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Abstract

Background and Aims: While depletion of neuronal nitric oxide synthase (NVOSI)-expressing
neurons contributes to gastroparesis, stimulating nitrergic signaling is not an effective therapy.
We investigated whether hypoxia-inducible factor 1a (HIF1A), which is activated by high O,
consumption in central neurons, is a AosZ transcription factor in enteric neurons and whether
stabilizing HIF1A reverses gastroparesis.

Methods: Streptozotocin-diabetic mice, human and mouse tissues, NOS1* mouse neuroblastoma
cells, and isolated nitrergic neurons were studied. Gastric emptying of solids and volumes

were determined by breath test and single-photon emission computed tomography, respectively.
Gene expression was analyzed by RNA-sequencing, microarrays, immunoblotting, and
immunofluorescence. Epigenetic assays included chromatin immunoprecipitation-sequencing (13
targets), chromosome conformation capture-sequencing, and reporter assays. Mechanistic studies
utilized Cre-mediated recombination, RNA interference, and CRISPR-Cas9-mediated epigenome
editing.

Results: HIF1A signaling from physiological intracellular hypoxia was active in mouse and
human NOS1* myenteric neurons but reduced in diabetes. Deleting Hiflain NosI-expressing
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neurons reduced NOSL1 protein by 50-92% and delayed gastric emptying of solids in female but
not male mice. Stabilizing HIF1A with FG-4592/roxadustat, which is approved for human use,
restored NOS1 and reversed gastroparesis in female diabetic mice. In nitrergic neurons, HIF1A
upregulated NosZ transcription by binding and activating proximal and distal c/s-regulatory
elements including newly discovered super-enhancers, facilitating RNA polymerase loading and
pause-release, and by recruiting cohesin to loop anchors to alter chromosome topology.

Conclusion: Pharmacological HIF1A stabilization is a novel, translatable approach to restoring
nitrergic signaling and treating diabetic gastroparesis. The newly recognized effects of HIF1A on
chromosome topology may provide insights into physioxia- and ischemia-related organ function.

Lay Summary

This study identifies a transcription factor that is required for the normal production of the main
inhibitory neurotransmitter in the gastrointestinal tract and demonstrates that increasing its levels
using a drug that is already approved for humans can reverse diabetic gastroparesis in female mice.

Graphical Abstract
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Introduction

Released by enteric neurons expressing neuronal nitric oxide synthase (NOS1), the
inhibitory non-adrenergic, non-cholinergic neurotransmitter, nitric oxide (NO) regulates
relaxation of the lower esophageal sphincter, gastric accommodation, and gastric emptying
(GE).1’2

NOS1* neurons are preferentially depleted in gastroparesis (GP),3-5 which is characterized
by upper gastrointestinal symptoms and delayed GE without mechanical obstruction.6 GP

is approximately four times more common in women than men.” Delayed GE may be
asymptomatic, accompanied by mild to moderate symptoms of dyspepsia, or with severe
symptoms, nutritional compromise, anxiety, depression, and poor quality of life, which is
referred to as gastroparesis.” GP is most frequently associated with and impairs glycemic
control in diabetes mellitus (DM).>7 Loss of nitrergic neurons, due in part to repressed NosZ
transcription,8 has been causally linked to GP.3:%10 However, pharmacological stimulation of
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nitrergic signaling also inhibits gastric contractility, facilitates storage rather than emptying,
and can cause side effects.61112 Neuron transplantation13-14 may have limited efficacy in
DM due to the compromised tissue microenvironment. Therefore, we propose to restore
nitrergic signaling by stimulating NosZ transcription in cells where AosZ is normally
expressed. However, the mechanisms regulating NVosZ expression are poorly understood.

Due to the high O, demands of oxidative phosphorylation (OXPHOS),1° which energetically
sustains synaptic functions, central neurons experience physiological hypoxia (“physioxia”:
partial O, tensions (pO,) of 0.13-5.33 kPa or 0.13-5.26% O, at sea level16). These

levels are sufficient to activate hypoxic signaling through the stabilization of hypoxia-
inducible transcription factors (HIFs).17-19 HIFs consist of a shared B subunit (ARNT; aryl
hydrocarbon receptor nuclear translocator) and one of the three a subunits, HIF1A, HIF2A
(Entrez Gene: EPAS1), and HIF3A.17-19 Although HIFs are constitutively expressed, at
high pO,, a subunits are targeted for proteasomal degradation (t/,~4—-6 min20) by HIF
prolyl hydroxylases (PHDs). HIF PHDs are inhibited at low pO,, allowing the a subunits’
stabilization (t;/,~200 min2%) and translocation to the nucleus, where they complex with
ARNT and bind their target promoters and enhancers.?! Pharmacological inhibition of

HIF PHDs can upregulate HIF1A and its targets and increase neuronal survival.22 The
HIF1A-stabilizing drug FG-4592 (roxadustat) has been approved in many countries for the
treatment of anemia from chronic kidney disease, where DM and GP also occur.23 Since
subphysiological hypoxia upregulates MosZ mRNA in the nodose ganglion, cerebellum,2
and vascular smooth muscle cells, 2% NMos3 (endothelial NOS) and Aos2 (inducible NOS)
are targets for HIFLA, 26 and mitochondrial dysfunction and neuropathy are associated with
delayed GE in DM, 27 we hypothesized that the neuronal transcriptional regulation of NoszZ
involves HIF1A, and that stabilizing HIFLA can restore NOS1 levels and correct GP.

Standard methods and additional details are described in the Supplementary Methods.

Human Tissues

Under the aegis of two protocols approved by the Mayo Clinic Institutional Review Board
(IRB 13-008138 and 20-012002), gastric corpus tissues representing most of the greater
curvature of the stomach were obtained from 7 female and 3 male nondiabetic (28-69
years of age) and 11 female diabetic patients (30-59 years of age) who underwent sleeve
gastrectomy for obesity. Consent was obtained and recorded in the patients’ electronic
medical record.

