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The neuropeptide GNRH 1 stimulates the secretion of the reproductive hormone LH in pituitary
gonadotropes. Other secretory cell types depend on the unfolded protein response (UPR) path-
way to regulate protein synthesis and protect against endoplasmic reticulum (ER) stress in re-
sponse to differentiation or secretory stimuli. This study investigated the role of the UPR in GNRH
action within the L�T2 gonadotrope model. Cells were treated with GNRH, and the activation of
UPR signaling components and general translational status was examined. The ER-resident stress
sensors, Atf6, Eif2ak3, and Ern1, are all present, and GNRH stimulation results in the phosphory-
lation of eukaryotic translation initiation factor 2A kinase 3 and its downstream effector, eukary-
otic translation initiation factor 2A. Additionally, activation of the UPR was confirmed both in
L�T2 as well as mouse primary pituitary cells through identifying GNRH-induced splicing of Xbp1
mRNA, a transcription factor activated by splicing by the ER stress sensor, ER to nucleus signaling
1. Ribosome profiling revealed that GNRH stimulation caused a transient attenuation in transla-
tion, a hallmark of the UPR, remodeling ribosomes from actively translating polysomes to trans-
lationally inefficient ribonucleoprotein complexes and monosomes. The transient attenuation of
specific mRNAs was also observed. Overall, the results show that GNRH activates components of
the UPR pathway, and this pathway may play an important physiological role in adapting the ER
of gonadotropes to the burden of their secretory demand. (Molecular Endocrinology 23: 100–112,
2009)

The reproductive axis is controlled by release of the decapep-
tide GNRH 1 (also LHRH) from the hypothalamus. GNRH

binding to its G protein-coupled receptor on gonadotrope cells
in the anterior pituitary activates and maintains the synthesis of
gonadotropin hormones LH and FSH and stimulates release of
preformed stores of LH (1). These hormones, in turn, act on the
gonad to regulate folliculogenesis, ovulation, spermatogenesis,
and steroidogenesis. LH and FSH are glycoprotein het-
erodimers, each comprised of a common �-glycoprotein subunit
(Cga, also �GSU) and a unique �-subunit (Lhb or Fshb) (2).
Studies in pituitary gonadotropes are made possible by the
L�T2 cell model, created through immortalization of mouse
gonadotropes by targeted tumorigenesis (3). L�T2 cells have
been shown to respond to GNRH by raising intracellular

calcium levels and stimulating exocytosis (4). The signal
transduction pathways and transcriptional responses induced
by GNRH, including induction of Lhb and Cga among other
genes important to gonadotrope function, have been exten-
sively characterized (2, 5) in part by utilizing this and other
gonadotrope models (6).

Whereas the transcriptional regulation is well described, very
little work has focused on posttranscriptional regulatory path-
ways induced by GNRH. One important posttranscriptional
pathway is the unfolded protein response (UPR), which incor-
porates both transcriptional and posttranscriptional mecha-
nisms in a multifaceted response to minimize endoplasmic retic-
ulum (ER) stress. The ER lumen is an oxidative environment
where protein folding and posttranslational modification of
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proteins that are secreted or targeted to the membranes occurs. The
UPR is a quality control pathway that monitors changes in the ER
lumen that perturb protein-folding capacity. Disruption of the ER
lumen can be a result of pathological conditions such as hypoxia,
viral infection, starvation, or a result of normal physiological pro-
cesses such as secretion or high-protein synthetic demand. ER stress
can also be induced experimentally by the overexpression of mis-
folded proteins, which overwhelm the ER, or by pharmacological
insults that target glycosylation, calcium, or oxidative balance. The
UPR seeks to reestablish balance and decrease burden by attenu-
ating translation and degrading misfolded proteins, as well as in-
creasing synthetic capacity by increasing the size of the ER and the
capacity of the protein-folding machinery. If balance is not
reached, the UPR induces apoptosis.

Stress in the ER lumen is sensed by three ER-resident pro-
teins, EIF2A kinase 3 (EIF2AK3, also known as PERK or PEK),
ER to nucleus signaling 1 (ERN1, also known as IRE1), and
activating transcription factor 6 (ATF6). Activation of EIF2AK3
leads to an immediate attenuation of general translation
through phosphorylation of eukaryotic translation initiation
factor 2A (EIF2A, also known as eIF2�), which reduces protein
synthesis demand on the ER. Phosphorylation of EIF2A also
causes translation stimulation of Atf4 (activating transcription
factor 4), a bZIP transcription factor that stimulates genes that
further the UPR program, including those involved in amino
acid transport, synthesis, metabolism, and the antioxidant re-
sponse. EIF2AK3 activation is followed temporally by proteo-
lytic activation of the basic leucine-zipper transcription factor
ATF6, which regulates genes with ER stress response elements
(ERSEs), such as chaperones. Finally, the UPR activates the
kinase/endoribonuclease ERN1, which splices Xbp1 (X-box
binding protein 1) mRNA, another bZIP transcription factor
important for UPR transcriptional responses. XBP1 acts on pro-
moters at UPR elements and is thought to be responsible for
regulating genes that mediate ER-associated degradation of mis-
folded proteins. The UPR signaling pathway has been studied
extensively and reviewed recently (7–10). Another, recently dis-
covered arm of the stress response is inhibition of translational
complexes at the ER translocon (11).

Recently, the UPR was shown to be crucial for the function of
secretory cells, including plasma cells, �-cells, hepatocytes, and
osteoblasts (12), all of which have heavy protein synthesis de-
mands and thus rely on the proper function of the ER to main-
tain secretory output. Loss of Xbp1 in B lymphocytes in mice
results in failure to differentiate into immunoglobulin-secreting
plasma cells and ultimately failure to mount an immune re-
sponse to polyoma virus infection (13). Ern1 is also required for
proper immunoglobulin production and plasma cell differenti-
ation (14). Mice that lack functional EIF2AK3 in insulin-secret-
ing pancreatic �-cells have elevated serum glucose levels com-
pared with wild-type littermates and eventually experience
�-cell apoptosis and diabetes (15, 16). Transgenic mice harbor-
ing a mutation in Eif2a that does not allow phosphorylation
show impaired insulin production and loss of insulin-positive
�-cells. Most transgenic neonates die within 18 h of birth (17).

