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Abstract
Environmental exposure to low concentration hormones can have permanent epigenetic effects in
animals and humans. The consequence of long-term low-concentration glucocorticoid exposure was
investigated in cell culture using glucocorticoid responsive genes organized in alternative chromatin
structures. The MMTV promoter is induced by short-term glucocorticoid exposure on either an
integrated (normal chromatin) or transient (unstructured chromatin) promoter. Longer hormone
treatment causes a transient refractory repression of only the integrated promoter. Exposure to low-
concentrations of hormone for several passages persistently represses the integrated MMTV and
endogenous glucocorticoid responsive promoters. The glucocorticoid receptor cannot bind to
persistently repressed promoters. Induction by androgens is also inhibited on the repressed MMTV
promoter. Similarly, osmotic stress induction of the endogenous Sgk gene is repressed. Persistent
repression by glucocorticoids targets glucocorticoid-responsive genes using a chromatin-dependent
mechanism that disrupts binding of both GR-dependent and GR-independent transcription
complexes.
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1. Introduction
Glucocorticoid response is essential in development and for many bodily functions.
Inflammatory/immune function, cognitive processes and response to pathogens and stress are
all critically dependent on response to glucocorticoids [1]. Resistance to glucocorticoids is a
common feature of many diseases including autoimmune, respiratory disease, lymphoma and
depression and has been linked to poor prognosis [2,3].

Glucocorticoid resistance can involve many different mechanisms. Among these are mutations
of the glucocorticoid receptor that reduce but do not eliminate glucocorticoid responsiveness
[4,5]. Glucocorticoids may be transported out of cells by the multidrug resistant p-glycoprotein
[6]. High expression of the GR chaperone FKBP51 reduces GR response by reducing ligand
binding [5]. Resistance to glucocorticoid-induced apoptosis in lymphoid malignancies is linked
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to downstream signal transduction and apoptosis [7,8]. Glucocorticoid sensitive signal
transduction and apoptosis may be restored by the mTor inhibitor rapamycin [9]. Inflammatory
cytokines can modify glucocorticoid response directly by association and direct repression of
GR responsive promoters. Cytokines also have indirect effects on GR isoform production and
translocation [10–12]. Exposure to RU486 can modify GR translocation from cytoplasm to
nucleus to induce glucocorticoid resistance [13,14]. Long-term glucocorticoid exposure has
autoregulatory effects reducing GR expression [15,16]. Environmental endocrine disruptors
and stress-induced glucocorticoid modification have long-term effects [2,17,18]. In particular
prenatal exposure to stress or exogenous glucocorticoids can permanently alter neuroendocrine
and inflammatory/immune systems and underlie common disorders [1,2,18,19].

Another mechanism to permanently modify gene expression is epigenetic modifications of
target genes. Exposure to environmental glucocorticoids or stress has been shown to alter DNA
methylation, histone acetylation and histone methylation that are linked to changes in gene
expression and diseases such as cancer, hypertension, and behavior disruption [20–22].
Glucocorticoid activation of gene expression requires chromatin remodeling of endogenous
promoters and genes given prolonged exposure to glucocorticoids can become transiently
refractory to glucocorticoids and associated with gene specific modification of histones [23–
25].

This work investigates the effect of chronic exposure to low-level glucocorticoids in a cell
culture system. Chronic exposure causes persistent repression of glucocorticoid responsive
genes when the promoters are organized in a normal chromatin structure. Repression is
associated with reduced binding of the hormone activated GR to chromatin promoters.
Promoters repressed for glucocorticoid induction are also repressed for induction by alternative
pathways. This demonstrates that long-term hormone insensitivity results from a chromatin–
dependent mechanism that blocks binding of transcription factors on targeted promoters.

2. Materials and methods
2.1 Cells culture

UL3 cells are derived from the human osteosarcoma cell line U2OS by the stable addition of
a rat glucocorticoid expression vector (CMV-rGR) and a full length MMTV promoter
regulating a luciferase reporter [26,27]. UL3 cells were maintained in DMEM (H21, Invitrogen
Life Technologies, Carlesbad, CA), 10% fetal bovine serum, penicillin and streptomycin at
37° C and 5% CO2.

2.2 Transfection
Cells were transiently transfected with Fugene reagent (Roche Applied Science, Indianapolis,
IN) with an efficiency > 80% as determined by β-galactosidase staining of cells transfected
with 1μg of pSport reporter (Clonetech) [28]. Transient transfections routinely used a total of
0.5 μg of plasmid in 5 × 105 UL3 cells. The phhCAT plasmid contains 325 bp of proximal
MMTV promoter driving a chloramphenicol acetyl transferase (CAT) reporter ( ). The hSgk-
luc plasmid contains 3kb of Sgk promoter driving a luciferase reporter (C. Thomas, U of Iowa,
Iowa City, IA). The same CMV-rGR plasmid that is integrated into UL3 cells was used in
transient transfections to restore GR levels [26]. The androgen receptor was expressed from a
CMV-AR expression plasmid [29].

