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30 Years of Neuroendocrinology: technological advances
pave the way for molecular discovery

Felicity E. Stubbs, Becky L. Conway-Campbell and Stafford L. Lightman

Since the 1950’s (1) the systems level interactions between the hypothalamus, pituitary and
end organs such as the adrenal, thyroid and gonads have been well known, however it is only
over the last three decades that advances in molecular biology and information technology
have provided a tremendous expansion of knowledge at the molecular level.
Neuroendocrinology has benefitted from developments in molecular genetics, epigenetics
and epigenomics, and most recently optogenetics and pharmacogenetics. This has enabled a
new understanding of gene regulation, transcription, translation and post-translational
regulation, which should help direct the development of drugs to treat neuroendocrine
related diseases.

Understanding the molecular mechanisms of steroid receptor signalling is a very important
aspect of gaining information about the underlying causes of diseases associated with
aberrant signalling, such as in hormone sensitive cancers or the side-effects of steroid
treatment. One of the most important neuroendocrine systems is the hypothalamic-pituitary-
adrenal axis, which regulates the release of glucocorticoid hormones from the adrenal glands
and is critical for the maintenance of homeostasis. Glucocorticoids are clinically widely used
due to their potent anti-inflammatory effects. Prolonged use of high doses of glucocorticoids
is associated with many unwanted side-effects and often therapy is complicated by the
development of glucocorticoid resistance. A better understanding of the molecular
mechanisms of glucocorticoid receptor (GR) signalling will provide the rationale for better
therapy, as well as limiting adverse side-effects and the development of resistance. Similarly,
understanding the molecular mechanisms of intracellular receptors for estrogen (ER),
progesterone (PR) and androgen (AR) may aid in the development of more specific therapies
for diseases such as breast cancer or prostate cancer respectively, where dysregulation of
signalling can promote disease development and progression. The importance of this was
recognised 30 years ago when the journal of Neuroendocrinology was established!

The human genome project has enabled scientists to examine the entire complement of
human genes, as well as their RNA and protein expression, instead of the conventional time-
consuming methods focusing on individual components. The development of more advanced
ways to assess chromatin structure and interactions such as receptor binding is enhancing our
knowledge of these cellular processes as well as providing a new understanding of the
dynamics of how hormone receptors interact with the chromatin landscape. In addition to
this, new ways to edit the genome such as CRISPR, have become powerful tools in assessing
the function of proteins. Optogenetics and Pharmacogenetics are also helping determine the
specific roles of subsets of neurons as well as identifying neuron circuitry. Together these
techniques have begun to enable molecular biology to advance the practice of medicine by
determining the molecular alterations which promote disease, thereby leading to the future
design of specific, more targeted treatments.



High throughput sequencing and steroid receptor action

High throughput sequencing techniques have become a major tool for the identification of
molecular mechanisms across many scientific fields. Previously RNA analysis was restricted to
analysis of known transcripts while modern sequencing enables analysis on a genome-wide
scale requiring no prior knowledge of which genes are expressed. Many now believe RNA-Seq
to be a more sensitive technique allowing more accurate measurements of transcript levels
(2, 3). Despite some controversy, it is clear this technique can form a basis for most studies
and unveil potential directions which can be further explored using the conventional
techniques including microarrays and real-time quantitative polymerase chain reaction
(gPCR). RNA-Seq is proving useful in characterizing differences in gene expression between
specific cell types and in determining the changes which exist promoting glucocorticoid
resistance (4-6). It has for instance recently been used to show how cyclosporine A, a drug
frequently used to rescue glucocorticoid resistant diseases, can promote a genome-wide shift
attenuating the responsiveness of a cell line prone to promoting resistance (4). This is
important as patients which become glucocorticoid resistant often require high doses leading
to several side effects. Understanding the biological mechanisms that cause resistance may
help identify other therapies to aid glucocorticoid treatment of these patients in the future.
Similarly, RNA-Seq is helping identify gene expression changes in response to estrogen,
progesterone and androgens across different types of cancers (7-10) and has been used as an
unbiased tool for transcriptome analysis in MCF7 breast cancer cells to determine ER
regulatory pathways (7). Advanced analysis techniques are also enabling hierarchical
clustering of genes according to hormone-dependent expression patterns, such as SupraHex
analysis (5, 11), and functional pathway analyses providing detailed information about the
genome-wide expression profiles of individual cells. Another advantage of RNA-Seq is that it
can be used to identify splice variants and mutations such as short nucleotide polymorphisms
(SNPs). In a study using palmitate treated human islets of Langerhans, more than 3000 splice
variants that had not been detected in previous microarray studies were identified (12).
Advances in information technology combined with accurate mapping of RNA-Seq reads (13,
14) has aided the identification of SNPs in diseases such as cancer (15, 16). In addition to RNA-
Seq, a technique referred to as ‘Drop-seq’ analyses mRNA transcripts from individual cells and
determines the transcripts’ cell of origin, which is incredibly useful for expression profiling of
heterogenous cell populations in-vivo. In mouse retinal tissue, 39 transcriptionally unique cell
populations were found from over 40000 cells (17). This shows how large-scale single cell
analysis can help improve our understanding of individual cell populations in complex neural
tissue.

Advances in protein sequencing techniques using mass spectrometry have aided the
examination of global protein expression. This is improving our understanding of the
processes occurring from hormone-mediated transcriptional expression to translation. It is
also enabling scientists to identify the proteins present in individual cell types and determine
interactions between proteins using coimmunoprecipitation techniques. By comparing
protein expression in disease state to a control, this enables determination of which proteins
gain or lose expression or interactions with other proteins, for example in cancer due to
specific mutations. Using liquid chromatography mass spectrometry (LC-MS) proteomics has
identified differences in proteins present in androgen-dependent and independent cancer
cells compared to normal prostate epithelium (18). Proteins interacting with ERalpha have



been determined using LC-MS in human breast cancer (19). This technique can thereby hasten
the identification of novel drug targets.

