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ARTICLE

Duplications disrupt chromatin architecture
and rewire GPR101-enhancer communication
in X-linked acrogigantism

Martin Franke,1,13 Adrian F. Daly,2,13 Leonor Palmeira,3 Amit Tirosh,4 Antonio Stigliano,5,6

Eszter Trifan,7 Fabio R. Faucz,6 Dayana Abboud,8 Patrick Petrossians,2 Juan J. Tena,1 Eleonora Vitali,7,9

Andrea G. Lania,9 José L. Gómez-Skarmeta,1,15 Albert Beckers,2,14 Constantine A. Stratakis,6,10,11,14

and Giampaolo Trivellin12,14,*
Abstract
X-linked acrogigantism (X-LAG) is the most severe form of pituitary gigantism and is characterized by aggressive growth hormone (GH)-

secreting pituitary tumors that occur in early childhood. X-LAG is associated with chromosome Xq26.3 duplications (the X-LAG locus

typically includesVGLL1, CD40LG, ARHGEF6, RBMX, andGPR101) that lead to massive pituitary tumoral expression ofGPR101, a novel

regulator of GH secretion. The mechanism by which the duplications lead to marked pituitary misexpression of GPR101 alone was pre-

viously unclear. Using Hi-C and 4C-seq, we characterized the normal chromatin structure at the X-LAG locus.We showed thatGPR101 is

located within a topologically associating domain (TAD) delineated by a tissue-invariant border that separates it from centromeric genes

and regulatory sequences. Next, using 4C-seq withGPR101, RBMX, andVGLL1 viewpoints, we showed that the duplications in multiple

X-LAG-affected individuals led to ectopic interactions that crossed the invariant TAD border, indicating the existence of a similar and

consistentmechanism of neo-TAD formation in X-LAG.We then identified several pituitary active cis-regulatory elements (CREs) within

the neo-TAD and demonstrated in vitro that one of them significantly enhanced reporter gene expression. At the same time, we showed

that the GPR101 promoter permits the incorporation of new regulatory information. Our results indicate that X-LAG is a TADopathy of

the endocrine system in which Xq26.3 duplications disrupt the local chromatin architecture forming a neo-TAD. Rewiring GPR101-

enhancer interaction within the new regulatory unit is likely to cause the high levels of aberrant expression of GPR101 in pituitary tu-

mors caused by X-LAG.
Introduction

The correct expression of genes in time and space is medi-

ated predominantly by noncoding cis-regulatory elements

(CREs), known as promoters and enhancers, and by trans-

acting factors, such as transcription factors (TFs). Promoters

are located near the transcription start site (TSS) of a gene,

while enhancers can be located >1 Mb away.1 Enhancers

increase gene expression by physically interacting with

their target promoters via looping of DNA, an interaction

that is mediated by tissue-specific TFs. The specificity of

enhancer-promoter interactions is achieved, in part, by

compartmentalization of the genome into discrete regula-

tory units termed topologically associating domains

(TADs).2–4 TADs are typically megabase-sized chromatin
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domains with high levels of internal interaction that are

separated from each other by regions of low interaction

(TAD borders). TAD borders are enriched for the DNA-bind-

ing factor CTCF that acts together with other architectural

proteins to establish chromatin interactions and TADs in

the human genome.5–7 Consistent with this proposed

role in genome organization, TAD border positions are

generally stable across cell types and species.2,8,9 TADs

function as a dynamic scaffold for enhancer-promoter

DNA loops, guiding them spatially and facilitating interac-

tions. Disruption of normal TAD organization by genomic

rearrangements such as deletions or duplications can

expose promoters to external ectopic enhancers (a mecha-

nism called enhancer adoption or hijacking) and can lead

to the formation of a new TAD (neo-TAD).10,11,12 Indeed,
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experimental introduction of TAD border elements outside

of their normal genomic context can induce chromatin

reorganization and TAD disruption.13 This rewiring of

enhancer-promoter interactions has been implicated as a

novel pathogenic mechanism, although few disease

phenotypes (‘‘TADopathies’’) have been described to

date.10,14,15

X-linked acrogigantism (X-LAG [MIM: 300942]) is a

rare disease that leads to large, treatment-resistant growth

hormone (GH)-secreting pituitary tumors in neonates

and toddlers.16–18 Persons with X-LAG have tandem,

non-recurrent, constitutive (in females) or somatic mosaic

(in males) microduplications (average size approximately

600 kb) on chromosome Xq26.3 that invariably include

GPR101 (MIM: 300393) encoding an orphan G protein-

coupled receptor (GPCR).14,17–19 Marked upregulation of

GPR101 at the RNA and protein level is a hallmark of

pituitary tumors in X-LAG-affected individuals.16 Experi-

mental studies have highlighted an important role for

GPR101 in promoting pituitary GH and prolactin secretion

due to potent constitutive activity via Gs and Gq/11.
19

Other genes commonly duplicated alongside GPR101 at

the X-LAG locus are VGLL1 (MIM: 300583), CD40LG

(MIM: 300386), ARHGEF6 (MIM: 300267), and RBMX

(MIM: 300199), but their expression is unaltered in

pituitary tumors in X-LAG.16,17

In this study, we aimed to unravel the molecular

mechanism underlying GPR101 misexpression in X-LAG

tumors. We provide strong evidence that the duplication-

induced rearrangement of local chromatin creates a neo-

TAD, thereby permitting the GPR101 promoter to interact

ectopically with nearby CREs.
Material and methods

Subjects
Studies outlined below were performed using genetic samples from

six individuals with X-LAG and two unaffected mothers of X-LAG-

affected subjects (Table S1). Subjects were recruited under the Eunice

Kennedy ShriverNational InstituteofChildHealth andHumanDevel-

opment, National Institutes of Health protocol 97-CH-0076 (Clini-

calTrials.gov: NCT00001595) and under the University of Liège pro-

tocol B707201420418. The Institutional Review Boards of both

Centers approved this study, and informed assent/consent was ob-

tained from all the subjects and their parents.

Circular chromosome conformation capture (4C-seq)
3C and 4C library preparation was performed as previously

described with modifications described below and elsewhere.20

4C-seq primer sequences, viewpoint fragment coordinates, and

corresponding digestion strategies for primary and secondary

restriction enzymes are listed in Table S2. Experiments from

X-LAG and control samples were performed as singletons.

Cell fixation and nuclei extraction

Approximately 1 3 106 to 2.53 106 cells from cultured peripheral

blood mononuclear cells (PBMCs from all control subjects and

X-LAG-affected individuals S9 and S13) or nucleated cell isolates

from peripheral blood samples (X-LAG-affected individuals S2,
554 The American Journal of Human Genetics 109, 553–570, April 7,
S6, S7, and S17) were used as input material for 3C library

preparation. Trypsinized or disaggregated cells were filtered

through a 40 mm cell strainer (Corning, #352340) and pelleted

by centrifugation at 500 3 g. Cells were fixed in 5 mL of 2% form-

aldehyde in 10% FCS/PBS and incubated for 10 min at room tem-

perature to cross-link chromatin. The reaction was quenched with

glycine at a final concentration of 0.125M and incubation at room

temperature for 5 min. Cells were pelleted by centrifugation for

5 min at 500 3 g at 4�C and washed on ice twice with 13 PBS.

