.24-0.41)

K, Dissociation constant of [D-Ala® Me-Leu” Pro®-NEt]-GnRH; R,
total number of binding sites. The 95% confidence limits are given in
parentheses. [Adapted with permission from F. Horn et al.: Mo/
Endocrinol 5:347-355, 1991 (39) (Table 1) © The Endocrine Society.]
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D. GnRHR regulation

1. Homwologous regulation by GnRH. Homologous ligand reg-
ulation of the GnRHR has been shown to occur in vive in rats
(45, 46) as well as in vitro in cultured rat anterior pituitary
cells (47). Similarly, exposure of «T3-1 cells to 107" or 107°
M GnRH for 20 min has been shown to induce a 50% increase
in the number of GnRHRs 24 h later, as determined by
GnRH-binding studies (32). This appears to occur at a post-
transcriptional level, as GnRHR mRNA levels were un-
changed. Interestingly, treated «T3-1 cells with increased
GnRH-binding capacity showed a corresponding increase in
cellular GhnRHR mRNA “activity.” That is, aT3-1 RNA was
injected into Xenopus oocytes, and the GnRH-stimulated C1™
current was quantitated by voltage clamp recording of the
response to GnRH. The evoked current, a measure of the
levels of functional GnRHR translated from the injected
mRNA, was almost 2-fold higher in cocytes injected with
RNA from treated «T3-1 cells compared with controls. These
data suggest that GnRH regulates GnRHR numbers in oT3-1
cells by altering GnRHR mRNA translational efficiency. Sim-
ilarly, prolonged exposure of aT3-1 cells to continuous high
concentrations of GnRH, 1 um for 24 h, resulted in a decrease
in GnRH-binding sites to 25% of control levels, no change in
GnRHR mRNA levels, but a decrease in GnRH-induced cur-
rents in oocytes injected with RNA isolated from the down-
regulated cells (48). The changes in GnRH binding in re-
sponse to GnRH are qualitatively similar to those seen in
primary pituitary cells, but this novel mechanism has not yet
been shown to occur in primary gonadotropes; indeed, it has
been shown that GnRH can regulate GnRHR mRNA levels
in primary pituitary cells (49). Hence, it is unclear whether
this mechanism of modulation of GhRHR mRNA transla-
tional efficiency is unique to «T3-1 cells or is a generalized
phenomenon. Alarid and Mellon (50) also found no change
in GnRHR mRNA levels in «T3-1 cells in response to con-
tinuous exposure to a GnRH agonist for 1-24 h. In contrast,
Cattand co-workers (51) showed that exposure of «T3-1 cells
to GnRH or a GnRH agonist resulted in a time- and dose-
dependent reduction in the level of GnRHR mRNA. Never-
theless, the reductions in mRNA levels were less pronounced
than the decreases in receptor number, consistent with the
involvement of additional, posttranscriptional mechanisms.

2. Regulation by gonadal steroid hormones. Estradiol has been
shown to reduce GnRHR number in «T3-1 cells, as deter-
mined by GnRH-binding studies, without significantly al-
tering the dissociation constant (K,) (52). This inhibitory
effect of estradiol is dose- and time-dependent. A reduction
in GnRHR number was measurable after 24 h of exposure to
estradiol and was maximal after 4-5 days. The EC;, of the
estradiol effect was approximately 107" a. In primary cul-
tures of rat pituitary cells, estradiol can both increase (chronic
exposure) and decrease (short-term exposure) GnRH bind-
ing (53, 54). In ovine pituitary cultures, estradiol increased
GnRH binding by 10 h, and this increase was maintained up
to 48 h (55). Thus, there appear to be some differences in the
responses of @ 13-1 cells and primary gonadotropes to estra-
diol. These discrepancies may be attributable to differences
between physiological cellular responses of «13-1 cells and
primary gonadotropes; alternatively, the up-regulation of
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Fi6. 3. The turnover of G /G« and G,2« in control and LHRH-E-
treated oT3-1 cells. A, Autoradiograph of a pulse-chase experiment
with [**S]methionine in «T3-1 cells treated or not for various times
with LHRH-E. The turnover of G,a/G ,« was monitored in «T3-1 cells
in the presence (+) or absence (—) of LHRH-E (1 pap as described.
Immunoprecipitates using antiserum CQ (G /G, ) were subjected
to SDS-PAGE, and the resulting gel was exposed to a phosphor stor-
age plate for 48 h. The indicated **S-labeled band was not present in
immunoprecipitations done with preimmune serum (data not shown).
B, Quantitative analysis of the effect of LHRH-E on the turnover of
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GnRHR number seen in primary cultures may occur indi-
rectly, involving steroid hormone effects on cells other than
gonadotropes.

3. Regulation by gonadal peptides. Activin A increases GnRHR
mRNA levels in «T3-1 cells in a time- and dose-dependent
fashion, with maximal stimulation occurring after 24-48 h of
exposure (40). This stimulation of GAnRHR mRNA levels by
activin A occurs at the transcriptional level, as indicated by
nuclear run-off and transient transfection experiments. Fur-
thermore, pretreatment of «T3-1 cells with activin A is able
to enhance GnRH-induced activation of the gonadotropin
a-subunit promoter, suggesting that activin A may have a
functional role in modulating the responsiveness of the go-
nadotrope to GnRH by increasing the expression of the
GnRHR. Follistatin is able to block the effects of activin on the
GnRHR gene, possibly by binding to and inactivating activin.
These data are consistent with data in primary pituitary cells,
demonstrating stimulation of the synthetic rate of GnRHRs
by activin A (56). In contrast, recent data demonstrated that
activin A blocked the stimulatory effect of GnRH on a-sub-
unit promoter activity in «T3-1 cells; whether this was a
receptor or postreceptor effect was not determined (57) .

4. Regulation by second messenger activators. In an attempt to
identify possible regulators of GnRHR, «T3-1 cells were treated
with the second messenger activators, phorbol myristic acid
(PMA) and forskolin (50). These agents activate the signal trans-
duction pathways of a multitude of potential effectors that
might regulate GnRHR. PMA, a phorbol ester that activates
protein kinase C (PKC), had no effects on GnRHR mRNA levels
in «T3-1 cells. However, forskolin, which activates adenylyl
cyclase, leading to increases in intracellular cAMP levels and
hence activation of protein kinase A (PKA), decreased GnRHR
mRNA levels by up to 6-fold. This effect was maximal after 8 h,
but was transient, with GnRHR mRNA levels returning to
control levels by 24 h after treatment. Correlation with GnRH
binding is not yet known. Thus, in aT3-1 cells, factors that
activate the PKA pathway may decrease GnRHR mRNA levels,
whereas activation of the PKC pathway appears to have no
effect. In contrast, activation of PKC appears to play a role in
mediating up-regulation of the GnRHR by GnRH in primary rat
pituitary cells (27, 58, 59).

E. Intracellular second messengers

Studies of signal transduction pathways activated by
GnRH in aT3-1 cells have included studies of G protein
coupling, generation of inositol phosphates, stimulation of
increases in intracellular calcium concentration, activation of

G,0/Gyyee. Data such as that presented in panel A were quantitated
and are displayed as means = sgM of four individual experiments. O,
Control; ® LHRH-E treated. C, LHRH-E treatment does not alter the
turnover of G,2e. Samples such as those of panel A were immuno-
precipitated with the anti-G;2« antiserum, SG, and exposed to a
phosphor storage plate; the images were analyzed as for panel B. Data
represent the means + SEM of three experiments. /, Control: A,
LHRH-E treated. LHRH-E, des-Gly'®-[D-Ala®] LH-releasing hor-
mone ethylamide. (The term LHRH used in this figure is synonymous
with GnRH used elsewhere.) [Reprinted with permission from B. H.
Shah et al: Proc Natl Acad Sci USA 92:1886-1890, 1995 (64) (Fig. 3).].
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PKC, generation of ¢cAMP, and activation of mitogen-acti-
vated protein kinases. The majority of studies have observed
the responses to a single pulse of GnRH or to continuous
GnRH; the responses to pulsatile administration of GnRH
have not yet been described.

1. G protein coupling. Activation of the GnRHR by GnRH has
long been known to result in the activation of heterotrimeric
GTP-binding (G) proteins. Therefore, when the GnRHR
c¢DNA was cloned, it was no surprise to find that it encoded
a protein predicted to be a member of the family of cell
surface, seven-transmembrane domain, G protein-coupled
receptors (31). Because GnRH actions are generally not af-
fected by cholera or pertussis toxin, a novel G protein {G)
was suggested to mediate receptor activation. Using an an-
tibody to the common G,/ G, carboxy-terminal sequence,
it has been shown that GnRH activation of phospholipase C
(PLC) in aT3-1 cells requires GnRHR coupling to G, Gy, or
both (60). Sustained exposure of «T3-1 cells to a GnRH ag-
onist results in the specific down-regulation of cellular levels
of both G, and Gy, (Fig. 3) (61-63). This was attributable
to enhanced proteolysis of the activated G proteins; there was
no change in G, or G, mRNA levels (64). Sustained acti-
vation of PKC with the phorbol ester, PMA, was unable to
mimic the GnRH agonist-mediated down-regulation of G,
and G,,,, and inhibition of PKC with the selective inhibitor
chelerythrine did not prevent this effect of GnRH, suggesting
that the down-regulation of the G protein a-subunits is a
direct result of activation of the G protein, and does not
require activation of a downstream second messenger-acti-
vated protein kinase. Interestingly, the rate of decay of G,/
Gy, in the presence of GnRH agonist had two components:
an initial rapid rate and a slower secondary phase. It is
possible that the initial fast decay rate occurring upon re-
ceptor occupancy is reduced to a lower rate with desensiti-
zation of the receptor response; alternatively, the fast decay
rate may be dependent on the fraction of the cellular G
protein that becomes activated upon occupancy of the
GnRHR, whereas the lower decay rate depends on the re-
sidual G protein pool. The down-regulation of G, and Gy,
may, in turn, be a component of the desensitization of the
cellular response to GnRH upon sustained exposure to
GnRH or to an agonist.

2. Inositol phosphates (IPs). Activation of the pertussis toxin-
insensitive G proteins of the G, family results in stimulation
of PLCP activity, leading to the breakdown of phosphoino-
sitide to inositol phosphates and diacylglycerol. Therefore,
the coupling of the GnRHR to G, and G,; would lead one to
expect that activation of the GnRHR by GnRH or GnRH
agonists would give rise to elevated intracellular concentra-
tions of IPs. Indeed, intracellular concentrations of IPs in-
creased within 30 sec following exposure of «T3-1 cells to a
GnRH agonist and continued to accumulate, reaching a max-
imum after 20 min (Fig. 4) (39, 61). The 1I’ responses were
pertussis toxin-insensitive. Levels of inositol 1,4,5-trisphos-
phate, the immediate product of the cleavage of phosphati-
dylinositol 4,5-bisphosphate (the major substrate of PLCS),

were rapidly but transiently stimulated after exposure of

«T3-1 cells to GnRH. Levels increased within 10 sec, reached
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Fic. 4. Time course of total IP production in unstimulated «T3-1 cells
(M) or cells stimulated with either GnRH (GnRH; 10 pmol/liter (@) or
the GnRH agonist, buserelin (10 nmolliter; (O). Monolayer cultures
were incubated for the times indicated and total IPs were measured.
Results are the mean * sD of triplicate determinations in three sep-
arate experiments. [Reproduced by permission of The Journal of En-
docrinology, Ltd. From L. Anderson et al: J Endocrinol 136:51-58,
1993 (61) (Fig. 1).].

a maximum after 30 sec, and returned to basal values after
60 sec. The accumulation of IPs in response to GnRH was
inhibited by estradiol. The maximum levels of IPs attained
were decreased, and estradiol caused a rightward shift in the
dose-response relationship for GnRH-stimulated 1P accumu-
lation. This suggests that estradiol reduces GnRHR number
and also reduces the efficiency with which the residual re-
ceptors are able to activate PLC (52). Estradiol has been
shown to regulate levels of G proteins in rat pituitaries;
hence, down-regulation of G, and Gy, levels may contrib-
ute to this effect (65).

3. Intracellular calcium. Intracellular calcium concentrations
([Ca*7"];) increase rapidly in «T3-1 cells after exposure to
GnRH. [Ca®"], started to increase by 5 sec following GnRH
exposure, with the majority of cel ls showing a maxmml re-
sponse within 15 sec. Thereafter, [Ca®"]; decreaqed although
there was a prolonged secondary phase of the GnRH-in-
duced calcium response, with levels increased up to 11 min
after the addition of GnRH (Fig. 5) (61, 66). Thus, GnRH
augments calcium currents in oT3-1 cells, with a functionally
similar response to that reported in primary gonadotropes.
Primary gonadotropes have at least two types of voltage-
sensitive calcium channels, resembling T- and L-type cal-
cium channels and giving transient and sustained currents,
respectively (67). Like T-type current, the transient currentin
oT3-1 cells was activated by low voltage and rapidly inac-
tivated, and, like L-type current, the sustained current was
activated by high voltage and dLhydmp‘w ridine-sensitive (39,
68). Precise measurements of [Ca® "], have been done in sin-
gle, fura-2-loaded aT3-1 cells by dual wavelength fluores-
cence microscopy, as well as in cell suspension by spec-
trofluorometric analysis, and in single indo-1 AM-loaded

cells (66, 69). These studies revealed a biphasic rise in [Ca® "],
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FiG. 5. Theeffect of GnRH (1078 M, t = 1185, n = 6, upper trace) alone
or after pretreatment with a GnRH antagonist (10 M for 2 min, lower
trace, n = 10) on [Ca®*];. [Ca®*];, Ionized intracellular calcium con-
centration. [Reprinted from Mol Cell Endocrinol 86:167-175, Fig. 1,
L. Anderson et al., “Characterization of the gonadotropin-releasing
hormone calcium response in single «T3-1 pituitary gonadotroph
cells” 1992 (66) with kind permission from Elsevier Science Ireland
Ltd., Bay 15K, Shannon Industrial Estate, Co. Clare, Ireland.].

in response to 107 to 1077 M GnRH. The initial calcium
response was complete within seconds and involved pri-
marily an IP;-mediated rise in cytosolic calcium due to re-
lease from intracellular stores. [mportantly, the peak eleva-
tion in [Ca®*"], was around 500 nM, above the threshold for
activation of exocytosis (24). The smaller secondary plateau
phase lasted several minutes and primarily involved the
influx of extracellular calcium through specific, dihydropy-
ridine-sensitive, L-type, PKC-activated channels. The bipha-
sic nature and duration of the calcium response in «T3-1 cells
is similar to the response obtained in studies using enriched
gonadotrope preparations. In single «T3-1 cells exposed to
increasing doses of GnRH, from 107" to 107 m, amplitude-
modulated calcium responses were elicited, with no indica-
tion of [Ca®"]; oscillations or frequency modulation. This
finding contrasts with observations in primary pituitary go-
nadotropes, in which GnRH induces prominent [Ca®"]; os-
cillations and frequency-modulated calcium signaling (Fig.
6) (25, 70). An additional difference observed in the calcium
response of «T3-1 cells compared with primary gonado-
tropes is that activation of PKC exerts only a negative feed-
back effect on calcium entry in «T3-1 cells, whereas in cul-
tured primary pituitary gonadotropes, PKC activators cause
transient activation of calcium entry, followed by an inacti-
vation phase (69, 70). This effect in «T3-1 cells is similar to
that observed in the rat somatolactotropic GH; cell line (71).
Although the reasons for these differences between the im-
mortalized cell lines and primary pituitary cells are not
known, it is possible that calcium channels in «13-1 cells and
GH, cells are spontaneously active and undergo inactivation
in a Ca®"- and PKC-dependent manner.

4. Protein kinase-C (PKC). The cleavage of phosphoinositides
by phospholipase C produces 1,2-diacylglycerols in addition
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Fi¢. 6. GnRH-induced oscillations of outward K" current and
[Ca?*],. The K™ current is measured under voltage clamp conditions
at —50 mV, and [Ca® '], is measured simultaneously with 50 pMindo-1
in the pipette. GnRH (2 n™) is perfused in the bath during the period
marked with a bar. The opening of K" channels is strictly synchro-
nous with [Ca®"]; elevations. I, Current; Ca?*, ionized calcium con-
centration. [Reprinted with permission from B. L. Hille et al: Recent
Prog Horm Res 50:75-95, 1995 (25) (Fig. 3).]

to inositol trisphosphates. Diacylglycerols activate PKC,
which results in the translocation of PKC from the cytosol to
the plasma membrane. After exposure to GnRH, a portion of
intracellular PKC is translocated in «T3-1 cells (39). PMA, a
potent activator of PKC, caused an even more pronounced
translocation of the enzyme. The effects of GnRH on PKC in
«T3-1 cells is similar to that observed in primary pituitary
cells in vivo and in vitro (72, 73). «T3-1 cells contain PKC «-,
e-, and {-isoforms, as detected by immunostaining (74). By
Northern blot analysis, mRNAs for PKCe and -3, but not -y,
were detected. Exposure of oT3-1 cells to a GnRH agonist
resulted in a dose-dependent increase in PKCg, but not
PKCea, mRNA levels. This response was mimicked by PMA.
The calcium ionophore, ionomycin, stimulated the expres-
sion of both PKCa and PKCB mRNA levels. Removal of
intra- or extracellular calcium or inhibition of PKC abolished
the effect of GnRH, indicating that GnRH-induced PKCf
gene expression is Ca*’-dependent and autoregulated by
PKC (75).

5. cAMP. No significant change in ¢cAMP levels could be
detected in aT3-1 cells after treatment with a GnRH agonist,
even in the presence of a phosphodiesterase inhibitor to
prevent the degradation of cAMP (39). This is in contrast to
the rise in cAMP levels that has been observed in whole
pituitaries (76). This difference may lie in the possible need
for the presence of testosterone for this response; the GnRH-
induced rise in cAMP levels was observed in intact male rats
only (77). Others have not been able to detect significant
changes in cAMP levels after GnRIH treatment of primary
gonadotropes (78).

6. Mitogen-activated protein kinases (MAPKs). MAPKs, also
known as extracellular signal-related kinases (ERKSs), are a
family of serine/threonine protein kinases that are rapidly
activated in response to a wide variety of stimuli (Fig. 7)
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(79-83). Several members of the MAPK family have been
identified, including p42™*** (ERK2) and p44™* (ERK1).
Stimuli for their activation include growth factors, many of
which have receptors with intrinsic protein tyrosine kinase
activity. MAPKs are involved in transmitting extracellular
growth and differentiation signals into the cell nucleus, re-
sulting in an array of transcriptional and mitogenic effects.
Recent evidence indicates that some G protein-coupled re-
ceptors can activate the MAPK family of enzymes and that
MAPKSs may also be involved in nonproliferative signaling

ERK1/2 MAPK pathway

Serpentine
receptor

%

gene expression

Fic. 7. ERKI/ERK2 MAPK pathway. A schematic illustration of the
MAPK pathway. RPTK, receptor protein tyrosine kinase; ERK, ex-
tracellular signal-related kinase; MEK, mitogen activated protein
kinase (MAPK)/ERK; PKA, protein kinase A; cPLA,, cytosolic phos-
pholipase A,; PP2A, protein phosphatase 2A; G, G protein; PTP,
protein tyrosine phosphatase; RSK, ribosomal S6 kinase; TF, TCF,
ELKI, transcription factors; MKP1, PAC1, protein phosphatases.
[Reprinted with permission from T. Hunter: Cell 80:225-236, 1995
(79) (Fig. 1). © 1995 by Cell Press].
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cascades (84-87). G protein-coupled receptors appear to ac-
tivate MAPK through Ras-dependent and -independent
pathways, and both Ga- and GBy-subunits appear to be
variably involved. These findings have led several investi-
gators to study the ability of the GnRHR to activate MAPK
and the role of MAPK in mediating cellular effects of GnRH
(88-93).

Stimulation of «T3-1 cells with GnRH resulted in phos-
phorylation of both ERK1 and ERK2, and rapid and sus-
tained activation of both, as assayed by their ability to phos-
phorylate myelin basic protein (91, 92, 94). Stimulation of
enzyme activity was detected within 5 min after the addition
of GnRH and remained elevated for 60 min. A maximal
activation of 4- to 5-fold was achieved, at a GnRH concen-
tration of 100 nm. Activation of ERK1 and ERK2 was blocked
by treatment of «T3-1 cells witha GnRHR antagonist, Antide,
demonstrating that activation of the MAPK signal transduc-
tion cascade by GnRH is receptor-mediated (92). Activation
of MAPK by GnRH was comparable to that observed in
response to PMA. Furthermore, PMA pretreatment for 24 h
to deplete phorbol ester-sensitive forms of PKC blocked the
activation of ERK1 by GnRH. These data suggest that the
activation of MAPK by GnRH may involve activation of PKC
(91). MAPK activity was also stimulated, although to a lesser
extent, by GnRH in primary cultures of male rat pituitary
cells. The lower level of activation probably reflects the het-
erogeneity of the pituitary cell population. Thus, it appears
that the MAPK signal transduction pathway is activated by
GnRH in both «13-1 cells and primary pituitary gonado-
tropes. Interestingly, treatment of «13-1 cells with pertussis
toxin blocked GnRH-induced MAPK activation, suggesting
that this signaling pathway is coupled to the pertussis toxin-
sensitive G; or G,, pathway. This provides evidence for G;/
G,-mediated signal transduction by GnRHR in addition to
G -mediated signal transduction (88, 90).

F. a-Subunit gene expression

1. Cell-specific expression. «13-1 cells have proven to be a
useful cell model for the isolation and characterization of
transcription factors that appear to be involved in mediating
gonadotrope-specific expression of the a-subunit gene (Fig.
8). Some of these factors may be involved in mediating stim-
ulation of a-subunit gene expression by GnRH as well. How-
ever, because these factors appear to be more important for
basal or tissue-specific a-subunit gene expression rather than
GnRH-stimulated expression, they will be mentioned only
briefly here.

The element in the a-subunit promoter that has been best

® LIM | SF-1 GATA B-HLH
416N SV SPaes  -350L- 1-323  -223 197 18155146 21\ /\ 416
= GnRH-RE PGBE GSE GATA TATAA | GEB2

FIG. 8. cis-Acting elements and transcription factors important for cell-specific and regulated expression of the glycoprotein hormone a-subunit
gene that have been characterized in aT3-1 cells. GhRH-RE, GnRH response element; PGBE, pituitary glycoprotein hormone basal element;
GSE, gonadotrope-specific element; «EB2, E-box; LIM, LIM homeodomain protein; SF-1, steroidogenic factor 1; BHLH, basic helix-loop-helix
protein.
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characterized as a basal, tissue-specific enhancer is the go-
nadotrope-specific element (GSE). The GSE sequence,
TGACCTTG, occurs upstream of the placenta-specific ele-
ments, at positions —215/—208 in the mouse a-subunit gene,
and is highly conserved among mouse, human, rat, cow, and
horse species (95). The GSE is bound by a 54-kDa protein,
steroidogenic factor-1 (SF-1) (96). SF-1 was first identified by
its ability to bind to and coordinately regulate the expression
of genes encoding enzymes in the corticosteroid biosynthetic
pathway (97, 98). Subsequently, it has also been shown to
bind to and regulate the aromatase and Mullerian-inhibiting
substance genes in gonadal tissues (99, 100). Disruption of
the gene encoding SF-1 in mice precludes adrenal and go-
nadal development and also results in the selective loss of
expression of gonadotrope-specific markers, including LHp,
FSHB, and GnRHR mRNAs, and a reduction in a-subunit
mRNA levels (101, 102). Thus, SF-1 appears to be important
for function of the reproductive axis at multiple levels. Treat-
ment of SF-1-deficient mice with exogenous GnRH stimu-
lates expression of LHB and FSH, suggesting that SF-1is not
necessary for GnRH stimulation of gonadotropin gene ex-
pression (103) .

An additional putative basal enhancer, referred to as the
pituitary glycoprotein hormone basal element (PGBE), has
been identified at —344/—300 of the mouse a-subunit gene
(104). The PGBE is able to direct expression of the a-subunit
promoter to cells of both gonadotrope and thyrotrope lin-
eages, but not to placenta. A member of the LIM (lin-11, isl-1,
mec-3)-homeodomain family of transcription factors, LH-2,
binds to a 14-bp imperfect palindrome within the PGBE
domain in vitre (105). This element and factor are discussed
further below.

Other elements that have been identified to play a role in
expression of the e-subunit gene in aT3-1 cells include a
GATA element, bound by GATA-binding proteins (106), and
two E boxes, which bind members of the family of basic-
helix-loop-helix-zipper proteins (107). The optimum level of
a-subunit gene expression in gonadotropes is probably de-
termined by the combined actions of widely expressed, pi-
tuitary-restricted, and gonadotrope-specific transcriptional
activators that act in combination and synergistically.

2. GnRH-stimulated expression. Although a number of factors
that may be necessary for maintenance of basal levels of
gonadotrope-specific gene expression have been identified
in «T3-1 cells, the identification of mechanisms for GnRH-
stimulated expression have been less forthcoming. Windle ef
al. (38) have demonstrated that «T3-1 cells respond to GnRH
by elevating a-subunit gene expression. A similar increase of
c-subunit mRNA levels was observed in response to PMA,
and this increase was not additive with GnRH, suggesting
that PKC may play a role in transducing the GnRH signal to
the nucleus (39). The calcium ionophore, ionomycin, also
stimulates c-subunit mRNA levels. In contrast, an inhibitor
of cAMP-dependent protein kinase did not affect the ability
of GnRH or PMA to stimulate expression of an a-subunit
promoter/luciferase reporter gene («L.UC), indicating that
cAMP-dependent protein kinase is not required for tran-
scriptional activation by GnRH (104).

The increase in a-subunit mRNA levels in response to
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GnRH was maximal at 12-24 h and maintained for a further
24 h (Fig. 9) (108). The observed increase in mRNA levels
appears to be mediated by both an increase in a-subunit gene
transcription and mRNA stability. Nuclear run-off assays
demonstrated an increase in a-subunit gene transcription of
2- to 3-fold within 1 h after exposure to GnRH but returned
to baseline by 12 h. GnRH also stimulated the activity of
aL.UC, apparent after 1 h, maximal after 4-6 h, but back to
baseline by 24 h of GnRH treatment (Fig. 9). Thus, GnRH
appears to stimulate a burst of a-subunit gene transcription
lasting less than 4-6 h. The persistent elevation of a-subunit
mRNA levels for at least 48 h suggests that the mRNA has
a long half-life and/or that GnRH stabilizes the mRNA in
addition to its transcriptional effects. Indeed, pulse-chase
experiments showed that the half-life of the a-subunit
mRNA increased from 1.2 h in the absence of GnRH to 8 h
in the presence of GnRH in «T3-1 cells. Whether this mech-
anism also occurs in primary gonadotropes is unclear, as the
half-life of e-subunit mRNA in primary pituitary cultures is
6.5 h; however, in this case both gonadotropes and thyro-
tropes contribute to a-subunit mRNA levels (109). Interest-
ingly, while the stimulatory effects of GnRH on a-subunit
gene transcription and mRNA levels were evident very rap-
idly, within 1 h after exposure to GnRH, GnRH-induced
a-subunit release was detected only after a lag of 4 h of
incubation (110). Thus, there appears to be dissociation be-
tween the stimulation of gene expression and exocytosis.
Transient transfection studies in «T3-1 cells with mouse or
human «LUC have been used to determine DNA sequences
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Fic. 9. Effect of GnRH on «LUC expression and a-subunit mRNA
levels. o'T3 cells stably transfected with «LUC were incubated in the
absence or presence of GnRH (10~7 M) for the indicated periods of
time. Cells were harvested and assayed for luciferase activity. Lu-
ciferase activity («LUC) is expressed in arbitrary light units (ALU)
and is the mean * SEM of triplicate plates of cells. Basal expression
of aLUC was 415,000 ALU. Background luciferase activity was below
120 ALU. Total RNA (5 ug) from triplicate plates of «T3 cells treated
in the absence or presence of GnRH was analyzed by Northern blot
for a-subunit and GAPDH mRNAs. mRNA levels were quantitated
using scanning densitometry, and a-subunit mRNA levels were cor-
rected for hybridization to GAPDH mRNA. The mean * SEM of three
separate experiments are expressed relative to the basal a-subunit
mRNA level in the absence of GnRH. [Reprinted with permission from
P. J. Chedrese et al: Endocrinology 134:2475-2481, 1994 (108) (Fig.
1). © The Endocrine Society.]
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of the a-subunit gene that mediate transcriptional responses
to GnRH. Deletion analyses indicated that deletion of se-
quences between —507 and —205 of the mouse a-subunit
gene resulted in a decrease in responsiveness to GnRH, as
well as to PMA and to cAMP (104). This region, when linked
to a heterologous promoter, was capable of supporting re-
sponses to GnRH, PMA, and cAMP. Further mutational anal-
ysis revealed that mutations at positions —406/—399 and
—337/-330 resulted in a decrease in the response to GnRH.
Multimers of —416/—385, when linked to a minimal pro-
moter upstream of the luciferase gene, responded to GnRH
with a stimulation of luciferase activity (Fig. 10). In contrast,
multimers of —344/~300 enhanced basal transcription but
did not respond further to GnRH. These data suggest that
GnRH responsiveness requires the cooperative interaction of
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two distinct sequences, an upstream GnRH-responsive ele-
ment (GnRH-RE) at —416/ —385, and a downstream element
at —344/-300, corresponding to the location of the PGBE
described above. The upstream GnRH-RE was also respon-
sive to PMA, further supporting the role of the PKC pathway
in mediating the effects of GnRH on expression of the e-sub-
unit gene. The need for a complex response unit for the
mediation of GnRH stimulation may provide a mechanism
for the maintenance of appropriate, tissue-specific expres-
sion and regulation of the a-subunit gene. The involvement
of a tissue-specific basal element may restrict a-subunit gene
expression to the appropriate cell type, and the involvement
of two elements in mediating GnRH responses may prevent
the a-subunit gene from responding to activation of the
PKC-signaling pathway innongonadotrope cells and tissues.

-406 to -399  -337 to -330

NS N\S
|

Mutations

A.

l

Synthetic Elements . D
mouse -416 ATTTTTCTGTTTCCTGTTGAAATAATGTAATC -385  -344 GGTACTTAGCTAATTAAATGTGCTACTCTTAGAGTCCTGITTATT -300

human -428 ATTTTTCTGTTTCCTaaTtAAATAgTGgtATa -397 ~-335 GGTACTTAGCTAATTAAATGTctcttgtTTAtAGgaaaGTgTcag -291
pig -439 taaTTTtTCTTTtCTaccGgAACAATGTtATa -408 =345 GGTACTTAGCTAATTAAATGTGATACTtgTAGgaTCtTGTTTATa -301
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Fic. 10. Multimers of the —416 to —385 region function as a GnRH-responsive element. A, Synthetic DNA elements were prepared that included
the sequences that were shown to be important by mutation analysis. The sequence of the mouse a-subunit gene, which was used as a synthetic
DNA element, is aligned with the corresponding region of the human and pig a-subunit genes. Positions in which the human or pig sequence
are identical to the mouse sequence are indicated by uppercase letters. The locations of the a-subunit sequences where mutations reduced GnRH
and phorbol responses are indicated by overbars. B, To assess the functional properties of these elements, multimers of the synthetic DNA
elements were placed upstream of a minimal promoter, which was linked to luciferase, and the reporter genes were transfected into «T3-1 cells.
Cells were treated with vehicle alone, 10~ M buserelin (GnRHa), 10~7 M phorbol myristic acid (PMA), or 0.5 mM 8-(4-chlorophenylthio)cAMP
(cAMP) 18 h after transfection. Cells were collected 24 h after transfection (6 h after treatment), and luciferase activity was determined. All
values are means *+ SE from two to four separate experiments; each experiment included three transfections for each DNA construct. The
luciferase data were normalized for transfection efficiency between experiments. Responses to different agents are indicated as the ratio of
luciferase activity in the treated cells to that in vehicle-treated cells. A schematic representation of the organization of each of the constructs
is shown at the left. The —416 to —385 element is indicated by a black arrow; the —344 to —300 element is indicated by a white arrow; the
minimal promoter sequences are indicated by gray shading. [Reprinted with permission from W. E. Schoderbek et al: J Biol Chem 268:3903-
3910, 1993 (104) (Fig. 7).].
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As mentioned above, a member of the LIM-homeodomain
family of transcription factors, LH-2, binds to a 14-bp im-
perfect palindrome within the PGBE domain in vitro (Fig. 8)
(105). LIM-homeodomain proteins contain both a zinc finger
(the LIM domain) and a homeodomain (111). The homeodo-
main of these factors is sufficient for specific DNA binding;
the LIM domains appear not to be DNA-binding domains,
but rather may function as protein-protein interaction do-
mains to facilitate homo- or heterodimer formation. LH-2 has
arestricted tissue distribution, being most abundant in «T3-1
and «TSH cells, cell lines of gonadotropic and thyrotropic
origin, respectively, and in mouse brain; less abundant in
whole rat pituitaries, corticotropic AtT20 cells, and somato-
lactotropic GH; cells; and undetectable in placental JEG-3
cells and in mouse liver. Cotransfection of LH-2 into COS
cells showed that LH-2 is able to activate specifically the
a-subunit promoter 2-fold and a 3XPGBE reporter construct
5- to 6-fold. These studies suggest that the LIM-homeodo-
main protein LH-2 is an activator of the glycoprotein hor-
mone a-subunit gene in gonadotropes and thyrotropes. It is
possible that another transcription factor, binding to the up-
stream GnRH-RE, may interact with LH-2 bound to the
PGBE to mediate GnRH-induced expression of the a-subunit
gene. ‘

Another candidate factor for a role in mediating a-subunit
gene expression by binding to the PGBE is mLim-3, a related
member of the family of LIM-homeodomain proteins.
mLim-3, also known as P-Lim or Lhx3, is a mouse gene
expressed in the pituitary throughout development and in
the adult, as well as transiently in the spinal cord, pons, and
medulla oblongata, but with no detectable expression else-
where. mLim-3 expression was detected in cell lines of
pituitary origin, including cells representative of somato-
lactotropes (GH,;, GH,C1, GC), thyrotropes («TSH), gona-
dotropes («13), and corticotropes (AtT-20), but not in cell
lines derived from peripheral, other endaocrine, or neural
tissues (112, 113). mLim-3 is able to bind to the PGBE se-
quence in vitro and is a strong activator of transcriptional
activity of the e-subunit promoter, as well as the PRL, TSHS,
and Pit-1 promoters (112). Interestingly, it was recently re-
ported that targeted disruption of the mLim-3 gene in mice
leads to failure of growth and differentiation of the anterior
and intermediate lobes of the pituitary (114). The develop-
ment of all pituitary cell lineages, except the corticotropes,
was affected. This suggests that mLim-3 plays an important
role not only in a-subunit gene expression, but in ditferen-
tiation and proliferation of nearly all the pituitary cell
lineages.

Further studies of the putative GnRH-RE in the mouse
a-subunit promoter have identified a core Ets factor (a family
of transcription factors that have been implicated in medi-
ating transcriptional responses to MAPK activation) binding
site within the GnRH-RE, which appears to be important in
mediating GnRH stimulation of a-subunit gene expression
(Fig. 8) (92). Recent evidence that GnRH activates the MAPK
signal transduction pathway, as discussed above, is relevant
in terms of the mechanisms of transcriptional stimulation of
the a-subunit gene by GnRH. Activation of the MAPK cas-
cade by a constitutively active form of Raf kinase in aT3-1
cells leads to stimulation of the e-subunit promoter. Fur-

Vol. 18, No. 1

thermore, inhibition of MAPK activity by kinase-defective
ERK1 or ERK2, or overexpression of MAPK phosphatase 2,
which dephosphorylates and inactivates MAPK, leads to the
attenuation of GnRH-induced activation of the a-subunit
promoter. The DNA-binding domain of Ets-2 was able to
bind specifically to a site within the GnRH-RE, and a dom-
inant negative Ets-2 expression vector reduced the ability of
GnRH to stimulate expression of aLUC. These findings sug-
gest that the Ets factor-binding site in the GnRH-RE may
contribute to transcriptional stimulation of the a-subunit
gene by GnRH, via activation of the MAPK pathway. In
contrast, however, Sundaresan et al. (91) found that domi-
nant negative mutant forms of Ras, ERKI, and ERK2 reduced
basal expression of a human «LUC but had no effect on
GnRH-stimulated expression. The reasons for the differences
between these two studies are not clear, although Roberson
et al. (92) used the mouse a-subunit promoter, whereas
Sundaresan et al. used the human gene.

In addition to the studies characterizing GnRH-responsive
DNA sequences in the mouse a-subunit gene using aT3-1
cells as described above, a GnRH-responsive region in the
human gene was identified by transfection analyses in pri-
mary rat pituitary cell cultures (115). Deletion analyses sug-
gested that one or more GnRH-responsive sequences reside
between —346 and 244 in the human a-subunit promoter.
This GnRH-responsive region does not include the
GnRH-RE defined in the mouse a-subunit promoter. In con-
trast to the findings with the mouse a-subunit gene in oT3-1
cells, the regions of the human a-subunit gene that are im-
portant for the GnRH response appear to be distinct from
those required for basal activity. Basal expression appeared
to be primarily mediated through the proximal promoter and
cAMP-responsive regions. These differences may reflect dit-
ferent mechanisms of GnRH stimulation of the human vs. the
mouse a-subunit gene or differences in the mechanisms of
regulation in «T3-1 cells vs. primary pituitary gonadotropes.