Steroid receptor binding and chromatin accessibility

Understanding the chromatin landscape can help inform us of the genomic response of
transcription factors by determining transcription factor binding as well as predicting
regulatory regions by assessing chromatin accessibility, nucleosome mapping and dynamic
long-distance chromatin conformations, including looping. The first studies to suggest nuclear
hormone receptor interactions with chromatin appeared as early as the 1960s (20-22).
However direct evidence for this came later and was first reported using binding assays. Since
then, chromatin immunoprecipitation (ChIP) developed in the 1990s, has become a widely
used technique for assessing protein-DNA interactions. This technique has greatly advanced
our understanding of the binding of nuclear receptors, co-factors, and other components of
the transcriptional machinery such as Polymerase Il, to specific DNA regulatory sites of a few
well-known candidate genes. ChIP has been used to assess time-dependent transcription
factor binding in live cells and in-vivo due to its ability to fix proteins at any point in time. Early
studies by Chen and colleagues (23), demonstrated recruitment of ER as well as co-factors to
target genes following treatment with estradiol in MCF7 cells. Here, they showed that
although ER binding remained, time dependent changes in recruitment of co-factors such as
acetyltransferases CBP and p300 unexpectedly correlated to a decrease in transcription of c-
Myc and cathepsin D (CTD). This study and similar more recent studies (24-27), have
demonstrated the sequential recruitment of co-factors including histone acetyltransferases,
histone methyltransferases and subunits of the chromatin remodelling BRG1 associated
factor (BAF) complex to promote transcription. The advance of ChIP sequencing (ChlIP-Seq)
has allowed us to identify genome-wide binding sites for transcription factors such as GR.
Figure 1 shows ChIP-Seq data from rat hippocampal tissue, highlighting a selection of GR
binding events induced by acute stress and exogenous corticosterone treatment (28).

Additionally, ChIP-Seq has enabled the genome-wide assessment of how binding profiles
for GR, ER, PR and AR are highly cell-type specific and subject to alteration with changing
environmental conditions (29-36) as well as being dependent upon other regulatory proteins
such as AP-1 and Foxal (30, 37). ChIP-Seq has revealed insights into loss of protein-DNA
associations occurring in disease states, such as cancer, increasing our understanding of
disease development and potentially leading to the development of more specific therapies.
Recently advances in ChIP protocols has seen the development of a robust ChlIP-exo
technique referred to as ChIP-nexus which uses an exonuclease for high nucleotide resolution
and an additional DNA self-circularization step during library preparation (38). This produces
high quality data with high resolution at the single nucleotide level (38). Future studies are
already focusing on improving the ChIP technique further using UV Laser ChIP-Seq (39) to
improve the identification of proteins that are in immediate contact with nucleic acids rather
than being tethered to other proteins.

Other studies have focused on the interactions of steroid receptors and alterations in the
chromatin architecture. For GR, early studies have involved the extensive use of the MMTV
promoter as a model system (40-43). The advance of DNase | techniques to assess chromatin
accessibility also showed GR to induce ‘de novo’ chromatin remodelling of the MMTV array



by interactions with the SWI/SNF complex (44-46). DNase | cuts regions of more open chro-
matin which result from changes in nucleosome structure (47, 48). The combination of ChIP
and DNase | studies with sequencing has recently become a powerful tool. DNase | sequencing
again is a genome-wide approach and requires no previous knowledge of the sequence or the
protein of interest (49). Alongside this has been the development of Formaldehyde-Assisted
Isolation of Regulatory Elements sequencing (FAIRE-Seq) to assess open chromatin and nu-
cleosome occupancy (50), micrococcal nuclease sequencing (MNase-Seq) (51, 52) to deter-
mine nucleosome positions, and most recently ATAC-Seq (Assay for Transposase-Accessi-
ble Chromatin using sequencing) (Figure 2). ATAC-Seq uses hyperactive Tn5 transposase to
catalyse the movement of transposans to assess chromatin accessibility (53, 54). Tn5 cuts and
inserts sequencing adaptors to open chromatin sites which can then be directly sequenced
(55). This method is now seen as a quicker and more sensitive alternative to DNase-Seq for
assessing chromatin accessibility and an alternative to MNase-Seq for assessing nucleosome
positions (37, 56). These techniques have been important in determining the fundamentals
of steroid receptor binding in combination with chromatin organisation, unveiling the com-
plex dynamics of steroid receptor mediated transcription. For example, before recent studies
revealing nuclear receptors can bind at a great distance from target genes (57-59) it was be-
lieved that regulatory regions were confined to the proximal promoter region. In mouse 3134
cells it has been observed that 93% of GR binding sites occur more than 2.5kb distal to the
Transcription start site (TSS) (49). Using transcriptome profiling with GR ChIP-Seq, Uhlenhaut
et al. (32) showed that less than 6% of GR binding sites occurred at proximal promoters in
lipopolysaccharide activated macrophages. In Hela cells it has also been demonstrated that
24% of GR binding sites are > 25kb from the TSS with only 7% of binding sites located in the
promoter region (60). Similarly, in rat hippocampal tissue few GR binding sites have been
found in promoter regions (28, 61). In MCF7 cells, the majority of ER binding has also been
shown to occur at great distances from TSS (34, 57). This has promoted suggestions of com-
plex chromatin looping to enable interactions between receptors and other transcriptional
co-factors to promote transcription (34, 62).

These techniques have been key in elucidating the roles of steroid receptor-mediated
transcription. In addition to this they have also revealed the complexity of chromatin
organisation around regulatory sites, including identification of epigenetic marks and the
characteristics of inducible and repressible chromatin configurations. This aids our
understanding of not only how transcription factors, regulatory complexes and proteins
interact at the chromatin level but also how the dynamic chromatin structure is important for
aiding interactions between proteins, for example by looping, to regulate a transcriptional
response. Future applications of sequencing data combined with predictive modelling
techniques may even form a basis for further investigations into how this chromatin structure
aids regulation.