2.3 Treatment
In these experiments cells were pretreated with hormone at different concentration and for
different durations. In order to ascertain the effect (attenuation or enhancement) on hormone
induction due to these treatments the cells were given an “inducing dose” of hormone (10-7M
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Dex for 1 hr). Hormone treatment was then discontinued and the transcription products
(luciferase, CAT or RNA) were measured after allowing a suitable time for the products to
accumulate. The hormone-concentration-dependent induction profile for MMTV was
determined by treating cells with dexamethasone for 1 hr. Relative transcriptional activity was
measured from luciferase or CAT reporters 20 hours later (Fig. 1A). The effect of the length
of exposure on induction was determined by treating with either 10−7M or 10−10M hormone
for various times (Fig. 1B, Fig 2). The effect of intermediate length (24–72 hrs) hormone
exposure on induction was determined by treating with either 10−7M or 10−10M hormone. An
inducing dose of hormone (10−7M for 1 hour) was administered in the last hour. Hormone
treatment was then discontinued and reporter activity was measured 20 hours later to determine
if induction was either attenuated (repressed) or enhanced (Fig 2). “Long-term-
hormone” (LTH) treated cells were exposed to 10−10M dexamethasone for up to 50 passages.
All measurements compared LTH with “no-long-term” (NLT) treatment controls matched for
the same passage. Cells in long-term experiments were split 2 times per week resulting in
passages of 3 or 4 days with replicate experiments started on alternate schedules. Induction of
long term treated cells was determined after replating in the absence of hormone overnight.
Induction of the transient MMTV was measured by CAT activity. Induction of the integrated
MMTV was determined by luciferase activity 20 hours after hormone induction. CAT and
luciferase activity was measured from the same lysates using CAT and Luciferase Assay kits
(Promega, Madison, WI). Induction from endogenous genes was measured by RT-PCR of
RNA levels after 3 and 6 hours.

Sgk expression of the endogenous gene was measured by RNA expression. Transient Sgk
expression was measured after transfecting with an Sgk-luciferase reporter. Hypertonic
osmotic stress was induced by incubating cells in 0.3M sorbitol in serum free DMEM for 3
hrs. RNA expression was determined after 6 hrs. Luciferase expression was measured after 20
hrs. Androgen induction was measured in cells transfected with CMV-AR overnight then
induced by 10−8M dihydrotestosterone for 1–3 hrs. RNA was measured after 6 hrs. All
individual experiments were performed in triplicate and were repeated as independent
biological replicates three or more times. The data was normalized by dividing each
measurement by the mean of the uninduced control thus converting the relative luciferase units,
CAT activity and RT-PCR units to a common scale. Data is expressed as mean and standard
error of the mean. P value were determined by Student’s t test or Pearson’s correlation
coefficient..

2.4 Western Blots
Cells were lysed in RIPA buffer (PBS, 1%NP40, 0.5% deoxycholate, 0.1% SDS, PMSF and
Aprotinin (Sigma) buffer. Total proteins (10–25 μg) were separated on 10% NuPAGE gels
(Invitrogen Life Technologies, Carlesbad, CA). Proteins were visualized with antibodies to
GR (Santa Cruz Biotechnology, Santa Cruz, CA), HRP conjugated anti-IgG secondary
antibody and chemiluminescence reagent (PerkinElmer Life Sciences, Boston, MA).

2.5 RNA measurement
Total RNA was purified from cells using an RNeasy mini kit (Qiagen Sciences, Valencia, CA).
First strand cDNA primed with oligo dT was transcribed using a Superscript first strand kit
(Invitrogen Life Technologies, Carlesbad, CA). Realtime PCR was performed with a
Stratagene Mx3000P and SYBR Green detection of products to measure RNA induction
(Stratgene, La Jolla, CA). Primers specific for GR, PLZF, CEBP, SGK, CSF, CD44 and
GAPDH [30,31] coding regions were used.
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2.6 Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation assays were performed with a ChIP kit (Upstate, Lake Placid,
NY). Immediately following treatment, cells were crosslinked with 1% formaldehyde for 10
min. Complexes were immunoprecipitated with 10 μg of antibodies to GR, H1, pH1 or rabbit
IgG as a non-specific antibody (NS) (Santa Cruz Biotechnology, Santa Cruz, CA). Complexes
were collected using proteinA agarose/DNA beads and washed 5 times with low salt, high salt,
LiCl and TE buffers. After reversing cross-links at 65° for 4 hrs the genomic DNA was purified
from eluted complexes with a QIAquick PCR purification kit (Qiagen Inc., Valencia, CA).
MMTV DNA was detected by PCR amplification with primers flanking the hormone response
element (GRE) (sense TTAAGTAAGTTTTTGGTTACAAACT, antisense
TCTGGAAAGTGAAGGATAATGACGA) and including approximately 300 bp of the
proximal promoter in the nucleosome B region of the MMTV promoter. Primers for the SGK-
GRE (sense 5′CTACCCCTCCTTCGCTTGTT3′ antisense 5′
GGGCGGAAATAAAAGTCGTCT3′), CMV (sense 5′
GCTCGTTTAGTGAACCGTCAGA3′ antisense 5′GGTCCCGGTGTCTTCTATGGA3′),
and GAPDH (sense 5′AAAAGCGGGGAGAAAGTAGG3′, antisense 5′
CTAGCCTCCCGGGTTTCTCT3′) promoters were used. Total PCR products were quantified
by realtime PCR (Stratgene, La Jolla, CA) and from ethidium bromide-stained 4–12% Tris-
Borate EDTA PAGE gels (Invitrogen, Carlsbad CA) using Alpha Innotech imaging software.