Animal Studies

Animal experiments were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and ARRIVE guidelines (see
Supplementary Methods). The protocols were approved by the Mayo Clinic Institutional
Animal Care and Use Committee (A48315-15 and A2508-08). Except for the GE and
gastric volume (GV) studies, which were performed in female mice, both male and female
animals were used. None of the mice were used in unrelated experiments. Littermates were
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used as controls. Before GE and GV tests, mice were fasted overnight in a metabolic cage
with free access to water. Animals were handled during the light phase and euthanized

by CO, inhalation or by decapitation performed under deep isoflurane (Baxter Healthcare,
Deerfield, IL) inhalation anesthesia.

The following mouse strains were used (all from The Jackson Laboratory, Bar Harbor,

ME): C57BL/6J; B6.129- Hif1a™3Rs/9]) (Hif1a™) mice, which have /oxPsites flanking

exon 2 of Hifla, Mapt™(EGFP)KI) (Mapt-EGFP) mice, which carry EGFP (enhanced
green fluorescent protein) knocked in the first exon of the microtubule-associated

protein tau (Mapl) gene; B6.129- Nos1im1(cre)Mgmjjy (Nos1¢€) mice, which express Cre
recombinase from the 3’ untranslated region of NosZ; and B6;129S- Nos1im1.1(cre/ERTZ)Zjhy 3
(Nos16reERTZ/#) mice, which express CreERT2 fusion protein from the NVosZ promoter/
enhancer elements. Mice expressing switchable, membrane- or nucleus-targeted tandem
dimer Tomato-EGFP constructs ( Gf{(ROSA)26SorMHACTB-tdTomato,-EGFF)Luojy ( R2gmTMG)
and B6;129S6- Gt{(ROSA)26Sorm(CAG-tdTomato™,-EGFP*)Ees|j (R267T1C) | respectively) were
used as reporters. In Nos1¢¢ mice, recombination occurred not only in NOS1* myenteric
neurons but also in NOS1™ cells (Supplementary Figure 2C), possibly due to germline
recombination.28 Since recombination in NosI¢ERT2/* mice was limited to NOS1* neurons,
we used this strain for the conditional deletion of Hifla.

To label hypoxic cells, mice were injected with 60 mg/kg pimonidazole (Hypoxyprobe™:
Hypoxyprobe, Inc. Burlington, MA), which forms immunohistochemically detectable
adducts with cellular proteins at pO,<1.33 kPa (<0.28% O,), intraperitoneally 60 min

prior to euthanasia.2® Cre-mediated recombination was induced with tamoxifen (Sigma-
Aldrich, St. Louis, MO; 0.075 mg/g body weight intraperitoneally once daily for 3-5 days).
Induction, monitoring, and management of streptozotocin diabetes was performed using
published methods.30

GE of solids was determined by our previously published 13C-octanoic acid breath test.30:31
In female and male Nos1¢€ERTZ/* -Hjf1af mice, 2 weekly GE ty/, values were averaged
before and after tamoxifen or vehicle treatment. In female streptozotocin-diabetic mice,
weekly measurements were taken (Supplementary Methods). Animals with two consecutive
delayed GE readings (>97.5! percentile from 144 tests in 72 nondiabetic C57BL/6J females
or from 120 tests in 60 nondiabetic C57BL/6J males) were considered to have GP.32

Female diabetic mice with our without GP were treated with FG-4592 (roxadustat; 10
mg/kg intraperitoneally once daily for 4 weeks)33 or vehicle (DMSO:PBS 1:49) for 4
weeks. The GE ty), values obtained during the last 3 weeks of the treatment were averaged
for each mouse. GVs were measured noninvasively by single-photon emission computed
tomography (SPECT)34 using intraperitoneally injected 9™ Tc-pertechnetate (100 uCi/50 pl)
(Supplementary Figure 6A, Supplementary Videos 1-2) under isoflurane anesthesia.

Statistical Analysis

Hypothesis testing on low-throughput data was performed with GraphPad Prism 9.5.1
(Dotmatics, Boston, MA, USA) or SigmaPlot 14.5 (SPSS, Chicago, IL, USA) using
nonparametric or parametric tests as appropriate (see Supplementary Methods). Pvalues
are exact values except in the case of Kruskal-Wallis ANOVA on ranks, where approximate
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Pvalues were computed. For high-throughput data, P values adjusted for false discovery rate
(FDR) are reported as Q values.

HIF1A is required for normal NOS1 protein levels and normal gastric emptying in female

mice

We assessed hypoxia-related gene expression by Gene Set Enrichment Analysis (GSEA)

in Affymetrix Mouse Genome 430.2 microarray data generated in-house from colonic Mapt-
EGFP* neurons (Supplementary Figure 1A, Supplementary Data 1), total RNA-sequencing
(RNA-seq) results from duodenal, ileal, and colonic Phox2b-CFP* neurons,3® and single-
cell RNA-seq data from small intestinal Baf536-Tom* neurons (all clusters).3¢ Using

a matrix created by searching the Molecular Signatures Database (MSigDB) v.7.4 for
neuronal or neurodegenerative disease-related gene sets containing NMosZ (Nos1&Neuron;
Supplementary Data 2) we first verified the strong representation of nitrergic neurons

in these datasets (Supplementary Figure 1B—C, Supplementary Data 3). GSEA using the
MSigDB Hallmark v.7.4 matrix revealed a significant enrichment of the Hypoxia and
OXPHOS gene sets in all preparations and the Glycolysis gene set in all but the Baf536-
Tom* neurons (Figure 1A, Supplementary Figure 1D-E, Supplementary Data 3).

In the stomach of Hypoxyprobe™-injected mice, we detected intracellular hypoxia in
luminal epithelial cells?® and in mesothelial cells, KIT™ interstitial cells, and myenteric
(including nitrergic) neurons (Figure 1B, Supplementary Figure 2A). In gastric corpus
tissues from nondiabetic patients, using two different antibodies we found overall

stronger and even nuclear HIF1A staining in myenteric ganglion cells including nitrergic
neurons than in non-neuronal cells (Figure 1C, Supplementary Figure 2B. Deleting
Hiflain Nos1¢®ERTZ/* mice, where tamoxifen treatment recombined 2 reporter constructs
specifically and with ~70% efficiency (Supplementary Figure 2C), led to a 50% (stomach),
92% (small intestines), and 69% (proximal colon) reduction in median NOS1 protein levels
6 days post-tamoxifen and caused a delay in solid GE in females, with 50% showing
gastroparetic GE tq/, values (Figure 1D). These results are nearly identical to the 48%
prevalence of diabetic GP detected in females of the same background (see below). In male
mice, which we found resistant to diabetic GP in a recent unpublished study (7=14), GE
remained unaffected (Supplementary Figure 2D).