G. Desensitization

GnRH is secreted from the hypothalamus in a pulsatile
fashion, and pulsatile GnRH stimulates LH and FSH bio-
synthesis and secretion (116). In contrast to the stimulatory
effects of pulsatile GnRH, sustained exposure to high con-
centrations of GnRH reduces the response of gonadotropes
to subsequent stimulation with GnRH (homologous desen-
sitization), leading to suppression of gonadotropin secretion
(117). This homologous desensitization to GnRH can occur
rapidly, within the time frame of endogenous GnRH pulses
(118). The mechanism of this desensitization is not known,
and both receptor (119} and postreceptor (120, 121) mecha-
nisms have been proposed. For a number of other G protein-
coupled receptors, early desensitization events are thought
to involve the uncoupling of the receptor from its regulatory
G protein, with loss of downstream-signaling events (122).
Rapid desensitization appears to involve phosphorylation by
specific intracellular kinases of the third intracellular loop or
the C-terminal tail (123, 124). However, the GnRHR lacks the
C-terminal cytoplasmic tail as well as the third intracellular
loop sequences implicated in the desensitization of other
receptors (31).
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aT3-1 cells have been used as a model for the study of
mechanisms of desensitization to GnRH. Stimulation of
aLUC activity in transfected «T3-1 cells was maximal 4-6 h
after exposure to GnRH but thereafter declined, returning to
levels in unstimulated control cells by 12-24 h. o« LUC activity
was also stimulated by a PKC activator, PMA, a calcium
channel agonist, BAY K 8644, and an activator of the PKA
pathway, 8-bromo-cAMP. Maximal responses to these
agents also occurred after 4-6 h of exposure, although the
maximal levels of activity were less than those observed in
response to GnRH. A decline in «LUC activity over time with
continuous exposure to these agents was particularly
marked for PMA, but was also seen with BAY K 8644,
whereas stimulation by 8-bromo-cAMP was maintained for
at least 24 h. Pretreatment of «T3-1 cells with GnRH blocked
subsequent stimulation of «LUC activity by either GnRH or
PMA. In contrast, both 8-bromo-cAMP and BAY K 8644 were
still able to stimulate aLUC activity after pretreatment with
GnRH. These data suggest that the transcriptional stimula-
tion of the a-subunit gene by GnRH is mediated by the PKC
pathway, and that this pathway can be desensitized in o13-1
cells by continuous exposure to GnRH. The kinetics of de-
sensitization are difficult to infer from these studies; expo-
sure to GnRH may incite a short burst of transcriptional
activity of the a-subunit promoter, which then leads to a
more gradual accumulation of the luciferase product. How-
ever, the addition of the GnRH antagonist, Antide, after
treatment of the cells with GnRH resulted in a reduction of
luciferase activity compared with exposure to GnRH alone,
even when Antide was added up to 6 h after GnRH, indi-
cating that some stimulation of the a-subunit promoter by
GnRH was still occurring, i.e. the cells were not fully desen-
sitized to GnRH. Continuous exposure of primary pituitary
cells to GnRH causes rapid desensitization at the secretory
level for free a-subunit as well as intact LH and FSH, evident
within 15 min (125). The differences in kinetics for transcrip-
tional and secretory desensitization may reflect different cel-
lular mechanisms or differences between the «T3-1 cell line
and primary gonadotropes.

Regulation of a-subunit gene transcription is a relatively
downstream endpoint for the study of homologous GnRH
desensitization. Measurements of second messengers may
lead to insights into early or short-term desensitization
events. GnRH treatment led to a linear increase in total [P
production in «T3-1 cells over 0-15 min (126-128). Further-
more, GnRH pretreatment for 5 min did not alter subsequent
stimulation of 1P; production by GnRH 15 min later. These
data indicate a lack of desensitization of the rapid GnRH-
induced IP; response in «T3-1 cells. Pretreatment with GnRH
for 1 h did reduce subsequent cellular IP accumulation in
response to GnRH, but this may be attributable to a reduction
in GnRHR numbers. GnRH pretreatment of «13-1 cells for
short times (5-15 min) had no effect on GhnRHR number;
however, treatment for 1 h with 1077 M GnRH reduced
GnRHR number by 48%. The affinity for GnRH was not
altered. Desensitization of both the extracellular Ca*"-de-
pendent and -independent phases of the Ca*” response to
GnRH were observed after pretreatment with 1077 M GnRH
for 1 h (128). Thus, one mechanism of intermediate desen-
sitization to GnRH may be receptor loss.
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However, this does not account for rapid or early desen-
sitization or the degree of desensitization of the Ca*” re-
sponse. An additional uncoupling event may occur during
the pretreatment, which reduces the ability of the agonist-
occupied GnRHR to elevate intracellular Ca®". Treatment of
a'T3-1 cells with 5-min pulses of GnRH every 15 min resulted
in desensitization of the Ca*” response after the first pulse in
a dose-dependent manner, being evident at GnRH concen-
trations greater than 2 x 107% m (126). The mechanisms
underlying this desensitization are not known but could
include loss of IP; receptors, depletion of intracellular Ca*"
stores, and inactivation of Ca®™ channels, as has been sug-
gested in studies of primary pituitary cells (120). The disso-
ciation of IP production and calcium stimulation suggests
that desensitization of GnRH-induced calcium mobilization
is a postreceptor phenomenon occurring distal to PLC acti-
vation. The lack of the C-terminal cytoplasmic tail, impli-
cated in the desensitization of other G protein-coupled re-
ceptors, in the GnRHR therefore appears to correlate with a
lack of receptor desensitization; rather, desensitization to
GnRH appears to be primarily a postreceptor phenomenon.
Alternatively, «T3-1 cells may be lacking a factor(s) necessary
for mediating rapid receptor desensitization in primary
gonadotropes.

H. Summary of GnRH action in aT3-1 cells

The development of the «T3-1 gonadotropic cell line has
enabled significant advances in our understanding of gona-
dotrope function and gonadotropin regulation, particularly
in the areas of a-subunit gene expression and GnRHR struc-
ture and function. «T3-1 cells were critical for the initial
cloning of GnRHR ¢DNAs as well as for elucidation of the
GnRHR gene structure, confirming previous findings in pri-
mary pituitary cells which suggested that the GnRHR was a
member of the G protein-coupled receptor family. The ab-
sence of a carboxy-terminal intracellular tail on the receptor
was a surprising finding, which makes questions about the
mechanisms of gonadotrope desensitization to GnRH all the
more intriguing.

aT3-1 cells have been used to elucidate a number of com-
ponents of the GnRH signal transduction pathway (Fig. 11).
The GnRHR in «T3-1 cells is coupled to G proteins of the
G,/ G, family, leading to production of IPs and increases in
intracellular calcium levels, which, in turn, leads to activation
of PKC. While cAMP has, in some studies, been suggested to
be activated by GnRH, and has been shown to lead to in-
creases in expression of the a-subunit gene, there is no ev-
idence for increases in cAMP levels in response to GnRH in
a13-1 cells. Furthermore, there is now evidence that the
MAPK pathway is activated by GnRH in «T3-1 cells and may
be important in the stimulation of a-subunit gene expression
by GnRH.

While «T3-1 cells have proven to be invaluable for the
study of GnRH action, there are some differences between
a13-1 cells and primary pituitary gonadotropes. The regu-
lation of the GnRHR in «T3-1 cells is different from primary
gonadotropes; in particular, the receptor does not appear to
be markedly regulated by GnRH itself in «T3-1 cells, espe-
cially at the level of gene expression, whereas it is markedly
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Fic. 11. Summary of known GnRH actions on a-subunit gene expression in oT3-1 cells. GnRH binds to the seven-transmembrane domain
GnRHR, which is coupled to G/Gy,. Activation of G/G,, activates phospholipase C, which stimulates the production of inositol triphosphate
and an increase in [Ca®");, leading to activation of PKC. PKC, in turn, leads to stimulation of e-subunit gene expression, either directly, or
indirectly by activating the MAPK cascade. GnRHR may also be coupled to G,, leading to activation of adenylyl cyclase and stimulation of cAMP
production, which may also influence a-subunit gene expression. Third, activation of the GnRHR may also activate the MAPK cascade via G;.

regulated in primary pituitary cells. In addition, detailed
studies of intracellular calcium profiles in response to GnRH
reveal that amplitude-modulated intracellular calcium re-
sponses occur in aT3-1 cells, in contrast to primary gonado-
tropes, in which GnRH induces calcium oscillations and fre-
quency-modulated calcium signaling. A major difference
between aT3-1 cells and primary gonadotropes, however, is
the lack of expression of the gonadotropin B-subunit genes
by «T3-1 cells.

IV. Studies of GnRH Action in GH, Cells Transfected
with the GnRH Receptor (GGH; Cells)

A. Derivation of GH, cells

The GH; cell is a well characterized pituitary cell strain
established from a GH-producing rat pituitary tumor, MtT/
W5, that was propagated as a transplantable rat pituitary
tumor. By a method of alternate culture and animal passage,
several clonal strains of epithelial cells were established (129,
130).

B. Characterization of GH, cells

These cells are somatolactotropic in origin. They secrete
large amounts of GIH into culture medium and stimulate
body weight gain and growth after injection into normal
or hypophysectomized rats (129, 130). They express PRL
and GH genes and also secrete PRL and GH in a regulated
fashion. GH; cells express TRH receptors (TRHR) and
respond to TRH with an increase in PRL biosynthesis and
secretion, and a reduction in GH production (131, 132).
GH;cells do not express e-subunit, TSHE, LHB, FSH, and
POMC genes, hormones expressed in other, nonsomato-
lactotropic anterior pituitary cell types. However, they are
capable of supporting the expression of exogenous «- and
TSHB-subunit genes, introduced into the cells by transient
transfection (133-138). In addition to TRHR, GH; cells also
express somatostatin, galanin, and pituitary adenylate
cyclase-activating polypeptide receptors (139-141), as
well as activin types T and 1l receptors (142). However,
GH; cells appear to lack functional dopamine receptors
(143).
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C. Derivation of GH cells transfected with the GnRHR
(GGH, cells)

GHj; cells stably expressing the rat GnRHR (GGH; cells)
were developed by cotransfecting GHj cells with a rat Gn-
RHR expression vector (pcDNA1-GnRHR) and a pSVneo
plasmid, which expresses the neomycin resistance gene, by
electroporation (144). Control cells were transfected with
pSVneo and pcDNAT vector. The cells were grown in the
presence of neomycin, to select for neomycin-resistant cell
clones, and monoclonal cells were then expanded and tested
for binding of GnRH and GnRH responsiveness. The general
morphology of the stably transfected GGH; cell lines is in-
distinguishable from that of the parent GH; cells and of
control, vector-transfected cells (145).

D. GnRH binding

Specific, high-affinity binding sites for GnRH and GnRH
analogs are present on GGH, cells but not on the parental
GH; cell line (127, 144, 146). Scatchard analysis of the binding
of ['*I]Buserelin, a metabolically stable analog of GnRH,
shows a Ky of 4.1 = 1.0 X 107% m using GGH;-1' cells, one
of the clonal strains of GHj; cells that have been stably trans-
fected with the rat GnRHR ¢DNA. Each GGH;-1' cell has
11,000 = 2,800 receptors. Both GnRH agonists and antago-
nists are able to displace binding of ['*I]Buserelin to
GGH;-1’ cells (Table 2), whereas chemically unrelated pep-
tides such as PRL, GH, and TRH do not significantly displace
binding, even at high concentrations. The relative affinities
of the GnRH agonists and antagonists are similar to those
observed in cell cultures derived from rat pituitaries, sug-
gesting that this receptor is similar to those expressed in
primary gonadotropes, although the absolute affinities are
slightly lower. Another clonal strain of stably transfected
GH; cells, GGH ;-2 cells, had 13,000 * 1,000 binding sites for
['**I]Buserelin per cell. In comparison, this cell line had
64,800 = 3,700 specific ["H]MeTRH binding sites per cell,
representing binding to the TRHR, which is expressed en-
dogenously in these cells.

The GnRHR contains Asn*” and Asp™® rather than the
highly conserved Asp® and Asn®® found in other G protein-
coupled receptors. Site-directed mutagenesis was used to
introduce a Asn®'® mutation and Asp* Asn®'® double muta-
tion into the mouse GNRHR, and the mutant receptors were
stably expressed in GH; cells. Both mutant receptors were
able to bind ['*1]Buserelin, but IP production was attenuated

TaBlE 2. Displacement of ['**I]buserelin binding to GGH,; cells by
GnRH analogs and other peptide and protein hormones

Agent IC;0 (nM) * sEM
GnRH 18.2 = 0.88
Lupron 0.8 =0.02
Lystide 0.2 = 0.01
PRL >1000
GH >1000
TRH >1000

Lupron, p-Leu®-des-Gly'?-Pro”-ethylamide-GnRH; Lystide, [Ac-D-
Qal'-p-Cpa*-p3Pal*-Ser*-NicLys®-Leu -1Lys®*-Pro”-p-Ala'®|NH,.
[Adapted with permission from D. Kuphal ez al.: Endocrinology 135:
315-320, 1994 (146) (Table 1) © The Endocrine Society.]
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(147). Furthermore, while cell surface levels of wild-type
GnRHR are down-regulated upon exposure to GnRH (see
below), this down-regulation was not observed for either
mutant receptor. These data suggest that these mutations
impair the coupling between the GnRHR and Gq, the G
protein believed to be involved in IP production. Similar
studies have been done using COS cells. In these studies,
mutation of Asn® to Asp resulted in loss of ligand binding,
whereas mutation of Asp*'® to Asn or the Asp* Asn*'* double
mutant were able to bind GnRH, but IP production was
attenuated, similar to the results in GH, cells (148). However,
in a similar study, also in COS cells, the Asp*Asn*'® double
mutant was unable to bind ligand, similar to the Asp®” mu-
tant (149). The reason for the differences between these stud-
ies is not clear.

E. GnRHR regulation

The expression of the GnRHR in GGHj; cells is driven by
a cytomegalovirus promoter, which is not regulated by
GnRH (144). The concentration of GnRHR is therefore un-
affected at the transcriptional level by hormonal manipula-
tion. This cell model may be useful, therefore, for distin-
guishing transcriptional from posttranscriptional regulation
of cell surface GnRHR concentrations. Many G protein-cou-
pled receptors are down-regulated by their ligands (123).
Receptors are sequestered from the plasma membrane and
internalized, followed by proteolytic degradation. This leads
to a reduction in receptor number (homologous down-reg-
ulation) over a period of hours. In addition, the receptor may
be down-regulated at the level of gene expression as well,
leading to a reduction in receptor number over a period of
several hours to days. Because GnRH will not affect the
transcriptional rate of the GnRHR gene in GGH, cells,
changes in cell surface GnRHR numbers would be expected
to reflect translational or posttranslational regulation of the
receptor by GnRH.

Indeed, the GnRHR in GGH, cells does undergo homol-
ogous down-regulation followed by recovery after continu-
ous exposure to 10 nm GnRH, as determined by GnRH-
binding studies (143). Down-regulation of the GnRHR was
evidentby 1 h of GnRH treatment, reached a nadir of 50-80%
by 2-5 h, and returned to baseline levels by 7 h. This biphasic
regulation of GnRHR is similar in time course and extent to
that reported in primary pituitary cells (119). The ability of
the receptor to be down-regulated in GGHj cells suggests
that down-regulation does not require cell-specific compo-
nents other than the receptor itself, does not involve tran-
scriptional down-regulation (which may occur in primary
gonadotropes, but over a longer time course), and does not
require an intracellular C-terminal region. The mechanisms
of this down-regulation of the GnRHR in GGH; cells remain
to be elucidated. It will be interesting to determine whether
the GnRHR is internalized and degraded or recycled after
exposure to its ligand, as is the case for other receptors of this
family, such as the TRHR (150, 151) and the B-adrenergic
receptor (152).
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FiG. 12. Time course of IP production in untreated cells (O) or cells treated with 1 pg/ml TRH (@), 1 ug/ml of the GnRH agonist Buserelin (A),
or both peptides (A). GGH,-1' (A), GGH;-2 (B), GGH;-6 (C), or GGH;-12 (D) cells (GGH, clonal cell lines) were plated and preincubated in
[*Hlinositol. At the indicated times after the addition of peptides, total IPs were determined by ion exchange chromatography. (B — C) + T is
the arithmetic result of the response measured in the presence of Buserelin (1 ug/ml) alone (B) less that in unstimulated cells (C) plus the
response in the presence of TRH (1 pg/ml) alone (T). [Reprinted with permission from J. A. Janovick and P. M. Conn: Endocrinology

135:2214-2219, 1994 (162) (Fig. 1). © The Endocrine Society.]

F. Intracellular second messengers

1. G protein coupling. Direct studies of G protein coupling of
the GnRHR in GGHj cells, as were done in aT3-1 cells, have
not been reported. However, the TRHR, which is expressed
endogenously by GH, cells, has been shown to be directly
coupled to G proteins of the G, family (60, 153).

The By-subunits of a G protein can mediate signals as well
as the a-subunit (154, 155). This confers to any G protein the
potential for dual signaling. This has been best described for
the G; protein, ie. the e-subunit inhibits adenylyl cyclase
activity, whereas at higher concentrations the By-subunits
can stimulate the activity of some adenylyl cyclase subtypes
(156, 157). Similarly, G protein fy-subunits have been shown
to be capable of stimulating the B2-isoform of PLC (158).
Recent data suggest that the By-complex of G proteins is
involved in mediating GnRH efftects. A 125-amino acid pleck-
strin homology domain within the carboxyl terminus of
B-adrenergic receptor kinase (BARKI-495/689) binds to G,
(159). When transiently transfected and expressed in cell
culture, this polypeptide has been shown to inhibit By-me-
diated signal transduction (160). Expression of this BARKI
fragment in GGH, cells inhibits basal and GnRH-stimulated
IP production, cAMP release, and PRL release (161). The
numbers and GnRH binding affinity of the GnRHR were
unaffected by the expression of BARK1-495/689, indicating
that the changes in signal transduction and FRL release are
not due to a change in receptor expression or affinity. These
data suggest that the By-complex of G proteins may play a
role in mediating GnRH-stimulated signal transduction in
GGHs cells.

2. Inositol phosphates. 1P production was stimulated by a
GnRH agonist (Buserelin) in GGH; clonal cell lines in a
dose-dependent manner (145, 162). The EC5; was approxi-
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Fic. 13. cAMP production by GGHg-1' cells in response to GnRH.
cAMP release from GGH,-1' cells was determined in response to
GnRH for 3, 6, 24, or 30 h, as measured by RIA. [Reprinted with
permission from D. Kuphal et al: Endocrinology 135:315-320, 1994
(146) (Fig. TA). © The Endocrine Society.].

mately 107" M GnRH. Production of [Ps is an early response
of GGHy; cells to Buserelin, measurable at 15-30 min, max-
imal at 60 min, and maintained for at least 120 min after
treatment (Fig. 12). GGHj cells also respond to TRH with an
increase in IP production. Interestingly, the production of IPs
by a GnRH agonist and by TRH were additive whenmaximal
concentrations of both peptides were present. This suggests
that GnRH and TRH may provoke 1P production in GGH,
cells by different means. This conclusion is supported by the
finding that cholera toxin and pertussis toxin inhibit IP pro-
duction in response to TRH, whereas they augment Buse-
relin-stimulated [P production. Alternatively, receptor num-
ber may be limiting the maximal 1P production in response
to either ligand. As is the case for «T3-1 cells, studies in GGH,
cells have observed the responses to a single pulse of GnRH
or to continuous GnRH; the responses to pulsatile adminis-
tration of GnRH have not yet been described.
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3. cAMP. Buserelin induced the release of cAMP in GGH,
cells in a dose- and time-dependent manner (145, 146). Stim-
ulation of cAMP production was not evident until 24 h after
exposure to Buserelin (Fig. 13). The EC5, was approximately
107% w1, about 100-fold higher than for IP generation. The
stimulation of cAMP production by GnRH suggests that the
GnRHR may be able to couple to G, as well as G, and is
analogous to reports that GnRH can increase cAMP produc-
tion in primary pituitary cells (76, 77).

Increased production of ¢cAMP appears to mediate the
desensitization of the PRL-secretory response to GnRH in
GGH; cells. However, cAMP production in response to
GnRH in GGH; cells persists even after the onset of desen-
sitization. These data are consistent with a mechanism of
desensitization that occurs distal to the production of cAMP
(163).

G. Regulation of secretion

1. PRL. The TRHR and GnRHR are both members of the
family of G protein-coupled receptors, and both are coupled
to G proteins of the G/, family (60, 153). The cellular re-
sponses to TRHR or GnRHR activation include enhanced
phosphoinositide turnover, calcium mobilization, and PKC
activation (24, 164, 165). Thus, the effects of TRH and GnRH
appear to be mediated through the same or similar intracel-
lular signal transduction pathways. Therefore, one might
expect that GnRH would be able to stimulate PRL release in
GGH, cells. Indeed, a GnRH agonist is able to stimulate PRL
release from GGHj; cells, whereas it does not in the parental
GH,; cells or in control cells, confirming that this response is
mediated by the GnRHR, rather than by cross-activation of
the TRHR by GnRH (145, 146, 162). The release of PRL in
response to exposure of GGHj; cells to a GnRH agonist was
nearly linear to 96 h and was dose-dependent with an ECs,
of approximately 1075 m (Fig. 14). Cycloheximide inhibited
the release of PRL in response to GnRH, indicating that this
response is dependent on protein synthesis. This inhibition,
and the slow time course for PRL release after GnRH stim-
ulation, suggest that GnRH-stimulated PRL release is regu-
lated at the level of PRL synthesis, rather than by release of
stored hormone. The secretion of PRL in response to GnRH
in these cells indicates that all of the components needed for
coupling of the GnRHR to the activation of secretory events
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Fic. 14. Effect of the protein synthesis inhibitor cycloheximide on
GnRH-stimulated PRL release from GGHj cells. Cells were treated
with GnRH for 24 h in the presence or absence of cycloheximide.
[Reprinted with permission from D. Kuphal ef al: Endocrinology 135:
315-320, 1994 (146) (Fig. 8A). © The Endocrine Society.]
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are present in the GGHj; cell and suggests that no gonado-
trope-specific components other than the secretory proteins
themselves are necessary.

GnRH-stimulated PRL release in GGH,; cells is potentiated
by a phosphodiesterase inhibitor. This, coupled with the
stimulation of cAMP production by GnRH and the stimu-
lation of PRL release by 8-bromo-cAMP, suggests that cAMP
may be a second messenger in GnRH-stimulated PRL release
(146). Furthermore, GnRH-stimulated PRL release was sen-
sitive to calcium channel inhibitors, suggesting a role for
calcium as a second messenger as well (145).

The regulation of PRL by GnRH in GGH; cells could be
interpreted to suggest that, at least in some instances, the
hormonal regulation of gene expression in given pituitary
cell subtypes is determined by the presence or absence of
receptors for a particular hormone in that cell type, rather
than or in addition to other tissue-specific intracellular fac-
tors or second messengers. A similar situation has, in fact,
been observed in vivo. While LH and FSH are not normally
regulated by TRH, in the case of gonadotrope adenomas
secreting LH or FSH, their secretion is often stimulated by
TRH (166, 167). Presumably, these adenomas express the
TRHR, enabling a response to TRH, while normal gonado-
tropes do not.

2. LH and FSH (in GH; cells transfected with the a-, LHB-, and
FSHB-subunit genes). GH; cells are able to secrete proteins
through both constitutive and regulated pathways (168). To
compare the mechanisms of storage and release of LH and
FSH, expression vectors carrying the human LHp or FSHS
gene in combination with the common gonadotropin e-sub-
unit gene were transfected into GH; cells (169, 170). After
transit and processing in the Golgi, the majority (>85%) of
LH was retained intracellularly in Golgi/post-Golgi com-
partments, and decreased gradually withat, ,, of about 13 h.
In contrast, FSH did not accumulate in GH; cells to the same
extent as LH and was secreted with a t, ,» of about 6 h. KClI
or forskolin was able to stimulate LH secretion by 4- to 5-fold
compared with unstimulated (basal) release, supporting the
observation that LH enters a regulated secretory pathway in
GH; cells and is stored in a secretagogue-releasable pool.
FSH secretion was also stimulated by KCI or forskolin, but
to a lesser extent (2.5-fold), possibly reflecting the smaller
size of the stored, secretagogue-releasable pool. These stud-
ies indicate that in GH; cells, LH is secreted primarily
through a regulated pathway, whereas the majority of FSH
is released constitutively. These findings are consistent with
observations in primary gonadotropes that FSH secretion is
more tightly coupled to FSH biosynthesis, and that the mag-
nitude of FSH secretion in response to secretagogues is
smaller than that of LH (171-173). The effects of GnRH on LH
and FSH secretion in this system, using cells in which the
GnRHR is coexpressed, have not yet been studied.

3. Secretogranin-Il. Secretogranin-II, an acidic glycoprotein
that is a marker for the regulated pathway of secretion and
a component of secretory granules, is synthesized in GGH,
cells (174). Tt is released in a time- and dose-dependent man-
ner in response to GnRH agonists, as well as to a cAMP
analog. Release is inhibited by cycloheximide, an inhibitor of
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protein synthesis, and by actinomycin-D, an RNA synthesis
inhibitor. Interestingly, while secretogranin-1l is generally
thought to be a marker for the regulated pathway of secre-
tion, it appears to be secreted in a constitutive manner in
GGH; cells.

H. Regulation of PRL mRNA

In addition to stimulating PRL secretion, TRH also stim-
ulates PRL gene transcription and mRNA levels, leading to
an increase in PRL biosynthesis (175, 176). Analogously, PRL
mRNA levels are stimulated in GGHj; cells by GnRH (144).
Treatment of GGH; cells with 100 nm of a GnRH agonist for
24 h resulted in the stimulation of PRL mRNA levels by 3-
to 4-fold, whereas PRL mRNA levels were unchanged in
response to the GnRH agonist in the parental GH; cells or in
control cells. In the same cell line, TRH stimulated PRL
mRNA levels by approximately 3-fold.

I. Regulation of expression of transiently expressed reporter
genes

1. PRL vs. a-subunit gene. TRH stimulates PRL mRNA levels
in GHj cells by increasing gene transcription, as determined
by nuclear run-off assays (176). Time course experiments
indicate that transcriptional activation is maximal 2 h after
treatment with TRH. We therefore hypothesized that TRH
and GnRH would stimulate the activity of a fusion gene
comprised of the PRL promoter fused to a luciferase reporter
gene (PRLLUC) in GGH; cells. Indeed, when PRLLUC was
transiently transfected into GGH, cells, luciferase activity
was stimulated by treatment with either TRH or a GnRH
agonist in a dose- and time-dependent manner (144). In the
parental GHj; cells and in the control cell line, pcGH,-1 (sta-
bly transfected with the pcDNAT1 vector), luciferase activity
was stimulated by TRH, but not by the GnRH agonist (Fig.
15). Time course studies using maximal doses of TRH and a
CnRH agonist showed an increase in luciferase activity in
response to both TRH and GnRH agonist by 2 h; maximal
stimulation occurred at 4—6 h in both cases. The difference
in the time courses for TRH response in nuclear run-off
experiments and luciferase activities likely reflects the time
needed for translation and accumulation of the luciferase
enzyme in the cells after transcriptional activation. When a
human «LUC was transiently transfected into GGH; cells,
luciferase activity was also stimulated by treatment with
either TRH or a GnRH agonist, whereas pcGH;-1 cells and
GH; cells responded only to TRH (144). Dose-response
and time course studies for aLUC were similar to those for
PRLLUC.

The stimulatory effects of TRH and the GnRH agonist,
each at maximally effective doses, were additive on PRL
mRNA levels and PRLLUC activity. In contrast, stimulation
of «LUC by both TRH and GnRH agonist was no greater than
with either one alone (144). If TRH and GnRH share the
identical signal transduction pathway for the stimulation of
gene expression, it would be expected that the induction of
gene expression by maximally effective concentrations of one
hormone would prevent any further stimulation by the
other, as is the case for the a-subunit gene. Therefore, the
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Fig. 15. Stimulation of luciferase activity by TRH and GnRHAg in
GGH;-2 cells, pcGH,-1 cells, and GHj cells transiently transfected
with PRLLuc. All cells were harvested 48 h after transfection. Cells
were treated with 1 pM TRH or 100 nM GnRH agonist for the final 6 h
before harvesting. Levels of luciferase activity are internally stan-
dardized according to levels of activity of RSV-B-galactosidase. Each
bar represents the mean * SEM for four samples. *, P < 0.01, signif-
icantly different from controls. [Reprinted with permission from
U. B. Kaiser et al: Mol Endocrinol 8:1038-1048, 1994 (144) (Fig. 3A).
© The Endocrine Society.]

signal transduction pathways used by TRH and GnRH in the
regulation of PRL gene expression in GGH; cells may have
some differences, particularly in the response-limiting
step(s). These results also imply that the regulation of «-sub-
unit and PRL gene expression by TRH and GnRH may not
occur by identical pathways. The additivity of TRH and
GnRH effects on PRL gene expression could also be ac-
counted for if receptor number was the limiting factor in the
pathway for either ligand. However, if this were the case, one
might expect TRH and GnRH to be additive on a-subunit
gene expression as well.

In time course studies, luciferase activity declined by
18-24 h of exposure to TRH or GnRH, similar to studies of
aLUC in «13-1 cells, suggesting that the signal transduction
pathways became desensitized. To study this further, GGH,
cells were pretreated with either TRH or a GnRH agonist, and
then the responses of PRLLUC and «LUC to TRH and the
GnRH agonist were tested. These studies show that homol-
ogous desensitization occurs, ie. pretreatment with the
GnRH agonist blocks subsequent stimulation of PRLLUC
and «LUC activity by the agonist, and pretreatment with
TRH blocks subsequent stimulation of PRLLUC and «LUC
activity by TRH. In the case of the a-subunit promoter, het-
erologous desensitization also occurs. Stimulation of aL.UC
activity by TRH was blunted by pretreatment with a GnRH
agonist, and conversely, there was loss of responsiveness to
GnRH agonist after pretreatment with TRH. In contrast, het-
erologous desensitization of the PRL promoter did not occur
(144). These data provide additional support that TRH and
GnRH stimulate the c-subunit promoter by the same mech-
anism, whereas the mechanisms of transcriptional regulation
of PRL by TRH and GnRH are not identical. It would be
interesting to know whether similar effects would be ob-
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served in oT3-1 cells transfected with the TRHR; however,
these studies have not been performed.

2. o=, LHB-, and FSHB-subunit genes. The gonadotropin sub-
unit genes, «, LHB, and FSHJ, are not expressed endog-
enously in the somatolactotropic GH; cell line. As previously
reported and discussed above, GH, cells are capable of sup-
porting expression of transiently transtected luciferase re-
porter constructs driven by the rat, mouse, or human a-sub-
unit promoter (133, 138). Furthermore, in GGHj; cells, the
c-subunit is stimulated in response to GnRH. Similarly, stud-
ies have shown that the TSHf-subunit gene promoter, nor-
mally active in thyrotropes, can be expressed in GH; cells
(134, 135). The rat LHpB gene promoter, fused to a chloram-
phenicol acetyltransferase (CAT) gene, was expressed at low
levels when transiently transfected into GHj cells (177). Tran-
scription was initiated correctly at the same LHp transcrip-
tional start site used in primary pituitary gonadotropes, as
determined by RNase analysis. CAT activity was consis-
tently induced by forskolin and by cAMP analogs, suggest-
ing the presence of a cAMP-responsive cis-acting domain in
the LH@ 5'-flanking region.

GHj cells transiently transfected with reporter genes in
which regulatory regions of the human a-subunit, rat LHp,
and rat FSHp genes are fused to the luciferase gene (aL.UC,
LHBLUC, and FSHBLUC, respectively) yield expression lev-
els 250-fold higher than those of the promoterless luciferase
vector for «lLUC, 5-fold higher for LHBLUC, and 12-fold
higher for FSHBLUC (178). Cotransfection of the GnRHR
¢DNA results in the additional specific stimulation of lucif-
erase activity by a GnRH agonist, 10-fold for «LUC, 8-fold for
LHBLUC, and 4-fold for FSHBLUC. TRH is also able to
stimulate the expression of the gonadotropin subunit gene
reporter constructs in these transfected cells, although to a
lesser degree than the GnRH agonist (Fig. 16).
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The magnitude of stimulation of gonadotropin subunit
promoter activity in response to GnRH in these cells is in-
fluenced by the concentration of GnRHR expressed. When
GHj; cells are transiently transfected with progressively in-
creasing amounts of GnRHR ¢cDNA, the average number of
GnRHRs expressed on the cell surface, as determined by a
GnRH binding assay, also increases. When these cells are
cotransfected with aLUC or LHBLUC and progressively in-
creasing amounts of GnRHR ¢cDNA, the degree of stimula-
tion of luciferase activity by GnRH is increased in proportion
to the numbers of GnRHR. In contrast, FSHBLUC activity is
optimally stimulated when relatively low numbers of
GnRHR are expressed; at higher concentrations of cell sur-
face GnRHR, the magnitude of stimulation of FSHBLUC by
GnRH is decreased (178).

Observations in vive indicate that cell surface GnRHR
numbers are regulated by varving GnRH pulse frequencies
(47, 49, 179). The highest concentrations of cell surface
GnRHR, as reflected by GnRH-binding activity, occur at a
GnRH pulse frequency of every 30 min, which has also been
shown to stimulate preferentially LH biosynthesis and se-
cretion in vive (180-184). Lower cell surface GnRHR numbers
occur ata GnRH pulse frequency of every 2 h, which, in turn,
has been shown to stimulate preferentially FSH biosynthesis
and secretion. GnRHR concentration in primary pituitary
cells is approximately 2- to 3-fold higher when the GnRH
pulse frequency is every 30 min, compared with that at a
frequency of every 2 h (179), a magnitude of change in
GnRHR concentration similar to that in the GGHj; cells which
resulted in the maximal differences in LHB and FSHf gene
expression. These observations support the hypothesis that
varying GnRH pulse frequencies regulate differentially LH
and FSH biosynthesis and secretion in vive by regulating
pituitary GnRHR numbers (Fig. 17). These data suggest that
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FiG. 16. Basal, TRH-, and GnRH-stimulated expression of (A) «LUC and (B) LHBLUC, FSHBLUC, and pXP2 in GH; cells. Cells were
cotransfected with 20 pg «LUC, LHBLUC, FSHBLUC, or pXP2, 20 p.g pcDNA1-GnRHR, and 9 ug RSV-BGAL. Cells were treated with 100 nM
GnRHAg (GnRH agonist), 1 uM TRH, or control for 6 h before harvesting. All experiments were repeated at least three times, Each bar represents
the mean *+ SEM for nine samples, from three independent experiments. [Reprinted with permission from U. B. Kaiser et al: Proc Natl Acad

Sci USA 92:12280-12284, 1995 (178) (Fig. 1).]
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F1G. 17. Model of the mechanism of differential regulation of the gonadotropin subunit genes by GnRH at (A) low GnRH pulse frequencies,
and (B) high GnRH pulse frequencies. A, At low GnRH pulse frequencies, every 2 h, GaRHR concentrations on the gonadotrope cell surfaces
are relatively low. When GnRH binds to its receptors on gonadotropes, a signal transduction pathway, pathway A, is activated, resulting in
the stimulation of the expression of all three of the gonadotropin subunit genes, a, LHB, and FSHB. B, At higher GnRH pulse frequencies, every
30 min, GnRHR concentrations on the gonadotrope cell surfaces are higher. When GnRH binds to the now greater receptor numbers on the
gonadotropes, signal transduction pathway A is activated to an even greater extent, resulting in the greater stimulation of the «- and
LHp-subunit genes. In addition, a second signal transduction pathway, pathway B, is now also activated. Activation of pathway B results in
the specific inhibition of the expression of the FSHp gene, with no effects on the « and LHP genes. The net effect is that « and LHp gene expression
is maximally stimulated at relatively high GnRH pulse frequencies, whereas FSHB gene expression is optimally stimulated at lower GnRH
pulse frequencies. [Reprinted with permission from U, B. Kaiser et al: Proc Natl Acad Sci USA 92:12280-12284, 1995 (178) (Fig. 4).]

the mechanisms by which GnRH regulates « and LHS gene
expression are distinct from those by which FSHp gene ex-
pression is regulated. Furthermore, the signal transduction
pathways activated by GnRH may be different atlow vs. high
GnRH receptor numbers. The details of the different intra-
cellular signaling pathways activated by GnRH at low vs.
high GnRHR numbers remain to be elucidated. It is possible
that the GnRHR may couple to different G proteins at low vs.
high cellular receptor numbers or that different signaling
pathways are activated by the - and By-subunits of a single
G protein.