2.7 DNA sequencing
The MMTV and CMV promoters and GR coding region were sequenced by PCR amplification
of the relevant sequence from genomic DNA using a proofreading polymerase (Pfu Ultra,
Stratagene) followed by dRhodamine sequencing kit (Applied Biosystems). MMTV and CMV
promoter primers are described above. GR primers corresponding to the 5′ 500bp of coding
region were used.

3. Results
3.1 Induction of the MMTV promoter by glucocorticoids

Induction of transcription from glucocorticoid responsive promoters is concentration and
chromatin dependent. In UL3 cells a one hour exposure to dexamethasone elicits significant
induction (p<0.01) of the MMTV promoter at a concentration of 10−9M dexamethasone or
higher (Fig. 1A). A concentration of 10−10M dexamethasone or less elicits no reliable increase
in transcription. A similar profile of dose response is evident from the transiently transfected
MMTV promoter suggesting the threshold for hormone induction is similar on the integrated
and transient promoters although fold induction is 100x less on the transient than on the
integrated promoter. The integrated and transient MMTV reporters are organized into two
different chromatin configurations. The integrated MMTV-luciferase reporter in UL3 cells has
a normal nucleosome chromatin organization. The MMTV-CAT reporter has a less structured
chromatin configuration when transiently transfected into UL3 cells. Comparison of these two
reporters shows significant functional differences including nucleosome association,
transcription factor binding and BRG1-dependent chromatin remodeling [32]. Increasing the
duration of exposure up to 8 hours does not result in any increase in the induction at either high
10−7M or low−10M hormone (Fig. 1B). Comparison of the dose response to dexamethasone
on these promoters shows a similar profile suggesting neither chromatin organization nor
exposure time (in this range) influences induction sensitivity.

3.2 Refractory repression of the integrated MMTV promoter
Extending the duration of hormone treatment from hours to days modifies the MMTV response.
The integrated chromatin promoter becomes refractory to induction by a second dose of
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hormone (10−7M for 1 hour) after extended exposure to either 10−7M and 10−10M hormone
(p<0.01). In contrast induction from the transient promoter is enhanced by extended exposure
to either high or low dose hormone (p<0.05). A concentration of 10−10M hormone is less than
required for induction at short exposures but clearly modifies the hormone response with longer
exposure.

Expression from the integrated luciferase reporter begins to decline after exposure to hormone
(10−7M) for more than 8 hours decreasing to less than 5% after 48 hours (Fig. 2A). Addition
of fresh hormone (dexamethasone 10−7M for 1hour) did not alter the decline in response. When
cells were treated with a low concentration of hormone (dexamethasone 10−10M) for 24 or 48
hours followed by treatment with an inducing concentration of hormone (10−7M for 1 hr) the
low-level hormone pretreatment is also repressive. The intensity of repression is concentration
dependent with low level hormone (10−10M) only repressing by 50% compared to high level
hormone (10−7M) repression of 5% however repression increases with exposure at both
concentrations.

In contrast to the integrated MMTV-luciferase, expression from the transient MMTV-CAT
reporter increases with extended exposure to hormone. This response is the opposite of the
effect of extended hormone exposure on the integrated MMTV-luciferase. Transcription from
the transient CAT reporter was greater after 48 hours of hormone exposure (10−7M) than in
cells exposed to hormone (10−7M) for one hour (Fig. 2B). Pretreatment with low-concentration
hormone (10−10M) also enhances the MMTV-CAT expression at 48 hours. Although low
concentration (10−10M) hormone cannot induce MMTV-CAT the 10−10M pretreatment
enhances transcription similar to extended exposure to high concentration dexamethasone
(10−7M). Long-term exposure enhances CAT induction approximately 3 fold with no
appreciable concentration dependence. The chromatin structure of the promoter affects the
hormone response such that the integrated chromatin promoter becomes refractory to hormone
induction after prolonged treatment but the transient promoter remains responsive.