Because gonadotropes are endocrine secretory cells that ex-
perience heavy secretion and protein synthesis demand, it can be

hypothesized that the UPR plays a role in regulating function in
these cells. The UPR is currently unexplored in gonadotropes,
although indirect evidence indicates that this may be the case.
Microarray studies have shown that GNRH induces Atf3 (18–
20), a transcription factor induced by the EIF2AK3/ATF4 arm
of the UPR (21). GNRH has been shown to transcriptionally
regulate genes involved in amino acid synthesis, metabolism,
and oxidative stress (18, 19), also consistent with activation of
EIF2AK3. Finally, Xbp1 predicted that targets such as those of
the DnaJ family (22) are induced by GNRH (19, 20). To meet
the demands of hormone secretion, it is likely that gonadotropes
mount a UPR-like response to GNRH. This hypothesis is ad-
dressed in this study by examiniation of the activation of UPR
effectors in the L�T2 gonadotrope cell line and primary pitu-
itary gonadotropes and by ribosome profiling to examine the
general status of translation. The results indicate that the UPR is
a target of GNRH action within the gonadotrope.

Results

GNRH activates the ER stress sensor EIF2AK3
The main sensors of ER stress are three ER-resident proteins,

ERN1, EIF2AK3, and ATF6. RT-PCR of mRNA isolated from
L�T2 cells indicates that all three sensors are expressed in the
cell line (Fig. 1A). An immediate effect of ER stress is activation
of the UPR through EIF2AK3. Activated EIF2AK3 oligomerizes
(23) and autophosphorylates at 10 different sites in its kinase
domain (24). To determine whether GNRH exposure leads to
the phosphorylation of EIF2AK3, L�T2 cells were treated with
GNRH or dithiothreitol (DTT) for 30 min. DTT severely dis-
rupts the ER’s oxidative environment required for proper pro-
tein folding (10) and is commonly used to disrupt translation
and activate the UPR (11, 25, 26). Protein was harvested and
subjected to Western blotting. A shift in EIF2AK3 mobility (Fig.
1B) is consistent with hyperphosphorylation of the protein, with
DTT causing a slightly greater shift than seen with GNRH. To
confirm that this shift is indeed due to phosphorylation events,
protein extracts were treated with phosphatase and then sub-
jected to Western blotting. The mobility shift of EIF2AK3 is
abrogated by phosphatase treatment of extracts (Fig. 1C). Un-
der basal conditions EIF2AK3 exists in a moderately phosphor-
ylated state, with the level of phosphorylation increasing with
GNRH or DTT treatment.

Activated EIF2AK3 directly phosphorylates EIF2A, which
is the �-subunit of the eIF2 translation initiation complex.
Phosphorylation of EIF2A prevents initiation complex for-
mation, leading to free ribosomal subunit accumulation and
a decrease in general translation (27). To examine the phos-
phorylation status of EIF2A in response to GNRH, antibod-
ies specific to total and phosphorylated EIF2A were used in
Western blotting of GNRH and DTT-treated extracts.
GNRH treatment resulted in an increase in EIF2A phosphor-
ylation, and greater phosphorylation was observed after DTT
treatment (Fig. 1D).
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GNRH causes splicing of the UPR transcription
factor Xbp1

To confirm that GNRH is inducing ER stress, a different arm
of the UPR was explored. Signaling to ERN1 leads to activation
of Xbp1, which encodes a bZIP transcription factor that acts at
UPR elements (8). Xbp1 is activated through a cytoplasmic
mRNA splicing event, where removal of a small intron allows
translation of an active transcription factor (28). The unspliced
mRNA contains a PstI site in the intron that is removed by the
splicing event (29). Xbp1 cDNA prepared from L�T2 cells
treated with vehicle, GNRH, or DTT (Fig. 2A) was subjected to
PstI digestion. GNRH caused splicing of Xbp1 mRNA, al-
though to a lesser degree than DTT treatment (Fig. 2B), which
resulted in splicing of all the available Xbp1 mRNA.

To confirm that the UPR is activated by GNRH in primary
gonadotrope cells, pituitaries were isolated from wild-type, sex-
ually mature 9-wk-old male mice, dissociated, and cultured.
Only gonadotropes express the receptor for GNRH (30) and
thus should be the only cell type responding to GNRH. The cells

were treated with GNRH for 30 min, and the splicing of Xbp1
was measured through quantitative PCR using primers specific
to the spliced form of Xbp1 (Xbp1s). Splicing of Xbp1 increased
4-fold in response to GNRH (Fig. 2C).

GNRH causes an accumulation of ribonucleoprotein
(RNP) complexes

The observation that GNRH causes EIF2A phosphorylation
(Fig. 1D) indicates that GNRH may attenuate translation. To
determine the general translational status of the L�T2 cells, the
cells were treated with GNRH for 30 min, and then ribosome
and mRNA complexes were separated on sucrose gradients.
Complexes were fractionated according to density while moni-
toring absorption at 254 nm. Presence of the 28S and 18S rR-
NAs was used to facilitate combining fractions to represent the
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actively translating polysome pool, consisting of mRNAs com-
plexed with two or more ribosomes, or the RNP pool, consisting
of mRNAs complexed with initiation factors or a single ribo-
some (monosome), and free 60S or 40S ribosomal subunits (Fig.
3A). The relative abundance of RNA in each pool was compared
using the absorption profiles to evaluate the extent of transla-
tional regulation by GNRH. This comparison indicated a

marked redistribution of RNA in response to acute GNRH,
reflecting a general shift from actively translating polysomes to
RNP complexes (Fig. 3B). The areas under the ribosome profile
curves of the pools were integrated as a measure of the amount
of RNA present in each pool. The RNP pool shifted from being
about 60% of the polysome pool to being equivalent to the
polysome pool with GNRH exposure (Fig. 3C). The degree of
remodeling was dose dependent when comparing concentra-
tions of 1, 10, and 100 nM (data not shown).