Advances in Fluorescent In-situ Hybridisation (FISH) techniques

FISH uses probes consisting of nucleotide sequences incorporated with fluorophores to
recognise the presence of complementary sequences in RNA or DNA. This technique which
started being used in the 1980s has now been widely used to determine the genetic content
and RNA expression of individual cells. RNA ISH (in situ hybridisation) enabled analysis of RNA
using conventional brightfield or standard fluorescence microscopes but lacked sensitivity



and specificity to accurately visualise single molecules. Recently RNAscope®, a novel
multiplex RNA ISH technology, which uses unique probes to promote simultaneous signal
amplification with low background, represents a major advance allowing more specific
visualisation of gene expression in complex tissues (64). Another major advantage of the
system is detection of low abundance mRNA expression. Therefore, for neuroendocrinology,
this technique could enable us to co-localise hormone-dependent transcriptional responses
with neurotransmitter and/or receptor mRNA distribution in a wide range of tissues. Figure 3
shows the heterogenous distribution of mRNA expression of GR and MR, along with co-
localization to the glucocorticoid-target transcript Perl in the dentate gyrus of the rat
hippocampus. This increased resolution to the cellular level overcomes previous limitations
associated with analysing heterogenous transcription in different cell types within the
complex architecture of brain tissue.

A further example of this includes the Angiotensin receptor mRNA, which has recently been
visualised in the paraventricular nucleus of the hypothalamus on corticotrophin releasing
hormone (CRH) neurons enabling studies assessing correlations between loss of these
receptors and levels of CRH mRNA (65-67).

Gene transcription has also been shown to occur in bursts with refractory periods (68-72)
and single molecule RNA ISH (73, 74) can be used to study transcriptional bursts. By
determining the frequency and size of these bursts (quantity of RNA produced) this
technology can provide information into gene regulation in response to hormones in different
brain regions. Visualisation of RNA in living cells is a further challenge crucial for obtaining
important spatial and temporal data about RNA expression, localisation and storage. New
techniques are now focused on tracking RNA in living cells and we may see a major advance
in this over the next decade (75, 76).

Another advance in FISH techniques is the use of 3D DNA FISH to assess chromatin
reorganisation in response to hormone receptor action. Jubb and colleagues (77) used 3D
DNA FISH to assess glucocorticoid mediated chromatin decompaction at several loci. This
provides extra information about speed and duration of chromatin decompaction which is
difficult to determine using DNase | or ATAC-Seq techniques. This technique may similarly be
used to investigate other hormone inducible changes in chromatin organisation during acute-
phase transcriptional regulation.

Editing the genome to determine a functional role

The introduction of CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats)/Cas9 system has greatly advanced genome editing/engineering. CRISPR genome
editing uses a system found in the prokaryotic immune system which introduces double
strand breaks on viral DNA as a defence mechanism (78). A single guide RNA, complementary
to the viral DNA sequence, directs Cas9 nuclease towards the viral DNA where it promotes a
double strand break. This technology has been adapted and can be used to introduce
mutations at specific sites in the genome. In 2013 the system was first used for multiplex
engineering in eukaryotic cells (79) and has rapidly become a widely used genome editing
tool. CRISPR has already been used to introduce mutations into ERs (80, 81) to determine the
importance of these mutations in endocrine resistance. Combined with RNA-Seq and ChlP-



Seq a single mutation Y537S in ER has been shown to promote constitutive ER activity
promoting estrogen independent growth (81). This use of CRISPR demonstrates how it can be
used to help identify what outcomes certain mutations can cause. CRISPR editing to disrupt
AR has been shown to inhibit the growth of androgen sensitive prostate cancer cells (82). This
could suggest another important use of CRISPR as a therapeutic target for prostate cancer.
CRISPR editing of the PR has recently questioned the importance of PR in the role of female
reproductive cyclicity in rodents (83) which remained despite other expected outcomes of PR
deletion. This shows how CRISPR can be used to further decipher the roles of hormone
receptors. Overall CRISPR is a powerful tool for introducing or editing mutations to further
understand the roles of genes and known mutations in neuroendocrine disease.

Optogenetic and Chemogenetic tools

The recent advances in optogenetics and chemogenetics is now enabling neuroscientists to
modulate the activity of specific subsets of neurons using light or designer drugs. These are
useful tools for helping functionally dissect which cells are important for specific roles, for
example which subset of cells specify certain behaviours, emotions or are specific to certain
motor functions. Optogenetics use Opsin-based receptors which are selectively expressed in
cells of interest. The most frequent receptor used is channelrhodopsin which can be
expressed in specific cell phenotypes. In-vivo, viruses can be used to deliver Cre dependent
receptors to transgenic Cre-driver rodent lines (84). In neuroendocrinology, optogenetics has
been valuable in determining control of pituitary hormone secretion (84). Gonadotropin
releasing hormone (GnRH) neurons expressing channelrhodopsin have been used to show
pulsatile release of luteinising hormone (LH) (85). Optogenetics has contributed to further
understanding of important neural networks including those involved in homeostasis as well
as for higher cognitive functions and emotional behaviours (86).

Pharmacogenetics, similarly to optogenetics, looks at variation in gene responses to
stimulation of receptors, but by using pharmacological agents. This often begins with the
discovery of an unexpected response to a drug and then looks at the genetic cause often by
introducing selected genes to specific brain targets to alter cell function. An example of this
is the treatment of Parkinson’s symptoms, usually treated with dopamine agonists, in rats by
increasing GABA concentrations in the subthalamic nucleus by transferring the gene for
gamma-amino butryic acid (GAD) which is the rate limiting enzyme in GABA production (87).
Clinical trials on patients have since been trialled (88, 89).