These results show that OXPHOS-driven intracellular hypoxia is prevalent and HIF1A
signaling is active in NOS1* myenteric neurons. Our data also indicate that HIF1A is
required for normal NOS1 levels and, in females, for normal GE.

Diabetes reduces HIF1A in NOS1* gastric myenteric neurons

Twelve weeks after the onset of diabetes in streptozotocin (STZ)-diabetic mice,
Hypoxyprobe™ injection identified a substantial loss of physioxia in gastric myenteric
ganglia, but no effect on the environmentally determined hypoxia in the epithelium (Figure
1E, top). In diabetic patients, HIFLA immunofluorescence was reduced in myenteric
(including nitrergic) neurons of the gastric corpus (Fig. 1E, middle). Quantitative image
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analysis (Supplementary Figure 3) revealed a direct linear relationship between HIF1A and
NOS1 immunofluorescence and reduced HIF1A in nitrergic neurons of diabetic patients
(Fig. 1E, bottom). These findings support our hypothesis that nitrergic enteric neuropathy in
DM may arise from impaired hypoxic signaling.

HIF1A stabilization restores physioxic control of NOS1 and reverses diabetic gastroparesis

First, we validated the mouse neuroblastoma line N1E-11537 for our studies. GSEA of total
RNA-seq data (Supplementary Data 4) indicated enrichment of AMosZ- and hypoxia-related
gene sets in cells cultured for =3 days at either 20% or 4% O, (Supplementary Figure 4,
Supplementary Data 5). Together with the (weak) nuclear HIF1A protein levels in cells
maintained at 20% O, (Fig. 2A, Supplementary Figure 5A), these findings indicate that
cellular metabolism is an important driver of intracellular hypoxia in N1E-115 cells.1®

Environmental hypoxia approximating physiological O, in postcapillary tissues (4% O,)16
increased the expression of hypoxia-related genes and AVosZ (Supplementary Figure 5B-C),
the representation of NMosZ-related gene sets (Supplementary Figure 4C-D), and HIF1A

and NOS1 proteins by immunoblotting and immunofluorescence using two different
antibodies for HIF1A (Figure 2A, Supplementary Figure 5A, C). We also verified the
upregulation of MosZ mRNA and NOSL1 protein in the conditionally immortalized fetal
enteric neuronal precursor cells IM-FEN38 (Supplementary Figure 5C). QIAGEN ingenuity
Pathway Analysis of the differentially expressed genes in N1E-115 cells also supported a
strong link between hypoxic and nitrergic signaling as NOS1-related pathways and networks
were robustly represented among canonical pathways and upstream regulators, as well as
causal, disease-, biological function-, and toxicology-related networks (Supplementary Data
6, Supplementary Figure 5D-E).

Reducing HIF1A protein by RNA interference (RNAI) using small interfering (si)

RNAs suppressed hypoxia (4% O,)-induced upregulation of NOS1 protein (Figure

2A). Conversely, pharmacological stabilization of HIF1A with the proteasome inhibitor
MG-132 and the clinically approved PHD inhibitor FG-4592 increased NOS1 (Figure 2B,
Supplementary Figure 5F).

In our validated GP model, 3032 11/23 (48%) female STZ-diabetic C57BL/6J mice
developed GP (Figure 2C). GP mice treated with vehicle for =4 weeks (DDV group:
diabetic, delayed, vehicle-treated) remained gastroparetic and had lower HIF1A and NOS1
protein and higher GV results than vehicle-treated mice with normal pretreatment GE (DRV
group: diabetic, GP-resistant, vehicle-treated) (Figure 2D—F, Supplementary Figure 6A-C).
In GP mice, FG-4592 (DDD: diabetic, delayed, drug-treated) increased HIFLA and NOS1,
significantly reduced GE ty/, from pretreatment levels and restored it to normal in 5 of 6
mice, and normalized GVs. Pretreatment GE t;» values were not different between GP or
GP-resistant mice randomly assigned to FG-4592 or Veh treatment (Supplementary Figure
6D). Blood glucose did not differ among groups or correlate with GE t1/, (Supplementary
Figure 6E).

These findings indicate that pharmacological stabilization of HIF1A can restore NOS1
protein levels and alleviate GP.
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HIF1A binds promoters and enhancers of the Nos1 locus

To understand how HIF1A regulates NVosZ expression, we performed chromatin
immunoprecipitation-sequencing (ChlIP-seq) in N1E-115 cells cultured for 3 days at 20%
or 4% O, (Supplementary Figures 7-8, Supplementary Data 7). HIF1A and ARNT binding
was evident at 20% O, likely reflecting high O, consumption.1® Culturing at 4% O,
caused a robust increase in HIFLA and ARNT peak numbers, signals, and coincidence
(Supplementary Figure 8A-B). Increased HIF1A and ARNT binding was detected near
genes including established hypoxia-regulated genes in the KEGG “HIF-1 signaling
pathway—Mus musculus” (mmu04066) pathway and the MSigDB Hallmark v.7.4 Hypoxia
gene set (Supplementary Figure 8A, C and Supplementary Data 8) and was associated with
increased gene expression (Figure 3A) including, in the case of HIF1A, of Nos1. Analysis of
transcription factor binding motifs within the genomic footprints of the HIF1LA and ARNT
peaks in the vicinity of the KEGG mmu04066 genes indicated a robust representation of
canonical HIF1A, EPASL, and ARNT maotifs, confirming the peaks’ authenticity (Figure
3B, Supplementary Data 9). Consistent with the preference of HIF1A for promoters,2!
HIF1A binding sites located in promoters and exons increased at 4% O, (Supplementary
Figure 8D). HIF1A and ARNT peaks were colocalized with the enhancer-associated histone
mark monomethylated histone H3 lysine 4 (H3K4mel), the promoter-associated mark
trimethylated H3K4 (H3K4me3), the active enhancer mark acetylated H3K27 (H3K27ac),
and the active chromatin mark H3K9ac but not with the Polycomb-mediated repressive
histone mark H3K27me3, indicating their predominant association with active chromatin
(Figure 3C).