As a comparison, cells were treated with epidermal growth
factor (EGF), a mitogen known to stimulate translation (31) but
not induce the UPR. As expected, an increase in polysomes
compared with RNP was observed (Fig. 3B). In contrast, treat-
ment of the cells with DTT resulted in the expected depletion of
polysomes (Fig. 3B), similar in direction but greater in magni-
tude than that of GNRH.

Disruption of intracellular calcium mimicks RNP
accumulation by GNRH

GNRH is responsible for inducing secretion and de novo
synthesis of gonadotropins in gonadotropes. GNRH mainly
acts through a G protein-coupled receptor to activate G�q and
phospholipase C-�, mediating production of inositol 1,4,5
triphosphate (IP3) and diacylglycerol signaling intermediates.
Diacylglycerol mediates activation of protein kinase C (PKC) (�,
�) and all four MAPK cascades, ERK, c-Jun N-terminal kinase,
p38, and MAPK7 (also known as BMK1) (5). ERK has been
implicated in regulation of translation by GNRH (32). The IP3-
mediated release of calcium from internal stores triggers secre-
tion, whereas calcium influx from the extracellular environment
renews internal stores (5). Modulation of protein synthesis in
response to mitogenic signals is often regulated through phos-
phatidylinositol 3-kinase (PI3K) and FRAP (FK506-binding
protein 12-rapamycin associated protein 1, also known as
MTOR), the downstream targets of which include 4E-binding
protein (EIF4EBP1, also known as 4EBP1 or PHAS-1) and ri-
bosomal protein S6 kinase (p70s6k) (33). FRAP is a target of
receptor tyrosine kinases and G protein-coupled receptors (34).

To understand the effect on translation mediated by GNRH,
L�T2 cells were treated with pharmacological inhibitors of the
various signaling pathways before GNRH exposure to deter-
mine which signaling pathways are required. The use of U0126
(Fig. 4B) to block ERK activation had no effect on GNRH-
induced RNP accumulation. The efficacy of U0126 was con-
firmed by Western blotting for the phosphorylation status of
ERK after GNRH treatment, in the presence of U0126 (Fig. 4C).
Similar results were obtained using PD98059 to block ERK,
SB203580 to block p38, SP600125 to block c-Jun N-terminal
kinase (data not shown), or bisindolylmaleimide I to block PKC
activation (supplemental data published as supplemental Fig. 1
on The Endocrine Society’s Journals Online web site at http://
mend.endojournals.org). The results indicate that the PKC and
MAPK signaling pathways are not required for ribosomal
remodeling.

Similar to the inhibition of PKC/ERK, inhibiting calcium/
calmodulin-dependent protein kinase II � activation via KN62
and voltage-gated calcium channel activation via nimodipine
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had no effect (data not shown). The use of translation inhibitors
LY 294002 to block PI3K or rapamycin to block FRAP were not
fruitful, because these agents alone caused translation attenua-
tion (data not shown). Furthermore, although GNRH has been
shown to activate PI3K via transactivation of the EGF receptor

(35), signaling through PI3K and/or FRAP would result in a
positive effect on translation, which is not consistent with an
accumulation of RNP complexes. In L�T2 cells, PI3K appears
to diverge from the classical receptor tyrosine kinase-signaling
cascade, not utilizing AKT1 (and presumably, then, FRAP) in its
direct downstream effects on cell survival (35), gonadotropin
synthesis (36), or translation initiation factors (32). For these
reasons, the PI3K/FRAP arm was not pursued further.

In contrast, ER calcium disrupters such as thapsigargin,
which blocks calcium reuptake by the sarcoplasmic reticu-
lum/ER Ca2� adenosine triphosphatase pump, 2-aminoethoxy-
diphenyl borate (2-APB), which blocks IP3 receptors, calcium
ionophore ionomycin, which increases intracellular calcium lev-
els and is a known LH secretagogue (37), and 1,2-bis(o-amino-
phenoxy)ethane-N,N,N�,N�-tetraacetic acid (BAPTA), which
chelates calcium, were all sufficient to induce RNP remodeling,
similar to GNRH (Fig. 4, D and E). Pharmacological agents that
disrupt ER calcium stores have been shown to induce the UPR
(38). Thus, ER and intracellular calcium levels appear to be
involved in mediating RNP accumulation in response to GNRH
stimulation.
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Lhb, Cga, and Gapdh mRNAs redistribute to
RNP complexes

To evaluate whether the overall ribosome changes seen after
exposure to GNRH are reflected in the manner in which specific
mRNAs relevant to gonadotrope function behave, Lhb and Cga
mRNAs were examined. In the differentiated gonadotrope,
GNRH stimulates transcription and synthesis of the LH sub-
units, which are modified and exported through the ER and are
therefore dependent on proper ER function.

The behavior of Lhb and Cga mRNA was determined by
measuring their mass ratio between the polysome and RNP
pools. Redistribution of an mRNA species was calculated by
comparing these ratios in GNRH-treated and vehicle-treated
(control) samples. The calculated fold redistribution is thus a
measurement of the change in transcript representation in each
of the pools after GNRH treatment. In agreement with the over-
all shift of ribosomes (Figs. 3 and 4), Lhb, Cga, and Gapdh
mRNAs all redistributed to RNP complexes after GNRH expo-
sure (Fig. 5). This behavior was recapitulated by ionomycin (Fig.
5A) and DTT (Fig. 5B) treatment. The magnitude of redistribu-
tion of ionomycin mimicked GNRH, whereas DTT was much
greater, consistent with the degree of ribosome movement in-
duced by these agents (Figs. 3 and 4).