More recently a new chemogenetic approach to studying specific cell populations utilizes
Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) and is termed
‘pharmacosynthetics’. DREADDs involve the use of receptor proteins designed through
mutagenesis of endogenous G protein coupled receptor DNA. These ‘Designer Receptors’ can
be targeted to specific neuronal subtypes by engineering to cell-specific endogenous
promoter sequences, ensuring that only the specific neuronal population will be stimulated
by the ‘Designer Drug’ clozapine-n-oxide (CNO). The specificity of DREADDs can be seen in the
elegant studies of Yoshimura et al. (90) using the AVP-hM3Dg-mCherry transgenic rat. In
Figure 4, acute systemic CNO treatment results in highly specific c-fos induction, indicating
neuronal activation (91), within vasopressin neurons (hM3Dg-mCherry positive, AVP positive)
in the supraoptic (SON) and the paraventricular nuclei (PVN). DREADDs can also be inhibitory



when hM4Di (92-94), a variant of the endogenous M4 muscarinic acetylcholine receptor, is
utilized. DREADDs technology has been suggested to have several therapeutic applications,
these include metabolic disorders (95), diabetes (96), depression and stress disorders (94, 97)
and inflammatory disorders (98). For Parkinson’s disease, pharmacogenetics could re-
engineer neurons to produce neuroprotective neurotrophins to protect dopaminergic cells
while optogenetics could promote cell type specific control for repair of dysfunction (99).

Insight to the future

Recent technological advances in the field of quantitative fluorescence microscopy are
allowing new insight into the biological activities taking place inside living cells. It is now
possible to track individual proteins enabling scientists to obtain information such as
transcription factor binding times and dissociation rates. GR has already been viewed in this
way, labelled with a new generation of fluorescent tags with increased brightness and better
photostability to aid visualisation at the single molecule level (100). This technology is only
getting started but may very soon increase our understanding of the dynamics of how
transcription factors such as GR interact with the chromatin landscape to promote
transcription. This could promote a further expansion of our knowledge of molecular
processes in living cells, potentially confirming previous findings and revealing a new
understanding of dynamic cellular processes. In addition to this a surge in molecular data has
also enabled an advance in mathematical modelling in the field of neuroendocrinology, to
help us predict dynamic interactions of different proteins. Mathematical modelling can
provide clues to what may be occurring in live cells based on previously acquired knowledge
and may help direct future experiments and technology to further improve our molecular
understanding. Combining these advances in single molecule tracking and mathematical
modelling with further improvements to ChlIP, chromatin accessibility, CRISPR and
pharmacogenetics, the next 30 years will likely again see another explosion in molecular data
and further advance our understanding of hormone regulation.

Summary

The recent advance in sequencing techniques and the application of next generation
sequencing to RNA, ChIP, DNase I, ATAC, MNase and FAIRE studies has revealed new insights
into gene regulation in neuroendocrine systems. This enhances our understanding of
biological pathways and importantly can identify events that have a role in causing various
diseases, such as the development and progression of certain cancers. The introduction of
CRISPR as well as similar genome editing techniques now enables scientists to study known
mutations to model diseases, promoting a better understanding of the causes of certain
diseases and the pathways involved in their progression. Optogenetic and chemogenetic
techniques also provide huge potential for the research of neurological diseases, enabling the
visualisation of neural networks and the design of receptors to regulate neuronal activity,
respectively. The future of molecular neuroendocrinology will see a further expansion in
knowledge with the aid of new technologies such as single molecule tracking to visualise the



movement of proteins and the subsequent biological processes in living cells. With this more
detailed understanding of the molecular basis of normal and abnormal function at the neuro-
hormonal interface, we expect to identify novel pathways as well as new therapeutic targets.
This will ultimately lead to the development of new therapies to benefit patients with cancer
or neuroendocrine dysfunction.

References:

1.

10.

11.

12.

de Groot J, Harris GW. Hypothalamic control of the anterior pituitary gland and blood
lymphocytes J Physiol. 1950; 111(3-4): 335-346.

Degner JF, Marioni JC, Pai AA, Pickrell JK, Nkadori E, Gilad Y, et al. Effect of read-mapping
biases on detecting allele-specific expression from RNA-sequencing data. Bioinformatics.
2009;25(24):3207-12.

Wang Z, Gerstein M, Snyder MCP. RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev
Genet. 2009;10(1):57-63.

Schewitz-Bowers LP, Lait PJ, Copland DA, Chen P, Wu W, Dhanda AD, et al. Glucocorticoid-
resistant Th17 cells are selectively attenuated by cyclosporine A. Proc Natl Acad Sci U S A.
2015;112(13):4080-5.

Jiang L, Hindmarch CC, Rogers M, Campbell C, Waterfall C, Coghill J, et al. RNA sequencing
analysis of human podocytes reveals glucocorticoid regulated gene networks targeting non-
immune pathways. Sci Rep. 2016; 6:35671.

Stubbs FE, Birnie MT, Biddie SC, Lightman SL, Conway-Campbell BL. SKOV3 cells containing a
truncated ARID1a protein have a restricted genome-wide response to glucocorticoids. Mol
Cell Endocrinol. 2018;461:226-35.

Yamaga R, lkeda K, Horie-Inoue K, Ouchi Y, Suzuki Y, Inoue S. RNA sequencing of MCF-7 breast
cancer cells identifies novel estrogen-responsive genes with functional estrogen receptor-
binding sites in the vicinity of their transcription start sites. Horm Cancer. 2013;4(4):222-32.

Chen B, Liu Z, Zhang J, Wang H, Yu B. RNA sequencing identifies gene expression profile
changes associated with beta-estradiol treatment in U20S osteosarcoma cells. Onco Targets
Ther. 2017;10:3421-7.

Kougioumtzi A, Tsaparas P, Magklara A. Deep sequencing reveals new aspects of progesterone
receptor signaling in breast cancer cells. PLoS One. 2014;9(6):e98404.

Das DK, Ali T, Krampis K, Ogunwobi OO. Fibronectin and androgen receptor expression data
in prostate cancer obtained from a RNA-sequencing bioinformatics analysis. Data in Brief.
2017;11:131-135.