J. Summary of GnRH action in GGH,; cells

GGHj; cells have provided another cell model system for
the study of the GnRHR and GnRH action. These cells bind
GnRH and GnRH analogs specifically and with similar
affinities to primary gonadotropes. Because they express
both the GnRHR and the TRHR, they provide an oppor-
tunity to compare directly the signal transduction path-
ways and mechanisms of action of TRH and GnRH. Gn-
RHR levels are modulated by GnRH treatment, suggesting
that GnRH regulates its receptor at the posttranscriptional
level. Unlike aT3-1 cells, GnRH appears to increase cAMP
production as well as stimulating 1P production and in-
tracellular calcium levels in GGHj cells. The GnRHR may
be coupled to more than one G protein in GGH,; cells;
additionally, there is evidence to suggest a role for GBy-
subunits in mediating GnRH responses as well. GnRH is
able to stimulate gene expression as well as hormone re-
lease in GGHj; cells.

GH, cells have both advantages and disadvantages for the
study of GnRH action. Because the parental GH; cell line
does not express the GnRHR gene, these cells are useful for

structure-function studies of the GnRHR. Wild type and
mutant receptors can be transfected into GH; cells and their
function studied without interference from endogenously
expressed receptors. Such studies to date have been largely
done in nonpituitary cell lines, such as COS cells (148, 149).
However, unlike the GGHj; cells, COS cells do not support
gonadotropin subunit promoter activity, so that domains of
the GnRHR important for mediating signals for transcrip-
tional stimulation cannot be defined. The transfected GnRHR
is driven by a heterologous viral promoter, which is not
regulated by GnRH. This means that GGH, cells cannot be
used for studies of GnRHR gene expression. However, it
allows effects of GnRHR concentration on GnRH action and
effects of GnRH on GnRHR desensitization to be studied
independently of regulatory effects at the level of gene ex-
pression. Finally, GH; cells support the expression of trans-
fected reporter genes driven by regulatory regions of the
LHB- or FSHB-subunit genes, making them the first homo-
geneous, immortalized cell population available for the
study of gonadotropin B-subunit gene expression and reg-
ulation by GnRH.

Nonetheless, an important caveat to studies performed in
GGH, cells is that this is a heterologous cell expression sys-
tem, and the signal transduction pathways used in these cells
may differ from those used in primary gonadotropes as well
as in thyrotropes. It must be remembered that GH; cells,
while they are pituitary in origin, are derived from soma-
tolactotropes rather than from gonadotropes, and do not
express the gonadotropin subunit genes endogenously. They
may, therefore, lack gonadotrope-specific factors that may be
important for cell-specific and/or regulated expression of
gonadotropin subunit genes. Observations made using such
a cell model should be confirmed in primary pituitary cells
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or in vivo before physiological relevance is assigned to such
observations.

V. Studies of GnRH Action in Other Pituitary Cell
Lines

A. RC-4B/C cells

This anterior pituitary cell line was established from a
pituitary adenoma that developed spontaneously in a 3-yr-
old male rat (185). These cells have the ultrastructural ap-
pearance of well differentiated anterior pituitary cells. Im-
munocytochemical studies showed the presence of all known
anterior pituitary secretory cell types, including gonado-
tropes. However, the proportion of different cell types was
different from that observed in primary rat pituitaries. In
particular, the percentage of LHp cells was higher than in the
normal male rat pituitary, and the percentage of GH cells was
lower. The percentage of FSHf-, PRL-, ACTH-, and TSHg-
staining cells was comparable to the normal male rat pitu-
itary. GnRH receptors were also shown to be present, with
the same binding affinity for a GnRH agonist, Buserelin, as
in the pituitary gland, but with 2-fold lower capacity. Inter-
estingly, dual-staining studies revealed that many of the cells
are bihormonal, producing FSHS and PRL or LHj and PRL
(186). This cell line thus represents an additional cell model
for the study of the GnRHR and GnRH action, and for go-
nadotrope-specific expression of the FSH and LH subunit
genes. This cell model has an advantage over aT3-1 cells and
GGH; cells in that the FSHB- and LHB-subunit genes are
expressed endogenously. However, a disadvantage of the
RC-4B/C cell line is that the cells are a heterogeneous pop-
ulation, so only a fraction of the cells express the gonado-
tropin subunit genes. Furthermore, it has not yet been shown
that the gonadotropins are synthesized and secreted in a
regulated manner analogous to that which occurs in vivo.
Keri et al. (187) were unable to obtain activity greater than
that of a promoterless reporter for a fusion gene in which the
bovine LHf promoter was fused upstream of the CAT gene.
Activity remained low even after the upstream addition of a
Rous sarcoma virus enhancer. Also, surprisingly, although
the proportion of cells staining for LHB and/or FSHB are
higher than in normal pituitary, the FSH and LH content of
RC-4B/C cells was 70- and 800-fold lower, respectively, than
that of the normal male rat pituitary gland. Thus, the validity
of this cell line as a physiological model has yet to be
determined.

B. LBT2 cells

Recently, targeted expression of the SV40 T antigen with
the rat LHB-subunit gene regulatory region was used to
generate transgenic mice. An immortalized cell line (LET2
cells) was derived from a tumor generated in a LHB-Tag
mouse, ina manner analogous to the preparation of the o’T3-1
cells (188). These cells express both the a- and S-subunits of
LH as well as GnRHR, estrogen receptors, and estrogen-
inducible progesterone receptors. However, the FSHf-sub-
unit is not expressed. LBT2 cells probably arose later in
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ontogeny than «13-1 cells and thus represent a more mature
gonadotrope precursor than do the «T3-1 cells.

LBT2 cells have been used to study the effects of GnRH on
intracellular Ca®* concentrations. Cells stimulated with 1 g
GnRH responded with an increase in intracellular Ca levels
and also had a secretory response, as measured by changes
in plasma membrane capacitance (189). Furthermore, LBT2
cells responded to a 15-min pulse of 1-100 nm GnRH with a
dose-dependent increase in LH secretion (188, 190). Exposure
of the cells to four, 15-min, 10 nm GnRH pulses every 90 min
for 4 days led to an increase in LH secretion in response to
the initial GnRH pulse on each succeeding day, independent
of cell number. The stimulation of LH secretion by GnRH was
enhanced by steroids: the LH-secretory response to GnRH by
day 4 was 4-fold in the absence of added steroids, 7-fold in
the presence of 0.2 num estrogen (E,), 14-fold in the presence
of 20 nm dexamethasone, and 15-fold in the presence of both
E, and dexamethasone. These changes in responsiveness to
GnRH appeared to be due in part to changes in GnRHR
number and in part to changes in the LH synthesis/secretory
pathway independent of changes in the GnRHR.

Studies of [Ca®"]; and exocytosis in individual LBT2 cells
have been performed using the whole-cell perforated patch
clamp technique to measure plasma membrane capacitance
(191). These studies show that GnRH evokes dose-dependent
increases in [Ca®'];, and secretion. The [Ca®"]; responses to
GnRH are biphasic, as in «T3-1 cells and primary gonado-
tropes. However, the [Ca®"]; oscillations observed in primary
gonadotropes at low GnRH concentrations are not observed
in the LAT2 cells. The extent of the changes in [Ca*"]; and
exocytosis in response to GnRH were dependent on the ste-
roid hormone background. E; and dexamethasone caused an
increase in the peak [Ca®*]; stimulated by GnRH as well as
a shift toward increased sensitivity of the Ca®* dependency
of exocytosis. The increased [Ca®"]; response may be due to
an increase in GnRHR numbers (see below). The increase in
GnRH-induced secretion may be due to both an increase in
[Ca®7]; and an increase in the sensitivity of the secretory
apparatus to [Ca*"], which may, in turn, be due to effects of
other second messenger pathways activated by GnRH
and/or steroids.

Studies of mRNA levels indicate that LBT2 cells respond
to pulsatile GnRH administration with an increase in GnRHR
mRNA levels (190). However, this increase is only approx-
imately 2-fold, compared with the much greater increase
observed in primary pituitary cells (49). This difference may
be due to differences in the experimental paradigm of pul-
satile GnRH delivery. GnRHR mRNA levels are also in-
creased in LAT2 cells by estradiol and dexamethasone. LHS
mRNA levels are markedly induced by pulsatile GnRH in
LBT2 cells, with no effect of steroids, and a-subunit mRNA
levels are unaffected by either steroids or GnRH.

The LBT2 cell line thus exhibits some characteristics con-
sistent with those of pituitary gonadotropes, including the
expression of the @, LHB, and GnRHR genes, the biphasic
stimulation of [Ca®"]; by GnRH, the secretion of LH via a
regulated pathway, and the regulation of LHB and GnRHR
mRNA levels in response to GnRH and steroid hormones.
These cells may be useful for studying the molecular and
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cellular mechanisms involved in the regulation of LH sub-
unit gene expression and LH secretion.

VI. Future Directions

The recent availability of immortalized cell models of go-
nadotrope function have allowed considerable advances in
our understanding of the structure and function of the
GnRHR, the signal transduction pathways activated by
GnRH, and molecular mechanisms of action of GnRH in
terms of regulation of gene expression, hormone biosynthe-
sis, and hormone secretion, as well as of homologous regu-
lation of the GnRER at both transcriptional and posttran-
scriptional levels. In addition, these cell models have proven
useful for the study of cell-specific and regulated expression
of the gonadotropin a-subunit gene in particular, and to
some extent the gonadotropin B-subunit genes as well. None-
theless, further studies to clarify the molecular mechanisms
by which GnRH regulates LH and FSH subunit gene ex-
pression, hormone biosynthesis, and secretion are needed. In
addition, the mechanisms of the unique responses of gona-
dotropes to varying GnRH pulse frequencies and amplitudes
are not well understood. For these studies, we eagerly await
the development and availability of a novel, immortalized
gonadotrope cell line that expresses the LHB and FSHp-
subunit genes as well as the a-subunit and the GnRHR and
that has the unique responses to different modes of admin-
istration of GnRH in a manner reflecting that which occurs
in primary pituitary gonadotropes.
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THE UNIVERSITY OF WESTERN ONTARIO
BIOLOGICAL AGENTS REGISTRY FORM
Approved Biohazards Subcommittee: July 9, 2010
Biosafety Website: www.uwo.calhumanresources/biosafety/

This form must be completed by each Principal Investigator holding a grant administered by the University of
Western Ontario (UWQ) or in charge of a laboratory/facility where the use of Level 1, 2 or 3 biological agents is
described in the laboratory or animal work proposed. The form must also be completed if any work is proposed
involving animals carrying zoonotic agents infectious to humans or involving plants, fungi, or insects that require
Public Health Agency of Canada (PHAC) or Canadian Food Inspection Agency (CFIA) permits.

This form must be updated at least every 3 years or when there are changes to the biological agents being used.

Containment Levels will be established in accordance with Laboratory Biosafety Guidelines, 3rd edition, 2004,
Public Health Agency of Canada (PHAC) or Containment Standards for Veterinary Facilities, 1** edition 1996,
Canadian Food Inspection Agency (CFIA).

Completed forms are to be returned to Occupational Health and Safety, (OHS), (Support Services Building,
Room 4190) for distribution to the Biohazards Subcommittee. For questions regarding this form, please contact
the Biosafety Officer at extension 81135 or biosafety@uwo.ca. If there are changes to the information on this
form (excluding grant title and funding agencies), contact Occupational Health and Safety for a modification form.
See website: www.uwo.ca/humanresources/biosafety

PRINCIPAL INVESTIGATOR Andy Videsh Babwah

DEPARTMENT Obstetrics & Gynaecology

ADDRESS Victoria Research Laboratories, A4-140
PHONE NUMBER 519-685-8500 extension 55485
EMERGENCY PHONE NUMBER(S) 519-679-3135

EMAIL ababwah@uwo.ca

Location of experimental work to be carried out: Building(s) Victoria Research Laboratories
Room(s) all 4™ floor rooms P‘U(._] Ay (“T‘\;W\( (uu'\‘\‘\”t

(‘u\.:ﬂ'\
*For work being performed at Institutions affiliated with the University of Western Ontario, the Safety Officer for
the Institution where experiments will take place must sign the form prior to its being sent to the University of
Western Ontario Biosafety Officer (See Section 15.0, Approvals).

FUNDING AGENCY/AGENCIES: NSERC, ERA
GRANT TITLE(S):
Molecular and functional analysis of nuclear membrane localized GnRH-R| (NSERC Discovery)

GPR54 signaling in human placentation (ERA)

List all personnel working under Principal Investigators supervision in this location:

Name UWO E-mail Address Date of Biosafety Training
Maryse Ahow mahow@uwo.ca Jul 16 2009
Cynthia Pape cynthia.pape@schulich.uwo.ca QOct 11 2006

Macarena Pampillo mpampill@uwo.ca Sep 27 2002
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Please explain the biological agents and/or biohazardous substances used and how they will be
stored, used and disposed of. Projects without this description will not be reviewed.

Dr Andy Babwah’s laboratory focuses on elucidating the roles of two G protein coupled receptors, GnRH-RI
and GPR54, in human placentation. A wide variety of techniques are used, including biochemical techniques
such as immunoprecipitation and assays to measure inositol phosphate turnover, and imaging techniques such
as confocal microscopy. A number of experiments are performed using cell lines, all of which are containment
level 1 or 2. The cells are handied in a biological safety cabinet and grown in a tissue culture incubator housed
in a level 2 laboratory. All contaminated liquid materials are aspirated into a flask containing 10% bleach and
contaminated solid plastic materials are sent to be autoclaved and incinerated. Some experiments require the
overexpression of a particular protein in a mammalian cell. To that effect, bacteria cells are transformed with a
DNA plasmid containing the gene of interest, then the plasmid DNA is harvested and transfected into the
mammalian cells. The bacterial strains used in this lab are containment level 2 and under, and contaminated
solid and liquid materials are treated as mentioned before. The overexpression of the protein of interest in
bacterial or mammalian cells does not increase the containment level required for these cells. For some of the
experiments performed in this laboratory, it is necessary to use cholera toxin; however, the amount handled at
one time is equivalent to 20% of the LD 50 in mice, and the maximum amount stored is equivalent to 2x this
value. Finally, animal experiments are performed (AUS protocol # 2008-017) according to the regulations of
the regulations of the Animal Care and Use Subcommittee. The contaminated materials from these
experiments are treated as mentioned before and animal remains are incinerated. All staff members of this
laboratory have attended the required training courses given by OHS.
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Please include a one page research summary or teaching protocol.

Early Researcher Award Program:
Title: GPR54 signaling in human placentation (ERA)

Abnormal placentation causes significant maternal and fetal morbidity and mortality. Placentation is in part
regulated by a receptor called GPRS4. When activated, GPR34 couples to two signaling pathways in the cell,
each leading to specific cellular responses. Our studies suggest that under some disease conditions of the
placenta, selective engagement of one pathway over the other can potentially reduce disease severity. Our
studies are aimed at identifying cellular response that lie downstream of each pathway and to develop drugs
that can selectively activate a given pathway under disease conditions. This in turn can greatly benefit
maternal/fetal health-care in Ontario.
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NSERC Discovery 2006-2011
Title: Molecular and Functional Analysis of Nuclear Membrane Localized GnRH-RI

The goal of my research program is to better understand G protein-coupled receptor (GPCR) signaling and the
mechanisms that regulate this signaling. GPCRs are transmembrane receptors that constitute a large and
diverse family of proteins whose primary function is to transduce extracellular stimuli into intracellular
signals. Upon binding of their cognate ligands, which include light, odorants, neurotransmitters, hormones and
chemokines, GPCRs couple to specific G o subunits (of which there are at least 18 that include Gqg/11 and Gs)
and activate intracellular signaling pathways. Our current understanding of GPCR signaling and the
mechanisms that regulate it are perhaps best understood for the 2-adrenergic receptor and accordingly this
has served as the prototypical receptor for subsequent studies. However, it is now abundantly clear that there is
significant variation in GPCR signaling and the mechanisms that regulate signaling. Consequently, while the
B2-adrenergic receptor has been an extremely useful model for studying GPCR biology, it is still not as
representative as it was once perceived as being. Therefore, to complement the 2-adrenergic receptor as a
GPCR model system, [ have chosen to study the biology of the gonadotropin releasing hormone receptor
(GnRH-R). This is primarily based on emerging ideas which suggest that the mammalian GnRH-RI represents
one of the most evolutionary advanced members within the GPCR superfamily and its biology may be
representative of numerous other GPCRs.
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1.0 Microorganisms

1.1 Does your work involve the use of biological agents? X YES O NO
(non-pathogenic and pathogenic biological agents including but not limited to bacteria and other microorganisms,
viruses, prions, parasites or pathogens of plant or animal origin)? If no, please proceed to Section 2.0

Do you use microorganisms that require a permit from the CFIA? O YES XNO
If YES, please give the hame of the species.
What is the origin of the microorganism(s)?
Please describe the risk (if any) of escape and how this will be mitigated:
Piease attach the CFIA permit.
Please describe any CFIA permit conditions:
1.2 Please complete the table below:
Name of Is it known | Is it known Is it known | Maximum Source/ PHAC or
Biological tobe a to be an to be a quantity to Supplier CFIA
agent(s)* human animal zoonotic be cultured Containment
pathogen? | pathogen? | agent? at one time? Level
YES/NO YES/NO YES/NO (in Litres)
E coli (DH5 O Yes O Yes O Yes 1 Invitrogen X1 Q2
alpha}) X No X No X No 02+03
E coli (Top O Yes O Yes O Yes 1 invitrogen X1 02
10) X No X No X No 02+03
XL1 Blue O Yes O Yes O Yes 1 Stratagene |01 X2
supercompet | X No X No X No 02+03
ent cells
O Yes O Yes O Yes 01 02
O No O No O No 02+03
*Please attach a Material Safety Data Sheet or equivalent from the supplier.
2.0 Cell Culture
2.1 Does your work involve the use of cell cultures? XYES ONO

If no, please proceed to Section 3.0

2.2 Please indicate the type of primary cells (i.e. derived from fresh tissue) that will be grown

in culture:

Cell Type Is this cell type used Source of Primary Cell AUS Protocol Number
in your work? Culture Tissue

Human X Yes QO No Human placenta Not applicable

Rodent O Yes X No

Non-human primate O Yes X No

Other (specify) O Yes X No
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2.3 Please indicate the type of established cells that will be grown in culture in:

24
Cell Type Is this cell type Specific cell line(s) Supplier / Source
used in your work?

Human XYes O No HEK 293 ATCC (original supplier)

Human XYes (ONo HTR-8/Svneo Dr Lala, UWO (Anatomy and Ce
Biol)

Human X Yes O No MDA-MB-231 ATCC (original supplier)

Human XYes ONo | MDA-MB-435S ATCC (original supplier) |

' Human XYes ONo |MCF-10A ATCC {original supplier)

Human XYes ONo PC-3 ATCC (original supplier)

Human X Yes O No PZ-HPV-7 ATCC (original supplier)

Human X Yes O No JEG-3 Dr Yang, UWOQO (Ob&Gyn)

Human X Yes O No GripTite 293 MSR Invitrogen

Rodent XYes ONo ARIP Dr Pin, UWO (Phys & Pharm)

Rodent XYes ONo AR42J Dr Pin, UWO (Phys & Pharm)

Rodent X Yes O No MEF wild type Dr Lefkowitz, Duke Univ, USA

Rodent X Yes O No MEF, Barr 1 deficient Dr Lefkowitz, Duke Univ, USA

Rodent X Yes O No MEF, Barr 2 deficient Dr Lefkowitz, Duke Univ, USA

Rodent X Yes O No MEF, Barr 1 and 2 deficient Dr Lefkowitz, Duke Univ, USA

Rodent X Yes O No MEF wild type Dr Offermanns, Max-Planck
Institute, Germany

Rodent X Yes O No MEF Galpha g/Galpha11 deficient | Dr Offermanns, Max-Planck
Institute, Germany

Rodent X Yes O No MEF Galpha 12/Galpha13 deficient | Dr Offermanns, Max-Planck
institute, Germany

Redent XYes O No GT1-7 Dr Mellon, Univ California, USA

Non-human | XYes  ONo COS-7 ATCC (original supplier)

primate

Other (specif| O Yes X No

*Please attach a Material Safety Data Sheet or equivalent from the supplier. {For more information, see
www.atcc.org)

2.5 For above named cell types(s) indicate PHAC or CFIA containment level required O1 X2 02+ O3

3.0 Use of Human Source Materials

3.1 Does your work involve the use of human source materials? XYES ONO

(human corionic gonadotropin — purified — tested for human pathogens (eg: HIV))

If no, please proceed to Section 4.0

3.2 Indicate in the table below the Human Source Material to be used.

Human Source Source/Supplier | Is Human Source Name of PHAC or CFIA

Material /Company Name | Material Infected Infectious Containment
With An Infectious Agent (If Level (Select
Agent? applicable) | one)
YES/NO

Human Blood (whote) or O Yes 01 02

other Body Fluid O Unknown 02+ O3

Human Blood (fraction) O Yes 01 02

or other Body Fluid O Unknown 02+03
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01 02
02+03

O Yes
O Unknown

Human Organs or
Tissues (unpreserved)

Human Organs or

Tissues (preserved} Not Appficable

Not Applicable

4,0 Genetically Modified Organisms and Cell lines

4.1 Will genetic modifications be made to the microorganisms, biclogical agents, or cells described in Sections

1.0 and 2.07

XYES

ONO

4.2 Will genetic modification(s) involving plasmids be done?

X YES, complete table below

If no, please proceed to Section 5.0

ONO

Bacteria Used for
Cloning *

Plasmid(s) **

Source of Plasmid

Gene Transfected

Describe the change
that results from
transformation or
tranfection

E coli DH5alpha

pEGFP-C3

Clontech

GPR54

Cells overexpress a
fusion protein
(GPR54-GFP) that is a
green fluorescent
protein

E coli DH5alpha

pECFP-C1

Clontech

GPR54

Cells overexpress a
fusion protein
(GPR54-CFP) thatis a
cyan fluorescent
protein

E coli DH5alpha

pEYFP-C1

Clontech

GPR54

Cells overexpress a
fusion protein
(GPR54-YFP) thatis a
yellow fluorescent
protein

E coli DHb5alpha

pcDNA3. 1/Hygro
{+)

Invitrogen

GPR54

Cells overexpress
GPR54 and are
resistant to the
antibiotic hygromycin

* Please aftach a Material Data Sheet or equivalent if available.
** Please attach a plasmid map.




4.3 Will genetic modification(s) involving viral vectors be made? QO YES, complete table below X NO

Virus Used for Vector(s) * Source of Vector | Gene(s) Describe the change
Vector Transduced that results from
Construction transduction

* Please attach a Material Safety Data Sheet or equivalent.

4.4 Will genetic sequences from the following be involved?

¢ HIV O YES, please specify X NO
+ HTLV 1 or 2 or genes from any Level 1 or Level 2 pathogens O YES, specify X NO
¢+ SV 40 Large T antigen X YES {(COS-7 and HTR-8/Svneo cells) O NO
¢+ E1A oncogene X YES (HEK 293 cells) O NO
¢+ Known oncogenes O YES, please specify O NO
+ Other human or animal pathogen and or their toxins O YES, please specify X NO
4.5 Will virus be replication defective? OYES ONOC N/A
4.6 Will virus be infectious to humans or animals? O YES ONO N/A
4.7 Will this be expected to increase the containment level required? O YES O NO N/A

5.0 Human Gene Therapy Triais

5.1 Will human clinical trials be conducted involving a biological agent? O YES X NO
(including but not limited to microorganisms, viruses, prions, parasites or pathogens of plant or animal origin)
If no, please proceed to Section 6.0

5.2 If YES, please specify which biclogical agent will be used:
Please attach a full description of the biological agent.

5.2 Will the biological agent be able to replicate in the host? OYES O NO

5.3 How will the biological agent be administered?

5.4 Please give the Health Care Facility where the clinical trial will be conducted:

5.5 Has human ethics approval been obtained? O YES, number: O NO O PENDING

6.0 Animal Experiments

6.1 Will live animals be used? XYES O NO If no, please proceed to section 7.0

6.2 Name of animal species to be used: Mus musculus

6.3 AUS protocol # 2008-017

6.4 Will any of the agents listed in section 4.0 be used in live animals O YES, specify: X NO

6.5 Will the agent(s) be shed hy the animal: O YES O NO, please justify:
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7.0 Use of Animal species with Zoonotic Hazards

7.1 Will any animals with zoonotic hazards or their organs, tissues, lavages or other body fluids including blood
be used (see list below)? O YES X No If no, please proceed to section 8.0

7.2 Please specify the animal(s) used:

¢+ Pound source dogs O YES O NO
+ Pound source cats OYES ONO
+ Cattle, sheep orgoats O YES, please specify species O NO
+ Non-human primates O YES, please specify species ONO
+ Wild caught animals O YES, please specify species & colony # O NO
¢+ Birds O YES, please specify species O NO
+ Others (wild or domestic) O YES, please specify O NO

8.0 Biological Toxins
8.1 Will toxins of biological origin be used? X YES O NO If no, please proceed to Section 9.0

8.2 If YES, please name the toxin(s): Cholera toxin
Please attach information, such as a Material Safety Data Sheet, for the toxin(s) used.

8.3 What is the LDs, (specify species) of the toxin: 250 ug/kg in mice

8.4 How much of the toxin is handled at cne time*? 50 ug

8.5 How much of the toxin is stored*? 0.5 mg

8.6 Will any biological toxins be used in live animals? O YES, Please provide details: X NO

*For information on biosecurity requirements, please see:
http:f/www.uwo.ca/humanresources/docandform/docs!healthandsafety/biosafety/Biosecurity_Requirements.pdf

9.0 Insects
9.1 Do you use insects? O YES X NO If no, please proceed to Section 10.0

9.2 If YES, please give the name of the species.

9.3 What is the origin of the insect?

9.4 What is the life stage of the insect?

9.5 What is your intention? O Initiate and maintain colony, give location:
O “One-time” use, give location:

9.6 Please describe the risk {if any) of escape and how this will be mitigated:

9.7 Do you use insects that require a permit from the CFIA permit? O YES O NO
If YES, Please attach the CFIA permit & describe any CFIA permit conditions:




10.0 Plants
10.1 Do you use plants? O YES X NO If no, please proceed to Section 11.0

10.2 K YES, please give the name of the species.

10.3  What is the origin of the plant?

10.4  What is the form of the plant (seed, seedling, plant, tree...)?

10.5 What is your intention? O Grow and maintain a crop O “One-time” use

10.6 Do you do any modifications to the plant? O YES O NO
If yes, please describe:

10.7  Please describe the risk (if any) of loss of the material from the lab and how this will be mitigated:

10.8 Is the CFIA permit attached? O YES ONO
If YES, Please attach the CFIA permit & describe any CFIA permit conditions:

11.0 Import Requirements

11.1 Will any of the above agents be imported? O YES, please give country of origin X NO
If no, please proceed to Section 12.0

11.2 Has an Import Permit been obtained from HC for human pathogens? O YES O NO
11.3 Has an import permit been obtained from CFiA for animal or plant pathogens? O YES ONO
11.4 Has the import permit been sent to OHS? O YES, please provide permit # QO NO

12.0 Training Requirements for Personnel Named on Form

All personnel named on the above form who will be using any of the above named agents are required to attend
the following training courses given by OHS:

+ Biosafety

+ Laboratory and Environmental/Waste Management Safety

¢ WHMIS (Western or equivalent)

+ Employee Health and Safety Orientation

As the Principal Investiga
the biclogical agents in S

, 1 have ensured that all of the personnel named on the form who will be using any of
ipns 1.0 16 9.0 have been trained.
q /

SIGNATURE
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13.0 Containment Levels

13.1 For the work described in sections 1.0 to 9.0, please indicate the highest

HC or CFIA Containment Level required. 01 P2 02+ O3
13.2 Has the facility been certified by OHS for this level of containment? Bkl e fod T
W YES, permit # if on-campus__Bl1o - LHRI - 004 Y- FZW\ A X
O NO, please certify | eoe! . ce YR codhon

O NOT REQUIRED for Level 1 containment (ﬁw,\ﬁw \ou\ C—lvii \

14.0 Procedures to be Followed fl-.t&ef/kigjf:'o % :Cp%cs)
NS

(4
14 .1 As the Principal Investigator, | will ensure that this project will follow the Western Biosafety Guideéfines and Zex¥

Procedures Manual for Containment Level 1 & 2 Laboratories (and the Level 3 Facilities Manual for Level 3 (ExN)
projects). | will ensure that UWO faculty, staff and students working in my laboratory have an up-to-date Hazard

Communication Form, found at http://www.wph.uwo.ca/
e '&Db /%ujgl(&i)(b
pi

142 Please descripé additional risk reduction measures will be taken beyond containment level 1, 2, 2+ or 3
measures, that are unique to this agent.

SIGNATURE

14.3 Please outline what will be done if there is an exposure to the biological agents listed,
such as a needlestick injury:

Tamnuidiadely wosh Hhovsehty wie soap aud water, referto OsDS
skt , ket oH &S, ~ ' '

15.0 Approvals

1) UWO Biohazards Subcomnittee: SIGNATURE: ///%//%
Date: T 7t zejp

2) Safety Officer for the University of Western Ontario
SIGNATURE:_ .| Stawnley
Date:_(D(x V4,200

3) Safety Officer for Institution where experiments will take place (if not UWO): T
SIGNATURE: /0.0 fodin,

Date: SEegwmaer 1S _2OL0

Approval Number:@\o il L\-\@\ 'DU'”Expiry Date (3 years from Approval): Ob+0be/ 21 ] 20*3

Special Conditions of Approval:
compended tomba) | -~
ng’ﬁ)ﬁi torn N Ao d\{*W’\Jﬁ‘ Doc cons |
. Fowow oXmaunead DIpEe 1‘7\4 |‘Cz’w.\—f/n\u\:\ e @;
b iGN e S VHITTE G [ Dipsetety me R {)3’

(c\sd se0 at oned)

A £ AA

Leo uju){,u,u‘.uu,m/



Biosecurity Requirements for Facilities Using

Biological Agents

(1) Biological agents protected by a lock. For example, biological agents in a
freezer, fridge, laboratories or other type of container must be locked after-
hours/if no one present.

(2) The supervisor must ensure that each person has the qualifications and
training to do the work without supervision.

(3) Visitors must be accompanied.

(4) The supervisor must keep a current inventory and a list of the location(s)
where the biological agent(s) are stored and handled.

(5) Labelling to identify samples and the container in which they are stored.

(6) Notify the biosafety officer if a sample is lost, stolen, or otherwise misused.

(7) Notify Campus Community Police Services of suspicious behaviour.

There are two additional requirements for Facilities Using or Storing

Biological Toxins:

(8) Do not keep on hand more than the amounts regulated by the United
States Select Agents regulation: www.selectagents.gov/index.htm/
(9) For best practices, it is recommended to use or handle less than one

human dose at any given time.



Re: Biological Agents Registry Form: Babwah

Subject: Re: Biological Agents Registry Form: Babwah
From: Gail Ryder <Gail.Ryder@LawsonResearch.Com>
Date: Fri, 01 Oct 2010 14:05:03 -0400

To: Jennifer Staniey <jstanle2@uwo.ca>

Hi Jennifer,

Sorry, it meant to say November 2008. It was initially certified on May 20, 2008
but then he added more pathogens so I did a reinspection on November 26, 2008, 1

can FAX you over the main signature sheet if you want. He is one of the labs on
my list to be recertified this fall as I know his date of explration is
approaching.

Cheers,

Gail

Gail Ryder, CRSP
Research Safety Officer

Lawson Health Research Institute

South Street Hospital

375 Scuth Street, Room AZ10, NR
London, Ontario, Canada NO6A 4G5

Tel: {519) 685-8500 x75109

Fasx: {519) 432-7367

Pager: x18059

E-mail: Gail.Ryder@LawsonResearch.com
Website: www,lawsonresearch.com

||1 Jennifer Stanley <jstanleZ@uwc.ca> 2010/09/30 04:25 PM >>> l!i
Hi Gail
Thank you for this recent submission.

I noticed that the PBAC inspection was done in May 2008, over 2 years
ago. Since PHAC inspections are normally only valid for 2 years, do you
have plans to re-inspect the facility soon?

Regards
Jennifer

This information is directed in confidence solely to the person named above and
may contain confidential and/or privileged material. This information may not
otherwise be distributed, copied or disclosed. If you have received this e-mail in
error, please notify the sender immediately via a return e-mail and destroy
criginal message. Thank you for your cooperation.

I ~f 1 10/4/2010 9:49 AM
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TOXIN USE RISK ASSESSMENT

TOXIN: Clolef o

PROPOSED USE (DOSE): SO wa (use). Do ya  (Shoas)
) 7/ =2 7
LDso (species): &0 )L g /\Lﬁ (_hmf(_éj
CALCULATION:
SO ugkg X 70kg/person = A500 ug per person
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Divide by safety factor(s) of 10 (as applicable): A0 ug per person
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COMMENTS/RECOMMENDATION:

/ [efed  dlost )
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& invit rogen Material Safety Data Sheet Revision Date: 19-Mar-2010

1 lDENTlFIGATlON OF THE SUBSTANCEIPREPARATION AND THE

COMPANY!UNDERTAKING
Product code 18265017
Product name Subcloning Efficiency ™ DH5alpha™ Competent Cells

Company/Undertaking Identification

INVITROGEN CORPORATON
5791 VAN ALLEN WAY

PO BOX 6482

CARLSBAD, CA 92008
760-603-7200

iINVITROGEN CORPORATICN
5250 MAINWAY DRIVE
BURLINGTON, ONT

CANADA L7L 6A4
800-263-6236

GIBCCO PRODUCTS
INVITROGEN CORPORATION
3175 STALEY ROAD P.O. BOX 68
GRAND ISLAND, NY 14072
716-774-6700

24 hour Emergency Response 866-536-0631
{Transport): 301-431-8585
QOutside of the U.S. ++1-301-431-8585

For research use only

2. COMPOSITION/INFORMATION ON INGREDIENTS

Hazardous/Non-hazardous Components
The product contains no substances which at their given concentration, are considered to be hazardous to health. We

recommend handling all chemicals with caution.

3. HAZARDS IDENTIFICATION

Emergency Overview
The product contains no substances which at their given concentration, are considered to be hazardous {o health

Page 1/5




" 8. EXPOSURE CONTROLS / PERSONAL PROTECTION

Occupational exposure controls

Exposure limits
Engineering measures Ensure adequate ventilation, especially in confined areas

Personal protective equipment

Respiratory Protection In case of insufficient ventilation wear suitable respiratory equipment
Hand protection Protective gloves
Eye protection Safety glasses with side-shields
Skin and body protection  Lightweight protective clothing.
Hygiene measures Handle in accordance with goed industrial hygiene and safety practice
Environmental exposure Prevent product from entering drains.
controls
[ . 9.PHYSICAL AND CHEMICAL PROPERTIES
General Information
Form Liquid
Important Health Safety and Environmental Information
Boiling point/frange °C No data available  °F No data available
Melting point/range °C No data available  °F No data available
Flash point °C No data available  °F No data available
Autoignition temperature °C No data available  °F No data available
Oxidizing properties No information available
Water solubility No data available

Stability Stable.

Materials to avoid No information available

Hazardous decomposition: No information available

products

Polymerization Hazardous polymerisation does not occur.

~ 11. TOXICOLOGICAL INFORMATION

Acute toxicity

Principle Routes of Exposure/
Potential Health effects

Evyes No information available
Skin No information available
Inhalation Ne¢ information available
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This product has been classified according to the hazard criteria of the CPR and the MSDS centains all of the information required by
the CPR

416. OTHER INFORMATION

For research use only

The above information was acquired by diligent search and/or investigation and the recommendations are hased on
prudent application of professional judgment. The information shalt not be taken as being all inclusive and is to be used
only as a guide. All materials and mixtures may present unknown hazards and should be used with caution. Since the
Company cannot control the actual methods, volumes, or conditions of use, the Company shall not be held liabte for any
damages or losses resulting from the handling or from contact with the product as described herein. THE INFORMATION
IN THIS MSDS DOES NOT CONSTITUTE A WARRANTY, EXPRESSED OR IMPLIED, INCLUDING ANY IMPLIED
WARRANTY OF MERCHANTABILITY OR FITNESS FOR ANY PARTICULAR PURPOSE.