In the Ensembl AosZ locus (ENSMUSG00000029361), HIF1A and ARNT peaks were
detected in three clusters with 3’ ends located 0, 50, and 59 kb upstream of the transcription
start site (TSS) of the nearest NMosZ transcript encoding for a functional NOS1 isoform
(Nos1-206, Figure 3D, Supplementary Figure 9A). Analysis of the binding profiles of key
histone marks (Figure 3D), RNA polymerase Il (POLR2), and POLR2 phosphorylated

on serine 5 (POLR2S5p) or serine 2 (POLR2S2p) of its C-terminal repeat domain

(Figure 4A, Supplementary Figure 9B), which are associated with transcriptional initiation,
elongation, and termination,3940 together with epigenetic state modeling by ChromHMM
(Supplementary Figure 8E) and enhancer/promoter reporter assays (Figure 3E) revealed the
occurrence of these peaks within three cognate enhancer-promoter pairs (E1-P1, E2-P2,
E3-P3). Except for P2, which, despite being occupied by initiating POLR2S5p (Figure 4A),
had little H3K4me3 binding, all these c/s-regulatory elements showed increased occupancy
by their active histone marks in response to 4% O, (Figure 3D). We also observed prominent
H3K4me3 occupancy of genomic sites corresponding to P1 and P3 in nitrergic neurons
isolated from the small intestines of tamoxifen-treated NosICeERTZ/* -p26MTMG mice (Figure
3D, Supplementary Figure 8F). These results suggest a physiological role for the HIF-
binding regulatory elements detected within the AMosZ locus in the hypoxic control of NosZ
expression.

HIF1A coordinates the activities of multiple cis-regulatory elements of the Nos1 locus

StringTie2 assembly of total RNA-seq reads indicated that of the transcripts encoding
for functional NOS1 isoforms (green fonts in the figures), Nos1-206, whose TSS maps

Gastroenterology. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gao et al.

Page 9

within P3, was most abundantly expressed and responsive to environmental hypoxia
(Supplementary Figure 9A). While P1 included the TSSs of NosI-205, which encodes

for a truncated protein, and NosI-203, a processed transcript, neither was expressed. We
deleted P1 and P3 and also E1 using CRISPR-Cas9 in two N1E-115 clones each (Figure

4B, Supplementary Figure 9C, Supplementary Table 5) and analyzed NosI expression using
primers specific for the transcripts encoding for functional NOS1 and NosI-201, a transcript
subject to nonsense-mediated decay, which was not detectable (Supplementary Figure 9A).
Deletion of E1 reduced NosI expression at both 20% O, and 4% O- as did the deletion

of P1 at 4% O,, whereas deleting P3 had modest effects, possibly due to the incomplete
elimination of the 3’ end of the H3K4me3 peak (Supplementary Figure 9C). Chromosome
conformation capture (3C) assays utilizing primers targeting genomic sites immediately
upstream of E1 and P3 as “viewpoints” and target loci near the enhancers and promoters,
flanking a binding site of the loop anchor/insulator CCCTC-binding factor (CTCF), and a
control site (Figure 4C) revealed an interaction between E1-P1 and P3 at both 20% and

4% O, and short-range interactions between E1 and P1 and E3 and P3. There was a subtle
shift from long-range to short-range interactions at 4% O,, indicating that HIF1A binding
may reinforce the interactions between cognate enhancers and promoters and suggesting

a function for E1-P1 in stimulating NosI-206 expression beyond enhancing P3 activity
through looping (Supplementary Figure 9D). Examining the RNA-seq data and ChIP-seq
profiles for the transcriptional elongation-associated histone mark H3K36me3, POLR2,
POLR2S5p, and POLR2S2p (Figure 4A) we noted the NosZ locus bore the characteristics of
paused-and-expressed genes#? with POLR2 and POLR2S5p accumulation at all 3 promoters,
a sign of transcription initiation and pausing, and occupancy by POLR2S2p and H3K36me3
throughout the locus indicating elongation. All these signals increased in response to 4%

0,, consistent with HIF1A’s role in facilitating transcriptional pause-release.*! POLR2S2p
also accumulated at sites with POLR2 and POLR2S5p peaks and having low H3K36me3
occupancy, suggesting a coincidence between transcription termination and initiation
sites.3940 This is consistent with “preloading” of elongating POLR2 onto successive
initiation sites, which could potentially result in more robust expression of AMosI encoding
for functional NOS1 protein, particularly at low pO, (Supplementary Figure 9E).

HIF1A-binding remote super-enhancers interact with cis-regulatory elements of the Nos1

locus

To discover new remote c/s-regulatory elements controlling NVosZ expression, we performed
two independent chromosome conformation capture-sequencing (HiC) studies utilizing the
Arima, Inc. 2-enzyme chemistry and a published HiC protocol#2 (Supplementary Figure
10A). Both localized NosI within a 5’ subdomain of an ~800 kb topologically associating
domain (TAD) (Supplementary Figure 10B). Within this TAD we identified, using Rank
Ordering of Super-Enhancers (ROSE), 2 (at 20% O») and 3 (at 4% O,) HIF1A-bound
super-enhancers (SEs) located 5’ of the AVosI locus and one SE, which was detectable at
both pO, levels, 3’ of MosI (Figure 5A). Using HICCUPS we detected >30,600 unique
loops (Supplementary Figure 10C, Supplementary Data 10). Chromosome-wise assessment
of the enrichment of the HiC signal in loops by aggregate peak analysis (APA)*3 indicated
concordant peak-to-lower-left (P2LL) enrichment values in the Arima and Acol HiC data
(Supplementary Figure 10D). The numbers of HICCUPS loops and genome-wide APA
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enrichment values were similar at 20% and 4% O, (Supplementary Figures 10C, E and
11A). Within the MosI-containing subdomain, the Arima HiC data revealed 14 loops shared
between the HiC matrices obtained at 20% O, and 4% O, and 6 and 7 loops that were
unique to the 20% O, and 4% O, datasets, respectively (Figure 5A-C, Supplementary
Data 11). Notably, the shared loops included the loop connecting E3 and the more distal
cis-regulatory elements of the NMosZ? locus we previously identified by 3C (Figure 4C).
Other notable changes included the replacement of a loop connecting E3 with the 3’ SE