Cell pellets were either snap frozen in liquid nitrogen or processed

for nuclei extraction. For nuclei extraction, fixed cells were

resuspended in 2 mL freshly prepared lysis buffer (50 mM Tris

[pH 7.5]; 150 mM NaCl; 5 mM EDTA; 0.5% NP-40; 1.15% Triton

X-100; 1x Roche Complete protease inhibitors) and incubated

for 10 min on ice. Nuclei were pelleted by centrifugation for

5 min, 800 3 g at 4�C and washed with 13 PBS. Pelleted nuclei

were either snap-frozen in liquid nitrogen or further processed.

Chromatin digestion and proximity ligation for 3C library prepara-

tion

Nuclei pellets were resuspended in 100 mL of 0.5% SDS and

incubated for 10 min at 62�C, without shaking. 292 mL water and

50 mL 10% Triton X-100 were added to each sample, mixed, and

incubated for 15 min at 37�C to quench remaining SDS. 50 mL of

103 restriction enzyme buffer and a total of 400 units of primary re-

striction enzymewere added to each sample, mixed, and incubated

overnight at 37�C with 900 rpm shaking. The restriction enzyme

was heat inactivated according to the manufacturer’s instructions.

Nuclei were pelleted at 8003 g for 10 min at 4�C and resuspended

in 500 mL water. To ligate restriction fragment ends, 500 mL of 23

ligation mix (100 mL of 103 ligation buffer [NEB], 100 mL of 10%

Triton X-100, 10 mL of 10 mg/mL BSA, 6.5 mL of T4 DNA ligase

[NEB, M0202L], 283.5 mL water) were added to each sample and

incubated overnight at 16�C and 800 rpm shaking.

Cross-link reversal and DNA purification

Nuclei were pelleted by centrifugation for 10 min, 800 3 g at 4�C
and sample volume was reduced to a total of 200 mL. 230 mL of

10 mM Tris HCL (pH 7.5), 20 mL of Proteinase K (10 mg/mL),

and 50 mL of 10% SDS were added, mixed by pipetting, and incu-

bated for 30 min at 55�C. Subsequently, 40 mL of 4 M NaCl were

added and samples were incubated overnight at 65�C with

700 rpm shaking. Next, 5 mL of RNase A (10 mg/mL) were added,

followed by incubation at 37�C for 30 min at 700 rpm. 20 mL Pro-

teinase K (10 mg/mL) were added to the sample and incubated at

55�C for 1–2 h at 700 rpm. DNA was purified by phenol-chloro-

form extraction. Following DNA precipitation, the dried DNA pel-

let was reconstituted in 100 mL 10mMTris-HCl (pH 7.5). DNA con-

centration from resulting 3C libraries was measured with Qubit.

Second restriction digestion and intra-molecular ligation for 4C-seq

library preparation

3C libraries were digested with secondary restriction enzyme and

incubated overnight at 37�C in a 500 mL reaction volume, contain-

ing 13 restriction enzyme buffer and 5 units of restriction enzyme

per 1 mg DNA. The restriction enzyme was heat-inactivated

following the manufacturer’s instructions. Samples were trans-

ferred to 50 mL falcon tubes to increase ligation reaction volume

with water and to promote intra-molecular ligation events. Sam-

ples were ligated overnight at 16�C in a 7 mL ligation reaction,

containing 13 ligation buffer, 100 units of T4-DNA ligase (Thermo

Fisher Scientific, #EL0011). Samples were further diluted with wa-

ter to 14 mL. For DNA precipitation, samples were mixed with

1.4 mL 3 M sodium acetate (pH 5.2), 700 mg glycogen, and

35mL 100% ethanol. Samples were placed at�80�C until solution
2022



became viscous. DNA was pelleted by centrifugation at full speed

for 1 h at 4�C. The pellet was washed with 70% ethanol and

DNA resuspended in 200 mL of 10 mM Tris-HCl (pH 7.5). Samples

were subsequently purified using AMPure XP beads (Agencourt,

A63881) as follows: 1.83 volume of AMPure beads were added

to the sample, mixed by pipetting, and incubated for 10 min at

room temperature. Beads were separated on a magnet, and clear

supernatant was discarded. Beads were washed twice with 70%

EtOH, air-dried for 5 min and DNA was eluted in 100 mL 10 mM

Tris-HCl (pH 7.5). DNA concentration of 4C libraries was

measured with Qubit.

Inverse 4C PCR and sequencing of 4C-seq libraries

4C libraries were used as templates for inverse PCR using primers

designed for the viewpoint digestion fragment (Table S2). Primers

were designed as previously described.21 The 50 ends of

primers contained the following partial Illumina TrueSeq adapters,

read primer 1: 50-CTACACGACGCTCTTCCGATCT-30; primer 2:

50-CAGACGTGTGCTCTTCCGATCT-30. Primer pairs were tested

for optimal PCR amplification using a template dilution series

with 0.5, 1, 2, and 4 ng/mL final concentration in PCR. Optimal

template concentration determined by gel electrophoresis

corresponded to the highest template concentration producing

reproducible banding pattern and amplification in a linear range.

PCR conditions in 50 mL (Expand Long Template PCR System,

Roche, #11759060001): 13 PCR buffer, 0.2 mM dNTPs, 1 mM

primers, 0.075 U/mL DNA polymerase, template as determined.

PCR cycler setup: (1) 94�C for 2 min, (2) 94�C for 15 s, (3) 55�C
for 1 min, (4) 68�C for 3 min, (5) repeat step (2) 29 times, (6)

68�C for 7 min, (7) 4�C. Parallel PCR reactions were performed to

amplify from a total of 1 mg template per 4C library and viewpoint.

PCR reactions were pooled and purified using 1.83 volume of

AMPure XP beads (Agencourt, A63881), see procedure above.

Finally, 4C-seq libraries were indexed using TruSeq index

primers (e.g., NEBNext Index Primer for Illumina [NEB #E7335S]

and NEBNext High-Fidelity 2X PCR Master Mix [NEB]). 40 mL

PCR reaction, containing 13 NEBNext High-Fidelity PCR Master

Mix, 0.75 mM NEBNext Universal Primer, and NEBNext Index

Primer, 50 ng of inverse PCR product. PCR cycler setup: (1) 98�C
for 60 s; (2) 98�C for 10 s; (3) 65�C for 30 s; (4) 72�C for 30 s; (5)

repeat step (2) 7 times; (6) 72�C for 5 min. For each sample, 4 in-

dependent PCR reactions were performed then pooled for AMPure

beads purification, using 1.03 volume of bead solution. Final 4C-

seq libraries were resuspended in 50 mL water, multiplexed, and

sequenced using HiSeq technology to produce 50 bp single-end

reads and approximately 10 million raw sequencing reads for

each viewpoint and sample.

4C-seq data analysis and data visualization
4C-seq data were analyzed as previously described.22 Briefly,

sequencing data were demultiplexed and mapped to the human

reference genome (GRCh37/hg19). Reads located in restriction

fragments flanked by restriction recognition sites of the same

enzyme, in fragments smaller than 40 bp or within a window of

10 kb around the viewpoint were filtered out. Mapped reads

were then converted to read counts per restriction fragment of

the first restriction enzyme. For visualization, all samples were

normalized for million mapped reads (reads per million, RPM)

for a given genomic region (chrX:135,000,000–137,000,000,

hg19) and smoothened using a 10-fragment running window

algorithm. To compare interaction profiles of X-LAG subjects to

control, subtraction of normalized reads was applied. To reduce

variability among control samples, an average profile from three

independent control samples was used for subtraction.
The Ame
Chromatin contact enrichment of candidate enhancers

with GPR101 promoter
Normalized read counts for restriction fragments overlapping

with candidate enhancer regions (eHTATSF1, chrX:135,577,559–

135,581,959; eVGLL1-intronic, chrX:135,625,877–135,641,072;

eVGLL1-distal, chrX:135,656,769–135,660,247;ARHGEF6-intronic,

chrX:135,846,959–135,851,769; eRBMX, chrX:135,959,959–135,

963,959; eAK055694, chrX:135,990,759–135,994,160) were ex-

tracted from the GPR101 viewpoint for X-LAG and control samples.