End of Safety Data Sheet
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Material Safety Data Sheet

Revision Date: 18-Sep-2008

Product code 500257
Product name TOP 10 - ONE SHOT

Company/Undertaking ldentification

INVITROGEN CORPORATON
5791 VAN ALLEN WAY

PO BOX 6482

CARLSBAD, CA 92008
760-603-7200

INVITROGEN CORPORATION
5250 MAINWAY DRIVE
BURLINGTON, ONT

CANADA L7L 6A4
800-263-6236

GIBCO PRODUCTS
INVITROGEN CORPORATION
3175 STALEY ROAD P.O. BOX 68
GRAND ISLAND, NY 14072
716-774-6700

i

Hazardous/Non-hazardous Components
The product contains no substances which at their given concentration, are considered to be hazardous to health

L

Emergency Overview
The product contains no substances which at their given concentration, are considered to be hazardous to health

Form
Suspension
Principle Routes of Exposure!
Potential Heaith effects
Eyes No information available
Skin MNo information available
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inhalation

Ingestion No information available
Specific effects
Carcinogenic effects No information available
Mutagenic effects No information availabte
Reproductive toxicity No information available
Sensitization No information available
Target Organ Effects No informaticn available
HMIS
Health C
Flammability 0
Reactivity 0

Skin contact Wash off immediately with plenty of water

Eye contact Rinse thoroughly with plenty of water, also under the eyelids.
Ingestion Never give anything by mouth o an unconscious person
Inhalation Move to fresh air

Notes to physician Treat symptomatically.

Suitable extinguishing media Dry chemical
Special protective equipment for Wear self-contained breathing apparatus and protective suit
firefighters

Personal precautions Use personal protective equipment
Methods for cleaning up Soak up with inert absorbent material.

Handling No special handling advice required
Storage Keep in properly labelled containers

PERSONAL PROTECTION

Occupationat exposure controls

Exposure limits
Engineering measures Ensure adequate ventilation, especially in confined areas

Personal protective equipment

Respiratory protection In case of insufficient ventilation wear suitable respiratory equipment
Hand protection Protective gloves
Eye protection Safety glasses with side-shields

Skin and body protection  Lightweight protective clothing.

Page 2/4



Hygiene measures Handle in accordance with goed industrial hygiene and safety practice
Environmental exposure  Prevent product from entering drains.
controls

General Information

Form Suspension

} r Health Safety and Environmental [nformation
Boiling point/range °C No data available  °F No data available
Melting point/irange °C No data available  °F No data available
Flash point *C No data available  °F No data available
Autoignition temperature °C No data available  °F No data available
Oxidizing properties No information available
Water solubility No data available

Stability Stable.

Materials to avoid No information available

Hazardous decomposition No information available

products

Polymerization Hazardous polymerisation does not ocour.

Acute toxicity

Principle Routes of Exposutel/

Potential Health effects

Eyes No information available
Skin No information available
Inhalation No information available
Ingestion No information available
Specific effects
Carcinogenic effects No information available
Mutagenic effects Ne information availabte
Reproductive toxicity No information avaitable
Sensitization No information available
Target Qrgan Effects No information available

Ecotoxicity effects No information available.
Mobility No information available.
Biodegradation Inherently biodegradable.
Bioaccumulation Does not bioaccumulate.

-.DISPOSAL CONSIDERATIONS

Page 3/4



L 3. DISPOSAL CONSIDERATIONS

Dispose of in accordance with local regulations

IATA
Proper shipping name Not classified as dangerous in the meaning of transport regulaticns
Hazard Class No information available
Subsidiary Class No information available
Packing group Neo information available

UN-No No information available

International Inventories

U.S. Federal Reguiations

SARA 313
This product is not regulated by SARA.

Clean Air Act, Section 112 Hazardous Air Pollutants (HAPs} (see 40 CFR 61)
This product does not contains HAPs.

U.S, State Regulations

California Proposition 65
This preduct does not contain chemicals listed under Proposition 65

WHMIS hazard class:
Non-controiled

This product has been classified according to the hazard criteria of the CPR and the MSDS contains all of the information required by
the CPR

This material is sold for research and development purposes only. It is not for any hurran or animal therapeutic or clinical
diagnostic use. It is not intended for food, drug, househeld, agricultural, or cosmetic use. An individual technically qualified
to handle potentially hazardous chemicals must supervise the use of this material.

The above information was acquired by diligent search and/or investigation and the recommendaticns are based on
prudent application of professional judgment. The information shall not be taken as being ail inclusive and is to be used
only as a guide. All materials and mixtures may be present unknown hazards and sheuld be used with caution. Since
Invitrogen Corporation cannet controf the actual methods, volumes, or conditions of use, the Company shall not be held
liable for any damages or losses resulting from the handling or from contact with the product as described herein. THE
INFORMATION IN THIS MSDS DOES NOT CONSTITUTE A WARRANTY, EXPRESS OR IMPLIED, INCLUDING ANY
IMPLIED WARRANTY OF MERCHANTABILITY OR FITNESS FOR ANY PARTCULAR PURPOSE.,

End of Safety Dafa Sheet
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MATERIAL SAFETY DATA SHEET

. IDENTIFICATION s e

Stratagene Date of last update: 6/07/2007
11011 N. Torrey Pines Rd. Phone #: 800-894-1304

La Jolla, CA 92037 Fax#  858-373-5300

Part #: 1071-13 Product Name: DMSO (Comp Cells)
CAS # . 67-68-5

HAZARDOUS COMPONENTS
Chemlcal Ndme & ‘S‘, nonyms: Dimethyl Sulfoxide* A 10846* DeHan* Demeso* Dema:.o:b Demdvet*
Demsodrox, Dermasorb* Dimethyl Sutfoxide* Dimethy ] Sulphoxide* Dimexide* Dipirartril-Tropico™
DMS-70* DMS-90* DMSO* Dolicur* Domoso* Dromisol* Durasorb* Gamasol 90* Hyadur* Infiltrina*
M 176* Methane, Sulfinylbis-* Methylsulfiny Imethane* NSC-763* RIMSO-50* Somipront* S(3 9453*
Sulfiny Ibis {(Methane)* Syntexan® Topsym*

QSHA PEL Limits: N/A
ACGIH TLV: N/A
Other Limits Reconunended: N/A

KIT DMSO-containing compenent %
200124 TKX1 Competent Cells 200124-41 TKX1 Competent Cells <10%
200129 XLI1-Red Competent Celis 200129-41 XL1-Red Competent Cells <10%
200236-41 XL 1-Blue Competent Cells
200130 XL1-Blue Subcloning-Grade Competent 200130-41 XL1-Blue Subcloning Competent <10%
Cells Cells
200131 BL2!(DE3) Competent Cells 200131-41 BL-21 (DE3) Cells <10%
200132 BL2I{DE3)pLysS Competent Cells 200132-41 BL-21 (DE3) pLys8 Cells <10%
200133 BL2ZI Competent Cells 200133-41 BL-21 Competent Cells <10%
200134 TKBI1 Competent Cells 20013441 TKBI Competent Cells <10%
200138 XL1-Blue MRT’ Kan Library Pack 200138-41 XL 1-Blue MRF" Kan Competent Cells | <10%
Competend Cells
200150 XL2-Blue Ultracompetent Cells 200150-41 X1.2-Blue Ultracompetent Cells <10%
200151 XL2-Blue MRF Ultrucompetent Cells 200151-41 XL.2-Blue MRF” Ultracompetent Cells | <10%
200152 SURE®2 Supercompetent Cells 200152-41 SURE®2 Ultracompetent Cells <10%
200170 ABLE® Competent Cells 200171-41 ABLE® C Competent Cells <10%
200172-41 ABLE® K Competent Cells

200171 ABLE® C Competent Cells 200171-41 ABLE® € Competent Cells <10%
200172 ABLE® C Competent Cells 200171-41 ABLE® K Cempetent Cells <10%
200180 BacterioMatch® Two-Hybrid System 200180-41 BacterioMaich® Reporter Competent | <10%
Reporier Strain Competent Cells Cells
200190 BacterioMateh® I Screening Reporter 200i90-41 BactennoMatch® H Reporter <] %%
Competent Celfs Competent Cells
200192 BacterioMaich® 11 Validation Repoerter 200192-41 BacterioMateh® [ Reporter <10%
Competent Cells Competent Cells
200229 XL1-Blue MR Competent Cells 200229-41 XL 1-Blus MR Competent Cells <10%
200230 X1.1-Bhie MRF’ Super Competent Cells 200230-41 XL1-Blue MRF* Competent Cells <10%
200231 SCS | Supercompetent Cells 200230-41 5CS1 Competent Cells <10%
200232 AG1 Competent Cells 200232-41 AG1 Competent Cells <10%
200233 NM522 Competent Cells 200233-41 NM522 Competent Cells <10%
200234 IMI01 Competent Cells 200234-41 IM101 Competent Cells <10%
200235 IM109 Competent Cells 200235-41 IM109 Competent Cells <10%
200236 L 1-Bluc Supercompetent Cells 200236-41 XL1-Blue Competent Cells <10%

SURE® Competent Cells 200238-41 SURE® Competent Cells <10%
200239 IM110 Competent Celis 200239-41 IM110 Competent Cells <10%
200247 SCS110 Competent Celis 200247-41 SC3110 Competent Cells <10%
200248 KL1-Blue MRF’ Kan Supercompetent Cells | 200248-41 XL1-Blug MRF’ Kan Competent Cells | <10%

1




200249 XL1-Blue Competent Cells

2002306-41 X1.1-Blue Competent Cells

<] 0%

200314 XL10-Gold® Ultracompetent Cells

200315-41 XL10-Gold® Competent Cells

<10%

200315 X1.10-Gold® Ultracompetent Cells

2003135-41 XL10-Gold® Competent Cells

<10%

200317 XL10-Gold® KANr Ultracompetent Cells

200317-41 XL10-Gold® KANr Ultracompetent
Cells

<10%

200324 96Pack® Gold Competent Cells

200324-41 96Pack® &3old Competent Cells

<10%

230130 BLZ1-Gold Competent Cells

230130-41 BL21-Gold Competent Cells

<10%

230132 BL21-Gold(DE3) Competent Cells

230132-41 BL21-Gold(DE3) Competent Cells

<10%

230134 BL21-Gold{DE3) PLysS competent Cells

230134-41 BL21-Gold(DE3) PLysS Compelent
Cells

<10%

230135 BL21-Gold{DE3) LacZ Competens Cells

230135-41 BL21-Gold(DE3) LacZ Competent
Cells

<10%

230191 ArcticExpress™ Competent Cells

230151-41 ArcticExpress™ Competent Cells

<10%

230192 ArcticExpress™ (DE3) Competent Cells

230192-41 ArcticExpress™ (DE3) Competent
Cells

<1 0%

230193 ArcticExpress™ (DE3) RIL Competent
Cells

230193-41 ArcticExpress™ (DE3) RIL
Competent Cells

<10%

230194 ArcticExpress™ (DE3) RP Competent Cells

230194-41 ArcticExpress™ (DE3) RP Competent
Cells

<10%

230195 ArcticExpress™ RIL Competent Cells

230193-4t ArcticExpress™ RIL Competent Cells

<10%

230196 ArcticExpress™ RP Competent Cells

230196-41 ArctisExpress™ RP Competent Cells

<10%

230240 BL21-CodonPlus®-RIL Competent Cells

230240-41 BL21- CodonPlus®-RIL Competent
Cells

<10%

230245 BL21- CodonPlus® (DE3)-RIL Competent
Cells

230245-41 BL21- CodonPlus® (DE3) RIL
Competent Cells

<10%

230246 Protein Expression Competent Cell Pack

200131-41 BL-21 (DE3) Cells

230132.41 BL21-Gold(DE3) Cells

230280-41 BL21-CodonPlus® (DE3)-RIPL Cells
230134-41 BL21-Gold(DE3) PLysS Cells

<10%

230247 Difticult Cloning Competent Cell Pack

200317-41 XL10-Gold® KANr" Cells
200152-41 Ultra Comp SURE® Cells
200172-41 ABLE® K Cells

<10%

230248 Routine Cloning Competent Cetl Pack

200150-41 Ultra Comp XL2-Blue Cells
200151-4]1 Ultra Comp XL2-Blue MRF Cells ~
230325-41 SoloPack® Gold Cells

<10%

230250 BL21- CodonPlus®-RP Competent Celis

230250-41 Codon® Plus RP Competent Cells
230253-41 Codan Plus® DE3 RP Competent
Cells

<10%

230255 BL21-CodonPlus® (DE3)-RP Competent
Cells

230255-41 Codon Plus® DE3 RP Competent
Cells

<1 0%

230265 BL21-CodonPlus® (DIE3)-RIL-X
Competent Cells

230263-41 Codon Plus® RIL (DE3) MET Cells

<10%

230275 BL21-CodonPlus® (DE3)-RP-X Competent
Cells

230275-41 Codon Plus® RP (DE3) MET-Cells

<10%

230280 BL21-CodonPlus® (DE3)-RIPL Competent
Cells

230280-41 BL21-CodonPlus® (DE3)-RIPL
Competent Cells

230315 XL10-Gold® Ultracompetent Cells

200315-41 XL10-Gold® Competent Cells

<10%

230325 SoloPack® Gold Competent Cells

230323-41 SoloPack® (old Cells

<10%

230350 SoloPack® Gold Competent Cells

230350-41 SoloPack® Gold SuperCompetent
Cells

<} 0%

520236 XL1-Blue Supercompetent Cells

020230-41 XL 1-Blue Competent Cells

<10%




Irritation Data:

SKN-RET 10 mg/24H open Mld. AIHAAP 23,9562
SKN-RBT 500 mg/24H Mld. 85ICAE -,1044,86
EYE-RBT 100 mg TXAPA9 39.129,77
EYE-RBT 500 mg/24H Mld. BSICAE -, 1044 86
Toxicity Data:
ORL.-RAT LDsy 14,500 mgikg TXAPAY 15,74,69
SKN-RAT  LDsy 40 pmikg ) ANYAAD  141,96,67
IPR-RAT LDsy 8200 mg/kg FCTOD7 22,665,84
SCU-RAT LDy 12 gm/kg ARZNAD 14,1050,64
IVN-RAT LDsy: 5360 mglkg TXAPAQ 7,104,65
UNR-RAT LDsy: 1300 mg/kg NTIS** AD-A159-418
SKN-MUS LDsy: 50 gm/kg ANYAAD 141,96,67
ORL-MUS LD 7920 mg/kg CHTPBA 3,10,68
IPR-MUS LDsy: 2500 mg/kg RPTOAN 35,300,72
SCU-MUS LDsg: 14 gm/kg ANYAAD 141,96,67
TVN-MUS LDsy: 3100 mglkg TXAPAS 15,74,69
ORL-DOG  LDsg  >10 gmikg ANYAA9  141,96,67
IVN-DOG LDsy: 2500 mg/kg CNCRAG 31,7,63
ORL-CKN LDsg: 12 gm/kg JPPMAB 15,688.63
ORL-MAM LD 21,400 mg/kg GISAAA 39(4),86,74
ORL-BWD LDsy: 100 mghkg TXAPAO 21,315,72

Reviews, Standards, and Regulations;

OEL=MAK

OFEL-RUSSIA: STEL 20 mg/m* JAN 93

OEL-SWITZERLAND: TWA 50 ppm (160 mg/m™);, SKIN JAN 93

NOHS 1974: HZD 80564; NIS 11; TNF 476; NOS 25; TNE 22461

NOFES 1983: HZD 80564, NIS 29; TNF 3507, NOS 40; TNE 44947, TFE 16837

EPA GENETOX program 1988, Posilive: Aspergillus-Ancuploidy; 5. Cerevisiae gene conversion.

EPA GENETOX program 1988, Negative: SHE-clonal assay; Cell transform. - mouse embryo.

EPA GENETOX program 1988, Negative: Cell transform. - RLV [F344 Rat embryo.

EPA GENETOX program 1988, Negative: D. melanegaster - Whole sex chrom. Loss; Host -mediated
assay.

EPA GENETOX program 1988, Negative: N. crassa - aneuploidy; E. coli PolA with 59,

EPA GENETOX program 1988, Negative: Histidine reversion - Ames test; in vitro SCE-nonhuman,

EPA GENETOX program 1988, Negative: D. melanogaster sex-linked lethal.

EPA GENETOX program 1988, Inconclusive: Aspergillus - Recombination; Carcinogenicity -
Mouse/Rat

EPA GENETOX program 1988, Inconclusive: D. melanogaster - reciprocal translocation.

EPA GENETOX program 1988, Inconclusive: Rodent dominant lethal; B. subtilis REC assay.

EPA GENETOX program 1988, Inconclusive: E. coli PolA without 89,

EPA TSCA Seclion 8(B) Chemical Inventory

EPA TSCA Section 8(D) Unpubtished health/safety studies

EPA TSCA Test Submission (TSCATS) Data Base, January 1997



Target Organ Data:
Behavioral (altered sleep time)
Gastrointestinal (nausea or vomiting)
Liver (jaundice, other or unclassified)
Effects on fertility (pre-implantation mortality)
Effects on embryo or fetus (Fetotoxicity)
Specific developmental abnormalities (musculoskeletal system)

Only selected Registry of Toxic Effects of Chemical Substances (RTECS) data is prescnted here. Sce
actual entry in RTECS for complete information.

RTECS #: PV6210000, Methy] Sulfoxide

Acute Effects:
May be harmtul if swallowed, inhaled or absorbed through skin.
Vapor or mist is irritating to the eyes, mucous membranes and upper respiratory tract.
Causes skin irritation.
Avoid contact with DMSO solutions containing toxic materials or materials with unknown
toxicological properties. Dimethy] Sulfoxide is readily absorbed through skin and may carry such
materials into the body.

Chronic Etfects:
Target Organs: Eyes, Skin

To the best of our knowledge, the chemical, physical, and toxicological properties have not been
thoroughly investigated.

First Aid:
Eyes : In case of contact, immediately tlush with copious amounts of water for at least 15 minutes.
Skin : In case of contact, immediately flush with copious amounts of water for at least 15 minutes while
removing contaminated elothing and shoes,
Inhalation: Remove to fresh air. If not breathing give artificial respiration. It breathing is difficult, give
OXygen.
Ingestion: Wash out mouth with water provided person is conscious.
Wash contaminated clothing betore reuse.
In all cases, call a physician.
MFE: C,HqOS

Boiling point....................: 189°C

Melting poift.......c.ccoren. S 18.4°C

Specific Gravity (H,O = 1y 1.10}

Vapor Density........... 2279

Vapor Pressure 2 0.42 mm @ 20°C
Flashpoint.........cooovoooeroer.t 185°F (85°C)

Aufoignition Temperature..: 573°F (300°C)
Explosion Limits in Air:
Lower ......... 3.5%



Extinguishing Media:
Water Spray.
Carbon Dioxide, Dry chemical powder, or appropriate Foam

Speciat Firefighting Procedures:
Wear self-contained breathing apparatus and protective clothing to prevent contact with skin and eyes.
Combustible liquid.

Unusual Fire and Explosion Hazards:
Emits toxic fumes under fire conditions.

Incompatibilities:
Acid chlorides
Phosphorus halides
Strong acids
Strong oxidizing agents
Strong reducing agents
Sensitive to moisture

Hazardous Combustion or Decomposition Products:
Toxic fumes of :
Carbon moenoxide and carbon dioxide
Sulfur oxides

Stability: Stable
Hazardous polymerization: Wil not oceur.

Additional Information: Methyl Sulfexide (DMSO) undergoes a violent exothermie reaction on mixing
with copper wool and trichloroacetic acid. On mixing with potassium permanganate, it will [lash
imstantaneousty. It reacts violently with: acid halides, cyanuric chloride, silicon tetrachioride, phosphorus
trichloride and trioxide, thionyl chloride, magnesium perchlorate, silver {lnoride, methyl bromide, iodine
pentatlnoride, nitrogen periodate, diborane, sodium hydride, perchloric and periodic acids. When heated
above its boiling point, methyl sulfoxide degrades, giving off formaldehyde, methyl mercaptan, and sulfur
dioxide.

Spill or Leak Procedures

Steps to be taken if Malerial is Released or Spilled:
sEvacuate area.
eWear self-contained breathing apparatus, rubber boots and heavy rubber gloves.
eAbsorb on sand or vermiculite and place in closed containers uniil proper disposal is possible.
eVentilate the area and wash spill site after material pickup is complete,

Waste Disposal Method:
This combustible material may be bumed in a ehemical incinerator equipped with an afterburner
and scrubber.
Observe all tederal, state and local environmental regulations.
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Wear appropriate NIOSH/MSHA-approved respirator, chemical-resistant gloves, safety goggles and other
protective clothing.

Ensure that a safety shower and eye bath are available.
Use only in a chemical fume hood.

Do not breathe vapor.

Aveid contact with eyes, skin and clething,

Avoid prolonged or repeated exposure.

Readily absorbed through skin.

Wash thoroughly after handling.

Keep tightly closed.

Keep away from heat and open flame.

Store in a cool, dry place.

Label Precautionary Statements:
Imritant.
Iiritating o eyes, respiratory system, and skin,
Combustible.
Target Organs: eyes, skin
Readily absorbed through skin.
In case of contact with eves, rinse immediately with plenty of water and seek medical advice.
Wear suitable protective clothing.
Do not breathe vapor.

The above information is believed to be correct but does not purport to be all-inclusive and shall be used

only as a guide. Stratagene shall not be held liable for any damage resulting from handling or from contact
with the above product.

&



Cell Biology

ATCC® Number:
Designations:
Biosafety Level:

Medium & Serum:

Organism:

Source;

Permits/Forms:

Restrictions:

Applications:

Receptors:
Tumorigenic:

DNA Profile (STR):

Cytogenetic
Analysis:

Age:

Page 1 of 5

CRL-1573™ Order this Item Price: $256.00
293 [HEK-293] Depositors: FL Graham
2 [CELLS CONTAIN ADENOVIRUS]  Shipped: frozen

See Propagation Growth Properties:  adherent

epithelial

Homo sapiens (human) Morphology:

Organ: kidney

Cell Type: transformed with adenovirus 5 DNA

In addition to the MTA mentioned above, other ATCC and/or regulatory permits
may be required for the transfer of this ATCC material. Anyone purchasing
ATCC material is ultimately responsible for obtaining the permits. Please click
here for information regarding the specific requirements for shipment to your
location.

Related Cell Culture Products

These cells are distributed for research purposes only. 293 cells, their products, or
their derivatives may not be distributed to third parties.

efficacy testing [92587]

transfection host(technology from amaxa
Roche FuGENE® Transfection Reagents)
viruscide testing [92579]

vitronectin, expressed
Yes

Amelogenin: X

CSF1PO: 11,12

D13S317: 12,14

D16S539: 9,13

D5S818: 8,9

D75820: 11,12

THO1: 7,9.3

TPOX: 11

vWA: 16,19

This is a hypotriploid human cell line. The modal chromosome number was 64,
occurring in 30% of cells. The rate of cells with higher ploidies was 4.2 %. The
der(1)t(1;15) (q42;q13), der(19)t(3;19) (q12;q13), der(12)t(8;12) (q22;p13), and
four other marker chromosomes were common to most cells. Five other markers
occurred in some cells only. The marker der(1) and M8 (or Xq+) were often
paired. There were four copies of N17 and N22. Noticeably in addition to three
copies of X chromosomes, there were paired Xq+, and a single Xp+ in most cells.

fetus

Although an earlier report suggested that the cells contained Adenovirus S DNA
from both the right and left ends of the viral genome [RF32764], it is now clear

The line is excellent for titrating human adenoviruses.
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The cells express an unusual cell surface receptor for vitronectin composed of the
Comments: mtegtin beta-1 subunit and the vitronectin receptor alpha-v subunit. [2§AQ§J
' The Ad5 insert was cloned and sequenced, and it was determined that a colinear
seqment from nts 1 {o 4344 is integrated into chromosome 19 (19q13.2). [39768]

ATCC complete growth medium: The base medium for this cell line is ATCC-
formulated Eagle's Minimum Essential Medium, Catalog No. 30-2003. To make
the complete growth medium, add the following components to the base medium:
fetal bovine serum to a final concentration of 10%.

Atmosphere: air, 95%; carbon dioxide (CO2), 5%

Temperature: 37.0°C

The cell line does not adhere to the substrate when left at room temperature for
any length of time, therefore, live cultures may be received with the cells
detached. The celis will re-attach to the flask over a period of several days in
culture at 37C.

Protocol:

Propagation:

1. Remove and discard culture medium.,
2. Briefly rinse the cell layer with 0.25% (w/v) Trypsin- 0.53 mM EDTA
sotution to remove all traces of serum that contains trypsin inhibitor.
Add 2.0 to 3.0 ml of Trypsin-EDTA solution to flask and observe cells
under an inverted microscope until cell layer is dispersed (usually within 3
to 15 minutes).
Note: To avoid clumping do not agitate the cells by hitting or shaking the
Subculturing: flask while waiting for the cells to detach. Cells that are difficult to detach
- may be placed at 37°C to facilitate dispersal.

4. Add 6.0 to 8.0 m! of complete growth medium and aspirate cells by gently
pipetting.
Add appropriate aliquots of the cell suspension to new culture vessels.
6. Incubate cultures at 37°C.

(8]

“n

Subcultivation Ratio: A subcultivation ratio of 1:2 to 1:4 is recommended
Medium Renewal: Every 2 to 3 days

Freeze medium: Complete growth medium supplemented with 5% (v/v) DMSO
Storage temperatare: liquid nitrogen vapor phase

Recommended medium (without the additional supplements or serum described
under ATCC Medium): ATCC 30-2003

Preservation:

Related Products: derivative: ATCC CRL-12013
derivative: ATCC CRIL.-12479
derivative: ATCC CRL-2029
derivative; ATCC CR1.-2368
purified DNA:ATCC CRL-1573D

21624: Xie QW, et al. Complementation analysis of mutants of nitric oxide
synthase reveals that the active site requires two hemes. Proc. Natl. Acad. Sci.
USA 93: 4891-4896, 1996. PubMed: 8643499 :
21631: Da Costa LT, et al. Converting cancer genes into killer genes. Proc. Natl,
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Acad. Sci. USA 93: 4192-4196, 1996. PubMed: 8633039

22282: Graham FL, et al. Characteristics of a human cell line transformed by

DNA from human adenovirus type 5. J. Gen. Virol. 36: 59-72, 1977. PubMed:

886304

22319: Graham FL, et al. Defective transforming capacity of adenovirus type 5

host-range mutants. Virology 86: 10-21, 1978. PubMed: 664220

22699: Harrison T, et al, Host-range mutants of adenovirus type 5 defective for

growth in HeLa cells. Virology 77: 319-329, 1977. PubMed: 841862

23406; Bodary SC, McLean JW. The integrin beta 1 subunit associates with the

vitronectin receptor alpha v subunit to form a novel vitronectin receptor in a

human embryonic kidney cell line. J. Biol. Chem. 265: 5938-5941, 1990.

PubMed: 1690718

27819: Goodrum FD, Ornelles DA, The early region 1B 55-kilodalton

oncoprotein of adenovirus relieves growth restrictions imposed on viral

replication by the cell cycle. J. Virol. 71: 548-561, 1997. PubMed: 8985383

28301; Loftler S, et al. CD9, a tetraspan transmembrane protein, renders cells

susceptible to canine distemper virus. J. Virol. 71: 42-49, 1997. PubMed:

8985321

32283: Hu SX, et al. Development of an adenovirus vector with tetracycline-

regulatable human tumor necrosis factor alpha gene expression. Cancer Res. 57

3339-3343, 1997. PubMed: 9269991

32396: Kolanus W, et al. alphal.betaZ integrin/lLFA-1 binding to ICAM-1 induced

by cytohesin-1 a cytoplasmic regulatory molecule. Cell 86: 233-242, 1996.

PubMed: 8706128

32490: Stauderman KA, et al. Characterization of human recombinant neuronat
References: nicotinic acetylcholine receptor subunit combinations alpha 2 beta 4, alpha 3 beta

4 and alpha 4 beta 4 stably expressed in HEK293 cells. J. Pharmacol. Exp. Ther.

32514; Bartz SR, et al. Human immunodeficiency virus type | cell cycle control:
Vpr is cytostatic and mediates G2 accumulation by a mechanism which differs
from DNA damage checkpoint control. J. Virol. 70: 2324-2331, 1996, PubMed:
32726: Sandri-Goldin RM, Hibbard MK. The herpes simplex virus type 1
regulatory protein ICP27 coimmunoprecipitates with anti-sm antiserum, and the C
terminus appears to be required for this interaction. J, Virol. 70: 108-118, 1996

PubMed: 8523514

32829: Ansieau S, et al. Tumor necrosis factor receptor-associated factor (TRAF)-
1, TRAF-2, and TRAF-3 interact in vivo with the CD30 cytoplasmic domain;
TRAF-2 mediates CD30-induced nuclear factor kappa B activation. Proc. Natl.
Acad. Sci. USA 93: 14053-14058, 1996. PubMed: 89430592

32893 Zhang J, et al. Dynamin and beta-arrestin reveal distinct mechanisms for
G protein-coupled receptor internalization. J. Biol. Chem. 271: 18302-18305,
1996. PubMed: 8702465

32914: Oppermann M, et al. Monoclonal antibodies reveal receptor specificity
among G-protein-coupled receptor kinases. Proc. Natl. Acad. Sci. USA 93: 7649-
32921: Xia Y, et al. Nitric oxide synthase generates superoxide and nitric oxide in
arginine-depleted cells leading to peroxynitrite-mediated cellular injury. Proc.
Natl. Acad. Sci. USA 93: 6770-6774, 1996. PubMed: 8692893

32925: Zhu X, et al. Cell cycle-dependent modulation of telomerase activity in
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32971: Uebele VN, et al. Functional differences in Kv1.5 currents expressed in
mammalian cell lines are due to the presence of endogenous Kvbeta2.1 subunits.
J. Biol. Chem. 271: 2406-2412, 1996. PubMed: 8576199

33003: Abell A, et al. Deletions of portions of the extracellular loops of the
lutropin/choriogonadotropin receptor decrease the binding affinity for ovine
luteinizing hormone, but not human choriogonadotropin, by preventing the
formation of mature cell surface receptor. J. Biol. Chem. 271: 4518-4527, 1996.
33010; Tiberi M, et al. Differential regulation of dopamine D1A receptor
responsiveness by various G protein-coupled receptor kinases. J. Biol. Chem. 271:
33022: Shahrestanifar M, et al. Studies on inhibition of mu and delta opioid
receptor binding by dithiothreitol and N-ethylmaleimide. His223 is critical for mu
opioid receptor binding and inactivation by N-ethylmaleimide. J. Biol. Chem.
271: 5505-5512, 1996, PubMed: 8621408

33035: Boring L, et al, Molecular cloning and functional expression of murine JE
{monocyte chemoattractant protein 1) and murine macrophage inflammatory
protein lalpha receptors. J. Biol. Chem. 271: 7551-7558, 1996, PubMed: 8631787
33036: Noonberg SB, et al. Evidence of post-transcriptional regulation of U6
small nuclear RNA. J. Biol. Chem. 271; 10477-10481, 1996. PubMed: 8631843
33050: Fox JC, Shanley JR. Antisense inhibition of basic fibroblast growth factor
induces apoptosis in vascular smooth muscle cells. J. Biol. Chem. 271: 12578-
12584, 1996. PubMed: 8647868

33056: Lee MJ, et al. The inducible G protein-coupled receptor edg-1 signals via
the Gi/mitogen-activated protein kinase pathway. J. Biol. Chem. 271: 11272-
11279, 1996. PubMed: 8626678

33123: Marchand P, et al. Cysteine mutations in the MAM domain result in
monomeric meprin and alter stability and activity of the proteinase. J. Biol. Chem.
271: 24236-24241, 1996, PubMed: 8798608

33137: Arai H, Charo IF, Differential regulation of G-protein-mediated signaling
by chemokine receptors. J. Biol. Chem. 271: 21814-21819, 1996. PubMed:
702980 .

33138: Huang Q, et al. Substrate recognition by tissue factor-factor V1lla. J. Biol.
Chem. 271: 21752-21757, 1996, PubMed: 8702971

33157: Monteclaro IS, Charo I, The amino-terminal extracellular domain of the
MCP-1 receptor, but not the RANTES/MIP-1alpha receptor, confers chemokine
selectivity. J. Biol. Chem. 271: 19084-19092, 1996. PubMed: 8702581

33158: Keith DE, et al. Morphine activates opioid receptors without causing their
rapid internalization. J. Biol. Chem. 271: 19021-19024, 1996. PubMed: 8702570
39768: Louis N, et al. Cloning and sequencing of the cellular-viral junctions from
the hurnan adenovirus type 5 transformed 293 cell line. Virology 233: 423-429,
1997. PubMed: 9217065

61259: Shaw G, et al. Preferential transformation of human neuronal cells by
human adenoviruses and the origin of HEK 293 cells. FASEB J. 16: 869-871,
2002. PubMed: 11967234

92579: Standard Test Method for Determining the Virus-Eliminating
Effectiveness of Liquid Hygienic Handwash and Handrub Agents Using the
Fingerpads of Adult Volunteers, West Conshohocken, PA:ASTM
International; ASTM Standard Test Method E 1838-02.

92587: Standard Quantitative Disk Carrier Test Method for Determining the
Bactericidal, Virucidal, Fungicidal, Mycobactericidal and Sporicidal Activities of
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Liquid Chemical Germicides. West Conshohocken, PA:ASTM
International: ASTM Standard Test Method E 2197-02.
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Cell Biology

ATCC® Number:

Designations:

Medium & Serum:

Organism:

Source:

Permits/Forms:;

Applications:

Receptors:

Tumorigenic:

DNA Profile (STR):

Cytogenetic
Analysis:

Isoenzymes:

Page | of 3

HTB-26™ Order this Item Price: $256.00
MDA-MB-231 Deposttors: R Cailleau
l Shipped: frozen

See Propagation Growth Properties: adherent

epithclial

Homo sapiens (human) Morphology: N

Organ: mammary gland; breast

Disease: adenocarcinoma

Derived from metastatic site: pleural effusion
Cell Type: epithelial

In addition to the MTA mentioned above, other ATCC and/or regulatory permits
may be required for the transfer of this ATCC material. Anyone purchasing
ATCC material is ultimately responsible for obtaining the permits. Please click
here for information regarding the specific requirements for shipment to your

location.
Related Cell Culture Products
transfection host (technology from amaxa

epidermal growth factor (EGF), expressed
transforming growth factor alpha (TGF alpha), expressed

YES

Amelogenin: X

CSFIPO: 12,13

D13S317: 13

D16S539: 12

D5S818: 12

D75820: 8,9

THO1: 7.9.3

TPOX: 8,9

vWA: 15,18

The cell line is aneuploid female (modal number = 64, range = 52 to 68), with
chromosome counts in the near-triploid range. Normal chromosomes N8 and N15
were absent. Eleven stable rearranged marker chromosomes are noted as well as
unassignable chromosomes in addition to the majority of autosomes that are
trisomic. Many of the marker chromosomes are identical to those shown in the
karyotype reported by K. L. Satya-Prakash, et al.

AK-1, 1

ES-D, 1

G6PD, B

GLO-L, 2

Me-2, 1-2

PGMI, 1-2

PGM3, |
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Age:
Gender:
Ethnicity:
Comments:

Propagation:

Subculturing:

Preservation:

Related Products:

Page 2 of 3

51 years adult

female

Caucasian

The cells express the WNT7B oncogene [PubMed: 8168088].

ATCC complete growth medium: The base medium for this cell line is ATCC-
formulated Leibovitz's L-15 Medium, Catalog No. 30-2008. To make the
complete growth medium, add the following components to the base medium:
fetal bovine serum to a final concentration of 10%.

Atmosphere: air, 100%

Temperature: 37.0°C

Protocol:

1. Remove and discard culture medium.

2. Briefly tinse the cell layer with 0,25% (w/v) Trypsin- 0.53 mM EDTA
solution to remove all traces of serum that contains trypsin inhibitor.

3. Add2.0to 3.0 ml of Trypsin-EDTA solution to flask and observe cells
under an inverted microscope until cell layer is dispersed (usually within 5
to 15 minutes).

Note: To avoid clumping do not agitate the cells by hitting or shaking the
flask while waiting for the cells to detach. Cells that are difficult to detach
may be placed at 37°C to facilitate dispersal.

4. Add 6.0 to 8.0 ml of complete growth medium and aspirate cells by gently
pipetting, ,

5. Add appropriate aliquots of the cell suspension to new culture vessels.

6. Incubate cultures at 37°C without CO2.

Subcultivation Ratio: A subcultivation ratio of 1:2 to 1:4 is recommmended
Medium Renewal: 2 to 3 times per week

Freeze medium: Complete growth medium supplemented with 5% (v/v) DMSO
Storage temperature: liquid nitrogen vapor phase

purified DNA:ATCC 45519

purified DNA:ATCC HTB-26D

purified DNA:ATCC 45518

Recommended medium (without the additional supplements or serum described
under ATCC Medium):ATCC 30-2008

purified RNA:ATCC HTB-26R

recommended serum; ATCC 30-2020

1206: Brinkley BR, et al. Variations in celf form and cytoskeleton in human
breast carcinoma cells in vitro, Cancer Res. 40: 3118-3129, 1980. PubMed:
7000337

22182: Cruciger Q, et al. Morphological, biochemical and chromosomal
characterization of breast tumor lines from pleural effusions. In Vitro 12: 331,
1976.