GNRH attenuates translation initiation
The observed accumulation of RNP complexes after treatment

with GNRH may be a result of two distinct responses. First, the
stimulatory effect of GNRH on transcription of various genes has
been well described (18–20, 39, 40) and so GNRH could be stim-
ulating production of new mRNA and ribosomes that are assem-
bling in new translation initiation complexes, resulting in an in-
crease of RNP complexes. In this scenario, inhibition of
transcription would block any GNRH-induced redistribution. To
test this possibility, L�T2 cells were treated with actinomycin D to
block transcription before treatment with GNRH, and ribosomes
were fractionated. Actinomycin D alone caused a slight redistribu-
tion of RNA into the RNP pool (Fig. 6, A and B). However, GNRH
caused an additional influx, similar in magnitude to that seen in
control samples. Measurement of the distribution of Lhb, Cga, and
Gapdh mRNA was also consistent with this behavior (Fig. 7A).
The efficacy of actinomycin D was confirmed by its ability to inhibit
stimulation of Egr1 transcription by GNRH (data not shown). Be-
cause actinomycin D did not block the remodeling, this indicates that
the rise in RNP complexes and accumulation of mRNAs within those
complexes are independent of transcriptional events.

The second cause of RNP accumulation may be ribosome
dissociation from polysomal mRNA after exposure to GNRH,
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thus redistributing mRNAs into the RNP pool, such as predicted
by activation of the UPR and an attenuation of translation. In
this scenario, inhibition of translation elongation would prevent
ribosomes from dissociating, thus blocking any GNRH effect.
To test this, L�T2 cells were pretreated with cycloheximide to
block translation elongation before treatment with GNRH.
Blocking translation elongation indeed blocked the redistribu-
tion of ribosomes (Fig. 6, C and D) as well as the redistribution
of Lhb, Cga, and Gapdh mRNAs (Fig. 7B). Cycloheximide pre-
treatment alone caused a slight change in the distribution of
RNA (Fig. 6, C and D). However, GNRH did not cause a further
redistribution. Additionally, no changes in total mass of RNA
were detected between vehicle and GNRH-treated cells, consis-
tent with ribosome redistribution rather than influx of newly
synthesized mRNA and ribosomes (data not shown). Overall,
the results confirm that the RNP increase caused by GNRH is
indicative of an attenuation of translation.

Attenuation of translation is transient
The primary function of pituitary gonadotropes is to pro-

duce LH and FSH, and thus it seems paradoxical that GNRH
would decrease the translation of mRNAs that are important for
the production of these hormones. It was of interest to deter-
mine whether this attenuation is permanent or transient. To test
this, L�T2 cells were exposed to a 10-min pulse of GNRH and
fractionated at various times after stimulation. Integration of
the areas under curve of the resulting ribosome profiles indicates
that a 10-min exposure to GNRH is sufficient to cause an ac-
cumulation of RNP complexes similar in magnitude to a 30-min
exposure (Fig. 8). After 60 min, redistribution into RNP com-
plexes subsides, but does not return to basal levels (Fig. 8A).
Using quantitative PCR to follow the distribution of Lhb, Cga,
and Gapdh mRNAs between polysomes and RNP complexes
revealed that whereas the RNP accumulation does not com-
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pletely resolve, the distribution of the specific transcripts exam-
ined does return to basal levels within 60 min (Fig. 8B).

Discussion

The data show that in pituitary gonadotropes, GNRH, a central
regulator of reproduction, induces the UPR pathway through
activation of at least two of the three known ER stress sensors:
EIF2AK3, which leads to translation attenuation through phos-
phorylation of EIF2A, and ERN1, which leads to splicing of
transcription factor Xbp1 mRNA. Initial characterization of
UPR signal transduction comes from experiments using agents
that severely stress ER homeostasis and rapidly induce all three
arms of the UPR. However, evidence is mounting that the UPR
is crucial for normal physiological function, especially in the
development or function of secretory cells (12). The data pre-
sented here support this hypothesis and are the first to examine
activation of the UPR in gonadotropes.

Unlike pharmacological agents that severely disrupt ER func-
tion, physiological processes may be more subtle and utilize only
specific UPR components or activate the UPR to a lesser degree
or duration (12). This is observed in plasma cell differentiation,
which requires activation of ERN1 but not EIF2AK3 or EIF2A
phosphorylation (14). Loss of Eif2ak3 in mice results in loss of
�-cell function (15), but loss of Xbp1 shows defects in liver
growth (41) and lymphocyte differentiation (13). In myocytes,
vasopressin at physiological concentrations activates the UPR
but not to the same degree as pharmacological agents. It also
does not result in chaperone synthesis or condition the cells to
tolerate future ER stressors (42), as pharmacological UPR acti-
vation has been shown to do. Whereas GNRH appears to target
EIF2AK3 and ERN1, it is unknown whether it targets ATF6.
ATF6 acts on ERSEs to stimulate transcription of Ddit3 (DNA-
damage inducible transcript 3, also known as Chop or
Gadd153), Xbp1 (43) and chaperones, such as Hspa5 (heat
shock 70 kDa protein 5, also known as Grp78 or BiP), Hsp90b1
(heat shock protein 90 kDa � member 1, also known as Grp94),
and Calr (calreticulin) (44). GNRH has been shown to induce
Xbp1 (19, 20) and Ddit3 (19). Induction of Xbp1 or Ddit3,
however, may also occur via XBP1 itself. Like ATF6, XBP1 can
bind to ERSEs, although with less affinity (45). Therefore,
GNRH may activate all three arms of the UPR, or just EIF2AK3
and ERN1, bypassing ATF6 and utilizing XBP1 instead to up-
regulate Ddit3 and its own mRNA. This remains to be investi-
gated in gonadotropes.