Fang H, Gough J. supraHex: an R/Bioconductor package for tabular omics data analysis using
a supra-hexagonal map. Biochem Biophys Res Commun. 2014;443(1):285-9.

Cnop M, Abdulkarim B, Bottu G, Cunha DA, Igoillo-Esteve M, Masini M, et al. RNA sequencing
identifies dysregulation of the human pancreatic islet transcriptome by the saturated fatty
acid palmitate. Diabetes. 2014;63(6):1978-93.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Goya R, Sun MG, Morin RD, Leung G, Ha G, Wiegand KC, et al. SNVMix: predicting single
nucleotide variants from next-generation sequencing of tumors. Bioinformatics.
2010;26(6):730-6.

Chen LY, Wei KC, Huang AC, Wang K, Huang CY, Yi D, Tang CY, Galas DJ, Hood LE. RNASEQR—
a streamlined and accurate RNA-seq sequence analysis program. Nucleic Acids Res. 2012;
40:e42

Shah SP, Morin RD, Khattra J, Prentice L, Pugh T, Burleigh A, et al. Mutational evolution in a
lobular breast tumour profiled at single nucleotide resolution. Nature. 2009;461(7265):809-
13.

Shah SP, Roth A, Goya R, Oloumi A, Ha G, Zhao Y, et al. The clonal and mutational evolution
spectrum of primary triple-negative breast cancers. Nature. 2012;486(7403):395-9.

Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al. Highly Parallel Genome-
wide Expression Profiling of Individual Cells Using Nanoliter Droplets. Cell. 2015;161(5):1202-
14.

Saraon P, Musrap N, Cretu D, Karagiannis GS, Batruch I, Smith C, et al. Proteomic profiling of
androgen-independent prostate cancer cell lines reveals a role for protein S during the
development of high grade and castration-resistant prostate cancer. J Biol Chem.
2012;287(41):34019-31.

Tarallo R, Bamundo A, Nassa G, Nola E, Paris O, Ambrosino C, et al. Identification of proteins
associated with ligand-activated estrogen receptor alpha in human breast cancer cell nuclei
by tandem affinity purification and nano LC-MS/MS. Proteomics. 2011;11(1):172-9.

Jensen EV, Suzuki T, Kawashima T, Stumpf WE, Jungblut PW, DeSombre ER. A two-step
mechanism for the interaction of estradiol with rat uterus. Proc Natl Acad Sci U S A.
1968;59(2):632-8.

Fang S, Anderson KM, Liao S. Receptor proteins for androgens. On the role of specific proteins
in selective retention of 17-beta-hydroxy-5-alpha-androstan-3-one by rat ventral prostate in
vivo and in vitro. J Biol Chem. 1969;244(24):6584-95.

Beato M, Brandle W, Biesewig D, Sekeris CE. On the mechanism of hormone action. XVI.
Transfer of (1,2-3H2)cortisol from the cytoplasm to the nucleus of rat-liver cells. Biochim
Biophys Acta. 1970;208(1):125-36

Chen H, Lin RJ, Xie W, Wilpitz D, Evans RM. Regulation of hormone-induced histone
hyperacetylation and gene activation via acetylation of an acetylase. Cell. 1999;98(5):675-86.

Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor dynamics and sufficiency in estrogen
receptor-regulated transcription. Cell. 2000;103(6):843-52.

Metivier R, Penot G, Hubner MR, Reid G, Brand H, Kos M, et al. Estrogen receptor-alpha directs
ordered, cyclical, and combinatorial recruitment of cofactors on a natural target promoter.
Cell. 2003;115(6):751-63.

Huang ZQ, Li J, Sachs LM, Cole PA, Wong J. A role for cofactor-cofactor and cofactor-histone
interactions in targeting p300, SWI/SNF and Mediator for transcription. EMBO J.
2003;22(9):2146-55.

Conway-Campbell BL, George CL, Pooley JR, Knight DM, Norman MR, Hager GL, et al. The
HSP90 molecular chaperone cycle regulates cyclical transcriptional dynamics of the



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

glucocorticoid receptor and its coregulatory molecules CBP/p300 during ultradian ligand
treatment. Mol Endocrinol. 2011;25(6):944-54.

Pooley JR, Flynn BP, Grgntved L, Baek S, Guertin MJ, Kershaw YM, et al. Genome-Wide
Identification of Basic Helix-Loop-Helix and NF-1 Motifs Underlying GR Binding Sites in Male
Rat Hippocampus. Endocrinology. 2017;158(5):1486-501.

Reddy TE, Pauli F, Sprouse RO, Neff NF, Newberry KM, Garabedian MJ, et al. Genomic
determination of the glucocorticoid response reveals unexpected mechanisms of gene
regulation. Genome research. 2009;19(12):2163-71.

Biddie SC, John S, Sabo PJ, Thurman RE, Johnson TA, Schiltz RL, et al. Transcription factor AP1
potentiates chromatin accessibility and glucocorticoid receptor binding. Mol Cell. 2011;
43(1):145-55.

Grgntved L, John S, Baek S, Liu Y, Buckley JR, Vinson C, et al. C/EBP maintains chromatin
accessibility in liver and facilitates glucocorticoid receptor recruitment to steroid response
elements. Embo J. 2013;32(11):1568-83.

Uhlenhaut NH, Barish GD, Yu RT, Downes M, Karunasiri M, Liddle C, et al. Insights into negative
regulation by the glucocorticoid receptor from genome-wide profiling of inflammatory
cistromes. Mol Cell. 2013; 49(1):158-71.

Miranda TB, Voss TC, Sung MH, Baek S, John S, Hawkins M, et al. Reprogramming the
chromatin landscape: interplay of the estrogen and glucocorticoid receptors at the genomic
level. Cancer Res.2013; 73(16):5130-9.

Hurtado A, Holmes KA, Ross-Innes CS, Schmidt D, Carroll JS. FOXA1 is a key determinant of
estrogen receptor function and endocrine response. Nat Genet. 2011;43(1):27-33.