Total read count in each candidate regionwas averaged and normal-

ized by read-covered fragments to correct PCR bias for spurious and

high read counts in single fragments. Fold enrichment of chromatin

contacts relative tocontrols (average fromthree independentcontrol

samples) was calculated and plotted on a logarithmic scale.

Hi-C data visualization and TAD coordinates
GM12878 Hi-C data were visualized in the UCSC genome browser

(hg19) at 5 kb resolution in Figure 1. The predicted TAD positions

for different cell types (Figures 1 and S1) were obtained from the

3D genome browser23 (Table S3). TAD positions were predicted

from Hi-C data with the hidden Markov model (HMM) pipeline

from Dixon et al.2,23,24 TAD coordinates for all cell types were

available in the hg19 genome version, except data for GM12878,

which we retrieved in the hg38 genome version and subsequently

converted to hg19, using the UCSC liftOver tool.7,24–28

CRE annotation
GPR101 promoter annotation was carried out using the

Gene2Promoter tool of the Genomatix suite (Genomatix) and

the MPromDb software.29 Two promoter sequences were identi-

fied with these methods: a proximal 1,101-bp-long region and a

distal 1,097-bp-long region (Figure S5). These sequences were

then intersected with specific tracks (CpG Islands, H3K27ac, and

H3K4me3marks from ENCODE) retrieved from the UCSC genome

browser and the TSS annotations from the FANTOM5 consortium.

The genomic locations of the regions containing candidate en-

hancers identified by interrogating the H3K27ac ChIP-seq tracks

retrieved from NCBI Gene Expression Omnibus (GEO)

GSM1119175 and GSM111915230 and the ATAC-seq tracks GEO:

GSM357991931 were intersectedwith the list of regulatory elements

retrieved from the genome-wide GeneHancer database.32 This

approach allowed the identification of four known putative en-

hancers sequences: GH0XJ136495, a 4,401-bp-long sequence

overlapping the HTASF1 promoter; GH0XJ136764, a 4,811-bp-

long sequence located within an intron of ARHGEF6;

GH0XJ136878, a 4,001-bp-long sequence overlapping the RBMX

promoter; GH0XJ136908, a 3,402-bp-long sequence located within

the AK055694 (ENSG00000234062) pseudogene. Two additional

candidate enhancers were identified within and downstream of

VGLL1 and labeled as eVGLL1-intronic (1,357-bp-long) and

eVGLL1-distal (4,101-bp-long), respectively.

Cloning of GPR101 promoter sequences and candidate

enhancers into reporter vectors
The two in silico-identified promoter sequences for GPR101 were

PCR amplified from the genomic DNA of a healthy control donor

and cloned into the pGEM-T-Easy vector (A1360, Promega) using

the SacI restriction site. Cloning was performed using the In-

Fusion Cloning System (Takara Bio Europe) and the primers listed

in Table S2. The primers were designed using the online In-Fusion

Cloning Primer Design Tool (Takara Bio Europe). Both SacI
rican Journal of Human Genetics 109, 553–570, April 7, 2022 555



Figure 1. Chromatin organization at the X-LAG locus
(A) Hi-C data fromGM12878 lymphoblastoid cells, visualized in the UCSC genome browser at 5 kb resolution (hg19, chrX:135,336,766–
136,561,684), showing TAD organization at the X-LAG locus. The ChIP-seq signal for the transcriptional regulator CTCF fromGM12878
lymphoblastoid cells and gene annotation are shown underneath. Frequent chromatin interactions within TADs and prominent loop
interactions are delimited by CTCF binding sites.
(B) 4C-seq interaction profiles of control samples with viewpoints (black triangles) in the promoters of GPR101, RBMX, and VGLL1 in
samples of peripheral blood mononuclear cells (PBMCs, upper three tracks) and nucleated blood cells from peripheral blood samples
(lower three tracks). Prominent chromatin interactions from each promoter are confined to the respective TADs, recapitulating the
TAD organization observed by Hi-C.
(C) Schematic representation of the X-LAG locus and genomic positions of five different tandem duplications from subjects with X-LAG
(blue boxes). All duplications involve the invariant TAD border (red hexagon) that under normal conditions separates GPR101 and
genomic sequences located centromerically, including RBMX and ARHGEF6. For the sake of visualization, genes that were studied in
the current experiments are indicated as black boxes while genes not of relevance to the current work are shown in gray boxes. Note
that the gene body of the pseudogene AK055694 (light gray box) overlaps with the TAD border but its putative promoter is located
centromeric to the TAD border.
(D) Mean RNA expression levels in four X-LAG tumors and three normal pituitaries show consistent upregulation of GPR101 in individ-
uals with X-LAG duplications.
All panels are aligned to have the same start and end genomic coordinates.

556 The American Journal of Human Genetics 109, 553–570, April 7, 2022



fragments were subcloned into a promoter-less luciferase reporter

vector (pLightSwitch_Prom, S790005, Switchgear Genomics) us-

ing the SacI site located upstream of the start codon of the RenSP

(synthetic Renilla luciferase that includes mODC PEST) reporter

gene.

The eARHGEF6-intronic (GeneHancer ID: GH0XJ136764) and

eVGLL1-intronic fragments were PCR amplified from the genomic

DNA of a healthy control donor and cloned into an enhancer

reporter vector (pLightSwitch_LR, S990005, Switchgear Geno-

mics) using, respectively, the HindIII or the NheI (50) and XhoI

(30) sites located upstream of the weak, constitutive herpes

simplex virus thymidine kinase (TK) gene promoter. Cloning

was performed using the In-Fusion Cloning System (Takara Bio

Europe) and the primers are listed in Table S2. The eHTATSF1

(GeneHancer ID: GH0XJ136495), eRBMX (GeneHancer ID:

GH0XJ136878), eAK055694 (GeneHancer ID: GHOXJ136908),

and eVGLL1-distal fragments were cloned within the same

enhancer reporter vector using either the KpnI site (eHTATSF1,

eRBMX, eAK055694) or the NheI (50) and XhoI (30) sites

(eVGLL1-distal). These sequences were synthesized and cloned

by GeneWiz Inc. All cloned fragments were verified by

Sanger sequencing. The preparations of all plasmid DNAs used

in the experiments were checked for integrity by restriction

digestion with single or double cutters followed by a run on a

1% agarose gel.