22429: Siciliano MJ, et al. Mutually exclusive genetic signatures of human breast
tumor cell lines with a common chromosomal marker. Cancer Res. 39: 919-922,

22532: Cailleau R, et al. Breast tumor cell lines from pleural effusions. J. Natl.
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Cancer Inst. 53: 661-674, 1974, PubMed: 4412247

22656: Cailleau R, et al. Long-term human breast carcinoma cell lines of

metastatic origin: preliminary characterization. In Vitro 14: 911-915, 1978,

PubMed: 730202

22977 Bates SE, et al. Expression of the transforming growth factor-

alpha/epidermal growth factor receptor pathway in normal human breast epithelial

cells. Endocrinology 126: 596-607, 1990, PubMed: 2294006

23010: Dickstein B, et al. Increased epidermal growth factor receptor in an

estrogen-responsive, adriamycin-resistant MCF-7 cell line. J. Cell. Physiol. 157:

110-118, 1993. PubMed: 8408230

23113: Huguet EL, et al. Differential expression of human Wnt genes 2, 3, 4, and

7B in human breast cell lines and normal and disease states of human breast

tissue. Cancer Res. 54: 2615-2621, 1994, PubMed: 8168088

26321: Satya-Prakash KL, et al. Cytogenetic analysis on eight human breast

wmor cell lines: high frequencies of 1q, 11q and HeLa-like marker chromosomes,
References: Cancer Genet, Cytogenet. 3: 61-73, 1981, PubMed: 7272986

32272: Katayose Y, et al. Promoting apoptosis: a novel activity associated with

the Cyclin-dependent kinase inhibitor p27. Cancer Res. 57: 5441-5445, 1997,

PubMed: 9407946

32275: Littiewood-Evans AJ, et al. The osteoclast-associated protease cathepsin

K is expressed in human breast carcinoma. Cancer Res. 57: 5386-5390, 1997.

PubMed: 9393764

32341; Sheng S, et al. Maspin acts at the cell membrane to inhibit invasion and

motility of mammary and prostatic cancer cells. Proc. Natl. Acad. Sci, USA 93:

11669-11674, 1996, PubMed: 8876194

32489: De Vincenzo R, et al. Antiproliferative activity of colchicine analogues on

MDR -positive and MDR-negative human cancer cell lines. Anticancer Drug Des.

13:19-33, 1998. PubMed: 9474240

33021: Soker S, et al. Characterization of novel vascular endothelial growth factor

(VEGF) receptors on tumor cells that bind VEGF 165 via its exon 7-endoded

domain. J. Biol. Chem. 271: 5761-5767, 1996. PubMed; 8621443
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Product Description

Before submilting an order you will be asked to read and accepl the lerms and conditions of ATCC's Material Transfer Agreement or, in certain cases, an MTA specified by he

depositing institution.

Customers in Europe, Australia, Canada, China, Hong Kong, India, Israel, Japan, Korea, Macau, Mexico, New Zealand, Singapore, and Taiwan, R.O.C. must contacl a local distributor
for pricing information and to place an order for ATCC cultures and products

Cell Biology
ATCC® Number:

Designations:

Biosafety Level:
Shipped:

Medium & Serum:

Growth Properties:

Organism:

Morphology:

Source:

Cellular Products:

Permits/Forms:

Isolation:

Tumorigenic:

DNA Profile (STR):

| of 3

HTB-129™ O_r_d_(_e_r___t!'l_is Item Price:
MDA-MB-435S
1
frozen

adherent
Homo sapiens (human)

spindle shaped

Organ: previously described as: mammary gland; breast
Disease: previously described as ductal carcinoma
Derived from metastatic site: pleural effusion

tubulin; actin

In addition to the MTA mentioned above, other ATCC andfor regulatory
permits may be required for the transfer of this ATCC material. Anyone
purchasing ATCC material is ultimately responsible for obtaining the
permits. Please click here for information regarding the specific
requirements for shipment to your location.

Isolation date: 1976
No

Amelogenin: X
CSF1PO: 11
D138317: 12
D165539: 13
D5S818: 12
D75820: 8,10
THO1: 6,7
TPOX: 8,11
vWA: 16,18

Print this Page

$264.00

Related Links

-

NCBI Entrez Search

Cell Micrograph

=

ake a Deposit

Frequently Asked Questions

Material Transfer Agreement

Technical Support
Related Cell Culture Products
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Cytogenetic Analysis:

Isoenzymes:

Age:
Gender:
Ethnicity:

Comments:

Propagation:

Subculturing:

Preservation:

Related Products:
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modal number = 56; range = 55 to 62

The cell line is aneuploid human female (XX), with most chromosoma
counts in the 55 to 80 range. Normal chremoscmes N8, N1i1, and N22
were absent, while chromosomes N7, N13, N18 and N21 were single.
Most of the remainder of normal chromosomes were usually paired, but
chromosome N2 was triple. Nineteen marker chromosomes were
identified, with most of them formed from strugtural alterations of the
missing copies of the normal chromcsomes. Six of these markers
invelve regions of chromosome N7, while three are recognized as
derivatives of chromosome N6. Regions of a third copy of the normal
and paired chromosomes N3, N15, N17, N20 are noted in markers M1,
M2, M15, and M5, respectively.

AK-1, 1
ES-D, 1
G&PD, B
GLO-I, 2
PGM1, 2
PGM3, 1

31 years adult
female
Caucasian

This cell line was originally described as a spindle shaped variant of
the parental MDA-MB-435 strain isolated in 1976 by R. Cailleau, et al.
from the pleural effusion of a 31 year old female with metastatic,
ductal adenocarcinoma of the breast. However, recent studies have
generated questions about the corigin of the parent cell line,
MDA-MB-435, and by extension HTB-129. Gene expression analysis of
the cells produgced microarrays in which MDA-MB-435 clustered with
cell lines of melanoma origin instead of breast [PubMed [D: 10700174,
PubMed ID: 15150101, PubMad ID: 15679052]. Additional studies have
since corroboraled a melanocyte origin of MDA-MB-435, to which
ATCChas responded by pursuing its own investigation into the identity
of this cell line. The cell line to which MDA-MB-435 is reported to
have been cross-contaminated with is the M14 melanoma line [PubMed
ID: 12354931 and PubMed ID: 17004 1086]).

Derivatives of HTB-129 with identities in question:

M4Ad, ATCC® CRL-2914

M4A4 GFP, ATCC® CRL-2915

M4hd LM3-2 GFP, ATCC® CRL-2916

MaAd LM3-4 CL 16 GFP, ATCC® CRL-2917

NM2C5, ATCC® CRL-2918

NM2C5 GFP, ATCC® CRL-2919

ATCC complete growth medium: The base medium for this cell line
is ATCC-formulated Leibovitz's L-15 Medium, Catalog No. 30-2008. To
make the complete growth medium, add the fellowing components fo
the base medium:

» 0.01mg/ml bovine insulin
» 0.01mg/ml glutathione
« fetal bovine serum to a final concentraticn of 10%

Atmosphere: air, 100%
Temperature: 37.0°C

Protocol: Remove medium, add fresh 0.25%trypsin - 0.53 mM EDTA,
rinse and remove. Place flask at room temperature (or incubated at
37C) for approximately 10 minutes or until the cells detach. Agd fresh
medium, aspirate and dispense into new flasks.

Subcultivation Ratio: A subcultivation ratio of 1:3 to 1.6 is
recommeanded

Medium Renewal: 2 to 3 times per week

Freeze medium: Culture medium, 95%; DMSC, 5%
Storage temperature: liquid nitrogen vapor phase

Recommended medium (without the additicnal supplements or serum
described under ATCC Medium):ATCC 30-2008

recemmended serumATCC 30-2020

purified DNAIATCC HTB-128D

purified RNAATCC HTB-128R

8/31/2010 1:02 PM
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ATCC products are intended for laboratory research purposes only, unless noted olherwise. They are not intanded for use in humans.
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1208: Brinkley 8R, et al. Variations in cell form and cytoskeleton in
human breast carcinoma cells in vitre. Cancer Res. 40: 3118-3129,
1980. PubMed: 7000337

22429: Siciliano MJ, et al. Mutually exciusive genetic signatures of
human breast tumor cell lines with a common chromosomal marker.
Cancer Res. 39: 919-922, 1979. PubMed: 427779

22656: Cailleau R, et al. Long-term human breast carcinoma cell lines
of metastatic origin: preliminary characterization. In Vitro 14: 911-915,
1978. PubMed: 730202

32341: Sheng S, et al. Maspin acts at the cell membrane t¢ inhibit
invasion and motility of mammary and prostatic cancer cells. Proc.
Natl. Acad. Sci. USA 93: 11669-11674, 1996 PubMed: 8875194
32825 Zhu X, et al. Cell cycle-dependent modulation of telomerase
activity in tumor celis. Proc. Natl. Acad. Sci. USA 93: 6091-6085, 1996,
49803: Ross DT, et al. Systematic variation in gene expression
patterns in human cancer gell lines. Nature Gensetics 24 227-235,
2000. PubMed: 10700174

89918: Ellison G, et al. Further evidence to support the melanocytic
origin of MDA-MB-435. Mol. Pathol. 55 294-299, 2002, PubMed:
12334931

90826: Sellappan s, et al. Lineage infidelity of MDA-MB-435 cells:
expression of melanocyte proteins in a breast cancer cell line, Cancer
Res. 64: 3479-3485, 2004. PubMed: 15150101

90828: Raec JM, et al. Common origins of MDA-MB-435 cells from
various sources with those shown to have melanoma properlies. Clin.
Exp. Metastasis 21: 543-552, 2004. PubMed: 15679052

16173093: Rae JM, et al., MDA-MB-435 cells are derived from M14
Melanoma cells - a loss for breast cancer, but a boon for melanoma
research. Breast Cancer Res. Treat. 104:13-19, 2007. PubMed:
17004108,

16173545: Chambars AF. MDA-MB-435 and M14 cell lines: identical
pbut not M14 melanoma? Cancer Res. 89(13); 5292-5293, 2009.
PubMed: 19549836,
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ATCC® Number:

Designations:

Medium & Serum:

Organism:

Source:

Permits/Forms:
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CRL-10317™

Order this Item Price: $264.00
MCF 10A Depositors: Michigan Cancer
Foundation
I Shipped: frozen
See Propagation Growth Properties: adherent
Homo sapiens (human) Morphology: epithelial

Organ: mammary gland; breast

Disease: fibrocystic disease

Cell Type: epithelial

In addition to the MTA mentioned above, other ATCC and/or regulatory permits
may be required for the transfer of this ATCC material. Anyone purchasing
ATCC material is ultimately responsible for obtaining the permits. Please click
here for information regarding the specific requirements for shipment to your

location.

This material is cited in a U.S. and/or other Patent or Patent Application, and may not be used to
infringe on the patent claims. ATCC is required to inform the Patent Depositor of the party to which the
material was furnished.

Isolation:
Applications:
Tumorigenic:

DNA Profile (STR):

[soenzymes:

Age:
Gender:
Ethnicity:

N

Related Cell Culture Products

Isolation date: August 22, 1984
transfection host (Roche FuGENE® Transfection Reagents)
No

Amelogenin: X
CSF1PO: 10,12
D13S317: 8,9
DI16S539: 11,12
D5S818: 10,13
D75820: 10,11
THOI: 8,9.3
TPOX: 9,11
vWA: 15,17

ES-D, 1 [23084]

GO6PD, B [23084]

GLO-I, 1-2 [23084]

PGMI, 1-2 [23084]

36 years

female

Caucasian

The MCF 10A cell line is a non-tumorigenic epithelial cell line. [21968]

The line was produced by long term culture in serum free medium with low Ca++
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Comments:

Propagation:

Subculturing:

Preservation:

Related Products:

References:

Page 2 of 3

concentration. [21968}

MCF 10A was derived from adherent cells in the population. {21968]

Cells derived from a floating population are available (see MCF 10F, ATCC
CRL-10318), [21968]

The cells are positive for epithelial sialomucins, cytokeratins and milk fat globule
antigen. [21968]

They exhibit three dimensional growth in collagen, and form domes in confluent
cultures. [21968]

Thus far, the cells have shown no signs of terminal differentiation or senescence.
The line is responsive to insulin, glucocorticoids, cholera endotoxin, and
epidermal growth factor (EGF). [21908]

By electron microscopy the cells display characteristics of luminal ductal cells but
not of myoepithelial cells. [23085]

They also express breast specific antigens as detected by positive reaction with
MFEA-Breast and MC-5 monoclonal antibodies. [23085]

The calcium content of the medium exerts a strong effect on the morphology of
the cells. [22248]

ATCC complete growth medium: The base medium for this cell line is MEBM,
which is supplied as part of the MEGM Bullet Kit avaitable from Clonetics
Corporation, Catalog No. CC-3150. To make the complete growth medium, add
the following components to the base medium: All MEGM SingleQuot additives
that are supplied with the kit except the GA-1000 (BPE 13 mg/ml, 2 ml;
hydrocortisone 0.5 mg/mi, 0.5 ml; bBEGF 10 ug/ml, 0.5 ml; insulin 5 mg/m], 0.5
ml); 100 ng/mi cholera toxin (sold separately).

Temperature: 37.0°C

Protocol; Remove medium and rinse monolayer with PBS (ATCC Cat# 30-
2200).Add 3.0 ml 0.05% trypsin, 0.53 mM EDTA and incubate at 37C for 15
minutes. To neutralize trypsin, add 3 ml solution of 0.1% soybean trypsin
inhibitor.Centrifuge cell suspension at 125 xg for 5 to 10 minutes Resuspend cell
pellet in complete culture medium. Add appropriate aliquots of cell suspension to
new culture vessels.

Subcultivation Ratio: A subcultivation ratio of 1:3 to 1:4 is recommended
Medium Renewal: Every 2 to 3 days

Freeze medium: Complete growth medium supplemented with 7.5% (v/v)
DMSO

Storage temperature: liquid nitrogen vapor phase

derived from same individual: ATCC CRL-10318

derived from same individual: ATCC CRL-10730

derived from same individual: ATCC CRL-1078]1

21968: Soule H, McGrath CM. Immortal human mammary epithelial cell lines,
US Patent 5,026,637 dated Jun 25 1991

22025: Pauley RJ, et al. Immortal human mammary epithelial cell sublines. US
Patent 5,206,165 dated Apr 27 1993

22248 Soule HD, McGrath CM. A simplified method for passage and long-term
growth of human mammary epithelial cells. In Vitro Cell. Dev. Biol. 22: 6-12,
1986. PubMed: 2418007

23084: Soule HD, et a!. Isolation and characterization of a spontaneously
immortalized human breast epithelial cell line, MCF-10. Cancer Res. 50: 6075-
6086, 1990, PubMed: 1975513
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23085: Tait L, et al. Ultrastructural and immunocytochemical characterization of
an immortalized human breast epithelial cell line, MCF-10. Cancer Res. 50: 6087-

Return to Top
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Cell Biology

ATCC® Number:

Designations:

Medium & Serum:

Organism:

Source:

Permits/Forms:

Applications:

Tumorigenic:

Antigen Expression:

DNA Profile (STR):

Cytogenetic
Analysis:

Age:

Gender:
Ethnicity:

Comments:

Page | of 3

CRL-1435™

Order this Item Price: $256.00
PC-3 Depositors: ME Kaighn
1 Shipped: frozen
adherent (The cells form clusters
] . Growth : .
See Propagation i . in soft agar and can be adapted to
B Properties: . )
suspension growth)
epithelial
Homo sapiens (human) Morphology: g

Organ: prostate

Tumor Stage: grade IV

Disease: adenocarcinoma

Derived from metastatic site: bone

In addition to the MTA mentioned above, other ATCC and/or regulatory permits
may be required for the transfer of this ATCC material. Anyone purchasing
ATCC material is ultimately responsible for obtaining the permits. Please click

location.
Related Cell Culture Products

transfection host (technology from amaxa
Roche FuGENE® Transfection Reagents)

YES
HLA Al, A9

Amelogenin: X

CSF1PO: 11

DI3S317: 11

D168539: 11

D5S818: 13

D75820: 8,11

THOT1: 6,7

TPOX: 8,9

vWA: 17

The line is near-triploid with a modal number of 62 chromosomes. There are
nearly 20 marker chromosomes commonly found in each cell; and normal N2,
N3, N4, N5, N12, and N15 are not found. No normal Y chromosomes could be
detected by Q-band analysis.

62 years adult

male

Caucasian

The PC-3 was initiated from a bone metastasis of a grade IV prostatic
adenocarcinoma from a 62-year-old male Caucasian. [223063]

The cells exhibit low acid phosphatase and testosterone-5-alpha reductase
activities.
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ATCC complete growth medium: The base medium for this cell line is ATCC-
formulated F-12K Medium, Catalog No. 30-2004. To make the complete growth
medium, add the following components to the base medium: fetal bovine serum to
a final concentration of 10%.

Atmosphere: air, 95%; carbon dioxide (CO2), 5%

Temperature: 37.0°C

Protoeol:

Propagation:

I. Remove and discard culture medium.
2. Briefly rinse the cell layer with 0.25% (w/v) Trypsm- 0.53 mM EDTA
solution to remove all traces of serum that containg trypsin inhibitor.
3. Add 2.0to 3.0 m] of Trypsin-EDTA solution to flask and observe cells
under an inverted microscope until cell layer is dispersed (usually within 5
to 15 minutes).
Note: To avoid clumping do not agitate the cells by hitting or shaking the
Subculturing: flask while waiting for the cells to detach. Cells that are difficult to detach
may be placed at 37°C to facilitate dispersal.
4. Add 6.0 to 8.0 ml of complete growth medium and aspirate cells by gently
pipetting,
Add appropriate aliquots of the cell suspension to new culture vessels.
6. Incubate cultures at 37°C.

L

Subcultivation Ratio: A subcultivation ratio of 1:3 to 1:6 is recommended
Medinm Renewal: 2 to 3 times per week

Freeze medium: Complete growth medium supplemented with 5% (v/v) DMSO
Storage temperature: liquid nitrogen vapor phase

Recommended medium (without the additional supplements or serum described
Related Products:  under ATCC Medium):ATCC 30-2004

recommended serum: ATCC 30-2020

Preservation:

22363: Kaighn ME, et al. Bstablishment and characterization of a human prostatic
carcinoma cell line (PC-3). Invest. Urol. 17: 16-23, 1979. PubMed: 447482
22470: Chen TR. Chromosome identity of human prostate cancer cell lines, PC-3
and PPC-1. Cytogenet. Cell Genet. 62: 183-184, 1993. PubMed: 8428522

26302: Ohnuki Y, et al Unomosomal 'malysib of human plostatic

32341. Sheng S, et al. Mabpm acts at the cell men1b1ane to inhibit invasion and
motility of mammary and prostatic cancer cells. Proc. Natl. Acad. Sci. USA 93:
32344. Umekrta Y, et al. Human prostate tumor growth in athymic mice:
inhibition by androgens and stimulation by finasteride. Proc. Natl. Acad. Sci.
USA 93: [1802-11807, 1996. PubMed: 8876218

32460: Carter RE, et al. Prostate-specific membrane antigen is a hydrolase with
substrate and pharmacologic characteristics of a neuropeptidase. Proc. Natl. Acad.
Sci. USA 93: 749-753, 1996. PubMed: 8570628

32486: Nupponen NN, et al. Genetic alterations in prostate cancer cell lines
detected by comparative genomic hybridization. Cancer Genet. Cytogenet. 101:
53-57, 1998. PubMed: 3460501

32488: Geiger T, et al. Antitumor activity of a PKC-alpha antisense

References:
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oligonucleotide in combination with standard chemotherapeutic agents against
various human tumors transplanted into nude mice. Anticancer Drug Des. 13: 35-
45, 1998. PubMed: 9474241

32916 Su ZZ, et al. Surface-epitope masking and expression cloning identifies
the human prostate carcinoma tumor antigen gene PCTA-1 a member of the
galectin gene family. Proc. Natl. Acad. Sci. USA 93: 7252-7257, 1996. PubMed:

8692978
Return to Top
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Cell Biology

ATCC® Number:
Designations:

Medium & Serum:

Organism:

Source:

Permits/Forms:

Tumorigenic:

DNA Profile (STR):

Cytogenetic
Analysis:
Age:
Gender:
Ethnicity:

Comments:

Propagation:

Page 1 of 2

CRL-2221™ Order this ltem Price: $338.00

PZ-HPV-7 Depositors: DM Peehl

2 [CELLS CONTAIN PAPOVAVIRUS ]  Shipped: frozen

See Propagation Growth Properties: adherent
epithelial

Homio sapiens (human) Morphology: .
Organ: prostate

Tissue: epithelium

Cell Type: human papillomavirus 18 (HPV-18) transformed
may be required for the transfer of this ATCC material. Anyone purchasing
ATCC material is ultimately responsible for obtaining the permits. Please click
here for information regarding the specific requirements for shipment to your
location.

Related Cell Culture Products

NO

Amelogenin: XY

CSFI1PO: 11,12

D13S317: 12,14

D168539; 11,12

D5S818: 9,13

D78820: 9

THOL!: 7,9

TPOX: 8,11

vWA: 17

at low passages maintained the diploid karyotype of the normal parental cells but
by passage 99 the karyotype had changed to near-triploid.

70 years adult

male

Caucasian

PZ-HPV-7 was derived from epithelial cells cultured from normal tissue from the
peripheral zone of the prostate.

The cells were transformed by transfection with HPV18 DNA.

Incorporation of HPV 18 DNA was confirmed by polymerase chain reaction.
Specific amplification of a 160-base pair fragment of the HPV8 E6 transforming
region was noted.

Immunocytochemical analysis showed expression of keratins 5 and 8 and also the
early region 6 (E6) oncoprotein of HPV.

The cells are negative for prostate specific antigen (PSA).

ATCC complete growth medium: The base medium for this cell line is provided
by Invitrogen (GIBCO) as part of a kit: Keratinocyte Serum Free Medium (K-
SFM), Kit Catalog Number 17005-042. This kit is supplied with each of the two
additives required to grow this cell line (bovine pituitary extract (BPE) and human
recombinant epidermal growth factor (EGF). To make the complete growth

http://www.atcc.org/ATCCAdvancedCatalogSearch/Produ ctDetails/tabid/452/Default.asp... 07/01/2009



Subculturing:

Preservation:

Related Products:

References;

Page 2 of 2

medium, you will need to add the following components to the base medium:

¢ 0.05 mg/ml BPE - provided with the K-SFM kit

» 5ng/ml EGF - provided with the K-SFM kit. NOTE: Do not filter complete
medium.,

Temperature: 37.0°C

Protocel: Remove spent medium, add fresh 0.25% trypsin, 0.53 mM EDTA
solution; let the culture set incubate at 37C for two minutes, Neutralize the trypsin
with 0.1% soybean trypsin inhibitor, and gently dislodge the cells by agitating or
tapping the flask. Centrifuge the cell suspension at 1000 rpm for 10 minutes,
resuspend the pellet in fresh medium, aspirate and dispense into new flasks.
Subcultivation Ratio: A subcultivation ratio of 1:3 is recommended

Medium Renewal: Every 2 to 3 days

Freeze medium: Complete growth medium, 85%; fetal bovine serum, 10%;
DMSO, 5%

Storage temperature: liquid nitrogen vapor temperature

23116: Weijerman PC, et al. Lipofection-mediated immortalization of human

prostatic epithelial cells of normal and malignant origin using human
papillomavirus type 18 DNA. Cancer Res. 54; 5579-5583, 1994. PubMed:

Retum to Top
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Cell Biology

ATCC® Number:
Designations:

Medium & Serum:

Organism:

Source:

Cellular Products:

Permits/Forms:

Applications:
Tumorigenic:

DNA Profile (STR):

Cytogenetic
Analysis:

Isoenzymes:

Comments:

Page 1 of 2

HTRB-36™ Order this Item Price: $268.00
JEG-3 Depositors: G Kohler
I Shipped: frozen
See Propagation Growth Properties: adherent
epithelial

Homo sapiens (human) Morphology:

Organ: placenta

Disease: choriocarcinoma

human chorionic gonadotropin (hCG), human chorionic

somatomammotropin (placental lactogen); progesterone

In addition to the MTA mentioned above, other ATCC and/or regulatory permits
may be required for the transfer of this ATCC material. Anyone purchasing
ATCC materal is ultimately responsible for obtaining the permits. Please click
here for information regarding the specific requirements for shipment to your
location.

Related Cell Culture Products
transfection host (Roche FuGENE® Transfection Reagents)
YES

Amelogenin: X,Y

CSF1PO: 11,12

DI138317: 9,11

D16S539: 13,14

D5S818: 10,11

D7S820: 10,12

THO1:959.3

TPOX: 8

vWA: 16

This is a hypertriploid human cell line. The modal chromosome number is 71,
occurring at 34%, and polyploidy at 2.6%. The t(4;11)(p15;q13), i(13q), t
(10p15q), del(18)(q21), and 6 other markers are common to most cells, and two
other markers are found in some. Giant satellites are seen in one N14, and two
N22. N2, N5, and N9 have 4 copies, and N7, N13, N18, N2I and X a single copy.
A single Y chromosome is detected by Q-band examination.

AK-1, 1

ES-D, |

G6PD, B

GLO-I, 1-2

PGMI, 1

PGM3, 1-2

This is one of six clonally derived lines isolated from the Woods strain of the
Erwin-Turner tumor by Kohler and associates.

The cells are able to transform steroid precursors to estrone and estradiol

ATCC complete growth medium: The base medium for this cell line is ATCC-
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Propagation:

Subculturing:

Preservation:

Related Products:

References:

Page 2 of 2

formulated Eagle's Minimum Essential Medium, Catalog No. 30-2003. To make
the complete growth medium, add the following components to the base medium:
fetal bovine serum to a final concentration of 10%.

Temperature: 37.0°C

Subcultivation Ratio: A subcultivation ratio of 1:4 to 1:6 is recommended
Medium Renewal: 2 to 3 times per week

Remove medium, and rinse with 0.25% trypsin, 0.03% EDTA solution. Remove
the solution and add an additional | to 2 ml of trypsin-EDTA solution. Allow the
flask to sit at room temperature (or at 37C) until the cells detach.

Add fresh culture medium, aspirate and dispense into new culture flasks.

Freeze medium: Culture medium, 95%; DMSO, 5%

Storage temperature: liquid nitrogen vapor phase

Recommended medium (without the additional supplements or serum described
under ATCC Medium): ATCC 30-2003

22536: Fogh J, et al. Absence of HeLa cell contamination in 169 cell lines derived
from human tumors. J. Natl. Cancer Inst. 58: 209-214, 1977. PubMed: 833871
22539: Fogh J, et al. One hundred and twenty-seven cultured human tumor cell
lines producing tumors in nude mice. J. Natl. Cancer Inst. 59: 221-226, 1977.
23377: .. Acta Endocrinol, Suppl. 153: 137-153, 1971,

32288: Landers JE, et al. Translational enhancement of mdm2 oncogene
expression in human tumor cells containing a stabilized wild-type p53 protein.
Cancer Res. 57; 3562-3568, 1997. PubMed: 9270029 _
32564: Roesler WJ, et al. The alpha-isoform of the CCAAT/enhancer-binding
protein is required for mediating cAMP responsiveness of the
phosphoenolpyruvate carboxykinase promoter in hepatoma cells. J. Biol. Chem.
271: 8068-8074, 1996. PubMed: 8626491

58051: Kohler PO, Bridson WE. Isolation of hormone-producing clonal lines of
human choriocarcinoma. J. Clin, Endocrinol. 32: 683-687, 1971.
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GripTite 293 MSR Cell Line Page | of I

GripTite™ 293 MSR Cell Line

[V
SKU# R795-07 Print this page

Description: ‘

The GripTite™ 293 MSR Cell Line is a genetically engineered Human Embryonic Kidney (HEK 293) cell line that

expresses the human macrophage scavenger receptor and strongly adheres to standard tissue culture plates for

dependable results. Developed from a 293-H subclone, GripTite™ 293 MSR cells show the same fast cell growth, high
transtection etficiency, and high-level expression characteristics of the parental 293-H cells. Unlike most 293 cells,
GripTite® 293 MSR cells dont wash away during the repeated manipulations of routine tissue culture or plate washing
protocols (Figure 1). Their superior adherence enables reliable reproduction of ligand-binding, enzymatic, or Qly:
immunotluorescence assay resulls. 1

Price

(CAD)
T640.08
Use in High-Throughput Applications Unit/Size
The GripTite™ 293 MSR cells enhance performance in high-throughput cell-based, as well as standard tissue culture, 1 kit
applications. Uncontrolled cell loss during high-throughput protocols leads to unreliable results and expensive, time-
consuming repeat experiments. Since GripTite™ 293 MSR cells adhere to standard tissue culture treated plastic, theres
no need for the costly poly-lysine coated plates typically used in high-throughput analysis. The GripTite™ 293 MSR
cells withstand automated plate washing and protocols using liquid handling robots on standard tissue culture plates
without significant cell loss (Figure 2).
Contents and Storage:
The GripTite™ 293 MSR Cell Line is provided as two tubes of a trozen stock of 3 x 109 cells, each in 1 ml of 90%
complete media and 10% DMSO. Store in liquid nitrogen. Liguid Geneticin® Selective Antibiotic (20 ml) is supplied as
a 50 mg/ml solution. Store at -20°C or 2°C to 8°C. Versene (100 ml) contains 0.2 g/I. EDTA 4Na in phosphate-butltered
saline. 1X concentration is 0.2 g/L=0.53 mM. Store at 2°C to 8°C. Guaranteed stable for 6 months when properly stored.

Availability

Add to Favorites

e Manuals & Documents
o Specifications

Copyright © 2008 Invitrogen Corporation. All rights reserved.
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Cell Biology

ATCC® Number:
Designations:
Biosafety Level:

Medium & Serum:

Organism:

Source:

Cellular Products:

Permits/Forms:

Tumorigenic:

Propagation:

Subculturing:

Preservation:

Fage l ol 2

CRL-1674™ Order this Item Price: $417.00

ARIP Depositors: NW Jessop, RJ Hay
1 Shipped: frozen

See Propagation Growth Properties:  adherent

Rattus norvegicus (rat) Morphology: epithelial

Organ: pancreas

Strain: Wistar

Tissue: exocrine

Disease: pancreatic tumor

exocrine enzymes (low levels)

may be required for the transfer of this ATCC matf_:_l_i_e{rAnyone purchasing
ATCC material is ultimately responsible for obtaining the permits. Please click
here for information regarding the specific requirements for shipment to your

location.
Related Cell Culture Products

No

ATCC complete growth medium: The base medium for this cell line is ATCC-
formulated F-12K Medium, Catalog No. 30-2004. To make the complete growth
medium, add the following components to the base medium: fetal bovine serum to
a final concentration of 10%.

Atmosphere: air, 95%; carbon dioxide (CO2), 5%

Temperature: 37.0°C

Protocol:

I. Remove and discard culture medium.

2. Briefly rinse the cell layer with 0.25% (w/v) Trypsin- 0.53 mM EDTA
solution to remove all traces of serum that contains trypsin inhibitor.

Add 2.0 to 3.0 ml of Trypsin-EDTA solution to flask and observe cells
under an inverted microscope until cell layer is dispersed (usually within 5
to 15 minutes).

Note: To avoid clumping do not agitate the cells by hitting or shaking the
flask while waiting for the cells to detach. Cells that are difficult to detach
may be placed at 37°C to facilitate dispersal.

4. Add 6.0 to 8.0 ml of complete growth medium and aspirate cells by gently
pipetting.

Add appropriate aliquots of the cell suspension to new culture vessels.

6. Incubate cultures at 37°C.

(O8]

N

Subcultivation Ratio: A subcultivation ratio of 1:3 to 1:6 is recommended
Medium Renewal: Every 2 to 3 days

Freeze medium: Complete growth medium supplemented with 5% (v/v) DMSO
Storage temperature: liquid nitrogen vapor phase

hitp://www.atcc.org/ATCCAdvanced CatalogSearch/ProductDetails/tabid/452/Default.asp... 07/01/2009
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Recommended medium (without the additional supplements or serum described
Related Products:  under ATCC Medium) ATCC 30-2004
recomnmended serum: ATCC 30-2020

22185 Jessop NW, Hay RJ. Characteristics of two rat pancreatic exocrine cell

lines derived from transplantable tumors. In Vitro 16: 212, 1980.

22884: Cockell M, et al. Identification of a cell-specific DNA-binding activity

that interacts with a transcriptional activator of genes expressed in the acinar

pancreas. Mol. Cell, Biol. 9: 2464-2476, 1989, PubMed: 2788241

22978: Roux E, et al. The cell-specific transcription factor PTF1 contains two
References: different subunits that interact with the DNA. Genes Dev. 3: 1613-1624, 1989.

PubMed: 2612907

51602: Hui H, et al. Glucagon-like peptide 1 induces differentiation of islet

duodenal homeobox-1-positive pancreatic ductal cells into insulin-secreting cells.

Diabetes 50: 785-796, 2001. PubMed: 11289043

90276: Sitver K, Yao F. ARIP cells as a model for pancreatic beta cell growth and

development. Pancreas 22: 141-147, 2001. PubMed: 11249068

Return to Top
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Cell Biology

ATCC® Number:
Designations:
Biosafety Level:

Medium & Serum:

Organism:

Source:

Cellular Products:

Permits/Forms:

Applications:

Receptors:

Tumorigenic:

Comments:

Propagation:

Page 1 of 3

CRIL-1492T™ Order this Item Price: $268.00
AR42] Depositors: NW Jessop
| Shipped: frozen

See Propagation Growth Properties: adherent

cpithg]ial

Rattus norvegicus (rat) Morphology:

1

Organ: pancreas

Strain: Wistar

Tissue: exocrine

Disease: tumor

amylase and other exocrine enzymes [22185]

In addition to the MTA mentioned above, other ATCC and/or regulatory permits
may be required for the transfer of this ATCC material. Anyone purchasing
ATCC material is ultimately responsible for obtaining the permits. Please click
here for information regarding the specific requirements for shipment to your
location.

Related Cell Culture Products
transfection host(Roche FuGENE® Transfection Reagents)
insulin, expressed
glucocorticoid, expressed
Yes
Secretory activity is inducible by glucocorticoid stimulation, and is accompanied
by extensive re-organization of the endoplasmic reticulum.
ATCC complete growth medium: The base medium for this cell line is ATCC-
formulated F-12K Medium, Catalog No. 30-2004. To make the complete growth
medium, add the following components to the base medium: fetal bovine serum to
a final concentration of 20% .
Atmosphere: air, 95%; carbon dioxide (CO2), 5%
Temperature: 37.0°C
Growth Conditions: The cells cells grow slowly, in clusters. They tend to pile up
and appear refractile.

Protocol: Monolayer never becomes confluent. Subculture when patches of cells
start forming "domes".

1. Remove and discard culture medium.

2. Briefly rinse the cell layer with 0.25% (w/v) Trypsin- 0.53 mM EDTA
solution to remove all traces of serum that contains trypsin inhibitor.

3. Add 2.0 to 3.0 ml of Trypsin-EDTA solution to flask and observe cells
under an inverted microscope until cell layer is dispersed (usually within 5
to 15 minutes).

Note: To avoid clumping do not agitate the cells by hitting or shaking the
flask while waiting for the cells to detach. Cells that are difficult to detach
may be placed at 37°C to facilitate dispersal.

http://’www.atce.org/ATCC AdvancedCatalogSearch/ProductDetails/tabid/452/Default.asp...  07/01/2009
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4. Add 6.0 to 8.0 ml of complete growth medium and aspirate cells by gently
pipetting,

5. To remove trypsin-EDTA solution, transfer cell suspension to centrifuge
fube and spin at approximately 125 xg for 5 to 10 minutes.Discard
supernatant and resuspend cells in fresh growth medium. Add appropriate
aliquots of cell suspension to new culture vessels,

Subculturing: 6. Incubate cultures at 37°C.

Subcultivation Ratio: A subcultivation ratio of 13 to 1:4 is recommended
Medium Renewal: Every 3 to 4 days. May need to only add media initially, do
not fluid change until cells attach well.

Freeze medium: Complete growth medium supplemented with an additional 30%
Preservation: (v/v) fetal bovine serum and 10% (v/v) DMSO

Storage temperature; liquid nitrogen vapor phase

Recommended medium (without the additional supplements or serum described
Related Products:  under ATCC Medium):ATCC 30-2004

recommended serum: ATCC 30-2020

22185: Jessop NW, Hay RJ. Characteristics of two rat pancreatic exocrine cell
lines derived from transplantable tumors. In Vitro 16: 212, 1980.