The model presented in Fig. 9 illustrates that GNRH, through
activation of the IP3 receptor, causes calcium to leave the ER and
thus signals to activate EIF2AK3 and attenuate translation. The
involvement of intracellular calcium, but not other signal transduc-
ers of the known GNRH signaling pathways, is consistent with the
hypothesis that the loss of calcium from the ER elicits the UPR.
Ionomycin is an ionophore that carries Ca2� ions across the
plasma membrane into the cytosol and facilitates release of calcium
from the ER, as demonstrated in a recent study (46). The data here
are consistent with data from others that show exposure of cells to
ionophores such as ionomycin inhibits translation and causes an

increase in monosomes and free ribosomal subunits (42, 47). How
loss of calcium mechanistically causes activation of EIF2AK3 is
unclear. Multiple signals may integrate to activate the UPR. First,
the stimulus to secrete (�-cells) or differentiate (B cells) may be
accompanied by an increase in demand for protein synthesis that
the ER is not yet prepared for, resulting in accumulation of mis-
folded proteins that activate the UPR (12). The ER-resident chap-
erone HSPA5 associates with EIF2AK3 and ERN1 to prevent their
dimerization and activation. Dissociation of HSPA5 from these
sensors caused by HSPA5 association with unfolded proteins dur-
ing stress allows EIF2AK3 and ERN1 dimerization and activation
(23). Unfolded proteins may also bind directly to ERN1 or
EIF2AK3 (7). Data showing that cycloheximide rescues tunicamy-
cin- or thapsigargin-induced impairment of cell growth in cells
lacking EIF2AK3 (48) are consistent with the idea that misfolded
proteins trigger the UPR. Second, secretory protein production and
secretion results in acute loss of amino acids and continued pro-
duction of reactive oxygen species (ROS) generated by disulfide
bond formation. The ER may act as a sensor to combat oxidative
stress caused by accumulated ROS (49, 50). Cells lacking UPR
components accumulate higher levels of ROS that contribute to cell
death (51). Finally, calcium may be the primary integrator of stress.
Loss of calcium from the ER lumen during secretion may disrupt
folding of proteins that require calcium to fold properly, particu-
larly glycoproteins (42). Calcium loss may also directly disrupt
chaperones, such as HSPA5, which bind calcium and are involved
in maintaining ER calcium levels (52). EIF2AK3 itself has been
implicated in integrating calcium-mediated ER stress responses
(26). Loss of ER calcium has been linked to UPR activation in
myocytes upon vasopressin stimulation (42). It is of interest to
determine the mechanism of EIF2AK3 activation, especially in the

PLCβ

IP3

ER

Ca2+

GNRHR

P EIF2A P

1.

2.

3.
4. 5.

6.40S
AAA

EIF2AK3 P

GNRH

FIG. 9. Proposed model for transient attenuation of translation induced by
GNRH. GNRH acting on its receptor (step 1) to induce calcium efflux from the ER
(step 2) leads to the loss of calcium and/or accumulation of unfolded proteins
(step 3) that allows dimerization and activation by autophosphorylation of
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context of physiological processes such as secretion. Calcium facil-
itates secretion (4) and transcriptional responses (53) in gonado-
tropes, and now it appears to play a role in translational control,
giving greater credence to its importance in normal pituitary
function.

GNRH regulates several posttranscriptional processes.
GNRH induces Lhb and Cga mRNA 3�-polyadenylation, lead-
ing to increased message stability (54). In the presence of
GNRH, Cga message half-life increases from 1.2 h to 8 h (55).
Interestingly, microarray data in HeLa cells show that mRNAs
that are translationally attenuated during ER stress are also
stabilized (56). This is consistent with the known increase in
stability and now observed translational attenuation of Lhb and
Cga mRNAs upon GNRH exposure. The receptor for GNRH
(Gnrhr) may also be translationally regulated. GNRH receptor
is down-regulated with exposure to high concentrations of
GNRH, and its mRNA is bound by fewer ribosomes without a
change in overall mRNA levels (57). Recent evidence specifically
addresses the regulation of translation by GNRH through ex-
amination of cap-binding initiation factors. GNRH causes in-
activation of EIF4EBP1, a negative regulator of the EIF4E cap-
binding protein required for cap-dependent protein synthesis
(32, 58). In L�T2 cells, GNRH induces activation (phosphory-
lation) of several cap-dependent translation initiation factors
(32). The stimulation of translation initiation factors can be
reconciled with a UPR to attenuate translation. First, whereas
the activation or increased availability of initiation factors may
serve to contribute to translation of transcripts, the UPR may
play an important role in regulating the fidelity of their transla-
tion. Second, although this remains to be addressed, the trans-
lation attenuation induced by GNRH may not result in attenu-
ation of all mRNAs, because Xbp1 and Atf4 translation is
induced by the UPR in other systems. The translation of a par-
ticular mRNA during conditions of global regulation such as the
UPR may depend on the translational efficiency of that mRNA,
which in turn is determined by its abundance, structure, or se-
quence in untranslated regions (59). Coupling this with changes
in activation status, availability of initiation factors or other
trans-acting factors may provide a balance that determines
which mRNAs are sensitive to translation attenuation or
changes in the general translational machinery. This type of
specificity has been characterized in the well-studied stimulation
of translation of Atf4 mRNA (9) and the related yeast gene
GCN4 (60) during the UPR. In yeast, under conditions of gen-
eral translational inhibition due to glucose deprivation (61),
amino acid deprivation (62), or rapamycin-induced stress (63),
various transcripts sediment with heavier polysomes, increasing
in translational efficiency. The activation of cap-binding initia-
tion factors by GNRH within the context of the UPR may lend
specificity to the translational response.