Following the termination of hormone exposure the MMTV-luciferase response recovers from
refractory repression (Fig. 2C). The recovery is progressive with the less repressed cells
(10−10M) regaining normal responsiveness before the more strongly repressed cells (10−7M).
The ability of cells to regain normal hormone responsiveness suggests that the mechanism of
refractory repression does not represent a permanent modification to either the promoter or
transcription complexes.

3.3 Persistent hormone-dependent repression
Exposure to high levels of glucocorticoids (10−7M) causes G1 growth arrest which affects the
ability of UL3 cells to grow long term at these hormone levels [26]. Cells exposed to low levels
of hormone (10−10M) can be grown for extended periods. Cell growth/inhibition was measured
by cell number at each passage for cells maintained in low levels of hormone (LTH) and in
age-matched controls grown long-term with no hormone (NLT) (Fig. 3A). LTH cells exhibit
little effect on growth for 3–4 days corresponding to passage 1. A period of growth retardation
is observed from passage 2 to passage 4 (p<0.05 at passage 3) with cells recovering normal
growth after passage 5 (Fig. 3A). Over the same period there is a progressive decline at each
passage in the induction of LTH cells relative to their NLT controls (Fig 3B). Recovery at 24
hours after the removal of hormone shows a similar progressive decline (Fig. 3B). Luciferase
repression and growth retardation have independent time courses of modification. Growth
retardation is limited to passages 2–4 while transcriptional repression shows a progressive
decline that correlates with passage (p<0.05). The progressive decline is found beyond passage
5 as long as low level hormone treatment continues.
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The decline in luciferase induction was tested after 10 passages. The induction of LTH is
repressed to less than 1% of NLT controls in cells continuously exposed to hormone (p<0.01)
(Fig 3C). After discontinuation of low level hormone treatment from passage 10 LTH cells
significant repression (p<0.01) persists. There is a partial recovery of induction after 2–3
passages but LTH induction remains less than 10% of NLT controls up to 50 passages after
removal of hormone (Fig 3C). Longer exposure to hormone results in less recovery after
hormone removal. This suggests that long-term hormone-dependent repression involves both
a transient mechanism and a persistent mechanism for reducing hormone response.

The MMTV promoter was sequenced in the region of the glucocorticoid response element
(GRE) to determine if LTH cells represent an MMTV variant with a reduced hormone response.
We did not observe differences in sequence between the LTH and the NLT cells in the 200bp
surrounding the GRE, suggesting a mutation of the MMTV is not responsible for the persistent
repression of luciferase activity.

The mRNA expression of several genes was evaluated to determine if the hormone-dependent
repression was MMTV specific, specific to glucocorticoid responsive genes or global.
Induction of endogenous Sgk, CEBP and PLZF is hormone dependent and is repressed in LTH
cells (Fig. 4). Sgk and CEBP are significantly repressed (p< 0.01) but even the weakly induced
PLZF has a reduced induction in LTH cells. In contrast, GAPDH mRNA expression is
unaffected in LTH cells although it normally is expressed at relatively high levels. This suggests
that repression is specific to glucocorticoid responsive genes.

3.4 Glucocorticoid receptor (GR) involvement
The response to glucocorticoids is mediated by the GR. Cells lacking the GR do not respond
to glucocorticoids and changes in GR levels or binding at the GRE affect the degree of response.
Western blots of GR in NLT and LTH cells show GR protein level is reduced in LTH cells by
passage 10 compared to NLT levels and the reduction in GR is persistent as it is maintained
after hormone removal (Fig. 5A). The loss of GR could account for the repression of all the
glucocorticoid responsive genes. In addition it should repress the transient promoter. LTH cells
transfected with the MMTV-CAT reporter are repressed for hormone induction of CAT
(p<0.05) (Fig. 5B). When transfected with a CMV-GR expression plasmid along with the
MMTV-CAT to restore GR levels the CAT induction in LTH cells is increased and similar to
the NLT levels suggesting GR reverses repression of the transient promoter. In contrast
transfection of CMV-GR does not restore normal hormone response of the integrated MMTV-
luciferase in LTH cells. The MMTV luciferase is significantly repressed before (p<0.01) and
after GR transfection (p<0.01) although a small increase in hormone response is evident after
increasing the GR level (Fig. 5C). Increasing the GR level had little effect on either the transient
or integrated MMTV in NLT cells. This suggests that the GR levels in NLT cells are sufficient
to induce a maximal response and the addition of exogenous GR does not effect expression.

The sequence of the GR was compared in NLT and LTH cells to determine if the protein
expressed in LTH cells was modified. No difference in the GR DNA sequence was found
between the two cell types. This suggests that repression of GR protein causes repression of
the transient of promoter. However, GR cannot rescue repression of the integrated promoter
suggesting chromatin-dependent repression is the cause of MMTV repression and the potential
cause of GR repression.