22384: Longnecker DS, et al. Transplantation of azaserine-induced carcinomas of
pancreas in rats. Cancer Lett. 7; 197-202, 1979. PubMed: 509403

22884: Cockell M, et al. Identification of a cell-specific DNA—binding activity
that interacts with a tmnsorlptl onal activator of genes expressed in the acinar

22978 Roux E etal, The cell- specmc t anscuptlon factor PTF1 contains two
ditferent subunits that interact with the DNA. Genes Dev. 3: 1613-1624, 1989,
PubMed: 2612907

23083: Seva C, et al. Lorglumide and loxiglumide inhibit gastrin-stimulated DNA
synthesis in a rat tumoral acinar pancreatic cell line (AR42]J). Cancer Res. 50:
5829-5833, 1990. PubMed: 2393852

23152 Raj’lsekdran AK, et al. Structural reorganization of the rough endoplasmlc
reticulurn without size expansion accounts for dexamethasone-induced secretory
activity in AR42]J cells. J. Cell Sci. 105: 333-345, 1993, PubMed: 7691838
23222: Longnecker DS, et al. Effect of age on nodule induction by azaserine and
DNA synthesis in rat pancreas. J. Natl. Cancer Inst. 58: 1769-1775, 1977.
PubMed: 864754

23408: Huang Y, Hui DY. Cholesterol esterase biosynthesis in rat pancreatic
AR42]J cells. Post- transcriptional activation by gastric hormoues. J. Biol, Chem.
266: 6720-6725, 1991. PubMed: 2016288

23412 Menniti I‘S et ai Turnover of inositol polyphoaphate pyxophosphates in

References:

23421: Logsdon CD et al GIucocortlcmds mcrease amylabe mRNA levels,
secretory organe[les, and secretion in pancreatic acinar AR42J cells. J. Cell Biol.
100: 1200-1208, 1985, PubMed; 2579957

23552: Zhao H, et al. Regulation of intracellular Ca2+ oscillation in AR42J cells.
J. Biol. Chem. 265: 20856-20862, [990. PubMed: 1701171

23554 Zhao H, Muallem S. Inhibition of inositol 1,4,5-trisphosphate-mediated
Ca2+ release by Ca2+ in cells from peripheral tissues, J. Biol, Chem. 265: 214]9-
21422, 1990. PubMed: 2174872
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23556: Thara H, Nakanishi S. Selective inhibition of expression of the substance P
receptor mRINA in pancreatic acinar AR427 cells by glucocorticoids. J. Biol.
48308: Adell T, et al. Role of the basic helix-loop-helix transcription factor p48 in
the differentiation phenotype of exocrine pancreas cancer cells. Cell Growth
Differ. 11: 137-147, 2000. PubMed: 10768861

48309: Seva C, et al. Growth-promoting effects of glycine-extended progastrin.
Science 265: 410-412, 1994, PubMed: 8023165

48311: Negre F, et al. Autocrine stimulation of AR4-2] rat pancreatic tumor cell
growth by glycine-extended gastrin. Int. J, Cancer 66: 653-658, 1996. PubMed.
8647628

48312: Bertrand V, et al. Inhibition of gastrin-induced proliferation of AR4-2J
cells by calcium channel antagonists. Int. J. Cancer 56: 427-432, 1994, PubMed:
7508895

57433: Mashima I, et al. Betacellulin and activin A coordinately convert
amylase-secreting pancreatic AR42J cells into insulin-secreting cells. J. Clin.
Invest. 97: 1647-1654, 1996. PubMed: 8601630

57434: Palgi J, et al. Transcription factor expresston and hormone production in
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ARTICLE INFO ABSTRACT

The hypothalamus is the control center for most physiological processes; yet has been difficult to study
Keywords: due to the inherent heterogeneity of this brain region. For this reason, researchers have turned towards
Hypothalamus cell models. Primary hypethalamic cultures are difficult to maintain, are heterogencous neuronal and
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CGene expression
Signal transduction
Molecular techniques
Cell biology
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glial cell populations and often contain a minimal number of viable peptide-secreting neurons. {n con-
trast, immortalized, clonal cell lines represent an unlimited, homogeneous population of neurons that
can be manipulated using a number of elegant molecular techniques. Cell line studies and in vivo exper-
imentation are complementary and together provide a powerful tool to drive scientific discovery. This
review locuses on three key neuroendocrine systems: energy homeostasis, reproduction, and circadian
rhythms; and the use of hypothalamic cell lines to dissect the complex pathways utilized by individual
neurons in these systems.

Circadian rhythims

© 2009 Elsevier Inc. All rights reserved,

1. Introduction

The hypothalamus maintains the homeostasis of our internal
environment and is the control center for all endocrine functions
(Fig. 1). It is situated below the thalamus, posterior to the optic chi-
asm and surrounds the third ventricle; access to the ventricle allows
it to integrate signals from circulating factors that cross the blood-
Dbrain barrier (BBB). A study by Faouzi et al. indicates that there is
differential accessibility to circulating factors within the hypothala-
mus. They have shown evidence that one of the ventral regions of the
hypothalamus, the arcuate nucleus, does not require peripheral fac-
tors to cross the BBB, butinstead may have neuronal projections that
extend outside of the BBB [53]. The regulatory actions of the hypo-
thalamus can be divided into three categories: control of internal
homeostasis, endocrine system regulation and autonomic nervous
system regulation. Within these three categories there are numer-
ous critical physiological functions regulated by the hypothalamus.
Internal homeostasis covers the regulation of water balance, tem-
perature, circadian rhythms and energy and glucose homeostasis
[60]. The latter two processes, circadian rhythms and energy and
glucose homeostasis, are two areas that are heavily studied, espe-
cially as the hypothalamus has recently been considered akey region
in the pathogenesis of obesity and diabetes [62]. With regard to
enclocrine system regulation the hypothalamus, via the pituitary

* Corresponding author. Address: Department of Physiology, University of
Joronto, Medical Sciences Building 3247A. | Kings College Circle, Toronto. ON,
Canada M55 1A8. Fax: +1 416 978 4373,

Fomnail address: d helsham@utoronto.ca (2.0 Belsham).
0091-3022;5 - see front matter ~ 2009 Elsevier Inc. All rights reserved.
doi 1.1016/j.yfrne.2009.03.005

gland, regulates stress, growth, metabolism and reproduction [GO].
The third category, autenomic nervous system regulation, includes
the control of blood pressure, gut motility and respiration [G0]. As
the hypothalamus controls these numerous vital tasks, a perturba-
tion of the delicate regulatory balance can lead to detrimental effects
resulting in major health problems.

The hypothalamus contains multiple nuclei, which are com-
prised of a complex network of neurons. Within this complex array
of neurons there are distinct neuronal phenotypes, each expressing
a specific complement of neuropeptides, neurotransmitters and
receptors [52]. An understanding of the contrel mechanisms of
the unique hypothalamic, peptidergic neurens is critical belore
we can understand how the brain achieves its diverse control of
basic physiological functions. The cellular mechanisms involved
in this process are not clearly understood, mainly due to the com-
plexity of the in vivo hypothalamic architecture. Numerous studies
have been undertaken to map the afferent connections between
distinct hypothalamic nuclei and neurons, utilizing methodology
such as double- and triple-label immunocytochemistry, in situ
hybridization and retrograde tracing [43,47,51,74,145|. These
studies are useful to generate an emerging picture of the potential
cellular communication within the hypothalamus, but are not
camprehensive and do not address the molecular mechanisms in-
volved in gene regulation and cellular signaling. In order to over-
come the complexity of in vivo models, numerous labs have
attempted hypothalamic cell line generation. Historically, it was
difficult to establish immortalized hypathalamic cell lines, due to
the lack of naturally eccurring tumaors and the inherent difficultly
of transforming or immortalizing highly differentiated neurons

Please cite this article in press as: C.M. Mayer et al., Hypothalamic cell lines to investigate neuroendocrine control mechanisms, Front. Neuroendocrinol.
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Fig. 1, Hypothalamic function. {A) The hypathalamus regulates numerous functions, all of which can be categorized under three headings: internal homeostasis, endocring
regulation and autonamic nerveus system regulation. The three functions specificalty discussed in this review, circadian riythins, eaergy homeostasts and reproduction. are
italicized. (B} Within the hypothalamus these processes are centeolled by discrete nuclei, each with a different complement af phenctypically distinct aeurons.

from primary culture [28]. Cell lines from the peripheral nervous
system were established from neuroblastomas, such as the Neu-
ro2a, ancl pheochromocytomas, such as the PCI2 cell line; how-
ever, these models do not truly represent differentiated central
nervous system neurons {CNS). Fer instance, the murine N1E 115
neureblastoma cell line is routinely used as a CNS-derived neuro-
nal model, although it was originally generated from a spontane-
cus tumor on the spinal cord [9]. Recently, cell models from the
liypothalamus have been developed and have proven to be invalu-
able towards understanding the cellular biology of specific neuro-
endocrine cells. The number of cell models from the hypothalamus
and from the entire brain, consist of a few isolated cell types and
represent an infinitesimal percentage of the neuronal phenotypes
cepresented within the brain. For this reason, our group and other
labs have been continually working on developing new hypetha-
lamic, neuronal cell models. In this review, we will be sunimarizing
current hypothalamic cell lines in use and will examine how they
have entiched our understanding of hypothalamic function, with a
focus on three important neuroendocrine topics: energy homeo-
stasis, reproduction and circadian rhythms.

2. Hypothalamic cell lines

Non-transformed primary hypothalamic cultures are difficolt to
maintain, have a short life span and represent a heterogeneous
neurondl and glial cell population; often these cell populations
contain a minimal number of healthy peptide-secreting neurens,
On the other hand, immortalized, clenal cell lines represent an
unlimited homogeneous popuiation of specific neuronal cell types.
Additionally, they ofter a model with fewer uncontrolled variables
than the in vive situation and are maintained in a controlfed and
homogeneeus condition. Classical in vivo approaches cannot firmly
establish the direct action of an ageat on specific hypothalamic

neurans or on neucopeptide transcription, mainly because the cell
receives input from other neurans. As well, little is known about
the molecular mechanisms involved in intracellular signaling, pro-
moter regulation, regulation of gene transcription, or regwlation of
secretion in native neurens due to the complexity and difficulty of
studying molecular events in vivo. The use of cell lines provides a
simpler model to begin these investigations. Since few studies have
been performed in vivo, researchers are unable to state whether
neuronal cell lines function identically to native neurons. For this
reason, caution must be taken when extrapolating theories lrem
the cell line to the in vivo model. As well, cell lines lack the com-
plexity and integrated netwark of neuronal connections and sig-
naling. Despite these limitations, cell line studies can be used to
understand the in vivo model by having a clearer idea of further
studies to pursue with, as well as confirming molecular events.
From the current studies available that have looked at effects such
as hormonal regulation of gene expression or receptor activation,
maost studies have found that the results from cell lines replicate
that of in viva studies. Cell lines also provide a good model to
screen cifferent neuronal phenotypes for the expression of specific
genes or proteins; studies that are difficult in vive due to the
numerous phenolypes of neurons present in a given hypothalamic
area. Because of this, limited characterization of native hypotha-
tamic neurens has been performed, and though hypothalamic celt
lines express a compilation of neuropeptides, recepiors and signal-
ing molecules, it is unconfirmed that this difters from in vivo. It
was originally shown from in vive studies that the GnRH neuron
only expressed one of the estrogen receptor {ER) isoforms, ERalpha.
Using the GnRH cell line. GT1-7, researchers found that both iso-
forms LERalpha and beta were expressed [128], alter which it was
confirmed that both isoforms are present in the native GnRH neu-
ron | 143]. This exemplifies how cell lines can be utilized to clarify
in vivo studies and although hypothalamic cell lines express
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aumercus factors not yet shown in native neurons, this may be due
to a Jack of in vivo studies.

For the reasons presented above, researchers have turned to-
wards immortalized cell models for detailed molecular and mech-
anistic studies. In 1885 Wilhelm Roux established basic tissue
culture techniques but it was not until 1940 when the first immor-
tal cell line was developed by Earle: the L Strain cells [48,55]. Since
then numerous cell lines have been devetoped from many different
tissues; although the ficst attempt at immortalizing neurons was
not until 1974, performed by Shaw et al. [42]. They infected pri-
mary hypothalamic cells from embryonic mice day 14 with intact
simian virus 40, a DNA virus that contains the oncogene, large T
antigen ($V40 T-Ag), creating an immortalized cell population la-
beled HT9. Unfortunately, these cells were morphologically similar
te precursor cells and were not fully differentiated neurons. In
1984, Cepko et al. [27] developed retroviral shuttle vectors allow-
ing for the introduction of DNA sequences into mammalian celis,
utilizing $V40 T-Ag mediated replication. It allowed for increased
efficiency of gene transfer and contained a gene conferring resis-
tance to specific antibiotics, such as neomycin, altowing for selec-
tion of infected cells. This technology has permitted researchers to
retrovirally infect primary cells with an immortalizing oncogene
and selectively propagate them. This is one of the key technologies,
along with the development of transgenic mice expressing onco-
genes, which has allowed for the development of cell lines. In the
[ollowing subsections we will discuss how these technologies were
utilized to develop gonadotropin-releasing hormone (GnRH), sup-
rachiasmatic nucleus {SCN) and other general hypothalamic cell
lines.

2.1, GnRH expressing cell fines

One of the first fully differentiated hypothalamic cell lines was a
GnRH expressing cell model developed by Melton et al. in 1990
[104]. They created a transgenic mouse utilizing 5 flanking DNA
of the rat GnRH gene to target expression of SV40 T-antigen in
GnRH neurons. They obtained nine transgenic mice that expressed
the GnRH-5VA0 T-Ag gene, none of which were fertile. Two of these
mice developed anterior hypothalamic tumors, From one of the fe-
male mice, portions of the tumeor were removed for cell culture,
yltimately becoming the GT-1 cell line population, Following serial
dilutions of the GT-1 cells, they developed three homogeneous cell
populations, labeled GT1-1, GT1-3 and GT1-7. These cells ex-
vressed neuronal morphology and secreted GnRH when depolar-
ized. These cells became cne of the most highly utilized neuronal
cell models for studies related to wot only GnRH, but also basic
neuronal function, as they represented one of the few appropriate
neuronal models available,

Currently, there are now four GnRH expressing cell models; the
CT1, GN, Gnv and GRT cells. The GN cells were developed utilizing
a similar method as the GT1s, except they used the 5 flanking re-
gion of the human GnRH gene [122]. Also, the T-Ag driven tumars
developed before migration of the GnRH neurons from the olfac-
tory placode to the hypothalamus was complete and thus the cells
are considered to be immature GnRH neurons, One of their mice, a
male mouse, contained T-Ag and GnRH expressing cells, from
which two cell lines were created, the NLT and Gall cells, Interest-
ingly, there were distinct phenotypic differences between the two
lines, as the NLT cetls expressed GaRH at levels 10-fold higher than
the Gnli cells, while the Gn11s expressed a splicing variant of the
GnRH gene lacking exon 2. The last two GnRH cell lines, the Gnv
and GRT cells, were developed using quite different methods,

The Gnv cells were developed by Salvi et al. [136] and were one
of the first attempts to create cell lines from adult hypothalamic
cultures. Isolated hypothalami from 10 to 12 weeks old vats were
infected using two lentiviral vectors. The first vector expressed a

tetracycline (Tet) transactivaror gene driven by the GnRH promeoter
and the second vector expressed the v-myc oncogene and puromy-
cin resistance gene fused with a Tet-responsive element. These
vectors allowed for two things: the Tet-transactivator gene to only
be expressed in GnRH neurons and the conditional activation of the
v-mye ancogene with Tet treatment. They developed 12 clones of
which clones 3 and 4, named Gnv-3 and Gnv-4, expressed the
higtiest fevels of GnRH and were thus selected for future studies.
These cells have a phenctype of mature neurons and secrete GnRH
in a pulsatile pattern.

The GRT cells, developed by Woelfe et al. [164], are the most re-
cent hypothalamic cell lines and were also immortalized using
conditional activation of an oncogene. They created transgenic
mice expressing a Tet-regulated, GnRH promoter driven T-Ag hy-
brid gene. At 4 months of age, mice were treated with doxycycline
and hypothalami were dissected far cell culture at 5 months. The
cells were passaged in doxycycline containing media, which al-
lowed for proliferation of the celis. The GRT cell line expresses
and secretes GnRH, although at lower levels than the GT1-7 cells.

2.2. SCN cell lines

pMotivated in a similar fashion as reproductive researchers, sci-
entists with a circadian background desired a cell culture model of
the SCN. In 1999, Earnest et al. developed the first SCN cell line
[49]. They isolated SCN from embryonic rat hypothalamic, day 15
and 16, and infected them with a retrovirus expressing the adena-
virus 2-adenovirus five hybrid E1A 125 sequence (125 E1A), an
oncogene, and a neomycin resistance gene. The infected cells were
selected using geneticin and two cefl lines were subcloned: the
SCN2.2 and SCN1.4. Both lines expressed neuronal markers and
SCN specific peptides, such as VI? and GRP, These cell lines have
become the most well studied SCN cell models.

Recently, two other SCN cell lines have been developed: the
N14.5 and R$182 cells. The N14.5 cells were created using novel
technology [102]. They isolated cells from the venterolateral region
of the SCN, fram transgenic rats expressing the temperature sensi-
tive (ts) 5v40 T-Ag. The $V40 T-Ag gene is only activated at 33 °C,
thus once the primary SCN neurons were isolated and grown at
33 °C, SV40 T-Ag was activated and the cells began to proliferate.
When grown at 39 °C, proliferation is arrested and the cells differ-
entiate fucther, This cell line is another example of 4 conditionally
activated Sv40 T-Ag cell line. The N14.5 cell line expresses neuro-
nal markers and the SCN marker, VIP.

The RS182 cells were also created using tsSV40 T-Ag expressing
cats, except the rats were crossed with Perl promoter driven lucif-
erase gene expressing {85]. SCN cells were isolated from these rats
at embryonic day 19 and grown at 33 °C. They established 512 cell
lines of which 17 displayed stable Perl oscillations, visualized by
luciferase protein expression, indicative of intrinsic circadian gene
cycling. From the 17 lines, the R5182 cells had the highest ampli-
tude of cycling and were selected for further studies.

2.3 A Wide array of other hypothalamic netivons

The GnRH and SCN cells are enly a few neuronal cell types from
the hypothalamus. Thus other groups, including ours, have devel-
oped cell lines that are representative of the enormous range of cell
types in the hypothalamus. Two groups have utilized retroviral
gene transfec and $V40 T-Ag to immortalize rat embryonic cell
lines, In 1990, Rasmussen et al. developed the RCF-8 and 12 and
RCA-G cell lines {123}, These lines are responsive to estrogen and
the RCA-G cells express NPY and (CF-1. Although these cells were
developed in 1990, few studies have utilized these models and
thiey have not been fusther characterized them, In 2003, Kasckow
et al.|83] also retrovirally infected embryonic day 19 rat hypotha-
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lami, producing cell lines. They screened the cells and identified
one line, IVB, which expressed CRH, for further studies. From their
initial experiments, they kave found that this cell line serves as a
model for parvocellular CRH neurons.

Recognizing the need for mouse cell lines representative of
other unique hypothalamic neurons, our greup initially established
18 embryanic, clonal hypothalamic mouse cell lines [18]. We
utilized retrovirai infection of SV40 T-Ag of pritnary hypothalamic
cell cultures from fetal mice day 15, 17 and 18 to produce a heter-
ogencous mix of gells, which were further subcloned inte homoge-
neous cell populations. The cells are currently labeled as milypoE-
clone number' to distinguish them from olther newly created cell
lines and for ciarity, although it should be noled that in previous
studlies they were labeled as N-'clone number’, These cells have
been well characterized and screened for over 28 neuroendocrine
markers, while the number of clonal lines has now increased to
over 60. The cell lings also express mature nevronal markers ane
exhibit neuronal morphology (Fig. 2). Each of the cell lines
expresses a unique complement of receptors and neurepeptides
and has a distinctive morphology. Some key neuropeptices
expressed in these cells are neuropeptide ¥ (NPY), agouti-related

inHypot-46

peptide (AgRP), proopiomelanocortin (POMC), cocaine- and
amphetamine-related transcript (CART), neurotensin {NT), melanin
concentrating hormone (MCH), vasoactive intestinal peptide (VIP)
and corticotopin-releasing hormone (CRH), ameng many others
(see Table 1),

Embryonic cell lines may or may not accurately represent the
adult, fully-differentiated neuron due to their unique developmen-
tal and physiological roles, and this is difficult to study wilhout
appropriate medels. Therefore, cur group has recently devised a
novel method to immortalize neurons from the adult mouse
(D.D. Belsham et al., submitted for publicatien}. In order to retrovi-
ralty incorporate the oncogene SV40 T-Ag inte Lhe cellular genome,
cells must be dividing. As such, we utilized the nerve growth factor,
ciliary neuratrophic factor (CNTF), te treat primary cell cuiture
from adult mouse hypothamali, inducing neurogenesis and cell
division. fFollowing 10 days of CNTF treatment, the cells were retro-
virally infected with Sv46 T-Ag and the infected cells were selected
with geneticin. The cells express markers of mature seurens and
exhibit neuronal morphology. We have established over 50 cell
lines, labeled mHypoA-"clone number', and are currently charac-
terizing these lines for expression of pertinent neuropeptides,

Fig. 2. imaging of embryonie and adult hypothalamic cell lines Examples ol hypathalamic cell lines, both embiryonic and aduli, are illustrated watlin chis tigure, (A-D} The
erbiyome mHypeE-16.  29;2, 38 amd -43)5 were imaged using phase contrast microscopy. These four lines were used in studies described i the energy homeustasis
section and the miypoE-38 line was also used in studies described in the reproduction section. (E-1) The adult mllypeA-2422, -2!1.-2{3 and -2f5 were imaged using confocal
diflerential interference contrast microscopy. ()3 The embryonic mbypok-38 neurons were imaged using fluorescent confocal microscopy aitec immunacytechemical analysis
with anti-girelin sera (green’: nuclei were counlecstained wiih propidium iodide (red){eriginally published in 1351} ;K3 The adult mHypoA-2112 neurons were imaged using
Jluerescent microscopy after immunocytochemical analysis with an antibody against NPY (green). nuclei were counterstained with DAPL{blue). {1 and M) The mHypoC-36;1
neurons were imaged using DAB staining during immunocytechemical analysis with anubodies against neurofilament (NF} and neurotensin [N} {onginally published in
1110]) {For interpretation of the references to color in this figure legend. the reader is referred te Lie web version ol this article.).
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rable 1 (corfinueds

GCene mHypoE-28/2  mHypoE-38  mHypoE-29/4 mHypoE-39  mHypo-36/l  mHypoE-46  GTi-7  GaV3  Gnv4 SCNZ2
Urocnrtin + R + ' - . '

Vasoactive fntestinal peptide + + + + + + + v
Vasoactive [ntestinal peptide receptor I - - + + + -

Vasoaclive Intestinal peplide receplor2  + + + v + - +

+* indicates that the gene is expressed:’ - indicates that it is not expressed; blank entry indicates that the presencefabsence is unknown.

receptors, and neurotransmitter systems. These lines will be
important to understand the contrel mechanisms utilized by ma-
ture newcons in terms of basic physiological functions and stimulus
control, and can be used for direct comparisons with neurons of
embryonic origin, We continue to develop new models for neuro-
endocrine research and our repertoire now includes comparable
models from the embryonic mouse {(mHypoE, previously called
N-xx), male and female adult mouse (mHypoA), embryonic rat
{rHypoE), and adult mouse pituitary {mPitA). Eventually, we hope
to be able to provide a representative cell medel for virtually alt

hypothalamic research involving specific neuropeptide-expressing
neurans from our mixed cell populations.

3. Energy homeostasis

The hypothatamus was first considered impoertant for the regu-
Jation of feeding after lesions in the ventromnedial hypothalamus
and lateral hypothalamus led to hyperphagia and aobesity or apha-
gia and starvation, respectively {135). Based on this work, the
hypothalamus is known to be the primary center for food intake

Table 2

Key studies performed using hypothalamic cell lines.

Study

Key findings

Cell linefs) used

Lee et al. [90]
Cheng ei al. [34]
Li et al, [94]
Mayer et al.
Frago et al. [58]
Anderson et al. |8}
Fick et al. (58]
Cui et al. [40]
Miroshamsi et al.
1ol

Ning et al. [115]

Energy
homeostasis

Kaszubska et at.
(34]
Mayer et al.

Fox et al. [57]

Roy et al. | 12|
Pak et al. [118]
Shakil et al. [139]
Krsmanovic et al,
|89}

Quaynor et al. [121]
Bowe et al. (21}
Ray et al. [129]
1gaz et al. [75]

Yu el al, [LB7]
Titolo et al. [150]
Jacobi et al. [80]
Luque et al. [97]
Belsham et al. |15]

Repreduction

Circadian Balsalobre et al.
rhythms [11]
Balsalpbre et al.
[12]
Balsalobre et al,
[13]

Tzumo et al. {79}
Welsh et al. |1 58]
Akashi et al. [2]
Hizayama et al. |73
Earnest et al. [49]
Earnesc et al. {30}
Allen et al. (4]
Allen et al. {¢]

Chappell et al {33}
Rey et al. [129]
Gillespie et al. [63]

Glucose decreases AgRP by increasing ATP and inhibiting AMPK

Glucose regulates AgRP through NADH production

GLUY2 overexpression decreases AgRP through increased ATP and inhibition of AMPK
(nsulin represses NPY and AgRP through MAPK MEK/ERK pathway

GHRH-6 regulates IGF-1 and NPY through an PI3K-Akt independent pathway

Increased intracellulac calcivin activates CAMKK2, activating AMPK and increasing NPY
Insulin regulates ghrelin tirough the PI3K-Aky and MAPK MEK/Erk pathways

Leptin regulates neurolensin through JAK-STATI pathway

Leptin and insulin activate Kaye channels through Pi3K

Leptin inhibits PTEN, increasing PIP3 and decreasing F-actin
FTIFIB negatively regulates leptin signaling

Prolonged insulin exposure induces nevronal insulin resistance by degeading IR and [RS1, and serine
phosphorylating LR51
Leptin activates PC1/3 transcription via Nhih2 and STAT?

Estrogen decreases GnRH gene expression through £R%

Estrogen provides negative feedback on GnRH promoter activity

Androgen decreases GnRH expression via nuclear ARs and increases Goittl secretion via membrane ARs
Auteccine regulation of GnRH promotes switch from basal to surge -like GoRH secretion

Kisspeptin increases GnRH secretion in an autocdne fashion

NDY stimulates GoRH secretion

Melatonin decreases GnRH secrerion and gene expression

(nsulin increases GoRH expression

cAMP and PKC induce GnRH secretion

Estrogen differentially regulates NPY depending on ratic of CR and ERp
Estrogen increases kisspeptin and GRP54

NPY stinwlates kisspeptin expressioin

NMDA and NO repress GnRH expression

Serum shock synehronizes cultured rat fibroblasts
Glucocorticoids synchronize cultured rat fibroblasts
cAMP, Ca?', and protein kinase € (PKC) affect chythraicity and synchronization

Temperature compensation and real rime imaging of vircadian rhythnis

Peripheral cells in culture cycle over 24 i, but lose syncionicity

MAP kinase ¢ascade is involved in resetting of the clock

Mutant BMAL1 protein could not restore thythmicity when not acetylated by CLOCK
Establishment of adenoviral E1A immortalized 3CN2.2 cell lines

SCN2.2 neurons Testare behavieral thythms when transplanted into SCN-lesioned rats
SCN2.2 neurons synchroaize rat-1 fibroblasts in culture

SCN and peripheral clocks respond to different entraining stimuli

Akered circadian function affects GoRH secretion
GTL-7 neurons express functional melatonin receprors and melatonin atters CnRH gene expression

GT1-7 neurons express functional clock genes

GTI-7
mHypoE-38
GT1-7
mHypoE-46
RCA-6
mHypot-38
mHypoE-28
mHypot-36, -39
cT-7

GT1-7, mBypof-28/
4
G11-7

mHypoE-46

milypaE-29/2

GTL-?7
GT1-?
GTL-7
GTL-7

GT1-7

Gr1-7

Gri-7

Gri-7

GT1-7
mHypoE-38, -42
GT1-7
mHypakE-§
L71-7

Rat-1 fibroblasts
Ral-| fibroblasts
Rat-1 fibroblas¢s

Rat+1 fibroblasts
Rat=1 fibrobiasts
NI1H-3T3 fibroblasts
BMALL mutant MEFs
SCM2.2

SCNZ2

SCN2.2

SCN2.2, rat-1
fibroblasts

GT1-7

CT1-7

CT1-7
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and body weight regulation. Within the hypethalamus there are
specific areas that are involved with energy homeostasis, namely
the arcuate nucleus (ARC) and the paraventricutar nucleus (PVN}
[82]. These regions of the hypothalamus are comprised of orexi-
genic and anorexigenic signals. There are numerous arexigenic
and anorexigenic neurapeptides that are involved in the regulation
of feeding. Some of the peptides expressed by these neuropeptider-
gic neurons include: NPY, AgRP, MCH, galanin, Orexin, alpha-MSH,
CRH, CART, and NT [92,138]. Energy homeostasis is maintaine
through regulation of these neuropeptidergic neurons by periphe-
ral signals, These signals include hormones such as leptin and insu-
lin, and nutrients such as glucose and free fatty acids [162]; in
concert they act to either repress or stimulate feeding neurons,
altering secreticn and gene expression. [n the foilowing subsec-
tions, we will loak at how hypothalamic celi lines have been used
to study the regulation of neuropeptide gene expression, periphe-
ral hormone signaling and the regulation of intracellular signaling
molecules.

1.1. Neuropeptide regulation

One of the Key steps in altering feeding responses is the change
in neuropeptide expression. Nutrients, like glucose, and peripherat
hormones, like leptin and insulin, act in the hypothalamus to alter
the expression of feeding-related neuropeptides. In vivo studies
using knockout animals have explored the importance of individ-
wal neuropeptides and the role they play in feeding regulation.
As well, in vivo studies have looked at the overall response of the
hypothalamus to specific horimones and nutrient signals, but jt is
in the in vitro model where researchers have begun to define the
molecular mechanisms involved in the regolation of neuropeptide
gene expression.

Neuropeptide Y and agouti-related peptide are two key potent
orexigenic peptides, as indicated by the adult NPY{AgRP neuron
knockout mice [68,98), which exhibit extreme aphagia and even-
tual starvation. In vitro studies have recently been investigating
the intraceltular mechanisms involved in the regulation of these
neuropeptides. Glucose was shown to regulate NPY and AgRP
expression in vivo, although the intracellular mechanisms were
not known [32,156]. Lee et al, used the GT1-7 cells to study how
glucose regulates NPY/AgRP [90]. GT1-7 treatment with glucose
decreased AgRP mRMA expression and increased ATP levels. T re-
sponse to the rising ATP levels, they found that phospho-AMPK, an
intracelluiar fuel sensor, decreased, An inhibitor of glucose metab-
olism, 2-deoxy-n-glucose (2DG), decreased ATP while increasing
AgRP mRNA and phospho-AMPK, To determine if ATP was directly
involved with AgRP regulation, they depleted cellular ATP using so-
dium azide, which aftects mitochondrial oxidation. The depletion
of ATP led to an increase in AgRP. Next they studied if AMPK was
directly involved and found that an AMP analog, AICAR, increased
phospha-AMPK, as AMPK is activated by an increase in the ratio of
AMP to ATP, and in turn, AgRP expression, Lastly they used & dom-
inant-negative AMPK construct and found thar it prevented the 2-
DG induced increase in AgRP. This study indicates that glucose lev-
els affect AgRP expression by changes in ATP levels, which lead to
activation of inhibition of AMPK. Cheng et al. |34] followed up on
this study using the N-38 cells (now known as mHypoE-38} which
endogenously express NPY and AgRP, They confirmed that glucose
inhibits AgRP expression and decreases cellular ATY levels.
although they found that ATP and AMPK were not involved in
the regulation of AgRP. Instead they found that a GAPDH inhibiter,
jodoacetate, which decreases the levels of NADH, increased AgRP
MRNA and decreased ATP. As well, inhibition of AMPK with RNA
intecference, induced AgRP mRNA at 10 mM glucose and AICAR
inhibited AgRP. They proposed that glucose regulates AgRP
thraugh the production of NADH by GAPDH and regulation of the

C-tecminal binding protein. These two studies indicate that glucose
may regulate AgRP dissimilarly in different neuronal populations,
supporting the need for studies at the individual neuronal level.
One of the key steps in glucose sensing is the uptale of glucase into
cells, Li et al. used the GT1-7 cells to study the role of the glucose
transporter 2 (GLUT2) in the regulation of AgRP by glucose [94].
They found that GLUT2 overexpression increased ATP levels lead-
ing to inhibition of AMPK and & decrease in AgRP mRNA expres-
siol. As weli, overexpression of GLUT2 blocked the 2DG-
mediated increase in AgRP mRNA levels. This study further
illustrates that neuropeptides, such as AgRP, can be regulated by
glucose, Taken together with the previous two studies, these stud-
fes indicate that researchers are just beginning to understand the
mechanisms utilized by glucose to regulate feeding-related neu-
rons and that neuronal cell lines provide an impertant model in
which this may be investigated.

Along with glucose, peripheral hormones are known to regulate
NPY and AgRP gene expression. One of these key hermones is insu-
lin. tn order to understand how the mechanisms through which
insulin regulates NPY and AgRP, cur lab has used a cell Jine that ex-
presses these peptides, mHypoE-46 (C.M. Mayer and D.D. Belsham,
submitted for publication). Insulin treatment decreased NPY and
AZRP MRNA levels and induced phosphorylation of Akt and Erkl/f
2. Using inhibitor analysis we determined that the MAPK MEK/
Erk pathway is involved in insulin regulation of NPY and AgRP
MRNA expression, Lin et al. [95] studied the effects of another
peripheral harmone enterostatin, an ancrexigenic peptide found
in the pancreas, gastric mucosa and specific brain regions, on AgRF
expression. They found that enterostatin decreased AgRP mENA
levels in GT1-7 cells. This data was presented in conjunction with
in vivo data and used to confirm the direct actions of the peptide
on neurons. Ghrelin is a peripheral hormene produced by the
stomach, thought to counteract the anorexigenic effects of leptin.
Using a ghrelin receptor agonist and the RCA-G, NPY expressing ceil
line, Frago et al. [58] studied the acticns of the agonist on NPY and
IGF1 expression, They found that the agonist, growth hormone-
releasing peptide-8 (GHRH-G) increased insulin-like growth factor
1 (IGF-1) and NPY mRNA expression and induced phosphorylation
of Akt, (GF-1 treatment also increased NPY mRNA expression.
Interestingly, inhibition of the PI3K-Akt pathway using
L¥294002 did not affect GHRH-G regulation of IGF-1 and NPY. This
study indicates thae the P13 [(-Akt pathway does not mediate the
effects of GHRH-6 on IGF-1 and NPY.

Cell lines have also been used to study the effects of intracellu-
lar signaling melecules on NPY regulation. In conjunction with
in vivo studies, Anderson et al. [8] used the N-38 {(mHypoE-38) cell
{ine to provide more direct evidence linking CAMICKZ, a serinef
threonine protein kinase, to pathways regulating NPY, [onomycin
treatment, which increases intracellular calcium, activates CAM-
KK2 and induces phosphorylation of AMPK in the N-38 cells. [rhi-
hition of CAMKKZ blocked the ienomycin-induced increase in
phospho-AMPIC. As well, ionomycin increased NPY mRNA expres-
sion and the CAMKK2 inhibitor attenuated this increase, This study
indicated that intracellular calcium increases asctivate CAMEKK2,
leading to phospharylation of AMPK and increased NPY mRNA,

Cell lines have allowed for the analysis of the NPY, AgRP and
GnRH promoters. There are excellent reviews on GnRH promoter
analysis [ 19,66,114], and therefore this will not be further covered
in this review. However, relatively little has been reported about
the regulation of the NPY promoter (7,96,108,109,159], and these
studies were only performed in heterologous cell models. It is
known from bilateral neural transection experiments and anti-
sense data that the NPY neurons respansible for the reproductive
and orexigenic effects of NPY lie within defined regions of the
hypothalamus, including the arcuate nucleus [81,133,134], which
cleacly are not represented by any of the tumor-derived cell lines
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previcusly used for NPY studies. Using the GT1-7 cell line, our iab
transiently transfected NPY 5° flanking gene luciferase reporter
constructs and found a repressor region between -867 and
—1078 [103]. Three protein binding regions were determinted with
DNase | footprint analysis and the region between —943 and -922
were further analyzed using electrophoretic mobijity shift assays
[EMSA). This revealed that four different transcription factor-DNA
complexes formed with GT1-7 nuclear proteins and that two of
these proteins were the Oct-1 and Pbx-1 transcription factors.
we are how using the cell lines derived in our laboratory express-
ing endogenous NPY from appropriate hypothalamic nuclei to
study the direct regulation of the NPY promoter by hormones
and to map these effects to distinct regions of the NPY gene 5’ reg-
ulatory region. This type of analysis has already been performed on
the AgRP gene in the N-38 cell line, in which a novel SNP was found
allowing functional dimorphism [10). As exemplified above, cell
lines provide a useful model in which to examine 5’ regulatory re-
gions and to identify transcription factor binding regions involved
in the regulation of a gene of interest, As well, using phenotypically
differeat cell lines one can begin to compare cell type specific
transcription factors involved in differential expression of
neurcpeptides,

Ghrelin, a potent orexigenic hormone, is secreted by the stom-
acti and acts in the hypothatamus to stimulate NPY/AgRP neurons.
Ghrelin is also expressed in the brain, possibly baving a more local
action, Qur lab found that one of cur hypothalamic cell lines, mHy-
poE-38, expressed preproghirelin [56]. This cell line was used to
determine if peripheral hormones, like insulin, could regulate brain
ghrelin, We found that insulin decreased preproghrelin and phos-
phorylated Akt and Erk1/2. The MAPK-MEK/Erk1/2 pathway inhib-
itor, PD98059, attenuated the insulin-mediated decrease in
preproghrelin, while the PI3 K inhibitor, LY294002, upregulated
gene expression. This study indicated thar insulin directly regu-
lates brain ghrelin and the MAPK MEK/Erk and Pi3 K-Akt pathways
are involved in the regulation of preproghrelin.