Mohammed H, Russell IA, Stark R, Rueda OM, Hickey TE, Tarulli GA, et al. Progesterone
receptor modulates ERalpha action in breast cancer. Nature. 2015;523(7560):313-7.

Sharma NL, Massie CE, Ramos-Montoya A, Zecchini V, Scott HE, Lamb AD, et al. The androgen
receptor induces a distinct transcriptional program in castration-resistant prostate cancer in
man. Cancer Cell. 2013;23(1):35-47.

Swinstead EE, Miranda TB, Paakinaho V, Baek S, Goldstein |, Hawkins M, et al. Steroid
Receptors Reprogram FoxAl Occupancy through Dynamic Chromatin Transitions. Cell.
2016;165(3):593-605.

He Q, Johnston J, Zeitlinger J. ChIP-nexus enables improved detection of in vivo transcription
factor binding footprints. Nat Biotechnol. 2015;33(4):395-401.

Steube A, Schenk T, Tretyakov A, Saluz HP. High-intensity UV laser ChIP-seq for the study of
protein-DNA interactions in living cells. Nat Commun. 2017;8(1):1303.

Fletcher TM, Xiao N, Mautino G, Baumann CT, Wolford R, Warren BS, et al. ATP-dependent
mobilization of the glucocorticoid receptor during chromatin remodeling. Mol Cell Biol.
2002;22(10):3255-63.

Payvar F, DeFranco D, Firestone GL, Edgar B, Wrange O, Okret S, et al. Sequence-specific
binding of glucocorticoid receptor to MTV DNA at sites within and upstream of the transcribed
region. Cell. 1983;35(2 Pt 1):381-92.

Perlmann T, Wrange O. Specific glucocorticoid receptor binding to DNA reconstituted in a
nucleosome. EMBO J. 1988;7(10):3073-9.



43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Scheidereit C, Geisse S, Westphal HM, Beato M. The glucocorticoid receptor binds to defined
nucleotide sequences near the promoter of mouse mammary tumour virus. Nature.
1983;304(5928):749-52.

Richard-Foy H, Hager GL. Sequence-specific positioning of nucleosomes over the steroid-
inducible MMTV promoter. EMBO J. 1987;6(8):2321-8.

Richard-Foy H, Sistare FD, Riegel AT, Simons SS, Jr., Hager GL. Mechanism of dexamethasone
21-mesylate antiglucocorticoid action: Il. Receptor-antiglucocorticoid complexes do not
interact productively with mouse mammary tumor virus long terminal repeat chromatin. Mol
Endocrinol. 1987;1(9):659-65.

Archer TK, Cordingley MG, Wolford RG, Hager GL. Transcription factor access is mediated by
accurately positioned nucleosomes on the mouse mammary tumor virus promoter. Mol Cell
Biol. 1991;11(2):688-98.

Keene MA, Corces V, Lowenhaupt K, Elgin SC. DNase | hypersensitive sites in Drosophila
chromatin occur at the 5' ends of regions of transcription. Proc Natl Acad Sci U S A.
1981;78(1):143-6.

McGhee JD, Wood WI, Dolan M, Engel JD, Felsenfeld G. A 200 base pair region at the 5' end
of the chicken adult beta-globin gene is accessible to nuclease digestion. Cell. 1981;27(1 Pt
2):45-55.

John S, Sabo PJ, Thurman RE, Sung MH, Biddie SC, Johnson TA, et al. Chromatin accessibility
pre-determines glucocorticoid receptor binding patterns. Nat Genet. 2011;43(3):264-8.

Gaulton KJ, Nammo T, Pasquali L, Simon JM, Giresi PG, Fogarty MP, et al. A map of open
chromatin in human pancreatic islets. Nat Genet. 2010;42(3):255-9.

Weber CM, Henikoff JG, Henikoff S. H2A.Z nucleosomes enriched over active genes are
homotypic. Nat Struct Mol Biol. 2010;17(12):1500-7.

Zentner GE, Henikoff S. Surveying the epigenomic landscape, one base at a time. Genome Biol.
2012;13(10):250.

Goryshin 1Y, Reznikoff WS. Tn5 in vitro transposition. J Biol Chem. 1998;273(13):7367-74.

Adey A, Morrison HG, Asan, Xun X, Kitzman JO, Turner EH, et al. Rapid, low-input, low-bias
construction of shotgun fragment libraries by high-density in vitro transposition. Genome Biol.
2010;11(12):R119.

Swinstead EE, Paakinaho V, Hager GL. Chromatin reprogramming in breast cancer. Endocr
Relat Cancer. 2018;25(7):R385-R404

Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: A Method for Assaying Chromatin
Accessibility Genome-Wide. Curr Protoc Mol Biol. 2015;109:21 9 1-9.

Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ, et al. Chromosome-wide mapping of
estrogen receptor binding reveals long-range regulation requiring the forkhead protein FoxA1.
Cell. 2005;122(1):33-43.

Ghisletti S, Barozzi |, Mietton F, Polletti S, De Santa F, Venturini E, et al. Identification and
characterization of enhancers controlling the inflammatory gene expression program in
macrophages. Immunity. 2010; 32(3):317-28.

Natoli G, Ghisletti S, Barozzi ICP. The genomic landscapes of inflammation. Genes Dev. 2011;
25(2):101-6.



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Rao NA, McCalman MT, Moulos P, Francoijs KJ, Chatziioannou A, Kolisis FN, et al. Coactivation
of GR and NFKB alters the repertoire of their binding sites and target genes. Genome research.
2011;21(9):1404-16.

Polman JA, de Kloet ER, Datson NA. Two populations of glucocorticoid receptor-binding sites
in the male rat hippocampal genome. Endocrinology. 2013;154(5):1832-1844.

Wiench M, Miranda TB, Hager GL. Control of nuclear receptor function by local chromatin
structure. FEBS J. 2011;278(13):2211inc-30.