It remains unknown what function the UPR serves in GNRH
action. On one hand, activation of the UPR could be considered
an acute developmental response to adapt the capacity of the ER
of gonadotropes. In culture, the L�T2 cells can be considered
naïve to GNRH, and activation of the UPR may be necessary to
activate expansion of the ER, as is the case in plasma cells (10).
Recently, generation of �-cell-specific Eif2ak3 knockout mice

has led to the hypothesis that Eif2ak3 is critical for �-cell pro-
liferation and differentiation during fetal development, rather
than for preventing overburdening of the ER and apoptosis
postnatally (64). The requirement of Eif2ak3 and the UPR for
development of the mature gonadotrope may not be the case
here, however, because the primary pituitary cells used in this
study were from sexually mature mice that have already expe-
rienced GNRH in vivo and yet still up-regulate a marker of the
UPR upon GNRH exposure in culture.

On the other hand, the UPR may serve to regulate transla-
tional fidelity and protect gonadotropes from apoptosis. The
protective effect of the UPR has been observed in other secretory
cell types. Global knockout of Eif2ak3 (15, 16) or of the ability
to phosphorylate EIF2A (17) in mice leads to pancreatic �-cell
loss and the development of diabetes. Other secretory cells such
as hepatocytes and osteoblasts also show defects with the loss of
Eif2ak3 or other UPR components (12). Induction of the UPR
protects cells from injury by future stress (65, 66). This would fit
in well with the pulsatile action of GNRH. As measured in rats
(67) and sheep (68), GNRH is released once every 30 min to 1 h,
and pulses last for less than 10 min. Whereas perturbations in
the ER by pharmacological agents can be categorized as acute
insults, physiological processes such periodic hormonal input
for secretion can be viewed as chronic ER stress. Activation of
the UPR by GNRH is transient in L�T2 cells and is induced at a
lower magnitude than by DTT. This is consistent with the idea
that GNRH is not activating an acute, extreme stress response
but rather modulating the level of protein production in the ER
to match synthetic capacity, adapting to physiological ER stress.
Similarly, myocytes rapidly recover protein synthesis after va-
sopressin stimulation of the UPR (42). Paradoxically, the UPR
can also signal to apoptotic pathways, such as through induc-
tion of Ddit3, which is thought to be induced by all three arms
of the UPR (8). GNRH highly induces Atf3 (18–20), an inhib-
itor of Ddit3 (69). Microarray studies using various concentra-
tions and durations of GNRH treatment do not reveal Ddit3 as
a target of GNRH action, except in one study where Ddit3 was
induced when chronic GNRH was given in conjunction with
activin (19). It is possible that Atf3 prevents induction of Ddit3,
thus conferring protection from apoptosis. In agreement with
this, whereas pharmacological exposure of L�T2 cells to
GNRH agonist for 96 h increases apoptosis (70), GNRH has
been shown to be protective in vivo (71). Thus, the UPR might
serve to prevent or limit the degree of apoptosis, both from
GNRH as well as from the apoptotic signals that are induced by
the UPR itself.

Although GNRH transiently attenuates translation, pulse-
labeling experiments have not shown general changes in protein
synthesis in response to GNRH treatment (data not shown).
Steady-state levels of Lhb mRNA increases approximately 1.5-
fold with GNRH stimulation (72), and this may serve to counter
the 2-fold increase of Lhb mRNA in RNP complexes. Any ob-
served decreases in overall translation may also be balanced by
stimulation of translation of mRNAs not explored in this study.
The transitory nature of translational attenuation induced by
GNRH via the UPR is not necessarily targeted at reducing over-
all protein synthesis, but rather at maintaining the fidelity of
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translation. Gonadotrope-specific loss of components of the
UPR in vivo may result in apoptotic loss of gonadotropes or loss
of LHB production due to increased levels of protein misfolding
and degradation, similar to the case described for islet cells (15).
Future studies using in vivo models of UPR disruption will be
necessary to fully characterize the physiological role of the UPR
in gonadotropin synthesis and secretion.

The data here show that GNRH, a neuropeptide hormone
that regulates reproduction, utilizes a regulatory mechanism
previously associated with starvation or stress, and more re-
cently shown to be important for normal secretory function, to
modulate gene expression. GNRH signals to the UPR to target
the translation of specific mRNAs important to differentiated
gonadotrope cell function. This supports the idea that signaling
to the UPR by ER-disrupting agents can be thought of as an
extension of the UPR’s physiological role in sensing calcium and
maintaining the integrity of the ER and the quality of proteins
leaving it. This study leads to a more complete understanding of
the integration of multiple levels of gene regulation by GNRH
and adds to the physiological relevance of the UPR in maintain-
ing cellular homeostasis.

Materials and Methods

L�T2 and primary pituitary cell culture
The L�T2 (3) mouse gonadotrope line was maintained in high-glu-

cose HEPES-buffered DMEM supplemented with penicillin/streptomy-
cin and 10% fetal bovine serum. The cells were incubated at 37 C in a
humidified atmosphere of 5% CO2.

For primary pituitary culture, pituitaries were isolated from 9-wk-
old wild-type male mice (C57BL/6). Mice were killed using CO2 asphyx-
iation followed by cervical dislocation, in accordance with UCSD Insti-
tutional Animal Care and Use Committee regulations. Whole pituitaries
were isolated into ice-cold PBS and then dissociated through incubation
in trypsin containing collagenase in a shaking 37 C bath for 15 min.
Afterward, the pituitaries were gently pipetted to facilitate dissociation
and then returned to the bath for another 15 min. Finally, deoxyribo-
nuclease was added for 10 min, and then the cells were pelleted at
2000 � g for 5 min. The pelleted cells were resuspended and plated on
polylysine-coated dishes in the same conditions described for the L�T2
cells.