Cell culture
The rat pituitary tumor GH3 cell line and the Human Embryonic

Kidney (HEK)-293AD cell line were purchased from ATCC

(CCL-82.1 and CRL-1573, respectively). Cells were tested for my-

coplasma contamination and tested negative. Cells were main-

tained in Dulbecco’s modified Eagle’s medium (DMEM, low

glucose, pyruvate, no glutamine; GIBCO) supplemented with

10% fetal bovine serum (Gemini Bio Products), 10 mM HEPES,

and 1% antibiotic-antimycotic (GIBCO) in a humidified atmo-

sphere at 37�C with 5% CO2.
CRE luciferase reporter assays
GH3 and HEK293AD cells were seeded in 96-well plates (white

clear bottom, poly-d-lysine coated, 354651, Corning Biocoat) at

a density of 3.2 and 2.5 3 104 cells per well, respectively. After

24 h, cells were transfected with TurboFect (R0531, Thermo Fisher

Scientific) according to the manufacturer’s protocol, using 100 ng

of each reporter vector. A reporter construct containing the strong,

constitutive promoter of the human housekeeping gene beta actin

(S717678, Switchgear Genomics) was used in each experiment and

served as positive transfection control. At 24 h after transfection,

cells were lysed and Renilla luciferase activity measured using the

Renilla Luciferase Assay System (E2810, Promega) following the

manufacturer’s protocol. All experiments were repeated at least

three times with three technical replicates for each construct.
RNA-seq analysis
Each sample was prepared as follows: total RNA was extracted

from surgical samples of pituitary tumors in four individuals with

X-LAG (three females, one male) and also from three samples of

normal adult pituitaries (two males, one female) obtained at

autopsy (Cureline Inc.). Total RNA-seq libraries were prepared,

libraries were sequenced on an Illumina HiSeq with a 50 bp single-

or paired-end protocol and demultiplexed (Zymo Research). Qual-

ity of raw data files (fastq) were evaluated using the fastqc (see web
The Ame
resources) and trimmed with Trimmomatic.33 Then, only high-

quality readswere aligned to thehuman referencegenomehg19us-

ing Star34 in a two-pass approach. A first STAR pass allowed us to

obtain a database of splice junctions, from which we filtered out

any non-canonical junctions. A new genome was generated with

the splice junctions and a second STAR pass was run. Coverage

per samplewas computed in 1 kb bins and a per sample upper quar-

tile normalization was performed. The normalized average

coverage was then computed for all X-LAG samples in the one

hand and for the normal samples on the other. Raw count of reads

per gene per sample was obtained using the feature Counts.

As recommended, analyses of differential expression to compare

X-LAG and normal pituitary samples gene expression were per-

formed with different analytical packages.35,36 First, we performed

an analysis with edgeR and limma as follows: rows with all zero

counts and rows with very low counts in at least two samples

were removed. Library sizes were then reset in edgeR and a TMM

normalization was applied before transforming the counts into

log CPM (counts per million) values. A simple linear model matrix

with the two conditions as contrast was fit to the data and empir-

ical Bayes statistics were used to identify differentially expressed

genes with a robustification against outlier dispersion. This anal-

ysis identified 18 differentially expressed genes based on an

adjusted p value < 0.05 threshold. The complete list of differen-

tially expressed genes (genes for which a fold change is observed

between X-LAG and control samples), is presented in Table S4.

A second differential expression analysis was performed by

using HTSeq-count for expression quantification;37 the derived

counts files were then analyzed using DESeq2.38 This analysis

identified 88 differentially expressed genes based on an adjusted

p value < 0.05 threshold. The complete list of differentially

expressed genes from this second analysis is also presented in

Table S4. A list of common differentially expressed genes was

then obtained by intersecting the different analyses’ outputs, us-

ing as a cutoff the first 500 genes of each list ranked by p value.

This list, comprising 55 genes (Table 1), was subjected to pathway

enrichment analysis using Metascape.39

GTEx
The data used for the analyses described in this manuscript were

obtained from the GTEx Portal on 09/30/2021.

Statistical analysis
The graphs presented in Figure 6 were plotted as individual

biological replicateswithmean5 standard deviation (SD).Data dis-

tributions were assessed for approximate normality and differences

between experimental groupswere analyzed by 1-wayANOVAwith

Dunnett’s post hoc test or a corresponding non-parametric test, as

appropriate.Datawere analyzed usingGraphPadPrism (GraphPad).

p values < 0.05 were considered statistically significant.
Results

Chromatin organization and normal TAD structure at

the X-LAG locus on chromosome Xq26.3

Structural variations and tandem duplications can inter-

rupt and rearrange the local TAD organization and thereby

interfere with gene regulation. To investigate the potential

contribution of TAD disruption to the etiology of X-LAG,

we first determined the normal structural organization at
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Table 1. Transcripts of interest differentially expressed in X-LAG versus normal pituitary

Gene symbol Description log2 Fold change p value p adjusted

GPR101 G protein-coupled receptor 101 12.63436884 1.29E�07 0.000190613

CBLN1 cerebellin 1 precursor 5.512119335 0.000563223 0.069604995

THBS2 thrombospondin 2 5.308143562 2.21E�05 0.006548969

SHC3 SHC adaptor protein 3 3.511547641 1.30E�05 0.006548969

HEPACAM2 HEPACAM family member 2 3.438855732 0.001902735 0.100777001

ECEL1 endothelin converting enzyme like 1 3.435679699 0.000217119 0.04024841

OTOS otospiralin 3.02397859 0.001895077 0.100777001

ROBO2 roundabout guidance receptor 2 2.710070311 0.001458344 0.090601717

PDE3A phosphodiesterase 3A 2.661730163 1.97E�05 0.006548969

FKBP10 FKBP prolyl isomerase 10 2.293691778 0.000235806 0.041141147

RAB27B RAB27B, member RAS oncogene family 2.273319657 0.000154602 0.035272955

ZNF185 zinc finger protein 185 with LIM domain 2.272444372 0.00077183 0.078939629

ENPP2 ectonucleotide pyrophosphatase/
phosphodiesterase 2

2.215979663 0.000302407 0.049829942

RCN1 reticulocalbin 1 1.79981704 0.001001391 0.08735662

THY1 Thy-1 cell surface antigen 1.693370111 0.003678918 0.132060483

FAM163A family with sequence similarity
163 member A

1.58328952 0.015330845 0.231996364

MEF2C myocyte enhancer factor 2C 1.295394391 0.005879336 0.169266482

CNTN2 contactin 2 1.257122224 0.008331689 0.191799297

ACSL6 acyl-CoA synthetase long chain
family member 6

1.193527525 0.058994577 0.356575463

NRXN3 neurexin 3 1.118119659 0.003173021 0.132060483

ZNF667 zinc finger protein 667 1.085357541 0.000197451 0.039042708

PTPRK protein tyrosine phosphatase
receptor type K

1.060081218 0.003335589 0.132060483

CDH18 cadherin 18 1.035159724 0.002714759 0.125756193

NCALD neurocalcin delta 1.021986775 0.025977855 0.281559841

AFAP1 actin filament associated protein 1 0.879150352 0.004961622 0.151713106

JMY junction mediating and
regulatory protein, p53 cofactor

�0.697771242 0.00521534 0.156249487

IPO7 importin 7 �0.703833909 0.006282581 0.169612007

DENND4A DENN domain containing 4A �0.820624498 0.00709545 0.179872693

ARHGAP26 Rho GTPase activating protein 26 �0.858268895 0.00593517 0.169266482

HTRA1 HtrA serine peptidase 1 �0.933790787 0.042763447 0.326057545

CHD3 chromodomain helicase DNA
binding protein 3

�0.972833851 0.011306594 0.224110606

ENAH ENAH actin regulator �1.006496792 0.000133954 0.033108953

PTPRS protein tyrosine phosphatase
receptor type S

�1.078053314 0.001090912 0.089879005

SYNE2 spectrin repeat containing
nuclear envelope protein 2

�1.252332472 0.001496792 0.090601717

ST18 ST18 C2H2C-type zinc finger
transcription factor

�1.257373855 0.006370766 0.169612007

SLC5A3 solute carrier family 5 member 3 �1.27293174 0.043192658 0.326809756

(Continued on next page)