In UL3 cells the GR is expressed from an integrated CMV-GR expression plasmid. Expression
of GR mRNA is regulated by glucocorticoids on the CMV promoter in both the short term and
long term (Fig. 5D). Exposure of NLT cells to inducing levels of dexamethasone (10−7M)
causes a decline in GR mRNA levels suggesting glucocorticoids regulate the CMV promoter.
The CMV promoter has several putative binding sites for GR but it also has binding sites for
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NFκB and AP1 that can form repressor complexes with GR. Non-induced LTH cells have a
reduced level of GR mRNA (< 20%) compared to the NLT cells. The reduced mRNA levels
correlate with the reduced GR protein level. GR mRNA levels in LTH cells do not return to
untreated levels after termination of long-term hormone indicating repression is persistent.
Thus long-term glucocorticoid treatment represses glucocorticoid-responsive promoters
regardless of whether the short-term response activates or inhibits transcription. No difference
in sequence was found when the CMV promoter was compared in NLT and LTH cells
suggesting a low expression variant of CMV is not the cause of reduced expression.

Exposure to glucocorticoids normally causes an increase in GR bound to the GRE within
chromatin. The ability of the GR to bind to the integrated MMTV and endogenous GR
responsive promoters was next examined in NLT and LTH cells. In the absence of hormone
there is less GR bound to all the promoters in LTH compared with NLT cells. The reduction
was apparent at the GAPDH promoter which does not actively bind the GR so likely reflects
the lower levels of GR available in LTH cells non-specifically bound. Hormone treatment
causes a four-fold increase in the amount of GR bound to the MMTV (p<0.01), Sgk (p<0.01)
and CMV (p<0.05) promoters in NLT cells (Fig. 6). However there is little or no increase in
GR bound to these promoters in the LTH cells. This suggests that the reduced transcriptional
response is due to the failure of hormone-activated GR to bind to the repressed promoters and
implicates a loss of remodeling function that facilitates binding.

3.5 Previously identified chromatin-dependent mechanisms of MMTV repression
The ability of GR to bind the MMTV promoter and transcribe within chromatin requires several
remodeling functions that involve both recruitment of specific transcription factors and
modification of histone proteins [23,24,33]. The specific involvement of these mechanisms
was examined in long-term repressed LTH cells.

Changes to the histone H1 protein have been linked to both activation and repression of the
MMTV [24,34]. Total histone H1 and phospho-histone H1 was measured on the MMTV
promoter in NLT and LTH cells untreated, after 1 hour (induction) or 24 hours (refractory
repression) of 10−7M dexamethasone. The amount of histone H1 was similar on NLT and LTH
cells with no change to total H1 following either one hour or longer hormone treatment (Fig.
7A). This suggests that repression is not due to an increase in total H1 at MMTV in LTH cells.
The phospho-H1 levels normally decline 24 hours after hormone exposure correlating with
refractory repression and disruption of GR binding. Phospho-H1 levels are similar in non-
induced NLT and LTH cells so repression is not due to persistent alteration of phospho-H1
levels at repressed promoters (Fig 7B). Phospho-H1 level declines in NLT cells after 24 hours
but LTH cells exhibit no decline in H1 phosphorylation. The lack of decline in phospho-H1
levels at MMTV in LTH cells suggests that the chromatin remodeling that causes refractory
repression is disrupted in LTH cells. GR binding normally precedes refractory remodeling
suggesting that the loss of refractory remodeling is a consequence of disruption of GR binding.

Repression of chromatin promoters may be due to the loss of ATPase–dependent chromatin
remodeling function of BRG1 that blocks induction of chromatin promoters including MMTV
[23]. BRG1 also regulates RNA transcription and loss of BRG1 represses RNA expression
from the endogenous genes CD44 and CSF1 [35]. RNA expression from CD44 and CSF was
compared in NLT and LTH with and without dexamethasone treatment (Fig. 7C). The level
of transcription for CD44 and CSF was compared between NLT and LTH cells. No decline in
mRNA levels was found in LTH cells. This suggests BRG1-dependent chromatin remodeling
is intact in the LTH cells and does not contribute to glucocorticoid repression.

Transcription factor NF1 bound to the chromatin MMTV is required for GR to bind the
chromatin MMTV [33,36]. Reduction of NF1 protein levels or mutation of the NF1 binding
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site prevents GR binding and transcription. However not all GR responsive promoters require
NF1 as cofactor. The Sgk1 gene does not require NF1 for GR binding or transcription [36].
Transcription from Sgk is repressed as efficiently as MMTV in LTH cells (Fig. 4). In addition
GR binding is reduced on the Sgk promoter (Fig. 6). Loss of NF1 does not affect Sgk so a
remodeling function independent of histone H1, BRG1 or NF1 is implicated as the cause of
long-term hormone repression.