Along with study of orexigenic peptides, hypothalamic cell lines
have also been used to study the regulation of specific anorexigenic
factors: in particular, neurotensin (NT) and insulin. Neurotensin is
expressed in the CNS and digestive tract and is involved in a num-
ber of physiclogical processes, including feeding. Our group uti-
lized the N-39 and N-36/1 cells (mHypoE-39 and mHypoE-3G/1)
to analyze the effects of leptin, insulin and alpha-melanocyte stim-
ulating hormene (alpha-MSH) on NT gene expression |40]. Treat-
meant of the two cell lines with leptin, insulin and alpha-MSH
increased NT gene expression. Promotey analysis revealed a leptin
responsive region located in the NT 5 flanking region between

.250 and -391. This region contained STAT3 responsive elements
and chromatin immunoprecipitation {ChiP) showed binding of
STAT3 to this region. [n order to determine if STAT3 was involved
in leptin-mediated NT regulation, the cells were transfected with
dominant negative STAT3 constructs. The dominant negative con-
steuct attenuated Jeptin-induced increases in NT mRNA, This study
found that leptin, insulin and alpha-M3H directly regulate NT gene
expression and that leptin does so through the $TAT3 transcription
factor.

Insulin is mainly produced in pancreatic beta cells, although
there is also some evidence for expression in the rodent brain
Two of our cell lines, mHypokE-39 and mHypoE-46, express the ro-
dent Ins2 gene, which is highly homologous to the single human
insulin gene |99). We found that mouse and rat Ins2 5 flanking
gene reporter constructs were active in these cell lines, while the
twiman canstruct was not. Treatment of the mHypoE-39 with glu-
cose jncreased [ns2 mRNA levels, while exendin four {(a GLP-1 R
agonist) decreased ins2 mRNA. As well, we found that exendin four
increased cAMP levels indicating that the GLP-1 receptor is active
in our cell lines. Through this study we show that redent Ins2 is

expressed in neuronal cells and can be patentially regulated by
central or peripheral hormenes,

3.2. Peripheral hormone signaling

Although determining the regutation of neuropeptides by hoc-
mones and nutrient sigrals is important, an understanding of the
mechanisms through which these hormones and nutrients signal
in neurens is critical to gaining an insight into the pathogenesis
of diseases such as diabetes and cbesity. For these mechanistic
studies, hypothalamic cell lines wili play an invaluable role, Over
the last few years, researchers have begun utilizing cell lines to
work out the signaling pathways employed by insulin and leptin.
Leptin and insulin are known to activate the classic signaling path-
ways P13 K-Alt and MAPK MEK{Erk1/2 in neurcns. Mirshamsi et al.
[110] further studied the linkage between the PL3 K-Akt pathway
and other intracellular signaling mediators, Using the GT1-7 cell
line they confirmed that insulin and leptin phosphorylate Akt,
STAT3, Erki/2 and GSK3. The PI3 K inhibitor LY294002 inhibited
leptin- and insulin-mediated Akt and Erk1/2 phospherylation.
Interestingly, they found that leptin and insulin increased activa-
tion of the Karp channel, as well as increasing the phosphatidylin-
ositel (3,4,5)-trisphosphate (PIP;), the downstrearn product of
PI3 K. Next they investigated the cellular mediators involved in
the activation of the Kapp channel, They found that leptin induces
reerganization of actin filaments, causing an increase in G-actin
and a decrease in F-actin. This effect was dependent on PI3 K, as
the Pi3 K inhibitors, LY294002 or wortmanain, attenuated leptin-
mediated actin reorganization. From this study, they proposed that
leptin and insulin activate the Kagp channel through P13 K and that
leptin may utilize actin rearganization to mediate chis action. This
study was followed vp by the same lab, in which they analyzed the
role of the endogenous P13 K pathway antagonist, PTEN, in leptin
and insulin signal transduction (115). They used the GT1-7 cell line
along with the {eptin sensitive N-29/4 (mHypoE-29/4) cell line for
these studies, They found that decreased levels of PTEN, through
siRNA knock down, led to increased PIP3 levels, As well, increasing
PTEN levels with protein expression constructs did not alter F-actin
tevels alone, but prevented a leptin-mediated decrease in F-actin.
The authors hypothesized that a decrease in PTEN leads to an in-
crease in PIP3 via P13 [, which causes a decrease in F-actin. Leptin
did not alter P13 K activity, whereas insulin increased it and PIP3
levels, but did not affect F-actin. From this they stated that changes
in F-actin were not dependent upen activation of PI3 K. This study
then went on to show that leptin phosphorylates PTEN leading to
{ts Inactivation, which causes an increase in PIP3 levels and a de-
crease in F-actin,

Qur lab explored the signaling pathways activated by leptinin a
NT expressing cell line, N-39 (mHypoE-39) [41]. We found that
leptin increased phospho-STAT3, -Erk1/2, -p38 and -ATF1. To
determine if these pathways are utilized by leptin to affect down-
stream NT gene expression, the N-39 cells were treated with leptin
and specific pathway inhibitors. The p38 inhibitors, $8203580,
$B202190 and SB239063 all attenuated the effects of leptin on
NT. Applying EMSA and ChIP we determined that leptin induces
binding of ATE-1 and ¢-fos to the NT promoter, both downstream
sigitaling proteins of the MAPK p38 pathway.

The pegative regulator of insulin signaling, protein tycosine
phosphatase 1B {PTP1B), is implicated in the regulation cf feeding.
Kaszubska et al. [84] used the GT1-7 cell line to study if it affects
leptin signaling in neurons. Leptin increased phospho-STAT3 and
activated a STAT3 responsive luciferase reporter construct, Gver-
expression of PTP1B attenuated these leptin actions. Microarray
analysis revealed that the over-expression of PTPIB decreased
the number of genes upregulated by leptin. This study indicated
that PTP1B does negatively regulate leptin signaling in neurons.
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Glucose signaling is active in hypothaiamic neurons, although
the cell types that are glucose-responsive are not yet fully defined.
Exploiting an anorexigenic-POMC expressing cell line, N-43/5
{mHypoE-43}5), our lab determined if POMC neurons are glu-
cose-responsive [26]. Glucose depolarized the cells and caused an
increase in cellular calcium levels, indicative of functional glu-
cose-sensing machinery. As well, glucose altered intracellular sig-
naling proteins, noted by decreased phospho-AMPK and -ACC
levels. We also analyzed if changes in glucose tevels affected the
response of the N-43/5 cells to leptin and insulin, in low glucose
conditions, leptin and insulin decreased phospho-AMPK, an effect
that was absent in high glucose. This study indicates that the
POMC expressing cell line, N-43/5, is responsive to glucose and
that changes in glucose levels alter the cellular response to other
normones.

Along with determining hormonal and nutrient signal transduc-
tion pathways, we found that hypothalamic cell lines could be uti-
lized to probe the intracellular changes in pathological states,
Using the mHypoE-44 cell fine we studied the effects of hyperinsu-
finemia on neurons and analyzed the mechanisms invotved in the
devejopment of cellular insulin resistance {C.M, Mayer and D.D,
Belsham, submitted for publication), Prolonged exposure to insulin
caused cellular insulin resistance, noted by attenuation of PI3 K-
Atk pathway activation by insulin. Ipsulin induced phospho-Akt
and -36 K, as well as IRS1 serine phosphorylation. As well, long
term treatment with insulin decreased IRS1 and insulin receptor
(IR) protein levels. [n order to determine the pathways involved
with the decrease in insutin-mediated Akt phosphorylation, we
used inhibitors for lysosomal (3-methyladenine} and proteasemal
{epoximicin) degradation pathways, as well as an mTor-36 K path-
way inhibitor (rapamycin). We found that prelonged exposure to
insulin decreases IR levels through a lysosemal pathway and IRS]
levels through a prateasomal degradation pathway. As well, insulin
increased IRS1 serine phosphorylation through the mTor-56 K
pathway. Phosphorylation ol IRS1 on serine residues is known to
decrease insulin signal transduction, Interestingly, treatment with
any one of the inhibitors in the presence of tiigh insulin concentra-
tions restored insulin signaling. This study indicates that prolonged
insulin exposure causes cellular insulin resistance through lyso-
somal degradation of IRs, proteasomal degradation of IRS1 and ser-
ine phosphorylation of {RSI.

3.3. Regulation of intracellular signaling molecules

This last subsection of feeding looks at how hypothatamic cell
lines have been used to study the regulation of intracellular signal-
ing molecules. Four current studies on this topic have been re-
ported. In the first study Fox et al. [57] used the POMC
expressing N-29/2 (mHypog€-29{2) cell line to analyze the regula-
tion of proconvertase 1/3 (PC1/3) expression. PC1/3 is required in
POMC neurons in erder to process the prohormone, POMC, into ac-
tive peptides such as alpha-MSH and beta-endorphin. They found
that leptin stimulated PC1/3 promoter transcription, using a %'
flanking PC1/3 gene reporter construct, and required the presence
of two Lranscription factors, NhIh2 and STAT3, A ChiP assay re-
vealed that Nhih2 binds ta the PC1/3 5 flanking region. Using site
directed mutagenesis, they found that STAT3 sites within the PC1/3
5 Panking area were required for leptin activation of PC1/3 tran-
scription. Lastly, a modified ChIP assay was used to determine that
STAT3 and NhIh2 heterodimerize and interact with the PC1/3 pro-
moter. Thus, leptin activates PC1/3 transcription via the transcrip-
tion factors Nhlh2 and STAT3.

Exploiting the N-38 (mHypceE-38) cell line in combination with
a novel protein-pratein interaction detecmining method, MAPPIT,
Wauman et al. [157] analyzed the interaction between the leptin
receptor (ObR) and 1RS4. IRS4 is a member of the [RS family of pro-

teins, which are required by insulin for signal transduction and
may also be involved with leptin signaling, and is highly expressed
in the hypothalamus. IRS4 was found to interact with the ObR in N-
38 cells and phosphorylation of the QbR at tyrosine 1077 is re-
quired for this interaction. As well, the authors found that IRS4
interacted with other intracetlulac signaling mwolecules: ¢he p85
subunit of P13 K, phospholipase C and SOCS2, 6 and 7. This study
indicates that [RS4 may serve a function in leptin signaling,

In the third study, Brown et al. [23] analyzed the effects of adi-
pekines on SOCS3 expression. Adipokines are produced in adipose
tissue, like leptin, but are also secreted in certain regions of the
brain. The authors examined the central rale of two adipokines,
resistin {rstn) and fasting-induced adipose factor (FIAF), using a
hypothalamic cell line that expresses the two factors, N-1 {mHy-
poE-1). They found that resistin treatment decreased both FIAF
and 50CS3 mRNA levels and that over-expression of rsta in the
N-1 cells had a similar effect. Conversely, decreased in FIAF levels
via siRNA did not affect rstn or SOCS3 levels. This study indicates
that resistin has a novel paracrinefautocrine effect upon FIAF and
S0CS3 in neurons.

The last study used the GT1-7 cell model to evaluate the effect
of leptin and alpha-MSH upon melanocortin four receptor {MC4R)
expression [67]. The MC4R is part of the anorexigenic melanocortin
pathway and is activated by alpha-MSH. Gout et al. found that lep-
tin and alpha-MSH act directly on neucens to increase MC4R mBNA
expression. This study took advantage of the in vitro model to rein-
force the direct actions of feptin and alpha-MSH on MC4R expres-
sion, confirming experiments performed in in vivo studies.

The studies above exemplify how appropriate cell models can
be used to dissect the intricate molecular events uvtilized by indi-
vidual neurons to control basic aspects of physiology by sensing
central and peripheral signals, Tie generation of the cell lines with
a clonal, homogeneous population of neurons allows the use of
technotogies not yet possible in the whole brain. These discoveries
will allow for mote detailed and dicected studies in the whale ani-
mal and with perseverance, a cenficmation of the cellular events
determined in vitro in the in vivo situation.

4. Reproduction

The ceproductive system is regulated by a complex interaction
of neuropeptides and peripheral hormenes acting upon the hypo-
thalamic~pituitary-gonadal (HPG}) axis. Situated at the peak of
the HPG axis are the gonadotropin-releasing hormone (GnRH) neu-
rons. GnRH is secreted by these neurons and acts upon pituitary
genadotropes inducing the secretion of the gonadotropic hor-
mones LH and FSH into portal circulation where they ultimately
act on the ovaries to stimulate ovulation. Estrogen produced in
the ovaries regulates reproduction by centrolling GnRH synthesis
and secretion by acting through both positive and negative feed-
back mechanisms on the HPG axis.

GnRH neurons represent a small population estimated at 400-
1000 neurens, which are found scattered throughout the preoptic
and anterior hypothalamus [137]. GnRH neurons are regulated
through autocrine mechanisms and by many extracellular signals
including neurctransmitters, stereid hormones and peptide hor-
mones, [n addition, they receive paracrine inputs from many differ-
ent neuronal phenotypes including stercid-sensitive neurons such
as the neuropeptide Y (NPY) and kisspeptin neurcns,

GnRH controls reproduction through secretory actions on pitu-
itary gonadetrephes. GnRH is secreted in rhythmic pulses which
are required for reproductive matucation and heimeostasis [59),
and surges, which are respensible for inducing ovulation [93].
While the fuaction of GnRH in reproduction is well documented,
the complex regulation of GnRH expression and secretion are not
fully understood, mainly due to the difficulty of studying these
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mechanisims wsing in vivo models. Over the past 18 years and alter
approximately 300 pubiications researchers have used the immor-
talized GnRH cell lines, GTI.GNT L and Gnv3 1o advance our under-
standing of GnRH regulation to a degree that would not have been
attainable solely using classical in vive approaches. The GT1 cell
model has proven to be an excellent model Lo study the regulation
of GnRH, as CT1 neurons mimic GnRH secretion in vivo. GT1 neu-
rons not only basally secrete GnRH in a rhythmic pulsitile manner
{160, but also acutely secrete increased levels of GnRH inresponse
to depolarization [104]. The immature GnRH ceil line, GN11, was
found to express [122] and modestly secrete GnRH [168]. The re-
cently developed conditionally immortalized GnRH cell line,
Gnvd, was Jound Lo secrete GnRH v a pulsitile manner and secre-
rion is acutely increased following NMDA stimulation [ 136]. In the
following subsections we will look at the role these cell lines have
played in studying GnRH neuronal reguiation.

. 1. Hormonal regutation of GnRkH

Hormonal regulation of GnRH synthesis and secretion through
negative and positive feedback mechanisms is crucial for the
maintenance of normal repreductive function. Estrogen regulates
normal tonic GnRH secretion through negative feedback mecha-
nisms [59]. while inducing the preovulatory LH surge by positive
[eedback mechanisms [93]. Over the past 30 years scientists have
debated whether estregen regulates GnRH by acting directly on
GnRH neurons itsell or indirectly through estrogen-responsive
interneurons. The latter view was supported by several immunocy-
tochemical studies that showed GnRH neurons of several species
in vivo lack estyogen receptors {ERs)[70-72,91,142,148). However,
because the brain contains few GnRH neurons that are scattered
throughout several nuclei, classical immunocytochemical ap-
proaches are likely not sensitive encugh to detect expression of
ERs. As a way of overcaming this inlierent in vivo obstacle, several
groups utilized the clonal GTt neuronal cell line to investigate
whether functional ERs are expressed in GnRH neurons. (ndeed,
several groups demonstrated that estrogen binds to receptors in
GTI-1 cells [119] and detected functional ER% [25,128,140] and
ERP[128] receptors in GT1-7 celis. In light of these findings, Skyn-
ver et al, used the advanced technique of single-cell multiplex R1-
PCR to demonstrate for the first time that GnRH neurons in vivo
express ER[F mRNA (144, More recentty Hu et al. showed that hoth
fotal and adult GnRH neurens in vive express both ER2 and ERP
MRNA [75].

Confirmatien that ERs are expressed in GnRH  neurons
prompled groups Lo begin to investigate the divect actions ¢f esiro-
gen on GnRH and the mechanisms mediating these effects by using
the G111 cell lines. 17p-estracliol was shown to repress GnRH mRNA
expression {21,128], an effect that was mimicked by HPTE, an ER%
agonist/ERB antagonist [128). This effect was blocked by the non-
selective ER antagonist [C] 182,780 [21,128], but not by the selec-
tive ER[s antagonist, RR-THC [21], suggesting that ERv mediates
17p-estradiol-induced repression of GnRH mRNA expression, The
phytoestrogen, coumestrol, was found to decrease GaRH mRNA
expression in GT1-7 cells, an effect that is likely mediated by
ERp. as R.R-THC blocked the effect of coumestrol [21]. Investigation
of ERps role in regutating the GnRH premoter found that GT1-7
cells transfected with splice variants of ER)) increased pronmoter
activily in a ligand-independent manner. When these transfected
cells were treated 17p-estraciol the increased promoter activity
was atlenuated, suggesting that CRY acts as a transcription factor
for the GuRH promoter and that estrogen provides negative feed-
hack on Gnltli promoter activity [118]. 17p-estradiol was also
lound to rapidly inhibit cyclic adenosine menophosphate (cAMP}
procluction and GnRH secretion, which suggested the involvement
of a G-coupled membrane ER [112].

The effects of { 7j3-estradiol on the electrophysiological propet-
ties of GnRH neurons have been studied using GT1-7 cells. 173
estradiol was found te augment Ca®* activated potassium channels
[116] and modulate potassium currents [54} through ERs. More
specifically, the effect on Ca®" activated potassium channels was
mediated by ERp, as the ER[ agonist, 2,2-bis{4-hydroxyphenyl)-
propionitrile {DPN} mimicked the effect white a selective ERx«t ago-
nist 1.3,5-tris(4-hydroxyphenyl}-4-propyl-1H-pyrazole (PPT} did
not and the effect was blocked by ERf, but not ER%, knockdown
by RNA interference [116].

Aside from estrogen the effects of other steroi<d hoymones on
GnRH expression have also been investigated using cell lines. The
sex steroid precursor dehydroepiandrosterone {DHEA) was also
found to inhibit GnRH mRNA expression, an effect that could not
be artributed to the metabolism inte |7p-estradiol since the en-
zyme aromatase is net present in GT1 neurons |39}, When treated
with the androgen 5u-dihydrotestosterone (DHT), GnRH mRNA
expression was repressed in G11-7 cells, an effect that was medi-
ated by androgen receptors (AR) [1G]. Further experiments re-
vealed that DHT and testosterone decreases GnRH mRNA
expression while the membrane-impermeable  BSA-conjugated
testosterone (T-3-BSA) did not, suggesting that DHT and testoster-
one act through nuclear ARs to regulate gene expression [139].
Conversely, GnRH secretion and intracellular calcium were rapidly
increased by DHT, testosterone and T-3-BSA, suggesting that mem-
brane androgen receptors mediate these effects. DHT also blocked
the forskelin-induced increase in cAMP production via membrane
androgen receptors coupled to the inhibitory G-protein, G; [139].

4.2, Autocrine, peptide and second messenger regulation of GnRi

GnRH neurans express functional GnRH recepters [83] suggest-
ing the possibility of autocrine regulation. GnRkRH was found e in-
duce the expression of the immediate early gene, ¢-FOS, through
a pretein kinase € (PKC) mechanisim in GT1-7 cells [29]. Using
the GnRH agonist, buserelin, basal GnRH secretion, promoter activ-
ity, and mRNA levels were decreased in GT1-1 cells [35], Further-
more, GnRH was found to increase mebilization of intracellutar
calcium and to decrease GnRH secretion frequency, but, increase
pulse amplitude [88. These findings suggest that autocrine regula-
tien of GnRH promotes a switch from basal to surge-like release of
GnRH.

Paracrine regulation of GnRH by afferent neurens including,
neuropeptide Y (NPY) and kisspeptin ncurons has been suggested
kased on neuroanalomical and pharmacological stucies. Neuro-
anatomical studies provide evidence that NPY-producing | 54|
and kisspeptin-producing [37,120] acurons projecl to or have
terminals in close proximity to the preoptic GnRH neurons,
respectively. Pharmacological studies demonstrate that NPY
[14,38,86,132,165] and kisspeptin [ 101,105] increase GnRH secre-
tion in vivo. Although these studies suggest that NPY and kisspep.
tin are capable of acting directly on GnRH neurons, indirect
actions through other aflferent neurons cannot be ruled out, Uti-
lizing GT1-7 neurons, 8csecke et al. demonstrated that NPY
increases secretion of CnRH through direct actions on GnRH neu-
rons, likely through the Y1 NPY receptor and intracellular calcium
mobilization [20]. The GT1 cell line expresses the kisspeptin
receptor, G-coupled protein 54 (GPR54) [80.121). Recenthy
kisspeptin-10 has been shown to rapidly increase GnRH secretion
[80,121] and more specifically increase both the frequency and
amplitude of GnRIY secretory pulses from GT1-7 neurens [121].
Furthermore, Kisspeptin-10 was shown to increase GnRil mRNA
expression {80].

Many other peptides have been demonstrated to regulate GnRI
secretion, MRNA expression and promater activity in GT'{ neurens
including melatonin, retinoic acid. insulin and prolactin. Melatonin
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was found to decrease GnRH secretion [131] and decrease GnRH
MRNA expression in a 24-cyclical manner (130] and is described
beiow in the circadian section of this review. Retinoic acid was
found to increase GnRH secretion, mRNA expression and promoter
activity [36]. nsulin has been shown to induce increases in GnRH
mRNA expression, ¢-FOS MRNA expression and activate phospho-
inositide 3-kinase (P13 K) and ERK1/2 in GnV3 cells [78]. Prolactin
was found to decrease GnRH secretion in GTt cells [106].

Specific second messenger pathways have been found to be in-
volved in the regulation of GnRH secretion and mRNA expression.
Activation of calcium, cAMP [167], PKC (protein kinase C)
[161,167], and PKA (protein kinase A) (24,161] pathways were
found to induce GnRH secretion from GT1 neurans. Interestingly,
the activation of calcium, cAMP, and PKC decreased GnRH mRNA
expression [167].

The regulation of GnRH gene expression and secretion, as
illustrated above, is highly complex and occurs through several
avenues. Autocrine signals promote the switch from basal to
surge-like secretion of GnRH inducing ovulation, while paracrine
signals such as melatonin and insulin control reproductive func-
tion according to seasonfphotoperied and nutritional status.
Reproductive function during pregnancy, postpartum, and lacta-
tion is regulated in part by profactin effects on GnRH. Although
regulation of normal reproductive function is complex, studies
from clonal cell lines have begun to characterize the key signaling
mechanisms.

4.3. Regulation of the GnRH gfferents NPY and kisspeptin

Neuropeptides are integral to the regulation of reproduction in
part by mediating indirect effects of estrogen on GnRH neurons
through paracrine signaling. In vivo studies demenstrate that estro-
gen affects NPY expression [1,i41]. However, because it was uncer-
tain whether these effects were direct or indirect, by using
immortalized neuronal cell lines developed in our laboratory we
were able to investigate the direct actions of estrogen on the NPY
neuron. Using N-38 (mHypaE-38) aud N-42 (mHypoE-42), neuro-
nal cells tines that express NPY, ERx, and ERp we investigated the
effects of 17p-estradiol on the regulation of ERs and NPY mRNA
expression. In N-38's, 17p-estradiol regulated ERw m&NA and pro-
tein expression in a biphasic manner, beginning with an initial in-
crease, but was later repressed by 17p-estradiol, while ERB slowly
increased expression over time (Fig. 3A) {150]. NPY mRNA expres-
sion was initially repressed and overtime was greatly increased
by 17p-astradiol (Fig. 3B). These results raise the intriguing possi-
bility that NPY mRNA expression in N-38 is dependent on the
ER2/ERP ratip and that the increase in ERP levels is an important
factor in the increase in NPY mRNA expression. Interestingly, the ef-
fects of 17p-estradiol on ERx and ERB expression in (N-42 neurons
were strikingly different, as the expression of ath receptors was
steadily repressed, Additionally, the estrogen-mediated repression
of NPY in N-38 was mapped to the 5 regulator region. Finally, by
using small-interfering RNA knockdown of each ER sublype the
repression of NPY mRNA gene expression by 17B-estradiol in NPY
expressing M-38 neurons was found to be mediated by both ERs,
while the induction was solety through ERp. Furthey investigations
into the signaling mechanisms activated by 17p-estradiol in N-38,
NPY neurons, demonstrated that Akt and ERK1/2 are rapidly acti-
vated by 17p-estradiol (Fig. 3C and D) and that the P13 X and MAPK
pathways are bath involved in the activation of these signaling mol-
ecules. Furthermore, the selective ERx agonist, PPT, activated Akt,
ERK1/2 and CREB (Fig. 3C and D). Importantly, activation of the
PI3 K and MAPK pathways were found to mediate the 178-estra-
dicl-induced repression and induction of NPY mRNA lavels
{Fig. 3E){151]. This indicates that carly membrane signating events
may potentiate or amplify the long-term transcriptional response.

The differing effects observed in the above study between the
mHypoE-42 and mHypoE-38 clonal cell populations can be attrib-
uted 1o the differing phenotypes of the two cell lines, indicating
that they are different neuronal subtypes. In vivo, it is unknown
how many subtypes of NEY neurons exist, nor for any other neuro-
peptide neuronal phenctype. Each clenal cell tine developed may
represent a different subtype of a specific neuropeptide and may
thus allow for studies investigating how each neuronal subtype
differs in both the mechanisms through which it is regulated and
the mechanisms through which it can signal to and regulate other
neugons. GT1-7 neurons, although classically known for their
GnRH-secreting characteristic, also basally secrete kisspeplin
[121}. Mot only does kisspeptin increase GnRH secretion in GT1-7
cells, but, GnRH decreases kisspeptin secretion, suggesting that
autocrine regulation of these systems in the GT1-7 cell jnvolves
negative feedback mechanisms [121]. The effect of 17p-estradiol
on Kiss and GPR34 mRNA levels in GT1-7 cells was investigated
and Jocabi et al. found that long term exposure (24 h) to 17p-estra-
diol increased mRNA expression levels of both genes [80]. Because
NPY has been implicated as a very important metabolic regulator
of reproduction Luque et al. investigated the potential role of
NPY in kisspeptin regulation. Initial studies using NPY knockout
mice demonstrated that in the absence of NPY, kisspeptin mRNA
expression was attenuated, suggesting a regulatory role, either di-
rectly or indirectly, for NPY on kisspeptin [97]. By using the hypo-
thalamic cetl line, N-6 {mHypoE-B), the potentia) direct effects of
NPY on Kisspeptin expression were investigated, N-6 cells were
confirmed to express NPY receptors, Y1-Y6, GPRS4, and kisspeptin
and were found to express higher levels of kisspeptin mRNA when
treated with NPY [97].

The use of immortalized, clonal cell lines has been instrumental
towards our curreat understanding of GnRH neuronal function.
These studies have allowed a detailed study of the molecular
events in the whele animal. An excellent example of this is the
finding that the GnRH neuron was centrolled by the glutamate, ni-
tric oxide, cGMP signaling pathway in the GT1-7 neurons [15,17]. A
number of years later, it was confirmed that the specific knockout
of neuronal nitric oxide synthase indeed had major effects on the
reproductive axis and this could be traced to a direct action at
the level of GnRH synthesis [69]. Similarly, using the information
gained from this impertant model system {15,100, 1486), research-
ers have been able to return to the animal model with renewed fo-
cus, resulting in new insights into the role of GnRH neurons in
normal reproductive physiology {22,87,113,117].

5. Circadian rhythms

The rhythimic nature of our environment dictates that there will
be a changing availability of resources at any given time, lo this dy-
namic setting it is essential for organisms to maintain cetiular and
behavioral homeostatic efficiency. To maintain this optimal effi-
ciency, an innate cellular rhythm generating machinery has
evolved that enables osganisims to adapt to these cyclic enviren-
mental changes by preparing cells for pericdic stimuli during the
24-h day. The chythm generator exists in even the simplest cyano-
bacteria and has become more complex as the changing needs of
the organisms have evolved, As evolution progressed and multicel-
tufar eukaryatic organisms could no longer rely on direct cellular
photic stimulation, crganized neural and humoral machinecy
develaped. in higher animals, sucl as mammals, these sighals are
coordinated by a core circadian oscillator or master clock. This
master clock is situated within the manunalian suprachiasmatic
nucleus (SCN) of the hypothalamus. Signats from the SCN lead to
rhythm enteainment within other cells allowing for a healthy re-
sponse to external stimuli through smooth operation of the cicca-
dian system.
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The circadian system is distinguished by positive and negative
transcriptionftranslation cycles within the cell and posttransia-
tional signal transduction cascades (Fig. 4A). Approximately, 10%
of the transcriptome is controlied by the circadian rhythm genera-
tor [107,147|. While this number does not initially seem signifi-
cant, the transcripts controlled in a rhythmic fashion are the
rate-limiting enzymes for virtually every process within the cell.
Additionally, in an elegant study on the hepatic proteome, Reddy
et al, showed that over 20% of proteins within the cell are cyelic
[125]. Interestingly, neasty half of these proteins lacked an osciliat-
ing transcript suggesting that post-translational processing occurs
in a circadian and rhythmic fashion {124, That we have elucidated
this much about the nature of circadian biology is due largely to
studies at the cellular level.

5.1. Early cell-based circadien research

During the 1970s and through the 1980s avian pinealocytes
were extracted and cultured to study the mechanics of the circa-
dian system within vertebrates, Dissociated pinealocyte cultures
demonstrated that individual cells could exhibit oscillatory proper-
ties, express photoreceptors and synthesize melatonin [44-46].
However, the pingalocyte model has yet to be efficiently trans-
forimed and so interventions at the molecular level in the pineale-
cyte have yet to be performed. Much of the current knowledge of
the biochemical circadian system owes its ancestry to initial stud-
igs in Neurospora crassa and Drosophila melanogaster. The molecu-
lar clock was first characterized within bread mould and the fruit
fly in the early 1980s. Classical and molecular genetic research
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yieided the first mammalian homolog of the fly system in 1997, the
pretein CLOCK. Further genomic research revealed many more
mammalian homologs indicating that a mammalian model was re-
quired for continued research into mammalian circadian rhythmic-
ity. As a result, mammatian retinal cells and SCN explants were
cultured, as it was recognized that these areas exhibited innate
oscillatory properties and had measurable endocring outputs such
as arginine vasopressin, But primary retinal and neuronal cultures
are heterogeneous and only suitable for single interventions that
often lack a genetic basis unless the primary culture came from a
knock out or transgenic mouse model. With the advent of cell line
development this has rapidly changed the understanding of the
mammalian circadian system.

5.2. Clocks in peripheral cell lines

Initially circadian studies in cell lings were not thought to be
advantageouns as the circadian clock did not appear to cycle. How-

ever, in 1998 it was discovered that immortalized rat-1 fibroblasts
could e synchronized with a serum bolus { 11]. After synchroaiza-
tion, the fibroblasts demonstrate predictable patterns of clock gene
transcription for up to three 22.5 h periods, From this study it was
ascertained that a serum shock could mimic light-induced imme-
diate early gene expression in a non-photoreceptive cell model.
Balsalobre et al. then went on to prove that glucocarticoids could
reset and synchronize rat-1 cultures, leading to the discovery that
unlike central oscillators which are responsive to phase shifting at
certain periods, peripheral oscillators retain the ability to be phase
reset throughout different pericds of the day [12]. Further, this
group identified numerous signaling pathways including those
for cAMP, Ca®*, and protein kinase C (PKC) as being capable of elic-
iting changes in rat-i fibroblast circadian gene expression and
rhythmicity [13]. Two separate groups stably transfected the rat-
1 fibroblast cell lines with ceporter constructs for real time imag-
ing. Through this technique it was successfully proven that the
rhythms within the rat-7 lines are indeed true circadian rhythms,

Piease cite this article in press as; .M, Mayer et al., Hypothalamic ceil lines to investigate neuroendocrire cantrol mechanisms, Front. Nevroendocringl,

(2009}, doi:10.1016/}.yfrne.2009.03.005




14 CM. Mayer er al./Frontiers in Neuroendociinology wax (2009 xkx-xxx

as they exhibit robust temperature compensation {79] and that
individual peripherat cells in culture do cycle over 24 h, but lose
their synchrony with their neighbours through lack of cell coupling
[158]. This model was then expanded using the murine NIH-3T3
fibroblasts where it was discovered that the MAP kinase signal
transduction pathway was also involved in the setting of the
peripheral circadian clock in response te a potent PKC activator
12-0-tetradecanoylphorbol- 1 3-acetate {TPA) administration andf
or serum bolus [2]. Further work with the NIH-3T3 fibroblasts
alaborated on the mechanisms of nucleocytoplasmic shuttling of
BMAL1 |149], circadian temperature compensation [152], the
importance of casein kinase 1 epsilon (CK1g) to the stability of
the period proteins |3) and that prostaglandin E2 could be used
as a zeitgeber in cell culture studies (153]. Additional fibroblast-
based studies involving the use of mouse embryonic fibroblast
{MEF) cells has allowed for elucidation of alterations in the circa-
dian system within transgenic mouse models, an nnovation that
removes the necessity for plasmid transfection or transduction.
Notably, Hirayama et al. used MEF cells from BMALT knock out
mice to prove that a mutant BMALL protein could not restore
rhythmicity when it is unable to be acetylated by CLOCK [73).

Relatively little has been elucidated in the field of circadian
thythms in other tissue specific peripheral immortalized lines. In
ourlab, Chalmers et al, used the MOVAS-1 murine aortic smooth mus-
cle cell line to clarify the expression of circadian rhythms in vascula-
ture remodeling genes and the similarity in the circadian expression
ofthese genesinvivo([31]. Wealso went onto characterize the expres-
sion of neuroendocrine genes in the heart and further elucidated the
circadian profiles of proopiomelanocortin gene expression in the
healthy and hypertrophied heart and MOVAS-1 cells |30].

Human c¢ell lines have been used in cancer studies to elaborate
on the link between circadian rhythmicity and cell cycle progres-
sion [155]. These cell lines include the HEK293 kidney cells, HelLa
cervical cancer ¢ells and the NHF-1 fibroblastic cells. Further, a
group has recently established a stably transfected human retinal
pigment epithelial {hTERT) cell line that expresses luciferase under
the control of the BMAL1 promoter to elaborate on the nature of
retinal ¢ircadian rhythms and photoresponsiveness [166].

5.3. Clocks in SCN neuronaf cell lines

[n addition to the impaortant innovations accomplished through
the use of peripheral cell lines, in 1999 Earnest et al. successfully
established embryonic rat SCN cell lines, named the SCN 1.4 and
2.2 cells, that exhibit the functional characteristics of SCN neurons
and exist in immortalized culture [49]. These cells are a heteroge-
necus population of cells and exhibit pacemaker potential and
rhythmic expression of clock gene mRNAs, 2-deoxyglucese (2-
DG) uptake and bone-derived neurotropic factor (BONF) expres-
sion, much like the intact SCN [50]. These cells were further char-
acterized and found to express a broad range of clock genes, and
circadian regulatory pathways [76]. Additionally, the SCN2.2 cells
were able to be phase shifted with a glutamatergic stimulus, sim-
ilar to the SCN in vivo [77].

Of key importance, the SCN2.2 neurons were also able to restore
behavioral chythms when transplanted inte arrhythmic, SCN-le-
sioned rats; an eftect that was not repreducible with immertalized
mesencephalic or fibroblastic cells [50]. This finding represents an
incredibly important innovation in cell line usage, While the
SCN2.2 neurons are immortalized, they have retained enough of
their neuronal SCN phenotype to function appropriately in the
in vivo context. This marks a fundamental keystone in the potential
usage of immortalized cell lines in the treatment of in vivo
disorders.

Further work with the SCN2.2 cells has highlighted valuable
information about the study of circadian rhythms. The SCN2.2 ceils

were able to synchrenize rat-1 fibroblasts in co-culture through
diffusible signals [4]). While in co-culture, the SCN2.2 cells cot-
ferred rhythms within the rat-1 fibroblasts in their metabolic and
clock gene expression with a 4 h delay, similar to the phase-shift
delay seen between the SCN and periphery in vivo. Interestingly,
only co-culture with the SCN2.2 was able to confer metabolic
rhythmicicy in the rat-1 fibroblasts: whereas serum shock was only
able to synchronize gene expression. This effect suggests that dif-
fusible signails from the SCN are required for metabolic cyclicity,
wheteas serum bolus only confers a synchronization of the molec-
ular clock, The SCN2.2 celts were then assayed with real time anat-
ysis of a human c-fos reporter gene to catalog their responses to
serum and potassium chloride (KCl). It was determined that the
SCN2.2 cells exhibited a similar pattern of c-fos reactivity as the
SCNin vivo [5]. Allenet al. then proceeded to assay the importance
of CLOCK in the SCN2.2 and rat-1 fibroblast lines by transfecting
the cell lines with anti-sense RNA for CLOCK. Subsequently, they
found that disruption of CLOCK in the SCN2.2 neurons altered
cyclicity of period gene expression and 2-DG uptake. They also
reiterated these findings in the rat-1 cell lines, but then surpris-
ingly found that even with antisense inhibition of CLOCK the rat-
1 cell lines could be synchronized to cycle with a serum shock indi-
cating that the SCN and periphery have different entrainable stim-
uli (6].