558 The American Journal of Human Genetics 109, 553–570, April 7, 2022



Table 1. Continued

Gene symbol Description log2 Fold change p value p adjusted

IGFBP5 insulin like growth factor
binding protein 5

�1.470642696 0.00204994 0.104829669

MCOLN3 mucolipin TRP cation channel 3 �1.538158909 0.008341911 0.191799297

A2M alpha-2-macroglobulin �1.546266649 0.00460635 0.148504708

ANXA1 annexin A1 �1.554518488 0.047250273 0.336077478

RAB3B RAB3B, member RAS oncogene family �1.559168136 0.000489003 0.067755285

CACNA1H calcium voltage-gated
channel subunit alpha1 H

�1.615245675 0.000484715 0.067755285

STEAP4 STEAP4 metalloreductase �1.615302685 7.62E�05 0.020556875

FBXO32 F-box protein 32 �1.626663872 0.001474508 0.090601717

DSP desmoplakin �1.805180049 8.06E�06 0.005978382

SOD2 superoxide dismutase 2 �1.853240635 0.042101935 0.323536447

TGFBR3 transforming growth factor
beta receptor 3

�1.874227585 1.58E�05 0.006548969

OBSCN obscurin, cytoskeletal calmodulin
and titin-interacting RhoGEF

�2.04135558 0.000920676 0.085335122

SORBS1 sorbin and SH3 domain containing 1 �2.100457177 0.010402284 0.220975104

AEBP1 AE binding protein 1 �2.318738851 0.010430383 0.220975104

COL6A6 collagen type VI alpha 6 chain �2.618856526 0.012027287 0.224358063

GPC4 glypican 4 �3.013712734 0.000545355 0.069604995

NPTX2 neuronal pentraxin 2 �4.197420142 2.05E�05 0.006548969

POMC proopiomelanocortin �4.876589807 3.01E�07 0.000297977

LHB luteinizing hormone subunit beta �8.869100817 4.10E�09 1.22E�05

55 differentially regulated genes (p value< 0.05) were identified by both analytical methods (edgeR/limma and DESeq2) that were employed to analyze the RNA-
seq data. The transcripts are sorted by log2 fold change. EdgeR/limma-derived values are presented in the table.
the X-LAG locus using Hi-C, a chromosome conformation

capture technology that allows for the quantification of

genome-wide chromatin contacts. Hi-C data at high reso-

lution in the human lymphoblastoid cell line GM12878

showed that the X-LAG locus is highly structured, forming

several TADs that spatially separate the locus (Figure 1A).

GPR101 is organized within a TAD extending telomerically

and harboring no other nearby genes within the region

that is typically duplicated at the X-LAG locus.7 The

neighboring genes that lie centromeric to GPR101

(CD40LG, ARHGEF6, RBMX), and that are commonly

duplicated alongside GPR101 in X-LAG, are partitioned

within distinct TADs. The TAD border separating GPR101

from the centromeric genes is characterized by two

CTCF-binding sites located within a 30 kb region. Impor-

tantly, comparison of Hi-C data from 21 human tissues,

including pluripotent and terminally differentiated cell

types, revealed that the spatial separation of the locus by

this TAD border is largely tissue invariant (Figure S1 and

Table S3). Furthermore, comparison between human and

mouse data revealed that the general chromatin structure

and invariant TAD border observed at the X-LAG locus is

evolutionarily conserved (Figure S2).
The Ame
Using 4C-seq, we probed chromatin interactions along

the X-LAG locus from GPR101, RBMX, and VGLL1 pro-

moters in healthy individuals (Figure 1B). 4C-seq experi-

ments performed in PBMCs and direct cell isolates from

peripheral blood samples revealed similar interaction

profiles for both sample types. Those profiles resembled

the chromatin topology observed from Hi-C data. Chro-

matin interactions involving the GPR101 promoter were

restricted to the telomeric end of the X-LAG locus and

separated from chromatin interactions established by the

RBMX and the further centromerically located VGLL1

promoters. This topological separation observed with

both Hi-C and 4C-seq is consistent with the known cell

type- and tissue-specific expression of genes at the locus.

RBMX and ARHGEF6, that share the same TAD, show over-

lapping expression profiles in multiple tissues, including

strong expression in the pituitary gland (Figure S3). Pitui-

tary expression, although at a lower level, was also

observed for VGLL1 and CD40LG. In contrast, GPR101 ex-

hibits a restricted expression in brain tissues only and is

normally not expressed in the adult pituitary gland.40,41

This suggests that, under normal conditions, genes and

their CREs at the X-LAG locus are separated into different
rican Journal of Human Genetics 109, 553–570, April 7, 2022 559



Figure 2. Gene expression analysis in X-LAG tumors versus normal pituitary
Count files from total RNA-seq analyses of four X-LAG tumors and three normal pituitaries were analyzed in parallel using edgeR/limma
and DESeq2 methods, which provided highly consistent outputs of differentially expressed genes.
(A) A volcano plot shows the range of significantly up- and downregulated genes, among which GPR101 was the most markedly dysre-
gulated gene overall. The most significantly downregulated genes were those characteristic for pituitary corticotrope (POMC) and gona-
dotrope (LHB) secretion, reflecting a tumoral process in X-LAG that favored somatotrope development and secretion over other pituitary
axes. The most dysregulated genes with the lowest adjusted p values are highlighted. EdgeR/limma-derived values are presented in the
plot.
(B) Pituitary was identified as the tissue most significantly affected in a pathway analysis using GO categories from PaGenBase.39,42

(C) The GO terms that were most significantly altered in the RNA-seq dataset were those for cell-cell adhesion and response to hormone;
other GO terms related to pituitary or endocrine function included regulation of secretion by cell, reproductive structure development,
and response to glucocorticoid.
TADs and that a strong TAD border separates GPR101 from

centromeric genes and regulatory sequences.

Overlapping the position of X-LAG-associated tandem

duplications with the chromatin structure at the locus

revealed that all duplications include the observed strong

and tissue-invariant TAD border, GPR101, and genomic

sequences centromeric to this TAD border (Figure S4). In

this study we will focus on individuals S2, S6, S7, S9, and

S13, as shown in Figure 1C.

RNA-seq analysis in X-LAG tumors and normal pituitary

tissue further supported an effect on gene expression that

was focused on GPR101. As seen in Figure 1D, GPR101

was markedly upregulated while other duplicated genes

at the X-LAG locus were unaltered or remained expressed

at low levels (mean raw gene counts at the locus are listed

in Table S5).

The differentially expressed genes listed in Table 1

show that GPR101 was by far the most significantly dysre-

gulated gene overall in X-LAG tumors versus normal pitu-

itary (>12 log2-fold increase). Interestingly, specific genes
560 The American Journal of Human Genetics 109, 553–570, April 7,
for hormones secreted by other pituitary cell types like cor-

ticotropes (POMC) and gonadotropes (LHB) were highly

downregulated in X-LAG pituitary (Table 1, Figure 2A).