at 20% O, with a loop between E3 and one of the 5’ SEs and newly formed connections
between E1 and E2 and upstream enhancers/SEs. Considering peaks of the loop anchor
protein CTCF, the cohesin component RAD21, and the orientation of CTCF motifs at

the 12 clusters of loop anchor sites,** we classified these loops as architectural (loops

with significant, coincident RAD21 and CTCF peaks at both anchors, with CTCF peaks
occupying motifs with convergent or left/right tandem configurations) or transient/functional
(loops lacking one or more component or having a divergent CTCF motif orientation)#®
(Figure 5A-C). This analysis identified 6, 3, and 3 of the shared, 20% O,-only, and 4%
O»-only loops, respectively, as architectural and revealed that culturing at 4% O, changed
the loop connecting the NMosI-proximal E3 with a 5” SE from functional to architectural
due to the recruitment of RAD21 to the CTCF peak at anchor site #3” (Figure 5B-C,
Supplementary Figure 10F). These findings indicate that the cis-regulatory elements of the
Nos1 locus are coupled to remote SEs within its TAD in a pO,-dependent manner and that
the effects of environmental hypoxia involve substantial reconfiguration and strengthening
of these interactions.

HIF1A alters chromosome topology genomewide

Besides a RAD21 peak, the loop anchor site #3’ also gained a HIF1A peak at 4% O
(Supplementary Figure 10F). Within all 12 clusters of MosI-relevant loop anchors, apart
from the intra- MosZ anchor #9, HIF1A binding coinciding with RAD21 and CTCF peaks
increased at low pO, (Figure 6A). The pO,-dependent concordance among CTCF, RAD21,
and HIF1A peaks was also evident genome-wide (Figure 6B) including within loop anchors
(Figure 6C-D) and accompanied by an increase in the number of overlapping HIF1A,
RAD?21, and CTCF peaks at 4% O, (Figure 6E). ChromHMM analysis using all ChIP-seq
data (Supplementary Figure 11B—-C) identified an active distal enhancer and an active
promoter state (states 11 and 12, respectively) that had the strongest HIFLA and ARNT
enrichment among all states and could be classified as loop anchor-associated. Analysis of
chromatin state changes by Sankey plot (Figure 6F) revealed an expansion of these states

at the expense of enhancers and promoters not associated with chromosome loops (states 9
and 13). These results suggest that the conversion of a functional loop to architectural in the
Nos1 TAD reflected genome-wide actions of HIF1A stabilization and recruitment.

HIF1A recruits RAD21 to CTCF-bound sites to upregulate NOS1

Considering that low pO, affected CTCF binding less than HIFLA and RAD21 occupancy
and neither Rad21 nor Ctcfexpression was modified by pO, (Supplementary Data 4), we
investigated whether HIF1A could regulate chromosome conformation by binding to CTCF
and recruiting RAD21. Consistent with the ability of HIFLA to bind noncanonical motifs,*6
we detected enrichment of CTCF motifs within the HIF1A-bound cis-regulatory elements
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of the NMosI-containing sub-TAD (Figure 7A, Supplementary Data 12). RAD21 and HIF1A
co-immunoprecipitation with CTCF and RAD21 verified HIF1A binding to both CTCF
and RAD21 along with RAD21-CTCF binding (Figure 7B). At 4% O,, RNAi-mediated
depletion of HIF1A binding within key enhancers/SEs of the AMosZ-containing sub-TAD
(Supplementary Figure 11D) and the promoter of the HIF1A target S/c2al (dotted pink

line in Supplementary Figure 8A) also caused the reduction of RAD21 binding to the

same sites (Figure 7C). RNAi-mediated depletion of RAD21 inhibited the hypoxia-induced
gain in NOS1 protein and reduced NOS1 at 20% O, (Figure 7D). Together, these results
indicate that besides upregulating enhancer/promoter activities, HIF1A facilitates enhancer-
promoter interactions by binding to CTCF sites and promoting the formation of architectural
chromosome loops by the recruitment of RAD21 (Figure 7E).

Discussion

While NOS1 is central to GP,34.9.10 sypplementing NO via pharmacotherapy is
ineffective,6:1112 and transplantation of nitrergic neurons'3-14 may have limited efficacy

in DM due to the compromised tissue microenvironment. Here, we demonstrate that HIF1A
is required to maintain normal NOS1 levels and, in female mice, also GE. Conceivably,

this may explain the poorly understood finding that over 65% of patients with diabetic GP
are women.’ We also observed that diabetes reduces hypoxia/HIF1A in NOS1* gastric
myenteric neurons in mice and humans. FG-4592/roxadustat, which has been used in
chronic kidney disease patients,23 stabilized HIF1A, reversed the downregulation of NOS1
protein, and restored GE in female diabetic mice (Figure 7F). Besides stimulating gene
expression by binding to promoter-proximal elements,?! we also found HIF1A to upregulate
transcription from the 5’ end of the MosZ locus to increase the number of POLR2
complexes available at the TSS of the main NosZ transcript encoding for functional NOS1
protein. Finally, we demonstrate that HIF1A facilitates long-range enhancer/SE-promoter
interactions by altering chromosome topology through the recruitment of cohesin to CTCF-
bound sites within the AMosZ TAD and genomewide. The recognition of HIF1A’s role in 3D
chromosome conformation may lead to better understanding of organ functions at physioxia
and in ischemic conditions*’ and the pathobiology of cancers.17-19

In enteric neurons, hypoxic signaling is activated under physiological conditions, likely
reflecting high oxygen consumption.%:16 This physioxic signaling, also evident in N1E-115
cells, was reduced in diabetic mice and humans. These findings are consistent with the
association of DM-associated mitochondrial dysfunction with neuropathy and delayed GE.2”
High oxidative stress from downregulation of macrophage heme oxygenase-132 may also
contribute to the impaired expression and function of HIFLA in DM.19 Stabilizing HIF1A
normalized GE and GVs in diabetic mice, reflecting a robust stimulation of NOS1. Indeed,
NOS1 was more sensitive to HIF1A in diabetic mice with vs. without GP. This may have
reflected reduced production of NO in GP, which at high concentrations can inhibit HIF1A
function.1® We did not study HIFLA/EPAS1 or HIF3A, which are not expressed by N1E115
cells, but they may have contributed to the effects of FG-4592 in mice. Stabilizing HIFs may
also enhance the function of transplanted nitrergic neurons.4 Arguably, hypobaric hypoxia
or carbon monoxide-releasing molecules (CORMs) may have effects similar to FG-4592.48
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However, hypobaric hypoxia therapy has practical limitations, and CORMs may aggravate
mitochondrial dysfunction by disabling cytochromes.*8