Other groups have elucidated a variety of important circadian
findings that bolster the applicability of the SCN2.2 cells as a circa-
dian model including: the circadian expression of nicotinamide
adenine dinucleotides within the SCN2.2 cells (163), the function-
ality of melatonin receptors within the SCN2.2 cells (127}, a rhyth-
micity of PKC with melatonin administration {126), the importance
of veltage-dependent calcium channels in SCN and SCN2.2 rhyth-
micity f{111] and a teniporal desensitization of MT2 receptors with
melatonin administration that allows a cyclic sensitivity of the SCN
to melatonin [61]. All of these studies have helped te reiterate find-
ings fouvud within the explanted SCN, however, now exist in a mod-.
el that has vastly greater potential for genetic and molecular
intervention,

Recently, two additional SCN cell lines have been generated: the
N14.,5 cells, which are SV40-temperature sensitive ventrolateral
SCN neurons developed for glutamatergic/photic entrainment
studies [102]; and the perl-luciferase expressing RS182 cells
[85}]. Further circadian research with these new models is forth-
coming and will iikely shed further light en the field of circadian
rhythms.

5.4. Circadian studies in Nen-SCN newronai cell lines

Owing to the relative shortage of neuronal cell lines for this type
of work, there is a Jimited amount of data about the cyclicity of the
circadian clock within non-SCN neuronal cell lines. Much of the
existing data from non-SCN neurcnal cell lines was elucidated
using the immortalized GnRH-expressing GT1-7 cells. Chappelt
et al elucidated that GnRH secretion is altered by perturbation of
the motecular clock. Over-expression of a dominant-negative
Clock-Deltal9 protein reduced mean putse frequency of GnRH
secretion. Further, over expression of mCryl increased pulse
amplitude of GnRH secretion, but did not affect overall frequency
[33]. Research from our lab showed that the GT1-7 neurons confain
functional melatonin receptors on the GT1-7 GnRH neurons and
we clarified the actions of melatonin on the gene expression of
CnRH over 24 h. We mapped the regions of melatonin respansive-
ness on the GnRH prometer and showed the first evidence of direct
melatonin action on GnRH neurons [64.130]. We further elucidated
the signaling cascades of melatonin within these pulsatile neuronal
models, We were able to determine that melatonin signaling acts
through multiple pathways including inhibition of the forskolin-
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induced increase in cAMP and activation of PKC, MAPK and the
immediate carly genes, We also determined that these pathways
are invelved in the melatonin-mediated decrease in GnRIY secre-
tion [131]. Finally, we went on to fully characterize the ciccadian
gene expression and protein profiles within the GT1-7 neurons.
The GT1-7 neurens express clock, BMALY, timeless (tim), periedi
(perl), peried2 (per2), cryplochromel (cryl) and cryptochrome?
(ery2). Of these transcripts BMALT, perl, per2 and GnRH mRNA
cxpression was assayed over 54 hand the transcripts were found
to cycle over 24 h (Fig. 4B-E). Accordingly, the protein tevels of
BMALI oscillated as well (63].

Further studies from our laberatory have exploiled the novel
generation of an array of clonal hypothalamic neuronal models
[18]. We have successfully characterized the circadian profiles
within multiple cell lines including the mHypoE-44, -42, -36/1, -
36/2 and -39 neurenal models and have found that they represent
an excellent model for neurvonal cigcadian research outside the
SCN. These cell lines express phenotypically distingt expression
profiles of neuropeplides, receptors and signaling molecules. In
addition to ¢haracterizing the clock gene profiles of these neurons
- clock, BMALY, timeless {tim), periodt (perl), period2 {per2)
cryptochromel (cryl) and cryptechrome?2 (cry2) - we have also
generated a circadian gene expression profile for a number of
important neuropeptides including the orexigenic: neuropeptide
Y {NPY), preproghrelin and agouti-related peptide (AgRP); and
the anorexigenic corticotropin-releasing hormone (Crh), neuroten-
sin (NTY and neuromedin U {NMU) (LJ. Fick and D.D. Belsham,
unpublished data). Interestingly, there appears to be inductive,
but not cyclic, expression in NPY and N1 gene expression following
serum shock, but AgRP cycles over 24 h. Interestingly, both Crh and
NMU exhibit ultradian (<24 h) rhythims. Preproghrelin oscillates,
bul withowt a fixed periodd. These are the (irst medels to demoi-
strate direct rhythmicity within & single neuronal phenotype, We
further elucidated the rele of nutrient signals on the circadian sys-
tem and discovered that palmitate, a 16-carbon saturated latty
acid, blunted clock cycticity within the milypol-44 neurons and
elevaled orexigenic neuropeptide gene expression, Additionally,
fructose administration reduced NMU gene expression, indicating
a role for sugars in the abrogation of anerexigenic neuropeptide
signaling. Further research into the mechanisms of these findings
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is currently under way. The use of cell lines will ultimately allow
a characterization of the molecular mechanisms controlling circa-
dian neuronal gene expression, whether the classic clock genes
are directly involved in this precess, and hiow these rhythmic pat-
terns of expression can be disturbed by peripheral and central sig-
nals, perhaps leading to circadian disruption and disecase,

G. Conclusion

Elucidating the functions of the hypothalamus is essential to
generating an understanding of irow the brain orchestrates many
important processes vital to life, The hypothalamus is the seat of
neuroendocrine control and as such is responsible for the regula-
tion of feeding, reproduction and the coordination of circadian
rhythmicity (Fig. 5). However, the location and heterogeneic nat-
ure of the hypothalamus precludes easy determination of its mech-
anisms within in vivo situation. This state of affairs has been
rapidly altered with the advent of hypothalamic cell lines. Clonal
anel nucleus specific hypothalamic cell lines have permitted the
clarification of many neuronal mechanisms that until now had
been virtually impossible 1o determine. As discussed in this review,
the knowledge gained from using cell lines representative of a sin-
gle neuronal phenotype include analyses of neurapeptide gene
expression, genetic intervention using RNAi and plasmid transfec-
tion, secretion, signal transduction, 5’ regulatory regicn control, ion
chanmel function, peripheral hormone and factor responsiveness,
and global micrearray and proteomic data, While technology
closes the gap between current in vivo techniques and future as~
says which will allow for single cellutar analysis in situ, in the in-
terim, cell lines have proven themselves invaluable as the
worklorses of molecular biology within the hypethalamus and
throughout the entire organism.

This review has highlighted the roles of liypothalamic ceil lines
in advancing the fields of feeding, reproduction and circadian
rhythms {Table 2} While these three fields are the mosl heavily
studied and have an essential impact on the health sector, further
research with hypothalamic cell lines should yield novel informa-
tion about these and the many other vital and ubiguitous functions
of the hypothalamus. Future studies made possible by the acdvent
of hypothalamic cell lines may include elaboration on gene expres-

GaRH neurons

Estragen
NPY
K.ss1
Metatann

D2x
BCN neurons

Fig. 5. Summary of hypelhalamic neuronal interaction. The hypothalamus coains a complex interacting network of neurens. [his network includes leeding-related, SCN
and GnRIT neurons, Feeding-related neurons can integrate peripheral signals, including insulin, {eptin and glucose, as well as conununicate ta GnRIE and SCN neurons. The
SCN neurons receive input from melatonin and ather neurans, such as the feeding-relaged neurons, and communicate to both the feeding-related and GnRIl neurnns. In
contrast GRRH acurons only receive input from other hypothalamic neurons. including the leeding-related and SCN neurons. As well, they integrate signals from
europeptides and hormenes, including NUY, Estrogen. Kiss 1 and melatonin. 1his figure indicates the integration between the neurans within these three systems and shows
the relation between the liyputlatanic areas regulating energy haineostasis, crcadian thythms and e produciion.
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sion, signal transduction in neurens, drug discovery, receptor clon-
ing and characterization, ion channel function, phenotypic profil-
ing of individual neuronal cell types, neuron-neuron interactions
and communication, and numerous others. Cell line studies and
in vivo research are complementary te each other; and, as demon-
strated within this review, both modefs have been used effectively
in concert to elucidate the mechanisms of our physiotogy. Cell line
usage Is an invaluable asset that can expand upon the molecular
basis of knowledge gathered in the in vivo situation. Cell lines
can be used [or hypothesis clarification or as a preliminary tecl
upen which to base hypothesis. Tegether cell lines and in vivo re-
search represent different, but equally important methods for
achieving the samme goal - knowledge of our physiclogy and an
understanding of how we can use that informatien to advance
health and treat disease,
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Vector Database is a list of plasmid backbones from publications and several companies, including clening,
mammalian expression, bacterial expression, and lentiviral and retroviral plasmids. The database is compiled
by Addgene, and hosted on LablLife. LabLife does not sell or distribute any of the plasmids listed in this
catalog.

Plasmid Name pcDNA3. 1/Hygro(+)
Alt Names pcDNA 3.1 Hygro (+)
Source/Nendor Invitrogen
Plasmid Type Mammalian
Viral/Non-viral Nonviral
Stable/Transient Transient
Constitutivefinducible Constitutive
Promoter CMV
Expression Level High
Plasmid Size 5597
Sequencing Primer T7 Fwd

Sequencing Primer 5'd[TAATACGACTCACTATAGGG]3!
Sequence

Bacterial Resistance Ampiciflin

Mammalian Selection Hygromycin
Notes Differs from other pcDNA3.1 in drug resistance; +/- refers to ortentation of f1
ori.
Catalog Number V87020
Plasmid Sequence View Sequence
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Material Safety Data Sheet
_ __Revis_ion Date: 17-Apr-2008

Product code 350675
Product name peDNAS. 1/Hygro {+)

Contact manufacturer
INVITROGEN CORFPORATON
1600 FARADAY AVENUE

PO BOX 6482

CARLSBAD, CA 92008
760-603-7200

INVITROGEN CORPORATION
2270 INDUSTRIAL STREET
BURLINGTON, ONT

CANADA L7P 1A1
800-263-6236

GIBCO PRODUCTS
INVITROGEN CORPORATION
3175 STALEY ROAD P.O. BOX 68
GRAND ISLAND, NY 14072
716-774-6700

. COMPOSITION/INFORMATION ONINGREDIENTS =

Hazardous/Non-hazardous Components
The product contains no substances which at their given concentration, are considered to be hazardous to health

"HAZARDS IDENTIFICATION =

Emergency Overview
The product contains no substances which at their given concentration, are considered to be hazardous to health.

Form
Solid
Principie Routes of Exposiure/
Potential Heaith effects
Eyes No information availapie
skin No information available
Inhalation No information available
Ingestion No infoermation available
Specific effects
Carcinogenic effects No information available
Mutagenic effects No information available
Reproductive toxicity No information available
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Sensitization No information available

Target Organ Effects Ne information available

- 4: FIRST AID.MEASURES . ..

Skin contact Wash off immediately with plenty of water

Eye contact Rinse thoroughly with plenty of water, alsc under the eyelids.
Ingestion Never give anything by meuth to an unconscious person
Inhalation Move to fresh air

Notes to physician Treat symptomatically

Suitable extinguishing media Dry chemical
Special protective equipment for Wear self-contained breathing apparatus and protective suit
firefighters

[ :

ACCIDENTAL RELEASE MEASURES

Personal precautions Use personal protective equipment
Methods for cleaning up Soak up with inert absorbent material
Handling No special handling advice required
Storage Keep in properly labelled containers

Occupational exposure controls

Exposure limits
Engineering measures Ensure adequate ventilation, especially in confined areas

Personal protective equipment

Respiratory protection in case of insufficient ventilation wear suitable respiratory equipment
Hand protection Protective gloves

Eye protection Safety glasses with side-shields

Skin and body protection  Lightweight protective clothing

Hygiene measures Handle in accordance with good industrial hygiene and safety practice
Environmental exposure Prevent product from entering drains

confrols

9. PHYSICAL AND CHEMICAL PROPERTIES - =

General Information
Form Solid

Important Health Safety and Environmental Information

Boiling pointirange °C No data available  °F No data available
Melting pointfrange °C No data available  °F No data available
Flash point °C No data available  °F No data available
Autoignition temperature °C No dafa available  °F No data available
Oxidizing properties No information available
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Water solubility No data avaitable

10, STABILITY AND REACTIVIT

Stability Stable.

Materials to avoid No information available

Hazardous decomposition No information available

products

Polymerization Hazardous polymerisation does not occur

11: TOXICOLOGICAL INFORMATION .

Acute toxicity

Principle Routes of Exposure/
Potential Health effects

Eyes No information available
Skin No information available
Inhalation No information available
Ingestion Ne information avaitable
Specific effects
Carcinogenic effects No information availabfe
Mutagenic effects No information available
Reproductive toxicity No infermation available
Sensitization No information available
Target Organ Effects No information available

Ecotoxicity effects No information available.
Mobility No information available.
Biodegradation Inherently biodegradable.
Bioaccumuiation Does not bioaccumulate.

3.DISPOSAL CONSIDERATIONS =

|

Dispose of in accordance with local regutations

IATA
Proper shipping name Not ciassified as dangerous in the meaning of transport regulations
Hazard Class No information available
Subsidiary Class No information available
Packing group No information available
UN-No No information available
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- -15. REGULATORY INFORMATION -

International Inventories

U.S. Federal Regulations

SARA 313
Not regulated

Clean Air Act, Section 112 Hazardous Air Pollutants (HAPs) (see 40 CFR 61}
This product contains the following HAPs:

U.S. State Regulations

California Proposition 65
This product contains the following Proposition 65 chemicals:

WHMIS hazard class:

Non-controlled

This product has been classified according to the hazard critetiz of the CPR and the MSDS contains all of the information required by
the CPR

16. OTHER INFORMATION -~

This material ts sold for research and development purposes only. It is not for any human or animal therapeutic or clinical
diagnostic use. |t is not intended for food, drug, househeld, agricuitural, or cosmetic use. An individual technicaily qualified
to handle potentially hazardous chemicals must supervise the use of this material,

The above information was acquired by diligent search and/or investigation and the recommendations are based on
prudent application of professional judgment. The information shall not be taken as being all inclusive and is to be used
only as a guide. All materials and mixtures may be present unknown hazards and should be used with caution. Since
Invitrogen Corporation cannot controf the actual methods, volumes, or conditions of use, the Company shall not be held
liabte for any damages or losses resulting from the handling or from contact with the product as described herein. THE
INFORMATION IN THIS MSDS DOES NOT CONSTITUTE A WARRANTY, EXPRESS OR IMPLIED, INCLUDING ANY
IMPLIED WARRANTY OF MERCHANTABILITY OR FITNESS FOR ANY PARTCULAR PURPOSE.

Eand of Zafsty Data Shest
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pEGFP-C3 Vector information PT3052-5
GenBank Accession #: U57607 Catatog #6082-1

Apal. 1
(4356}

Nhe | 592)
Ecod? W 597
Agelism)

Fomv 1

pUC

ari

HSV TK

Eco01091 poly A

EGFP

1) EGFP-C
P 3 BsrG 1 (1323)
4.7 kb SV40 _
Kan'/ paly A [Ny MCS
Neo' f1 ' (13261413}
SV40 ori or g
P P
SV40
{ ° bes Miul jse)
Dralll (1060
Stul
(2573)
EGFP 133 1344 139) 1387 1 1385 133 ST0Ps
TAC ARG TAC TCA GAT CTC GAS CTC AARLTT CGAATT STG CAG TCG ACG GTACCE CGA GLL CAG GAT CCA CCG GAT CTAGAT AACTBATCA
Scal  Bolll Xhof g Hindlli  EcoRl Pstl  Safl  Kpnl N\~ Apal '\ Bani| Ybs 1t Bell*
EH Asct AspHBl s1chp120l s;na:
H ¥

Restriction Map and Muitiple Cloning Site (MCS) of pEGFP-C3. Alf restriction sites shown are unique. The Bcll site
cannot be used for fusions since It contains an in-frame stop codon. The Xbaiand Bell sites (*) are methylated inthe DNA
provided by BD Biosciences Clontech, If you wish o digest the vector with these enzymes, you will need to transform the
veclor into a dam- host and make fresh DNA.

Description:

pEGFP-C3 encodes a red-shifted variant of wild-type GFP (1--3) which has been optimized for
brighter fluorescence and higher expression in mammatian cells. (Excitation maximum = 488 nm;
emission maximum = 507 nm.) pEGFP-C3 encodes the GFPmut1 variant (4) which contains the
double-amino-acid substitution of Phe-84 to Leu and Ser-65 to Thr. The coding sequence of the
EGFP gene contains more than 190 sllent base changes which correspond to human codon-usage
preferences (5). Sequences flanking EGFP have been converted to a Kozak consensus translation
initiation slte (6) to further increase the translation efficiency in eukaryotic cells. The MCS in
pEGFP-C3 is between the EGFP coding sequences and the SV40 poly A. Genes cloned into the
MCS will be expressed as fusions to the C terminus of EGFP if they are in the same reading frame
as EGFP and thete are no intervening stop codons. 8V40 polyadenyfation signals downstream of
the EGFP gene direct proper processing of the 3' end of the EGFP mRNA. The vector hackbone also
contains an SV40 origin for replication in mammalian cells expressing the SV40 T-antigen. A
neomycin resistance cassette (Neo’), consisting of the SV40 early promoter, the neomycin/
kanamycin resistance gene of Tn5, and polyadenylation signals from the Herpes simplex virus
thymidine kinase (HSV TK) gens, allows stably transfected eukaryotic cells to be selected using
G418. Abacterial promater upstream of this cassette expresses kanamycinresistance in£.coli The
pEGFP-C3 backbone aiso provides a pUC origin of replication for propagation in £. colf and an f1
arigin for single-stranded DNA production.

{PR29989; published 03 October 2002)



pEGFP-C3 Vector Informaticn

Use:

Fusions to the C terminus of EGFP retain the fluorescent properties of the native protein allowing the localization of
the fusion protein in vivo. The target gene should be cloned into pEGFP-C3 so thatitis in frame with the EGFP coding
sequences, with no intervening in-frame stop codons. The recombinant EGFP vector can be transfected into
mammalian cells using any standard transfection method. If required, stable transformants can be selected using
G418 (7). pEGFP-C3 canalsobe used simpiy to express EGFP in a cell line of interest (e.g., as a transfection marker).

Location of Features:
* Human cytomegalovirus (CMV) immediate early promoter; 1-589
Enhancer region: 59-465; TATA box: 554-560
Transcription start point: 583
C-—>(5-mutation to remove Sac | site: 569
* Enhanced green fluorescent protein gene
Kozak consensus transiation initiation site; 606-616
Start codon (ATG): 613-615; Stop codon; 14081410
insertion of Val at position 2: 616-618
GFPmut1 chromophore mutations (Phe-64 to Leu; Ser-65 to Thr): 805-810
His-231 to Leu mutation (A—T): 1307
Last amino acid in wild-type GFP: 1327-1329
+ MCS: 1328-1413
* S5V40 early mRNA polyadenylation signal
Polyadenylation signals: 1546-15651 & 1575-1580; mRNA 3' ends: 1584 & 1596
- f1 single-strand DNA origin: 1643-2098 {(Packages the noncoding strand of EGFP)
Bacterial promoter for expression of Kan™ gene
—-35 region: 2160-2165; ~10 region: 2183-2188
Transcriplion start point: 2185
= SVA40 origin of replication: 2439-2574
+ V40 early promoter
Enhancer (72-bp tandem repeats); 22722343 & 2344-2415
21-bp repeats: 2419-2439, 2440-2460 & 2462-2482
Early promoter element; 2495-2501
Major transcription start points; 2491, 2529, 2535 & 2540
- Kanamycin/neomycin resistance gene
Neormycin phosphotransferase coding sequences:
Start codon (ATG); 2623-2625; stop codon: 3415-3417
G—A mutation to remove Pstl site: 2805
C-»A (Arg to Ser) mutation to remove BssH |l site: 3151
« Herpes simplex virus (HSV) thymidine kinase (TK) polyadenylation signal
Polyadenylation sighals: 3653-3658 & 3666-3671
» pUC plasmid replication origin: 4002-4645

Primer Locations:
» EGFP-N Sequencing Primer (#8479-1); 679-658
+ EGFP-C Sequencing Primer (#6478-1). 12661287

Propagation in E. coff:

+ Suitable host strains: DHbo, HB101, and other general purpose strains. Single-stranded DNA production reguires
a host containitig an F plasmid such as JM109 or XL1-Blue.

« Selectable marker: plasmid confers resistance to kanamycin (30 ng/mi) to E. coli hosts,

» E. colireplication origin; pUC

+ Copy number: =500

+ Plasmid incompatibility group; pMB1/ColE1

References:

Prasher, D. C., ef al. {1992) Gene 111:229-233.

Chalfte, M., el al. (1994) Science 263:802-805.

Inouye, 8. & Tsuji, F. . (1994) FEBS Latfers 341:277-250.

Cormack, B., of al. {1996) Gene 173;33-38,

Haas, J., et al. (1998) Curr. Biol, §:315-324.

Kozak, M. (1987) Nucleic Acids Res. 15:8125-8148.

Gorman, C. {1985) In DNA Ciloning: A Practical Approach, Vol. I, Ed. Glover, D. M. {IRL Press, Oxford, UK) pp. 143-180.
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pEGFP-C3 Vector Information

Note: The attached sequence file has been compiled from information in the sequence databases, published
literature, and other sources, together with partial sequences obtained by BD Biosciences Clontech. This vector has
not been completely sequenced.

Notice ta Purchaser

Use of BD Biosciences Clontech’s Living Colors™ products containing DNA sequences coding for mutant Aequorsa vicloria green fidorescent
protein (GFP) variants or proteins thereof requires alicense from Amersham Biosciences under U.5. Patent Nos. 5,625,048, 5,777,079, 6,054,321
and other pending U.S. and foreign patent applications. in addition, certain BD Biosciences Clontesh products are made under U.S. Patent No,
5,804,387 licensed from Stanford University.

Not-For-Profit research institutes or entities are granted an automatic license with the purchase of this product for use in non-commercial internal
research purposes, the terms of which are disclosed in detail in the license that accompanies the shipment of this product. Such license specifi-
cally exdudes the right to sell or otherwise transfer this product or its companents to third parties,

For-Profit tesearch institutes or entities must ebtain a license from Amersham Biosciences. E-mall: gfp@amershamblosciences.com

Please cantact BD Biosciences Clontech directly for any other assistance, inciuding purchasing and technical support, All comparies and
institutions purchasing Living Colors™ products will be included in a quarterly report to Aurora Biosciences, as required by the BD Blosciences
Clentech/Aurora Biosciences license agreement.

This product is intended to be used for research purpeses only. Itis notto be used for drug or diagnostic purposes nor is it intended for human
use, BD Biosciences Clontech producis may not be resold, modified for resale, or used to manufacture commercial products without written
approval of BD Biosciences Clontech.

© 2002, Beclon, Dickinson and Company

Pratocol # PT3052-5 www.hdbiosciences.com BD Binsciences Cloatech
Version # PR2996% 3
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pECFP-C1 Vector Information PT3259-5
Catalog #6076-1
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Restriction map and multiple clening site (MCS8} of pECFP-C1. Unigue restriction sites are in bold. The Xba | and
Bcll sites (*) are methylated in the DNA provided by BD Biosciences Clontech. If you wish te digest the vectors with these
enzymes, you wili need to transferm the vector into a dam- host and make fresh DNA.

Description

pECFP-C1 encodes an enhanced cyan fluorescent variant of the Aequorea victoria green fluores-
cent protein gene (GFP). The ECFP gene contains six amino acid substitutions. The Tyr-66 to Trp
substitution gives ECFP fluorescence excitation (majar peak at 433 nm and a minor peak at 453 nm)
and emission (major peak at 475 nm and a minor peak at 501 nm) similar to other ¢cyan emission
variants (1-3). The other five substitutions {Phe-64 to Leu; Ser-65 to Thr; Asn-146 to lle; Met-153
to Thr; and Val-163 to Ala) enhance the brightness and solubility of the protein, primarily due to
improved protein-folding properties and efficiency of chromophore formation (2, 4, 5).

In addition to the chromophore mutations, ECFP contains >190 silent mutations that create an cpen
reading frame comprised almost entirely of preferred human codons (6). Furthermore, upstream
sequences flanking ECFP have been converted to a Kozak consensus translation initiation site (7).
These changes increase the translational efficiency of the ECFP mRNA and consequently the
expression of ECFP in mammalian and plant cells.

The MCS in pECFP-C1 is between the ECFP coding sequence and the stop codon. Genes cloned
into the MCS will be expressed as fusions to the C-terminus of ECFP if they are in the same reading
frame as ECFP and there are no intervening in-frame stop codons. ECFP with a C-terminal fusion
moiety retains the fluorescent properties of the native protein and thus can be used to localize fusion
proteins in vivo.

The vector contains an SV40 origin for replication and a neomycin resistance {Neo') gene for
selection (using G418} in eukaryotic cells. A bacterial promoter (P} upstream of Neo' expresses
kanamycin resistance in E. coli. The vector backbone also provides a pUC19 origin of replication for
propagation in E. cofi and an f1 origin for single-stranded DNA praduction.

(PR29964, published 03 October 2002}



pECFP-C1 Vector Information

The recombinant ECFP vector can be transfected into mammalian cells using any standard transfection method. If
required, stable transfectants can be selected using G418 (8). pECFP-C1 can also be used simply to express ECFP
in a cell line of interest {e.qg., as a transfection marker).

Location of features
* Human cytomegalovirus (CMV} immediate early promoter: 1-589
Enhancer region: 59-465; TATA box: 554-560; transcription start point: 583
C—G mutation to remove Sac| site: 569
« Enhanced cyan fluorescent protein gene
Kozak consensus transiation initiation site: 606-616
Start codon (ATG): 613-615; stop codon: 1408-1410
Insertion of Val at position 2: 616-618
ECFP mutations (Phe-64 to Leu; Ser-65 to Thr; and Tyr-66 to Trp). 805-813; Asn-148 to lle: 1051-1053;
Met-153 to Thr: 1072-1074; Val-163 to Ala: 1102-1104
His-231 to Leu mutation (A—T): 1307
Last amino acid in ECFP coding region: 1327-13289
« MCS: 13301417
« SV40 early mRNA polyadenylation signal
Polyadenylation signals: 1550-1555 & 1579-1584; mRNA 3' ends: 1588 & 1600
+ 1 single-strand DNA origin: 1647-2102 (Packages the noncoding strand of ECFP.)
Bacterial promoter for expression of Kan" gene.
—-35 region: 2164-2169; —10 region: 2187-2192
Transcription start point; 2199
SV40 origin of replication: 2443-2578
+ SV40 early promoter
Enhancer (72-bp tandem repeats); 2276-2347 & 2348-2419
21-bp repeats: 2423-2443, 2444-2464 & 2466-2486
Early promoter element. 2489-2505
Major transcription start points; 2495, 25633, 2539 & 2544
+ Kanamycin/neomycin resistance gene
Neomycin phosphotransferase coding sequences:
Start codon (ATG): 2627-2629; stop codon: 3419-3421
G—A mutation to remove Pst| site: 2809
C—A (Arg to Ser) mutation to remove BssH |l site: 3155
+ Herpes simplex virus (HSV) thymidine kinase {TK) polyadenylation signal
Polyadenyiation signals: 3657-3662 & 3670-3675
+ pUC plasmid replication origin: 4006-4649

Primer Locations:
+ EGFP-N Sequencing Primer (#6479-1}. 679-658
» EGFP-C Sequencing Primer (#6478-1): 1266-1287

Propagation in E. coli:

+ Suilable host strains: DH5o, HB101, and other general purpase strains. Single-stranded DNA production requires
a host containing an F plasmid such as JM109 or XL1-Blue.

Selectable marker: plasmid confers resistance to kanamycin (30 pg/ml) to £, coli hosts.

E. colireplication origin: pUC

Copy number: =500

Plasmid incompatibility group: pMB1/ColE1

* s+ s =
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Note: The attached sequence file has been compiled from information in the sequence databases, published
literature, and other sources, together with partial sequences obtained by BD Biosciences Clontech. This vector has
not been completely sequenced.

Notice to Purchaser

Use of BD Biosciences Clontech’s Living Colers™ products containing DNA sequences coding for mutant Aequorea victoria green fluorescent
protein (GFP) variants or proteins thereof requires a license from Amersham Biosciences under U.S. Patent Nos. 5,625,048;5,777,079; 6,054,321
and other pending U.S. and foreign patent applications. In addition, certain BD Biosciences Clentech products are made under .S, Patent No.
5,804,387 licensed from Stanford University.

Not-For-Profit research institutes or entities are granted an automatic license with the purchase of this product for use in non-commercial internal
research purposes, the terms of which are disclosed in detail in the license that accompanies the shipment of this product. Such license specifi-
cally excludes the right to sell or otherwise transfer this preduct or its components 1o third parties,

For-Profit research institutes or entities must obtain a license from Amersham Biosciences. E-mail; gfp@amershambiosciences.com

Please contact BD Biosciences Clontech directly for any other assistance, including purchasing and technical support. Ali companies and
institutions purchasing Living Colors™ preducts will be included in a quarterly report to Aurora Biosciences, as required by the BD Biosciences
Clontech/Aurora Biosciences license agreement.

This product is intended 10 be used for research purposes only. it is not to be used for drug or diagnastic purposes noris it intended for human
use. BD Biosciences Clontech products may not be resold, modified for resale, or used to manufacture commercial products without written
approval of BD Bicsciences Clontech.

© 2002, Becton, Cickinson and Company
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pEYFP-C1 Vector Information

Nhel 502
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PCMV IE

Eco01091
(3854)

pEYFP-C1

BsrG | (1323
4.7 kb

MCS
(1330-1417)
SV40 ori
P, P
V0 Aff 1l ne3g)

Stul
{2577)
e 10 1340 1350 1360 1370 1380 13% 00 STGPs
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Restriction map and multiple cloning site (MCS) of pEYFP-C1. All restriction sites are shown are unique. The Xbal and
Bell sites (*) are methylated in the DNA provided by BD Biosciences Clontech. If you wish (o digest the vectors with these
enzymes, you will need to transform the vector into a dam- host and make fresh DNA.

Description:

PEYFP-C1 encodes an enhanced yellow-green variant of the Aequorea victoria green flucrescent
protein {GFP). The EYFP gene contains the four amino acid subslitutions previously published as
GFP-10C (1): Ser-65 to Gly; Val-68 to Leu; Ser-72 to Ala; and and Thr-203 to Tyr. The fluorescence
excitation maximum of EYFP is 513 nm; the emission spectrum has a peak at 527 nm (in the yellow-
green region). When excited at 513-nm, the E_of EYFP is 36,500 cm~'M~' and the flucrescent
guantum yield is 0.63 (1), resulting in a bright fluorescent signal. The fluorescence observed is
roughly equivatlent to that from EGFP.

A mixture of EYFP- and EGFP-expressing cells can be sorted by flow cytometry using a single excitation
wavelength (i.e., 488 nm). EYFP emission is detected using a 525-nm dichroic shortpass mirror and a
530/30-nm bandpass filter; EGFP emission is detected using a 510/20-nm bandpass filter.

In addition to the chromophore mutations, EYFP contains >190 silent mutations that create an open
reading frame comprised almost entirely of preferred human codons (2). Furthermore, upstream
sequences flanking EYFP have been converted (o a Kozak consensus translation initiation site (3).
These changes increase the translational efficiency of the EYFP mRNA and consequently the
expression of EYFP in mammalian and plant cells.

The MCS in pEYFP-C1 is between the EYFP coding sequence and the stop codon. Genes cloned into
the MCS will be expressed as fusions to the C-tlerminus of EYFP if they are in the same reading frame
as EYFP and there are nointervening in-frame stop codons. EYFP with a C-terminal fusion moiety retains
the fluorescent properties of the native protein and thus can be used to localize fusion proteins in vivo.

The vector contains an SV40 origin for replication and a neomycin resistance (Neo") gene for selection
(using G418) in eukaryotic cells. A bacterial promoter (P) upstream of Neo’ expresses kanamycin
resistance in E. coli. The vector backbone also provides a plUC19 origin of replication for propagation in
E. colf and an f1 origin for single-stranded DNA production. The recombinant EYFP vector can be
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PEYFP-C1 Vector Infoermation

transfectedinto mammalian cells using any standard transfection method. ifrequired, stable transformants can be selected
using G418 (4). pEYFP-C1 canalso be used simply to express EYFP in a cellline of interest (e.g., as a transfection marker).

Location of features:
+ Human cytomegalovirus (CMV} immediate early promoter: 1-589
Enhancer region: 59--465; TATA box: 554-560; transcription start point; 583
C—G mutation to remove Sac | site: 569
* Enhanced yellow flucrescent protein (EYFP) gene:
Kozak consensus translation initiation site: 606-616
Start codon (ATG): 613-615; stop codon: 1408-1410
Insertion of Val at position 2: 616-618
GFP-10C mutations (Ser-65 to Gly: 808-810; Val-68 to Leu: 817-819; Ser-72 to Ala: 829-831: Thr-203 to Tyr:
1222-1224)
His-231 to Leu mutation {A->T): 1307
Last amino acid in wild-type GFP coding region: 1327-1329
+ MCS: 13301417
+ V40 early mRNA polyadenylation signal:
Polyadenylation signals: 156501555 & 1579-1584; mRNA 3' ends: 1588 & 1600
+ 1 single-strand DNA origin: 1647-2102 (Packages the noncoding strand of EYFP.)
« Bacterial promoter for expression of Kan® gene:
—35 region: 2164-2169; —10 region: 21872192
Transcription start point: 2199
« SV40 origin of replication: 2443-2578
+ SV40 early promoter:
Enhancer (72-bp tandem repeats): 2276-2347 & 2348-2419
21-bp repeats: 2423-2443, 2444-2464 & 2466-2486
Early promoter element: 2499-2505
Major transcription start points: 2495, 2533, 2539 & 2544
+ Kanamycin/neomycin resistance gene:
Neomycin phosphotransferase coding sequences:
Start codon (ATG): 2627-2629; stop codon: 3419-3421
G—A mutation to remove Psf| site: 2809
C—A (Arg to Ser) mutation to remove BssH |l site: 3155
* Herpes simplex virus (HSV) thymidine kinase (TK) polyadenylation signal
Polyadenylation signals: 3657-3662 & 36703675
» pUC plasmid replication origin: 4006-4649

Primer Locations:
+ EGFP-N Sequencing Primer (#6479-1). 679-658
+ EGFP-C Sequencing Primer (#6478-1): 1266-1287

Propagation in E. coli:

* Suitable host strains: DH5o, HB101, and other general purpose strains. Single-stranded DNA production requires
a host containing an F plasmid such as JM109 ar XL1-Blue.

¢ Seleclable marker: plasmid confers resistance to kanamyein (30 pg/ml) to £, cofi hosts.

+ E. colireplication origin: pUC

+ Copy number: =500

+ Plasmid incompatibility group: pMB1/ColE1
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Note: The attached sequence file has been compiled from information in the sequence databases, published
literature, and other sources, together with partial sequences obtained by BD Biosciences Clontech. This vector has
not been complately sequenced.
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Notice te Purchaser

Use of BO Biosciences Clontech’s Living Colors™ products containing DNA sequences coding for mutant Aequorea victoria green fluorescent
protein (GFP) variants or proteins thereof requires a license from Amersham Bicsciences under U.S. Patent Nos. 5,625,048: 5,777,079; 6,054,321
and other pending U.S. and foreign patent applications. In addition, certain BD Biosciences Clontech products are made under U.S. Patent No.
5,804,387 licensed from Stanford University.

Not-Fer-Profit research institutes or entities are granted an automatic license with the purchase of this praduct for use in non-commercial internal
research purposes, the terms of which are disclosed in detail in the license that accompanies the shipment of this product. Such license specifi-
cally excludes the right to sell or otherwise transfer this product or its components to third parties.

For-Profit research institutes or entities must obtain a license from Amersham Biosciences. E-mail: gfp@amershambiosciences.com

Please contact BD Biosciences Clontech directly for any other assistance, including purchasing and technical support. All companies and
institutions purchasing Living Colors™ products will be included in a quarterly report to Aurora Biosciences, as required by the BD Biosciences
Clontech/Aurora Biosciences license agreement,

This produclis intended to be used for research purposes only. i is not to be used for drug or diagnostic purposes nor is it intended for human
use. BO Biosciences Clontech products may not be resold, modified for resale, or used to manufacture commercial products without written

approval of BD Biosciences Ciontech.
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