This contributed to a strong tissue-specific pituitary

signature in terms of significantly disordered pathways

(Figure 2B), including individual GO terms such as

response to hormone, regulation of secretion by cell, and

reproductive structure development (Figure 2C). These

RNA-seq data corroborate and expand on the role of

GPR101 in the regulation of GH and prolactin secretion

that we previously reported in transgenic mice.19 The

involvement of other GO pathway terms like cell-cell

adhesion and focal adhesion assembly may reflect the mol-

ecules and signals involved in the tumorigenic processes in

pituitary adenomas from the X-LAG subjects.

X-LAG-related chromosome Xq26.3 duplications induce

neo-TAD formation and ectopic chromatin interactions

Using 4C-seq, we investigated the effects of chromosome

Xq26.3 duplications on TAD structure in PBMCs and
2022



Figure 3. Ectopic chromatin interactions of GPR101 extend centromerically and cross a TAD border
4C-seq profiles from the GPR101 viewpoint in six different X-LAG-affected individuals. Size and position of each duplication are indi-
cated below each 4C-seq profile (blue bar) and corresponding subtraction profiles to control samples are presented below.GPR101 shows
consistent ectopic interactions with regions centromeric of the TAD border. Note that the exact breakpoints for the S17 duplication is not
determined.
nucleated cell isolates from peripheral blood samples

collected from six unrelated X-LAG-affected individuals,

as compared with normal control subjects. For these

studies, the viewpoint for the 4C-seq analysis was placed

on the GPR101 promoter region. Across the X-LAG-

affected individuals, we demonstrated that the chromo-

some Xq26.3 duplication led to new interactions that

crossed the normal TAD boundary surrounding GPR101.

This, in turn, revealed a landscape of ectopic chromatin

interactions of GPR101 outside of the normal TAD border

(Figure 3).

This is illustrated, for example, in subject S6, in whom

the duplication creates a unique configuration of genomic

sequences around its breakpoint, delineated by the

duplicated TAD border (Figure 4A). Using the breakpoint
The Ame
as a unique viewpoint in the subject’s genome, we further

demonstrated that the resulting 4C-seq profile showed

typical enrichment close to the viewpoint (i.e., the

breakpoint) but also frequent chromatin interactions

across duplicated sequences that cross the usually

invariant normal TAD border. Also, genomic regions

outside the duplication showed very low levels of interac-

tion, indicating that the duplicated sequences within the

neo-TAD are physically separated. Therefore, in subject

S6, GPR101 and RBMX viewpoints within the duplication

showed ectopic contacts when compared to control sam-

ples (Figure 4A). The GPR101 viewpoint showed additional

interactions that extended across the normally invariant

TAD border toward the centromeric duplicated sequences,

a pattern not observed under normal conditions. The
rican Journal of Human Genetics 109, 553–570, April 7, 2022 561



Figure 4. X-LAG duplications create a neo-TAD and ectopic chromatin contacts
(A) 4C-seq experiments in a person harboring a 600 kb tandem duplication (individual S6 reported previously).16 The schematic depicts
the S6 duplicated allele with a duplicated TAD border (red hexagons). Size and position of the duplication is indicated by overlap and
blue shaded area. The dotted line, connecting the duplicated sequences, illustrates the duplication breakpoint. Note that the duplication
breakpoint disrupts VGLL1, excluding the VGLL1 promoter and viewpoint from the duplication. Below, the 4C-seq interaction profile
from the unique viewpoint created by the duplication breakpoint is shown (brown track). The breakpoint is flanked by the duplicated

(legend continued on next page)
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RBMX viewpoint also showed ectopic contacts with

genomic regions around GPR101. In contrast, the VGLL1

promoter, which was outside of the duplication in this sub-

ject, did not show any abnormal chromatin interactions,

confirming that sequences within neo-TADs are spatially

insulated. The observed aberrant interaction patterns

suggest the formation of a neo-TAD, which rearranges

genomic sequences that, under normal conditions, do

not interact with each other. Overall, the Hi-C, 4C-seq,

and RNA-seq data indicate that the inclusion of one copy

of GPR101 within the neo-TAD and the resulting ectopic

contacts with potential CREs (Figure 4B) can account for

GPR101 upregulation observed in X-LAG pituitary tumors.

The 4C-seq data showed consistent effects across all

X-LAG samples irrespective of the different spans of the

Xq26.3 duplication (Figures 3 and 4). Despite the variable

duplication breakpoints, GPR101 showed ectopic interac-

tions that cross the invariant TAD border at the X-LAG

locus. These findings strongly suggest that a similar and

consistent mechanism of neo-TAD formation exists for

all tested duplications in X-LAG.

GPR101 ectopically interacts with candidate pituitary

CREs

In X-LAG, the newly established interactions harbor

potential CRE sequences such as enhancers that could

drive the marked overexpression of GPR101 that is seen

in the X-LAG pituitary tumors. We searched for CREs

predicted in the GeneHancer database and for enhancer-

associated histone modifications (H3K27ac) from the

human pituitary and hypothalamus to identify those

CREs with active chromatin signatures (Figure 5A). The

genomic region telomeric to the invariant TAD border

and containing GPR101 was largely depleted of predicted

CREs and pituitary-specific signals. We identified only

two regions showing activity in the pituitary, one in the

known promoter of GPR10117,41 and one 21 kb upstream

of its start codon. The latter region overlapped with

H3K4me3 signals and a CpG island and likely corresponds

to a putative far-distal promoter region of GPR101

(Figure S5). In contrast, the region centromeric to the

normal invariant TAD border showed multiple predicted

CREs and widespread activity in the hypothalamus and pi-

tuitary gland, which is consistent with the transcriptional

activity of genes in this region (Figure S3). We found four

predicted CREs with strong H3K27ac enrichment in the

proximal promoter regions of HTATSF1 (MIM: 300346),

RBMX, AK055694 (a pseudogene telomeric of RBMX),

and in the intron of ARHGEF6 (eARHGEF6-intronic). In
TAD border and the 4C-seq profile shows high interaction frequencies
TAD is spatially insulated. All reads mapped to a wild-type genome (re
4C-seq profiles from the GPR101, RBMX, VGLL1 viewpoints and co
(blue tracks). The viewpoints at GPR101 and RBMX promoters, inclu
teractions. The VGLL1 promoter viewpoint, excluded from individu
(B) Model depicting chromatin interactions (arrows) at the X-LAG lo
rangement of genes and the invariant TAD border. Rearranged seque
domain (neo-TAD) that is characterized by ectopic interactions (dott

The Ame
addition, and although not predicted by GeneHancer, we

identified two CRE candidates that showed a pituitary-spe-

cific H3K27ac enrichment in VGLL1 (eVGLL1-intronic)

and downstream of VGLL1 (eVGLL1-distal). Interestingly,

these enhancer candidates with pituitary-specific signals

contain sequences conserved among mammals, and

chromatin accessibility assays in mouse pituitary revealed

a functional conservation in somatotrope and lactotrope

subpopulations of the anterior lobe of the pituitary (Fig-

ures 5A and S6). Collectively, this analysis revealed that

the genomic region centromeric to the TAD border con-

tains multiple CREs and shows widespread regulatory ac-

tivity, including in the pituitary gland. These CRE se-

quences showed increased interaction frequency with the

GPR101 promoter in cells from all tested X-LAG-affected

individuals (Figure 5B).