3.6 Repression of induction by alternate pathways
Chromatin modification that blocks transcription factor binding may affect the ability of
transcription factors other than GR to activate promoters. The MMTV may be activated by
several receptors including the progesterone receptor, the mineralcorticoid receptor and the
androgen receptor (AR). All these receptors bind at the GRE to induce transcription. UL3 cells
transfected with an androgen receptor expression plasmid were treated with
dihydrotestosterone (DHT) to activate MMTV transcription. DHT-induced the expression of
the integrated MMTV-luciferase from NLT cells but expression from the LTH cells was
repressed (Fig 8A). The lack of DHT-dependent luciferase induction in the LTH cells suggests
that the integrated MMTV promoter is modified such that induction by other steroid receptors,
not just GR, is affected.

Since the AR and GR both bind the MMTV promoter at the GRE a local modification at that
site could affect binding by both factors. Sgk is inducible by osmotic stress. The hyperosmotic
stress-regulated element of the Sgk promoter is approximately 2 kb away from the GRE of the
Sgk promoter [37,38]. Induction of the Sgk promoter by 0.3 M sorbitol activates a transiently
transfected Sgk-luciferase reporter similarly in NLT and LTH cells (Fig. 8B). In contrast,
induction of endogenous Sgk mRNA by sorbitol is repressed in LTH cells (Fig. 8C). The loss
of Sgk osmotic stress induction in LTH cells suggests that the promoter is cis modified and
the modification must extend over at least 2kb of the Sgk promoter to disrupt regulation by the
osmotic-stress response element.

4. Discussion
Exposure to glucocorticoids results in different effects on transcription from responsive genes
depending on concentration and duration of exposure. In our system, induction results only
after a short-term exposure to relatively high concentrations of glucocorticoids and does not
require a specific chromatin structure. Glucocorticoid-dependent repression on the other hand
results from a longer duration exposure at a lower dosage of hormone and requires a normal
chromatin environment for expression. Moreover, glucocorticoid-dependent repression occurs
in two distinct types. Refractory repression requires continuous exposure to glucocorticoids
for several days and cells can recover normal hormone induction. Persistent repression requires
a prolonged exposure that progressively modifies responsive genes so that they are persistently
repressed in the absence of long-term hormone exposure. Persistent repression is targeted to
GR-binding promoters. Cells treated long-term with glucocorticoids exhibit both forms of
repression of the MMTV with refractory repression the dominant component at shorter
durations of exposure (days). After an exposure of several passages, the persistent component
of repression becomes dominant and eventually can become complete.

Normal glucocorticoid response requires hormone binding to the GR, translocation of the
activated GR from the cytoplasm to the nucleus, binding to the GRE, and chromatin remodeling
to initiate transcription. Several resistance mechanisms have been reported that disrupt
different steps in this pathway. Expression of the multidrug-resistance p-glycoprotein causes
resistance by reducing hormone levels in the cell [6]. Ligand binding to the GR may be reduced
by the GR chaperone FKBP51 [5]. Translocation of the activated GR from cytoplasm to nucleus
is blocked by exposure to RU486 in some systems [13,14]. Association of inflammatory
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cytokines and transcription factors such as NFkB with the GR transcription complexes alters
the function of the complex from activation to repression of glucocorticoid responsive genes
and requires functional chromatin remodeling [10,11,39]. Mutations in the GR may reduce
activity causing glucocorticoid resistance [4,5]. This investigation has shown that none of these
mechanisms can account for persistent repression.

Long-term glucocorticoid treatment reduces GR protein and mRNA expression [15,16]. The
cause of the reduction in GR RNA and protein has not previously been shown. We have shown
that long-term glucocorticoids modify a chromatin-dependent mechanism to repress
transcription of glucocorticoid responsive promoters including the GR. Reintroduction of the
GR does not rescue persistent repression suggesting the chromatin dependent modification is
the primary source of glucocorticoid resistance.

Long-term repression in UL3 cells involves both a reduction in the amount of GR available
and in disruption of GR binding to integrated promoters. While both mechanisms reduce
glucocorticoid response there are clear differences in the importance of each mechanism to
promoters with different chromatin structures and to which mechanism is the primary cause
of persistent repression. In our system transient promoters normally bind the GR and other
transcription factors such as NF1 in the absence of hormone and cooperative interaction is not
required for binding of GR and transcription [40]. A decrease in the level of GR represses
transient promoters but restoring the level of GR restores normal induction. The recovery of
normal induction indicates there is no impediment to GR binding at transient promoters. How
then is the GR repressed in LTH cells? The CMV promoter regulates GR in UL3 cells and the
CMV is itself regulated by glucocorticoids. The repressed CMV like other integrated and
endogenous GR-dependent genes in chromatin fails to bind GR. This suggests the chromatin
dependent failure to bind GR is the critical mechanism for persistent repression of CMV and
reduction of GR RNA and protein is a secondary effect. Repression of mRNA from the
endogenous GR has been found in long-term glucocorticoid treated cells suggesting a common
mechanism [15].