Baek S, Goldstein I, Hager GL. Bivariate Genomic Footprinting Detects Changes in Transcription
Factor Activity. Cell Rep. 2017;19(8):1710-22.

Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, et al. RNAscope: a novel in situ RNA
analysis platform for formalin-fixed, paraffin-embedded tissues. J Mol Diagn. 2012;14(1):22-
9.

de Kloet AD, Wang L, Pitra S, Hiller H, Smith JA, Tan Y, et al. A Unique "Angiotensin-Sensitive"
Neuronal Population Coordinates Neuroendocrine, Cardiovascular, and Behavioral Responses
to Stress. J Neurosci. 2017;37(13):3478-90.

de Kloet AD, Wang L, Ludin JA, Smith JA, Pioquinto DJ, Hiller H, et al. Reporter mouse strain
provides a novel look at angiotensin type-2 receptor distribution in the central nervous
system. Brain Struct Funct. 2016;221(2):891-912.

Wang L, Hiller H, Smith JA, de Kloet AD, Krause EG. Angiotensin type la receptors in the
paraventricular nucleus of the hypothalamus control cardiovascular reactivity and anxiety-like
behavior in male mice. Physiol Genomics. 2016;48(9):667-76.

Levsky JM, Shenoy SM, Pezo RC, Singer RH. Single-cell gene expression profiling. Science.
2002;297(5582):836-40.

Golding |, Paulsson J, Zawilski SM, Cox EC. Real-time kinetics of gene activity in individual
bacteria. Cell. 2005;123(6):1025-36.

Chubb JR, Trcek T, Shenoy SM, Singer RH. Transcriptional pulsing of a developmental gene.
Curr Biol. 2006;16(10):1018-25.

Cai L, Dalal CK, Elowitz MB. Frequency-modulated nuclear localization bursts coordinate gene
regulation. Nature. 2008;455(7212):485-90.

Bahar Halpern K, Tanami S, Landen S, Chapal M, Szlak L, Hutzler A, et al. Bursty gene expression
in the intact mammalian liver. Mol Cell. 2015;58(1):147-56.

Femino AM, Fay FS, Fogarty K, Singer RH. Visualization of single RNA transcripts in situ.
Science. 1998;280(5363):585-90.

Raj A, van den Bogaard P, Rifkin SA, van Oudenaarden A, Tyagi S. Imaging individual mRNA
molecules using multiple singly labeled probes. Nat Methods. 2008;5(10):877-9.

Larson DR, Zenklusen D, Wu B, Chao JA, Singer RH. Real-time observation of transcription
initiation and elongation on an endogenous yeast gene. Science. 2011;332(6028):475-8.

Chen, H, Larson DR. What have single-molecule studies taught us about gene expression?
Genes & Dev. 2016; 30:1796-1810



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Jubb AW, Boyle S, Hume DA, Bickmore WA. Glucocorticoid Receptor Binding Induces Rapid
and Prolonged Large-Scale Chromatin Decompaction at Multiple Target Loci. Cell Rep.
2017;21(11):3022-31.

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, et al. CRISPR provides
acquired resistance against viruses in prokaryotes. Science. 2007;315(5819):1709-12.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome engineering using
CRISPR/Cas systems. Science. 2013;339(6121):819-23.

Mao C, Livezey M, Kim JE, Shapiro DJ. Antiestrogen Resistant Cell Lines Expressing Estrogen
Receptor alpha Mutations Upregulate the Unfolded Protein Response and are Killed by BHPI.
Sci Rep. 2016; 6:34753.

Harrod A, Fulton J, Nguyen VTM, Periyasamy M, Ramos-Garcia L, Lai CF, et al. Genomic
modelling of the ESR1 Y537S mutation for evaluating function and new therapeutic
approaches for metastatic breast cancer. Oncogene. 2017;36(16):2286-96.

Wei C, Wang F, Liu W, Zhao W, Yang Y, Li K, et al. CRISPR/Cas9 targeting of the androgen
receptor suppresses the growth of LNCaP human prostate cancer cells. Mol Med Rep.
2018;17(2):2901-6.

Kubota K, Cui W, Dhakal P, Wolfe MW, Rumi MA, Vivian JL, et al. Rethinking progesterone
regulation of female reproductive cyclicity. Proc Natl Acad Sci U S A. 2016;113(15):4212-7.

Pupe S, Wallen-Mackenzie A. Cre-driven optogenetics in the heterogeneous genetic
panorama of the VTA. Trends Neurosci. 2015;38(6):375-86.

Campos P, Herbison AE. Optogenetic activation of GnRH neurons reveals minimal
requirements for pulsatile luteinizing hormone secretion. Proc Natl Acad Sci U S A.
2014;111(51):18387-92.

Kim CK, Adhikari A, Deisseroth K. Integration of optogenetics with complementary
methodologies in systems neuroscience. Nat Rev Neurosci. 2017;18(4):222-35.

Lee B, Lee H, Nam YR, Oh JH, Cho YH, Chang JW. Enhanced expression of glutamate
decarboxylase 65 improves symptoms of rat parkinsonian models. Gene Ther.
2005;12(15):1215-22.

Kaplitt MG, Feigin A, Tang C, Fitzsimons HL, Mattis P, Lawlor PA, et al. Safety and tolerability
of gene therapy with an adeno-associated virus (AAV) borne GAD gene for Parkinson's disease:
an open label, phase | trial. Lancet. 2007;369(9579):2097-105.

LeWitt PA, Rezai AR, Leehey MA, Ojemann SG, Flaherty AW, Eskandar EN, et al. AAV2-GAD
gene therapy for advanced Parkinson's disease: a double-blind, sham-surgery controlled,
randomised trial. Lancet Neurol. 2011;10(4):309-19.