Akin to mice with targeted disruption of AlosZ,° the stomach was larger in diabetic mice,
arguably due to pyloric dysfunction and functional gastric outlet obstruction secondary

to reduced NosI expression.® In these mice, FG-4592 reduced gastric volume, which
contrasts with the pan-gastric relaxation of drugs that upregulate NO levels in humans.5:11:12
Although interstitial cells of Cajal, whose depletion contributes to GP,%49 are not naturally
hypoxic (Supplementary Figure 2A), their numbers could be increased/normalized by the
restoration of NO signaling with FG-4592.50

We also discovered 4 pO,-regulated SEs within the NosZ TAD. These SEs are more strongly
coupled to proximal AosI enhancers under physioxia. These interactions included de-novo
transient loops, reorganization of architectural loops, and the conversion of a transient to an
architectural loop, with the latter involving recruitment of HIF1A and RAD21 to an existing
CTCF peak. Evident throughout the genome, these findings are consistent with the model
that physioxia leads to HIFLA-directed formation of cohesin-mediated, CTCF-delimited
architectural loops. In DM, there is less intracellular hypoxia and these interactions dissolve
(Figure 7E). Future studies will address whether the HIFLA-RAD21 interactions involve
other members of the cohesin complex and whether HIF1A interacts with transcription
factors important for the specification of the NOS1 neuronal lineage such as £tv238 to limit
HIF1A-mediated NosZ upregulation to nitrergic neurons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What You Need to Know
BACKGROUND AND CONTEXT:

Neuronal nitric oxide synthase contributes to the pathogenesis of gastroparesis. So far,
measures to stimulate nitrergic signaling have been ineffective, necessitating alternative
approaches.

NEW FINDINGS:

Hypoxia-inducible factor 1a (HIF1A) stimulated neuronal nitric oxide synthase gene
transcription by binding and activating proximal and distal regulatory elements and

by modifying 3-dimensional chromatin topology. Pharmacological stabilization of this
protein with FG-4592/roxadustat, a drug approved for human use, reversed gastroparesis
in diabetic mice.

LIMITATIONS:

Roxadustat upregulates nitric oxide synthase levels but does not ensure optimal
functioning of this protein. Future studies will examine whether roxadustat can alleviate
gastroparesis in patients.

CLINICAL RESEARCH RELEVANCE:

Reduced HIF1A resulting from mitochondrial dysfunction may contribute to gastric
nitrergic neuropathy and diabetic gastroparesis in females. Pharmacological stabilization
of HIF1A with a repurposed drug may be useful for treating diabetic gastroparesis in the
future.

BASIC RESEARCH RELEVANCE:

Physiological intracellular hypoxia engenders HIF1A, which is required for normal
transcription of the neuronal nitric oxide synthase gene. The newly recognized effects
of HIF1A on chromosome topology may provide insights into physioxia- and ischemia-
related organ function and the pathobiology of cancers.

Gastroenterology. Author manuscript; available in PMC 2024 December 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gao et al. Page 19

ve)

C57BL/6J stomach D Nos19°ERT2/*: Hif1 gl
Stomach

A Hallmark_Hypoxia
Mapt-EGFP* neurons; colon

1.2

NES=4.273
FDR Q<0.001

o

HP UCHL1 DAPI

4
9 —~~
: g
z L
GE) 0.15: om 0.8
5 o010 =
5 Qo6
£ 0.05
- nd
0. < o

2 i @
z 5 4 positively correlated negatively correlated g

3
3 E ; 0 cross at
=0 1 16,179
=E:
8 of T a— y — !
e -1 2000 4000 6000 8000 10000 12000 14000 16000
5
14

Rank in ordered dataset
Phox2b-CFP* neurons; duodenum
0.12

HP TUBB3 DAPI

NES=1.743

>

0 cross at
11,704

T T T T T ™ T
2000 4000 6000 8000 10000 1200%

Rank in ordered dataset

HP NOS1 DAPI

j positively correlated negatively correlated

(pre-ranked)

Ribona
b

Ranked list metric ~ Enrichment score

Phox2b-CFP* neurons; ileum

Human stomach

Veh Tam
Proximal colon

°

positively correlated negatively correlated

T 15

2 101 0 cross at

@ gj 2000 4000 6000 8000 10000 12000 1400016000
51

Rank in ordered dataset

Ranked list metric  Enrichment score

Phox2b-CFP* neurons; colon
0.12

NES=1.622
FDR Q=0.061

HP TUBB3 DAPI m HIF1A NOS1 DAPI O

Veh Tam

Ranked list metric ~ Enrichment score

i
T o Postiely concated ze:;'z(s\\;e:;covra\a(ed = 500+ Females; Veh
< =
< 5 11,695 g i
5 —5j 2000 4000 6000 8000 10000 |2WM(‘:OO i £ 4004
S0 Rank in ordered dataset 8 2
z 2 3004
Baf53b-Tom* neurons; small int. g '(;i
0.30+ w > 0.2188
g 0.254 NES=2.671 T 5 et T e
2 o020 FDR Q=0.001 g 100
g 016 Human stomach @ > o
E o 25x108 @
S oosq 1=0.4592 . o ; =
E o A, Clgs,=0.2808-0.6070 = “ Pre  Post
o] ‘ S oxios e 20,2109 8 =1 Females; Tam
o 1 s} P<0.0001 = = 5001
E = . £ £ e 0.0313
B 5 3001 POStVely correlated € = = = X
EB = 1.5%108 [} T E —
£y ] T = X = 4004
25 X S 3 8
o T 100 [=% W W o
ge W 1x108 o [ 2 300
£8 T T T T T T T —— = o S
§ 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5 a_) E =
T o
Rank in ordered dataset % 5x107-® @ E, ?E; 200 ﬁ
< 2
< < B 1001 =
L L @
0 2x107  4x107  6x107 8x107 T T o
HIF1A (Zpixel int./cell) Pre  Post

Figure 1. HIF1A from intracellular hypoxia is required for normal NOSL1 levels in enteric
neurons and for normal gastric emptying in female mice and is reduced in diabetes.