The rearrangement of large portions of this pituitary

active region and GPR101within the neo-TAD would favor

their spatial proximity and could lead to dysregulation of

GPR101. To study this further, we overlapped the position

of CREs with the smallest regions of overlap (SROs) of

known X-LAG-associated duplications. Interestingly, two

out of 29 duplications at the locus (individuals S4 and I)

are interrupted, with sequence duplications on either

side of the invariant TAD border, defining two SROs, one

telomeric and one centromeric to the invariant TAD border

(Figure S4).43 The telomeric SRO always contains GPR101

and its known promoter sequence whereas the centro-

meric SRO includes a pituitary-active region, containing

at least the eVGLL1-intronic enhancer. The induced

genomic rearrangements of all known X-LAG duplications

reposition one copy of GPR101 next to active pituitary re-

gions. This scenario supports the model in which spatial

proximity of GPR101 with potential pituitary-active CREs

could drive GPR101 dysregulation in X-LAG-affected

subjects.

GPR101 is compatible with pituitary and embryonic

developmental programs

GPR101 dysregulation in the pituitary by new CREs has as

a prerequisite the compatibility of the GPR101 promoter to

respond functionally to these new ectopic signals. We,

therefore, tested the ability of the GPR101 promoter to

activate gene expression in response to pituitary- and em-

bryonic-specific cellular programs. The telomeric SRO

overlaps with the known GPR101 promoter and in this re-

gion two promoter sequences (defined here as proximal

and distal), each overlapping a CpG island, were identified.

Their location is corroborated by our previous RNA-seq
with regions restricted to the duplication, indicating that the neo-
sulting in split viewpoint for duplication breakpoints). Below this,
rresponding subtraction profiles to control samples are presented
ded in the duplication and neo-TAD, show ectopic chromatin in-
al S6’s duplication, shows a normal interaction profile.
cus under normal conditions and after duplication-induced rear-
nces between the duplicated TAD border creates a new chromatin
ed arrows) and little or no interaction beyond the TAD border.
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Figure 5. GPR101 ectopically interacts with candidate pituitary CREs in the neo-TAD
(A) X-LAG locus, depicting the region of ectopic chromatin contacts established by GPR101 in X-LAG-affected individuals (blue box).
The pituitary (Pit) and hypothalamus (Hyp) H3K27ac ChIP-seq tracks were retrieved from NCBI Gene Expression Omnibus (GEO)
GSM1119175 and GSM1119152, respectively.30 Corresponding enriched open chromatin regions identified in mouse somatotropes
and lactotropes are indicated by green lines (ATAC-seq tracks retrieved from GEO: GSM3579919).31 Regions with candidate enhancers
that ectopically interact withGPR101 are indicated with different saturations of yellow (pituitary-specific CREs) and in red (GeneHancer-
predicted CREs). The asterisk preceding the candidate GH0XJ136495 CRE (eHTATSF1) indicates an elite gene association. GPR101 puta-
tive promoter regions are indicated in purple.
(B) Enrichment of chromatin contacts from the GPR101 viewpoint with candidate enhancers (X-LAG-affected individuals versus con-
trol). Note that the eHTATSF1 CRE is only included in the duplication of subject S13.
and 50-RACE data17,41 and by public CAGE-seq data44

(Figure S5). We functionally tested both promoter

elements by cloning these sequences into a promoter-less

luciferase reporter vector. We transfected the constructs

into rat pituitary tumoral GH- and prolactin-secreting

GH3 cells and human embryonic kidney HEK293AD

cells, and measured luciferase activity. Both sequences

were found to be functional, with the distal

promoter showing higher transcriptional activity and po-

tential to drive GPR101 expression in both cell types

(Figure 6A).

Next, we tested the ability of CREs located in the

centromeric region to drive reporter gene expression in

GH3 and HEK293AD cells. We selected the regulatory re-

gions that overlapped GeneHancer-predicted CREs and the

therein-identified CREs with pituitary-specific H3K27ac

signatures (Figure 5B). We cloned each CRE into a

reporter vector containing a minimal promoter and then

transfected them into both cell lines. Luciferase activity re-

vealed that GeneHancer-predicted candidates (eHTATSF1,

eARHGEF6-intronic, eRBMX, eAK055694) reduced reporter
564 The American Journal of Human Genetics 109, 553–570, April 7,
gene expression in GH3 cells while pituitary-specific CREs

(eVGLL1-intronic and eVGLL1-distal) maintained basal

promoter activity (Figure 6B). However, in embryonic

HEK293ADcells the eRBMXelement significantly enhanced

reporter gene expression (p< 0.0001versus basal promoter).

All the otherCREs eithermaintained basal promoter activity

or repressed it (eVGLL1-intronic, Figure 6B).

Taken together, the results revealed that the GPR101

distal promoter is capable of driving gene expression in

adult rodent pituitary tumor and human embryonic

cellular contexts. Therefore, the GPR101 promoter permits

the incorporation of new regulatory information within

the neo-TAD. At the same time, CREs located within the

centromeric region and that ectopically interact with

GPR101 in X-LAG pituitary cells show context-dependent

activity patterns. No transcriptional enhancing function

for any tested CRE could be scored in GH3 cells. However,

the eRBMX element showed transcriptional enhancing

activity in the embryonic cellular context of HEK293AD

cells. Interestingly, two CREs repressed basal promoter

activity in specific cellular contexts.
2022



Figure 6. In vitro characterization of GPR101 promoter and candidate enhancers
(A) Luciferase reporter assay of proximal and distal promoter elements of GPR101 in GH3 (top) and HEK293AD (bottom) cells.
(B) Luciferase reporter assay of candidate pituitary active CREs in GH3 (top) and HEK293AD (bottom) cells. The basal promoter construct
does not contain any enhancer sequence.
Data in both panels are plotted as individual biological replicates with mean 5 standard deviation (SD). All values are relative to Mock
(promoter-less luciferase reporter vector) in both panels. Data distributions were assessed for approximate normality and differences be-
tween experimental groups were analyzed by 1-way ANOVA with Dunnett’s post hoc test or corresponding non-parametric test, as
appropriate. RLU, relative luciferase units.
Discussion

Pituitary gigantism is a rare disorder due to GH-secreting

pituitary tumors that leads to dramatic and irreversible

skeletal overgrowth and multi-organ pathology, including

cardiovascular disease.45 Nearly half of cases of pituitary

gigantism are associated with known genetic abnormal-

ities.46 Among these, X-LAG is the most severe form,

with large, highly secretory pituitary tumors developing

during neonatal life and early childhood. At a genetic level,

X-LAG is associated with chromosome Xq26.3 microdupli-

cations that invariably include GPR101, leading to

extremely elevated GPR101 expression in the pituitary.16

GPR101 increases GH and prolactin production and

induces overgrowth via constitutive activation of the G

protein a subunits Gs, Gq/11, and G12/13,
19 but the

mechanism of how a tandem duplication leads to massive

overexpression of GPR101 in X-LAG tumors was not

explained until now.

Consequences of gene copy-number variations (CNVs)

on mRNA expression levels have been studied comprehen-

sively in different species, cell lines, and cells derived from

individuals with different types of CNVs. Taken together,

these studies concluded that there is an appreciable correla-
The Ame
tion between mRNA levels and gene copy number.47

However, for individual genes, mRNA levels often deviate

from the expected levels. For example, GPR101 is upregu-

lated around 1,000-fold in the pituitary tumors of subjects

with X-LAG.16 This observation implies that the pheno-

typic effect conferred by Xq26.3 duplications in X-LAG is

not due simply to increased GPR101 gene dosage. A poten-

tial mechanism that could explain GPR101 misexpression

in X-LAG tumors is the creation of an abnormal fusion

gene, whereby the genomic duplication places the

GPR101 protein-coding region under the influence of a

strong promoter located close to the breakpoints. However,

no fusion events involvingGPR101were detected in X-LAG

tumor samples (n ¼ 4, Table S6). Moreover, no other fusion

genes shared among the tumors were detected.