Hormone and drug treatments
Cells were plated, grown overnight for 36 h before the media was

changed to DMEM without serum, and then incubated for an additional
16–18 h. Cells were then treated with vehicle, 10 nM GNRH, 1 �M

ionomycin (Calbiochem, La Jolla, CA) for 30 min, 50 nM thapsigargin
for 1 h, 75 �M 2-APB (Calbiochem) for 10 min, 50 �M BAPTA (Cal-
biochem) for 30 min, 2 mM DTT for 30 min, or 10 nM EGF for 30 min.
Where appropriate, 5 �M actinomycin D (Calbiochem) was added to the
media for 1 h, 100 �g/ml cycloheximide for 5 min, or 1 �M U0126
(Calbiochem) for 30 min, before GNRH treatment. All reagents were
from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. GNRH
at 10 nM was previously shown to induce calcium flux and exocytosis in
L�T2 (4). The drugs/hormones were left in the media for the duration of
treatment. For the GNRH time course, GNRH was added to the media
for 10 min, after which the media were removed, the cells were washed
with PBS, and fresh media were added back until harvest.

RNA isolation and RT-PCR
L�T2 and primary pituitary cells were plated at a density of 1 � 107

cells per 10-cm dish or 300,000 cells per 48-well plate, respectively.

Total RNA was harvested using Trizol LS (Invitrogen, Carlsbad, CA).
The RNA was deoxyribonuclease treated and then reverse transcribed
using QuantiTect Reverse Transcription Kit (QIAGEN, Valencia, CA).
PCR was performed using HotStarTaq Mastermix (QIAGEN) and tran-
script-specific primers, as outlined below. Parallel control PCRs were
performed using all components except for reverse transcriptase. PCR
products were subjected to agarose electrophoresis in the presence of
ethidium bromide.

Primer sequences were designed against murine mRNA sequences as
available through PubMed. The sequences of the primers used were as
follows. Atf6 forward (fwd), 5�-AAAGTCCCAAGTCCAAAGC-3�;
Atf6 reverse (rev), 5�-CTGAAAATTCCAAGAGATGC-3�; Ern1 fwd,
5�-AACTCCTCTGTCTGCATCC-3�; Ern1 rev, 5�-GCCAACTATGT-
TGATAACTTCC-3�; Eif2ak3 fwd, 5�-AGCACGCAGATCACAGT-
CAGG-3�; Eif2ak3 rev, 5�-TGGCTACGATGCAAAGCAGG-3�.

Ribosome fractionation and mRNA isolation
Two 10-cm plates were used for each experimental condition with

2 � 107 L�T2 cells seeded per plate and treated as described. After
treatment, 100 �g/ml cycloheximide was added to all the plates (except
for any plates already pretreated with cycloheximide), and the cells were
incubated on ice for 5 min. The cells were then harvested in 500 �l of
ice-cold polysome extraction buffer (PEB) containing 140 mM KCl, 5
mM MgCl2, 1 mg/ml heparin sodium salt, and 20 mM Tris-HCl (pH 8),
supplemented with fresh 0.5 mM DTT and 100 �g/ml cycloheximide on
the day of the experiment. Cells from two plates of the same experimen-
tal condition were collected and pooled at this step. The cells were spun
down at 1000 � g for 3 min, and then each pellet was resuspended in
200 �l PEB containing 1% Triton-X. The pellets were allowed to lyse on
ice for 20 min with gentle inversion by hand every few minutes. Finally,
the cellular debris was collected by centrifugation at 10,000 � g for 10
min. The supernatants were layered onto 5 ml 10–50% sucrose gradi-
ents made with PEB lacking Triton-X. The samples were centrifuged in
a SW-55 swing-bucket rotor for 1.5 h at 150,000 � g.

A 21-gauge needle was used to collect fractions from the bottom of
the gradient. Fractions were collected using a peristaltic pump while
monitoring real-time absorption at 254 nm through a UVM-II monitor
(GE Healthcare, Fairfield, CT). Fractions of 250 �l volume each were
collected using a FC 203B fraction collector (Gilson, Middleton, WI).
Monitoring of UV absorption and fraction collection was controlled
through a Labview virtual instrument (National Instruments, Austin,
TX) and a KPCI 3108 DAQ card (Keithley Instruments, Cleveland,
OH). Fractions were dripped directly into sodium dodecyl sulfate for a
final sodium dodecyl sulfate concentration of 1%. Each fraction was
then treated with 0.2 mg/ml proteinase K at 37 C for 1.5 h.

RNA was purified from each fraction by phenol-chloroform extrac-
tion and ethanol precipitation. An aliquot (1 �l) of RNA from each
fraction was subjected to agarose electrophoresis in the presence of
ethidium bromide to verify the presence of the large and small ribosomal
subunits through presence of the 28S and 18S rRNAs, respectively. The
rest of the RNA from the fractions was pooled into polysome and RNP
pools according to the gradient’s UV absorption profile. PolyA RNA
was then isolated using Oligotex mRNA Mini Kit oligo-dT columns
(QIAGEN) according to the manufacturer’s recommendations and
eluted into a final volume of 40 �l for each pool. A 10 �l aliquot of
mRNA was used for reverse transcription for quantitative PCR analysis.

Quantitative real-time PCR
For quantitative PCR analysis of fractionated, ribosome-bound

mRNA, cDNA was synthesized using Omniscript Reverse Transcriptase
(QIAGEN) and 10 �M of random hexamer primers (Applied Biosys-
tems, Foster City, CA). For analysis of primary pituitary RNA, cDNA
was synthesized using QuantiTect Reverse Transcription Kit (QIA-
GEN). Quantitative real-time PCR was carried out using the MyIQ
Single-Color Real-Time Detection System (Bio-Rad Laboratories, Her-
cules, CA). The PCR products were amplified in the presence of SYBR
Green using the QuantiTect SYBR Green PCR kit (QIAGEN) supple-
mented with 300 nM of transcript-specific primers and 1 �M fluorescein
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for proper instrument calibration. The cycling conditions used were
those recommended by the PCR kit manufacturer. A melt curve was
performed after each PCR run to ensure that just a single product was
amplified in each assay, and the size of the products was verified using
agarose gel electrophoresis.