(A) Pre-ranked GSEA of hypoxia-related genes in enteric neurons. (B) Wide-field images

of cryosections from nondiabetic mouse stomachs (/=2) showing Hypoxyprobe™ (HP)*
cells. UCHL1, TUBB3, NOS1: neuronal markers. DAPI, 4’,6-diamidino-2-phenylindole.

IC, interstitial cells; Muc, mucosa; CM, circular muscle; LM, longitudinal muscle; Mes,
mesothelial cells. Inset: enlargement of the outlined area showing a hypoxic I1C adjacent

to a nerve fiber. Dotted lines: enteric ganglia. Arrowheads: hypoxic NOS1* neurons. (C)
Confocal images of cryosections from 4 nondiabetic patients showing predominantly nuclear
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HIF1A (antibody: Thermo Fisher 700505) in NOS1* (arrowhead) and NOS1~ (arrow)
neurons. (D) Top panels: Reduction of NOS1 by genomic deletion of Hiflain tamoxifen
(Tam) vs. vehicle (Veh)-treated Nos1¢eERTZ* Hjf1af mice (16/=6, 3, 4; N7a,=11, 6, 8).
P, Wilcoxon signed rank tests. Bottom panels: Increase in GE t1, by genomic deletion of
Hiflain female mice (/7=6/group). Green area: strain- and sex-specific normal range. P,
ratio-paired ftests. (£) Top: Wide-field images of cryosections from 2 STZ-diabetic mouse
stomachs. Note reduced HP in TUBB3™ enteric neurons (outlined area enlarged in the inset)
and preserved HP in the luminal epithelium. Middle: Confocal images of cryosections from
4 diabetic patients showing reduced HIF1A (Thermo Fisher 700505) in NOS1* (arrowhead)
and NOS1~ (arrow) neurons. Bottom left: Direct linear relationship between HIF1A and
NOS1 immunofluorescence in nitrergic neurons of 6 nondiabetic (/7=37) and 7 diabetic
patients (/7=55). Clgse, 95% confidence interval. Pis from linear regression and Pearson
correlation. Right: HIFLA immunofluorescence/cell and immunofluorescence concentration
were reduced in nitrergic neurons of the diabetic (DM) vs. nondiabetic (ND) patients. P,
Mann-Whitney tests.
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Figure 2. HIF1A stabilization restores NOS1 and reverses diabetic gastroparesis.
(A) Top and middle: Validation of Hifla knockdown in N1E-115 cells by HIF1A

immunofluorescence and immunoblotting (HIF1A antibody: Cell Signaling Technology
#36169). Top: Wide-field images from 2 experiments. Scr, scrambled. Insets are
enlargements of the outlined areas. Bottom: Effects of HifZaknockdown on 4% O,-induced
upregulation of NOS1 protein (/7=9). P, Kruskal-Wallis ANOVA on ranks. Groups not
sharing the same superscript are different by Dunn’s test. (B) Upregulation of HIF1A
(Novus Biologicals NB100-134) and NOSL1 protein by HIF1A stabilization with the
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proteasome inhibitor MG132 (10uM, 4h) or the PHD inhibitor FG-4592 (20uM, 2 days)
(HIF1A: mvc132nven=4, MFG-4592/veh=0; NOSL: MG132/veh=5; /FG-4592/veh=9). P, one
sample for Wilcoxon signed rank tests. NOS1 was upregulated even relative to the HIF1A
target GAPDH. (C) Design of longitudinal GE study. One mouse did not develop diabetes.
DRV, diabetic, resistant to GP, Veh-treated (/7=6); DRD, diabetic, resistant to GP, FG-4592-
treated (7=6); DDV, diabetic, delayed GE, Veh-treated (7=5); DDD, diabetic, delayed GE,
FG-4592-treated (/7=6). (D) Upregulation of NOS1 in GP mouse gastric corpus+antrum
tunica muscularis by FG-4592 (7=3). P, Kruskal-Wallis ANOVA on ranks. Groups not
sharing the same superscript are different by Tukey’s test. (£) Significant reduction of GE
t1/o from pretreatment values in GP mice treated with FG-4592 (DDD) but not in Veh-treated
animals (DDV). GE ty;, did not change significantly in the non-GP mice (DRV, DRD).
Green area: strain- and sex-specific normal range. 2, Wilcoxon matched-pairs signed rank
tests. (F) Normalization of fasting GVs by FG-4592. P, Kruskal-Wallis ANOVA on ranks.
Groups not sharing the same superscript are different by Dunn’s test.
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Figure 3. Hypoxia approximating physioxia increases HIF1A and ARNT binding to cis-
regulatory elements of the Nosl locus.

(A) Correlation between differential binding (DB; FDR @<0.1) of HIF1A and ARNT within
peaks with the lowest FDR @ value among the peaks assigned to the same gene and
differential gene expression (DE; £<0.05) in N1E-115 cells cultured for 3 days at 4% or
20% O». (B) Motifs within the HIFLA and ARNT peaks assigned to KEGG mmu04066
genes. (C) Heatmaps and average tag density plots of ChlP-seq data aligned to the centers
of HIF1A peaks+2.5 kb are shown for HIF1A peaks unique to cells cultured at 4% O (blue
lines, top heatmap panels) or 20% O, (red lines, bottom heatmap panels) or common to cells
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cultured at 4% or 20% O, (green lines, middle heatmap panels). (D) Binding profiles of
HIF1A, ARNT, and key histone marks in the Ensembl GRCm38.p6 NosI locus of N1E-115
cells cultured at 20% (red tracks) or 4% O, (blue) for 3 days. Aggregate and subtracted

(4% 0,-20% O5) occupancy data from two replicates are displayed. Colored ribbons:
epigenetic states discovered by ChromHMM (10-state model). Green track: H3K4me3

in FACS-isolated NMosI-mG™ enteric neurons. (£) Activities of the indicated candidate

Nos1 cis-regulatory elements cloned into the pGL3-Promoter (pGL3-P; top) or the pGL3-
Enhancer (pGL3-E; bottom) vectors vs. the pGL3-Basic (pGL3-B) plasmid. The E3 putative
enhancer was separated into a Mos1-distal (E3d) and NosZ-proximal (E3p) fragment. A,
ratio-paired ¢tests.
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Figure 4. HIF1A controls Nosl transcription through multiple cis-regulatory elements of the

Nosl locus.