Yoshimura M, Nishimura K, Nishimura H, et al. Activation of endogenous arginine vasopressin
neurons inhibit food intake: By using a novel transgenic rat line with DREADDs system. Sci Rep.
2017; 7: 15728

Terleph TA, Tremere LA. The use of immediate early genes as mapping tools for neuronal
activation: Concepts and methods. In: Immediate Early Genes in Sensory Processing, Cognitive
Performance and Neurological Disorders. 2006. pp 1-10.

Miao C, Cao Q, Ito HT, Yamahachi H, Witter MP, Moser MB, et al. Hippocampal Remapping
after Partial Inactivation of the Medial Entorhinal Cortex. Neuron. 2015;88(3):590-603.



93. Sasaki K, Suzuki M, Mieda M, Tsujino N, Roth B, Sakurai T. Pharmacogenetic modulation of
orexin neurons alters sleep/wakefulness states in mice. PLoS One. 2011;6(5):e20360.

94. Zhu H, Pleil KE, Urban DJ, Moy SS, Kash TL, Roth BL. Chemogenetic inactivation of ventral
hippocampal glutamatergic neurons disrupts consolidation of contextual fear memory.
Neuropsychopharmacology. 2014;39(8):1880-92.

95. LiJH, Jain S, McMillin SM, Cui Y, Gautam D, Sakamoto W, et al. A novel experimental strategy
to assess the metabolic effects of selective activation of a G(q)-coupled receptor in
hepatocytes in vivo. Endocrinology. 2013;154(10):3539-51.

96. Jain S, Ruiz de Azua |, Lu H, White MF, Guettier JM, Wess J. Chronic activation of a designer
G(q)-coupled receptor improves beta cell function. J Clin Invest. 2013;123(4):1750-62.

97. Urban DJ, Zhu H, Marcinkiewcz CA, Michaelides M, Oshibuchi H, Rhea D, et al. Elucidation of
The Behavioral Program and Neuronal Network Encoded by Dorsal Raphe Serotonergic
Neurons. Neuropsychopharmacology. 2016;41(5):1404-15.

98. Park JS, Rhau B, Hermann A, McNally KA, Zhou C, Gong D, et al. Synthetic control of
mammalian-cell motility by engineering chemotaxis to an orthogonal bioinert chemical signal.
Proc Natl Acad Sci U S A. 2014;111(16):5896-901.

99. Little S, Brown P. Focusing brain therapeutic interventions in space and time for Parkinson's
disease. Curr Biol. 2014;24(18):R898-R909.

100. Presman DM, Ball DA, Paakinaho V, Grimm JB, Lavis LD, Karpova TS, et al. Quantifying
transcription factor binding dynamics at the single-molecule level in live cells. Methods.
2017;123:76-88.

Figure 1: Genome Browser Shots showing GR binding sites (peaks) detected in regulatory
elements of glucocorticoid-target genes in the rat hippocampus after acute stress (30min
restraint) or exogenous corticosterone treatment (30min intravenous infusion). Genome-
wide GR binding events were found to be highly similar between stress (red trace) and
corticosterone treatment (blue trace) conditions. Peaks were detected at sites upstream,
intronic and intergenic for genes encoding Period1 (a), Metallothionien1 / 2 (b), DNA damage
inducible Transcript 4 (c), Camk2a (d), Bdnf (e), and Thra (f).

Figure 2: Comparisons of sequencing techniques. a) ChIP-Seq reveals genome-wide
interactions between proteins, such as hormone receptors, with specific DNA sequences. b)
RNA-Seq is highly sensitive and enables analysis of gene expression across the genome. c)
Protein sequencing can be performed using Liquid chromatography mass spectrometry (LC-
MS) to show protein expression, protein-protein interactions and post-translational
modifications. d) DNase-Seq and ATAC-Seq map the more accessible, exposed, chromatin
regions across the genome whereas FAIRE-Seq assesses proteins of the nucleosome depleted
DNA. DNA regulatory areas where transcription factors bind and protect against enzyme
digestion leave a footprint which can also be detected from DNase-Seq and ATAC-Seq data
(63). e) MNase-Seq can be used to map where nucleosomes are present and therefore also
where nucleosome free areas are found.

Figure 3: Cellular distribution of mRNA for GR, MR and Perl in the dentate gyrus of the rat
hippocampus. RNA Fluorescent in situ hybridisation (RNAscope® Multiplex Fluorescent
Reagent Kit v2 2.0; Advanced Cell Diagnostics Inc., Hayward, CA, US) was used to detect GR,



MR and Perl mRNA according to the manufacturer's protocol. Probes used were: GR Rn-
NR3C1, (catalog no. 466991), MR Rn-NR3C2 (custom designed probe targeting 1175-2062 of
NM_013131.1; catalog no. 320269-C2) and Rn-Per1/466161(catalog no. 300031-C3), all from
Advanced Cell Diagnostics Inc. The NR3C1 probe set was used in channel 1 with TSA Plus
Fluorescein (NEL741001KT PerkinElmer). The NR3C2 probe set was used in channel 2 with TSA
Plus Cyanine 3 (NEL744001KT PerkinElmer). The Perl probe set was used in channel 3 with
TSA Plus Cyanine 5 (NEL745001KT PerkinElmer). Fluorescent microscopy was performed on
Leica SPE single channel confocal laser scanning microscope system at 40x magnification.
Solid state lasers: 405nm (25mW), 488nm (10 mW), 532nm (10mW) and 635nm (18mW) were
used to detect Dapi, Fluorescein, Cyanine 3 and Cyanine 5 respectively. Images were captured
on a Leica DFC365FX monochrome digital camera (1392x1040 6.45um pixels, 8 or 12 bit, 21
fps full frame).

Figure 4: Fos immunoreactivity (Fos-ir) in SON and PVN mCherry positive (hM3Dg-mCherry)
vasopressin (AVP) neurons a) This illustrates the DREADD technique used in this study. b)
Images showing Fos induction following 90min intraperitoneal administration of CNO
targeting hM3Dqg-mCherry expressing AVP neurons of the SON and PVN (90). Scale bars
indicate 200um; OT, optic tract; 3rd V, third ventricle.