In the normal chromatin environment of the integrated MMTV binding by many transcription
factors is low. Hormone treatment increases the amount of GR bound to the promoter as well
as other GR-associated transcription factors including BRG1, p300/CBP, p65 RelA, E1A and
NF1 [23,33,39]. A failure of chromatin remodeling that is required for the increase in GR-
associated transcription complexes on the promoter could account for the repression. The
failure to remodel chromatin may be due to a defect in the remodeling machinery (a trans-
acting mechanism) or a modification to the chromatin structure (a cis-acting mechanism). We
examined two trans mechanisms of repression, loss of BRG1-dependent remodeling and loss
of NF1-dependent GR binding. Transcription is unaffected in LTH cells for CD44 and CSF1
genes that are BRG-dependent and glucocorticoid independent suggesting BRG1 chromatin
remodeling is intact. Association with NF1 is required for GR binding to MMTV. However
NF1 is not required for GR activity on Sgk [36]. Since Sgk is repressed the loss of cooperative
binding by GR with NF1 on chromatin is not the mechanism of repression.

The modification of histone H1 phosphorylation is a cis-acting mechanism of blocking GR
binding in short term refractory repression. However the loss of pH1 is not found in persistent
repression. A cis-acting mechanism is still suggested by the repression of androgen and osmotic
stress transcription of MMTV and Sgk promoters. These alternative pathways involve both
GR independent transcription complexes and binding sites. The chromatin promoter is the
common element in repression suggesting a cis modification of the chromatin is the mechanism
of repression. In addition the progressive establishment of the persistent repressed state is a
feature other epigenetic modifications [41–43].
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Glucocorticoids inhibit growth and selection for a variant that is not responsive to
glucocorticoids is a potential mechanism to overcome growth inhibition. Many mechanisms
to disrupt glucocorticoid response have been described and selection for a preexisting mutation
might involve any of these mechanisms. However there is a lack of correlation between loss
of growth inhibition and the MMTV repression. Alleviation of growth inhibition would relieve
selective pressure in this model but cumulative repression is unaffected by the loss of growth
inhibition. A requirement for specific GR sequences has been found in GR RNA repression
suggesting GR directly participates in establishing repression [16]. No sequence variation was
found in the MMTV, CMV or GR in this system and reintroduction of GR does not restore
glucocorticoid response. Glucocorticoid resistance resulting from long-term exposure
represents a syndrome involving many promoters and pathways that are modified specifically
in a chromatin environment. Finally a variant selected for GR resistance is unlikely to include
defects in osmotic stress and androgen induction because they do not involve either
glucocorticoids or the GR.