(A) ChIP-seq and total RNA-seq (+ strand) profiles in the Ensembl GRCm38.p6 AosI locus

of N1E-115 cells cultured at 20% O, (red) or 4% O» (blue) for 3 days. Aggregate data from

2 (ChlP-seq) or 3 (RNA-seq) replicates and subtracted (4% O,—20% O,) data are displayed.
(B) Nosl1 expression in N1E-115 cells bearing CRISPR-Cas9 deletions in E1, P1, and P3
(two clones/position, /7=3 cultures/clone). Mean+SD data from cells cultured at 4% (upright)

and 20% O, (inverted) are shown. (C) Enhancer-promoter loops detected by 3C using

Ncol. gPCR data from 3 experiments were expressed relative to genomic DNA representing
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the same locus expressed in bacterial artificial chromosome (BAC). BAC-normalized data
were scaled to a range of 0-1 across the loci tested to compare data obtained at 4% O
(upright) and 20% O, (inverted). RCF, relative crosslinking frequency (scaled 22CT vs.
BAC). The colored ribbons identify epigenetic states discovered by ChromHMM using a
10-state model. Bar plots show ARCF values (4% 0,—20% O,).
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Figure 5. HIF1A binds remote super-enhancers that interact with cis-regulatory elements of the
Nosl locus in a pOo-dependent manner.

(A) Upper panel: HiC heatmaps of the TAD containing NosZ in N1E-115 cells cultured at
20% O3 or 4% O, for 3 days. Chromosome loops detected at 5-, 10-, and 25-b resolution
are displayed as red (loops unique to 20% O,), blue (loops unique to 4% O,), and

gray diamonds (loops detected at both 20% and 4% O5). Lower panel: ChromHMM and
ChlIP-seq tracks. Anchors and unscaled arc plots are color-coded as above. CTCF motif
orientations are from ref.44 Solid and dashed lines: architectural and functional/transient
loops, respectively. Black rectangle: cis-regulatory elements of the Ensembl AosZ locus. (B)
Upper panel: loops in N1E-115 cells cultured at 20% O,. Arrows: CTCF motif orientations
permissive to architectural loop formation (convergent, left tandem, right tandem). Dashed
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lines without arrows: functional/transient loops. Lower panel: 3D chromatin structure of the
locus inferred from the loop data. Numbered CTCF molecules correspond to the numbering
of loop anchors in the upper panel. (C) Loops, and proposed chromosome conformation in
N1E-115 cells cultured at 4% O,. See legend to panel 5.
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Figure 6. HIF1A alters chromosome topology genomewide.
(A) HIF1A, RAD21, and CTCF binding (aggregate data from 2 replicates/condition) in

N1E-115 cells within 12 clusters of HiC loop anchors identified in Figure 5. (B) Heatmaps
and average tag density plots of CTCF and RAD21 ChlP-seq data aligned to the centers of
HIF1A peaks+2.5 kb (see in Figure 3C) are shown for HIF1A peaks unique to cells cultured
at 4% O, (blue lines, top heatmap panels) or 20% O, (red lines, bottom heatmap panels)

or common to cells maintained at 4% O, or 20% O, (green lines, middle heatmap panels).
(O) Heatmaps of standard APA results obtained at 5-, 10-, and 25-kb resolution. P2LL,
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peak-to-lower-left-quadrant enrichment values. Below the APA plots, HIF1A, RAD21, and
CTCF average tag density plots centered around all detected APA loop anchors are shown.
Dashed vertical lines demarcate the central APA bins. (D) Heatmaps corresponding to the
average tag density plots in C. (£) Venn diagrams showing overlaps of HIF1A, CTCF, and
RAD?21 peaks at 20% O, and 4% O,. (F) Sankey plot showing chromatin state changes from
20% O, (left) to 4% O, (right) in N1E-115 cells. The colored ribbons show the relative
frequencies of epigenetic states discovered by ChromHMM using a 20-state model.
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Figure 7. HIF1A recruits RAD21 to CTCF-bound sites to upregulate NOS1.
(A) Enrichment of known CTCF motifs in HIFLA-bound cis-regulatory elements of

the Nos1 TAD in N1E-115 cells. (B) Co-immunoprecipitation of RAD21 and CTCF
with RAD21 and HIF1A. Representative immunoblots from 3 (RAD21) or 2 (CTCF)
experiments. (C) Concordant reduction in HIFLA and RAD21 binding in the promoter
of the canonical HIF1A target S/c2al gene and key HIF1A-bound SEs and enhancers
of the sub-TAD containing NMosZ in HIF1A-silenced N1E-115 cells cultured at 4% O,.
The loci targeted for analysis are indicated by pink bars in Supplementary Figure 10D
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and a pink vertical line in Supplementary Figure 7A. (D) Top: Silencing efficiencies

of 4 siRNAs targeting Rad21. ng=14, nug=11, nx19=14, nx11=11, nx1o=14. P, Kruskal-
Wallis one-way ANOVA. Groups not sharing the same superscript are different by Dunn’s
test. Bottom: Effects of Rad21 knockdown using the two most efficacious siRNAs on

NOS1 protein in N1E-115 cells. ﬂSCr;20%214, l7#10;200/0214, /7#12;20%:14, ﬂSCr;4%:11,
mM10;4%=11, ng12.4%=11. P, Kruskal-Wallis one-way ANOVA. Groups not sharing the same
superscript are different by Dunn’s test. (£) Schematic illustration showing the formation

of architectural enhancer-promoter loops triggered by HIF1A recruitment of RAD21 to
CTCF-bound sites. (F) Overview of the proposed main roles of HIF1A in gastroparesis.
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