Our results, instead, show that Xq26.3 microduplica-

tions alter the chromatin configuration and normal TAD

organization at the X-LAG locus. These tandem duplica-

tions disrupt a tissue-invariant TAD border that normally

separates GPR101 from genes and regulatory sequences

located centromerically. Tandem duplications that cross

TAD borders (inter-TAD duplications) have been shown

to rearrange the additional copy number of genes and

CREs into new TADs, so-called neo-TADs.10,48 In the
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current study, we have shown similar re-organization of

the chromatin configuration and neo-TAD formation at

the X-LAG locus based on several 4C-seq promoter

viewpoints and duplication breakpoint analyses. Further-

more, the neo-TAD formation is consistently seen across

samples from multiple X-LAG-affected individuals with

different microduplication ranges and breakpoints. The

rearranged, duplicated genomic sequences ectopically

interact within the neo-TAD and these interactions are

spatially restricted by the duplicated TAD border. These

results strongly suggest that neo-TAD formation

(TADopathy) is the genetic pathophysiology behind

GPR101 misexpression in X-LAG. As such, the endocrine

disease X-LAG joins a limited but growing list of

TADopathies involving limbmalformation, retinal disease,

platelet dysfunction, and cancer.10,12,14,15,48–50

Within neo-TADs, genes and CREs can interact

ectopically, causing aberrant gene expression leading to

disease phenotypes. By probing interactions from the

GPR101 promoter in cells from multiple X-LAG-affected

individuals with different microduplications, we identified

consistent patterns of ectopic interactions. Based on CRE

predictions and enhancer-associated chromatin marks,

we then identified several potential ectopic CREs that are

active in the adult pituitary gland.41 These findings lead

us to suggest that the new regulatory landscape created

by neo-TADs in X-LAG may override the physiological

regulation of GPR101 expression. We have previously

reported that GPR101 is linked to the maturation of the

somatotrope cell population of the pituitary during

embryonic development. GPR101 expression then

switches off during post-natal development, except

possibly for the growth spurt phase occurring during

adolescence.41 In contrast, GPR101 is strongly and

consistently upregulated in X-LAG pituitary tumors that

have been operated at different ages. Subsequent studies

in animal models confirmed the crucial contribution of

GPR101 misexpression in the hormonal regulation of

body growth. Overexpression of GPR101 in the pituitary

of transgenic mice leads to GH and prolactin excess and

overgrowth,19 while its whole-body loss in zebrafish causes

reduced body size by perturbing early embryogenesis.51

These findings indicate that precisely fine-tuning

GPR101 expression both temporally (developmental stage)

and spatially (specific tissues) is important for proper body

growth. In X-LAG, it is conceivable that the exposure of

GPR101 to the new regulatory landscape within the neo-

TAD maintains active expression at high levels even after

embryonic pituitary development is complete. The

manifestation of the phenotype as early as the first months

of life18,52 underscores the high potency of GPR101 for

regulating growth via its permissive role in GH secretion.

This may also provide a rationale for the normal localiza-

tion of GPR101 alone in a TAD, thereby insulating it

from nearby CREs. The stability across cell types and

evolutionary conservation of the TAD boundary that

separates GPR101 from centromeric CREs underscores the
566 The American Journal of Human Genetics 109, 553–570, April 7,
tight regulation of the normal GPR101 regulatory unit, as

has been reported for other topologically isolated genes

with roles in development.53 Stable boundaries are more

intolerant of disruption by structural variants than unique

ones,54 implying that the X-LAG locus is under strong

selection. The severity of the clinical effects of gigantism

in X-LAG and its extreme rarity (40 individuals described)

combine to support a hypothesis that GPR101 and its sur-

rounding regulatory environment are tightly regulated.

We functionally studied the GPR101 promoter and

pituitary CREs using two in vitro models, one a human

embryonic cell line (HEK293) to provide species and

development stage specificity, and the other an

adult rat pituitary tumor cell (GH3) to study tissue spec-

ificity. We found that the distal promoter element of

GPR101 is active in an embryonic cellular context

and is also compatible with adult rat pituitary tumor

cells. The CRE located on the promoter region of

RBMX (eRBMX) increased basal promoter activity in

embryonic cells by about 9-fold. This finding is consis-

tent with the known role of RBMX as a regulator of

embryogenesis.55,56

There was no measurable transcriptional enhancing ac-

tivity for any of the centromeric CREs in adult rat pitui-

tary tumor cells. Interestingly, we also found that some

CREs had an unexpected activity as silencers in the cell

models, in particular the eAK055694 CRE in pituitary

cells. Similar dual enhancer/silencer activities have been

reported at other loci and are active in pituitary cells.

Those CREs were validated in an analogous experimental

setting to ours.57 Interestingly, about a quarter of human

candidate silencer elements from one cell type can have

dual activity and act as active enhancers in different cell

types and chromatin contexts.58 This raises the intriguing

possibility that some of our candidate CREs displaying

transcriptional silencing in GH3 and HEK293 could actu-

ally function as enhancers in the X-LAG-affected subjects’

pituitary cells. Moreover, there has been at least one

instance reported in which the relocation of a silencer

into a different TAD converts it into an activator of its

target gene.59

Our study has several limitations. First, we employed

in vitro episomal reporter assays for the functional

evaluation of predicted CREs. While episomal vectors

are widely used to characterize promoters/enhancers,

they inherently suffer from two main disadvantages: (1)

their chromatin may have different properties and does

not necessarily reflect the endogenous epigenomic chro-

matin state and, therefore, (2) the intrinsic enhancer

activity may not fully recapitulate endogenous target

gene expression.60 Second, multiple neighboring en-

hancers may exert cumulative activity on a single gene

regulatory pathway and be part of a so-called multipartite

enhancer61 or enhancer chains.62 Our reporter assays

evaluated each CRE independently from the others and

thus could not measure whether they acted cooperatively

or influenced one another. Third, limited biochemical
2022



annotations are publicly available to aid in the identifica-

tion of candidate CREs that are active in the human pitu-

itary gland. The dataset interrogated in this study

included few specimens collected postmortem in adult in-

dividuals.30 This paucity of data could have led to our

missing the identification of other CREs that are active

in the pituitary only in specific cell sub-types and/or at

specific developmental stages. Fourth, the cell types em-

ployed for the assays may have not provided the correct

cellular context. The unavailability of either embryonic

or adult immortalized human somatotrope cell lines is a

known limitation in the field of pituitary research.63

Specific transcription factors or coactivators may be

missing or not expressed at the desired levels in the recip-

ient cells we used, thus impairing the activity of the tested

CREs.

In conclusion, we show that X-LAG is a TADopathy of

the endocrine system in which chromosome Xq26.3

microduplications disrupt the local chromatin architec-

ture forming a neo-TAD that permits ectopic contacts be-

tween the promoter of GPR101 and centromeric CREs.

Enhancer adoption/hijacking within the new regulatory

unit is the likely cause of the extremely high levels

of misexpressed pituitary GPR101 and the subsequent

tumoral GH hypersecretion that epitomizes X-LAG.

Our findings raise the possibility that other unexplained

forms of hormonal dysfunction in the endocrine

and neuroendocrine systems could be explained by

similar TADopathy-based enhancer-gene dysregulation

mechanisms.
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