Glucocorticoid exposure, stress or environmental chemicals have long-term consequences to
adult metabolism and disease and may have intergenerational effects suggesting an epigenetic
mechanism [20,44–48]. Prenatal exposure impacts specific systems depending on the
developmental time of exposure suggesting the consequence may be due to disruption of
specific developmental programs in target tissues [19,21,45]. The development of
glucocorticoid resistance in this cell culture system suggests that long-term modification of
gene expression does not require a susceptible developmental stage. Persistent glucocorticoid
resistance appears to be a normal response to extended exposure that epigenetically modifies
genes targeted by glucocorticoid receptor binding. This is consistent with idea that steroid
hormone receptor status contributes to promoter chromatin architecture and responsiveness in
cells [49,50]
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Fig 1.
Induction of MMTV by short-term exposure (hours) to hormone. (A) Cells were treated for 1
hour to different concentrations of dexamethasone. Hormone was removed after treatment and
transcription was measured 20 hours later from the integrated (luciferase) and transient (CAT)
reporter in the same cells. The mean of three or more trials and the standard error of the mean
are shown with expression normalized to the mean uninduced control. MMTV is induced at
concentrations 10−9M and higher (p<0.01) for both luciferase and CAT expression. (B) The
effect of exposure between 1 and 8 hours at high (10−7M) and low (10−10M) concentration of
hormone is shown on the integrated promoter. The data was analyzed as in A. No change in
expression was seen for exposure to low (10−10M) concentration of hormone in this time frame.
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Fig 2.
Refractory repression of the integrated MMTV after extended exposure (days) to
dexamethasone. (A) Cells were exposed to a high (10−7M) or low (10−10M) dose of hormone
for up to 48hrs. The integrated MMTV promoter was then tested for induction by treatment
with an inducing dose of hormone (1 hr Dex 10−7M) and measured by luciferase expression.
The mean of three trials and the standard error of the mean are shown normalized to the mean
uninduced control. Exposure to either high or low concentration of hormone for 16 hrs or more
attenuated induction (p<0.01). (B) The expression from the transient MMTV was measured
by CAT expression in the same cells as in A. Exposure to either high or low concentration of
hormone for 24 hrs or more enhanced induction (p<0.05). (C) Recovery of hormone induction.
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Cells were treated with dexamethasone for 72 hours. Hormone was then removed for 24 to 48
hours. The integrated MMTV was then induced with dexamethasone (10−7M) for 1 hour and
expression was measured by luciferase activity. Recovery of induction correlates with time
after exposure.
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Fig 3.
Persistent repression of the MMTV promoter after long-term exposure to low level hormone.
(A) Long-term-hormone (LTH) treated cells were grown for several passages in a low
concentration of hormone. No-long-term (NLT) hormone treated cells were passage-matched
controls. Growth inhibition was measured as LTH cell number/NLT cell number × 100 at each
passage. Transient growth inhibition was observed at p3 (p<0.05) but later passages showed
no inhibition. (B) A progressive attenuation of hormone induction (LTH/NLT ×100) was found
at each passage for cells exposed to low hormone and after hormone removal. A significant
correlation (p<0.05 determined by Pearson correlation coefficient) was found between passage
and activity. (C) Attenuation of induction was measured after 10 passages in hormone and
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following the removal of hormone for 2 or more passages. Significant repression of MMTV-
luciferase was found after the long term exposure (p<0.01) and after discontinuing hormone
treatment (p<0.01).
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Fig 4.
Repression of endogenous, GR-responsive genes in LTH cells. Induction of endogenous
glucocorticoid-responsive genes was measured by real time PCR of RNA in NLT and LTH
cells at 3 and 6 hours after induction (1 hr Dex 10−7M). (A) PLZF. (B) CEBP. (C) SGK. (D)
GAPDH was the hormone insensitive control. Significant repression (p<0.01) was found for
CEBP and SGK in LTH cells.
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Fig 5.
Glucocorticoid receptor (GR) effects in repression. (A) GR protein levels were measured by
western blot and quantified by phosphor-imager. GR protein is reduced in LTH cells relative
to passage-matched NLT controls and persists after hormone removal. (B) Induction of the
transient MMTV promoter was measured after long term hormone treatment. CAT activity
was repressed (p<0.05) in LTH cells relative to the NLT control. Increasing GR levels in LTH
cells by transfection of a CMV-GR expression plasmid increased CAT induction such that no
repression was evident. (C) Induction of the integrated MMTV was measured by luciferase
expression. MMTV is significantly repressed (p<0.01) in LTH cells and LTH cells remain
significantly repressed for luciferase activity (p<0.01) following transfection with CMV-GR.
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CAT and luciferase activity were measured in the same cells. (D) GR RNA transcription was
measured by RT-PCR. Hormone exposure reduced GR RNA after short term hormone
treatment in NLT cells (p<0.01) and after long term treatment in LTH cells (p<0.01).
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Fig 6.
GR binding on repressed promoters. GR binding was measured by ChIP on hormone responsive
promoters. GR binding is increased by hormone exposure in NLT cells but is significantly
inhibited in LTH cells on repressed promoters. (A) MMTV (p<0.001). (B) SGK (p<0.01). (C)
CMV (p<0.05). The CMV promoter has putative response elements for GR and for GR-
containing repressor complexes including AP-1 and NFκB. (D) The non-hormone-responsive
GAPDH promoter shows no increase in GR binding.
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Fig 7.
Chromatin dependent repression mechanisms. (A) Total histone H1 levels in LTH and NLT
cells were measured by ChIP. No significant difference was found in total histone H1 on the
MMTV promoter. (B) Phospho-histone H1 levels measured by ChIP on the MMTV promoter
were not significantly different in uninduced NLT and LTH cells. No hormone-dependent
decline in phospho-histone H1 level was found in response to hormone induction on the
repressed MMTV promoter in LTH cells. (C) Brg1-dependent RNA expression was measured
by RT- PCR of CD44 and CSF1. No significant loss of expression was found in LTH compared
with NLT cells.
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Fig 8.
Response of Dex repressed promoters to alternative inducers. (A) Induction of the integrated
MMTV-luciferase was measured after induction by DHT (with a transfected androgen
receptor) compared with Dex. The integrated MMTV is repressed (p<0.01) for both DHT and
Dex induction in LTH cells. (B) Induction of the transient Sgk promoter was measured after
osmotic stress and Dex treatment. The transient SGK-luciferase reporter is repressed for Dex
induction (p<0.01) but not for osmotic stress induction. (C) Induction of the endogenous SGK
gene was measured by RT-PCR after osmotic stress and hormone treatment. Sgk is repressed
for both Dex (p<0.01) and osmotic stress (p<0.01) in LTH cells.
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