Primer sequences were designed against murine mRNA sequences as
available through PubMed. The Xbp1s primer set only recognizes the
spliced Xbp1 mRNA. The primer sequences were as follows. Cga fwd,
5�-GGTTCCAAAGAATATTACCTCG-3�; Cga rev, 5�-GTCATTCTG-
GTCATGCTGTCC-3�; Gapdh fwd, 5�-TGCACCACCAACTGCT-
TAG-3�; Gapdh rev, 5�-GATGCAGGGATGATGTTC-3�; Lhb fwd,
5�-CTGTCAACGCAACTCTGG-3�; Lhb rev, 5�-ACAGGAGGCAAA-
GCAGC-3�; Xbp1s fwd, 5�-GAGTCCGCAGCAGGTG-3�; Xbp1s rev,
5�-GAATCTGAAGAGGCAACAGTG-3�.

Primers were designed to generate an 80–150 bp amplicon that
crossed intron/exon boundaries where possible to avoid amplification of
any contaminating unspliced RNA or genomic DNA. All PCRs were
performed in triplicate, except for those involving cDNA from primary
pituitary cells, which were performed in duplicate. A larger cDNA frag-
ment of Cga, Gapdh, and Lhb was inserted into pCR2.1 (Invitrogen)
and used to generate a standard curve and assess PCR efficiency for each
run. The mass values for each transcript were extrapolated from the
standard curve. For Xbp1s PCRs, cDNA from DTT-treated L�T2 cells
were diluted serially and run alongside primary pituitary reactions to
assess efficiency. In this case, the Pfaffl method (73) was used to calcu-
late relative mass levels of Xbp1s with respect to Gapdh as an internal
control.

To calculate a fold-redistribution value for an mRNA’s movement
within the ribosome profile, the mass of each transcript in each ribosome
pool (polysome or RNP) was measured, and a ratio was calculated for
the mass of that transcript in the RNP pool compared with the polysome
pool. A ratio was calculated for both the treated and control (vehicle
treated) conditions. A fold-redistribution value was then generated by
taking a ratio of the ratios: the RNP/polysome ratio in treated compared
with the RNP/polysome ratio in control cells. Statistics were performed
as indicated in each figure legend on these values. For ease of represen-
tation in the histograms only, the negative inverse was calculated and
reported for fold-redistribution values between 0 and 1, such that move-
ment of an mRNA into the polysome pool would report a negative
redistribution value, and movement into RNP complexes would report
a positive value.

Xbp1 splicing assay
Xbp1 splicing was detected through PCR amplification of Xbp1 by

primers that recognize both the spliced and unspliced mRNA, followed
by PstI digestion. The primers used were as follows: fwd, 5�-TACGG-
GAGAAAACTCACG-3�; rev, 5�-TCTGAAGAGCTTAGAGGTGC-3�.
After PCR amplification, Xbp1 cDNA (10 �l of a 50 �l PCR) was
treated with 20–40 U of PstI (New England BioLabs, Ipswich, MA) for
1 h and then resolved by agarose electrophoresis in the presence of
ethidium bromide. The expected PCR band sizes were 549 bp for the
unspliced and 523 bp for the spliced form. PstI digestion of unspliced
Xbp1 yields fragments of 172 and 381 bp whereas the spliced mRNA is
resistant to PstI.

Western blotting
Cells were plated (1 � 107) in 10-cm dishes. After treatment, protein

was harvested using standard radioimmune precipitation assay lysis
buffer supplemented with phosphatase inhibitors. Standard SDS-PAGE
and semidry transfer method (Bio-Rad Laboratories, Hercules, CA) was
used to transfer the extracts onto polyvinylidenedifluoride membranes
(Bio-Rad Laboratories). Species-specific antibodies were used for all
subsequent blotting.

For detecting phosphorylated and total EIF2A, membranes were
blocked with 5% nonfat dry milk and the primary antibodies (Cell
SignalingTechnology, Inc., Danvers, MA) delivered in 5% BSA. For
EIF2AK3, blocking and primary antibody (Rockland Immunochemi-
cals, Gilbertsville, PA) delivery was performed in 5% nonfat dry milk.

For detecting phosphorylated ERK, blocking and primary antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) delivery was per-
formed in 1� casein (Vector Laboratories, Burlingame, CA). All pri-
mary antibodies were diluted 1:1000 and incubated overnight. Blots
were developed using 1:2000 dilution of biotinylated secondary anti-
bodies (Santa Cruz Biotechnology) and Chemiglow chemiluminescence
(Alpha Innotech, San Leandro, CA). Chemiluminescence was visualized
using the GeneSnap BioImaging System (Syngene, Frederick, MD).

For confirmation of the phosphorylation status of EIF2AK3, ex-
tracts were lysed in radioimmune precipitation assay buffer supple-
mented with protease inhibitors (Roche, Basel, Switzerland) but not
phosphatase inhibitors. Extracts were then treated with 2000 U of �
Protein Phosphatase (New England BioLabs, Ipswich, MA) for 15 min
before SDS-PAGE.

Statistical analysis
The areas under the curves of the ribosome profiles were integrated

using SigmaPlot version 9.01 (Systat Software, Richmond, CA). Any
ratio or fold-redistribution data were transformed using log2, and a
value of 10 was added to those values to ensure positive values before
analysis. All subsequent analysis was conducted using JMP (SAS Insti-
tute, Cary, NC) on untransformed (other than log2 � 10 for ratio or
fold-redistribution values) or optimally Box-Cox transformed values.
All experiments were repeated at least three independent times, and
reported values are the means � SEM.
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